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J-PARC 
Beamline
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295 km

J-PARC

Hyper-K

BEAM

Physics goals:
• Search for CPV in lepton 

sector
• Proton decay search
• Precision oscillation 

parameter measurements



Hyper-K 
Detector

• Far detector for J-PARC’s upgraded 
1.3MW beam.

• 2.5° off-axis angle (same as Super-
K). 

• 40,000 20” PMTs (40% photo-
coverage).

• Two cylindrical tanks. The first of 
which is scheduled to start 
operation in 2026 and the second 
tank to start 6 years later.

• Possibility to have the second tank 
in Korea.
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Near Detectors – ND280

• In order to measure the 
disappearance at the far detector we 
need something to compare the far 
detector flux to. 

• T2K experiment has a suite of 
detectors located 280m downstream 
of the neutrino beam.
• INGRID on axis detector to 

measure the direction of the 
beam.

• 2.5° off-axis detectors to 
measure the properties of the 
neutrino beam such as energy 
spectrum.



Near Detectors – Problems

• Different target from far detector

• Cross sections poorly known in the 
few GeV region

• Flux at 280m is different from 295km 
(Energy spectrum changes shape)

• Can reduce errors to the levels 
required for Hyper-K by:
• Placing a detector 1-2km away to 

know the neutrino energy 
spectrum (similar to far 
detector).

• Using the same nuclear target 
(H2O).



Intermediate Detector
• Two proposed intermediate water Cherenkov detectors 

(TITUS and NuPRISM).

• Two collaborations merged into one collaboration.

• Final design will keep the off axis spanning and Gd-loading.
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TITUS arXiv:1606.08114v2
Gd-loading 
Magnetised MRD

NuPRISM arXiv:1412.3086v2
Off-axis spanning
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• 1-2km distance.

• Pseudo-monoenergetic beam.

• Off-axis spanning to probe the 
relationship between neutrino 
energy and final state 
kinematics.

• Gd loading to measure neutron 
production.



Gadolinium
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• A technique gaining more popularity is using Gd to 
be able to see a neutron capture in a water 
Cherenkov detector.

• Without Gd neutrons would capture on H releasing 
a 2.2MeV gamma .
• Any scattered electron would be close to the Cherenkov 

threshold and so it makes it difficult to see.
• Capture of neutron takes ~200μs.

• Gd has a high neutron capture cross section 
(49000b) and the capture results in a ~8MeV 
gamma cascade (~5MeV visible).
• Capture of neutron takes ~20μs.

• 0.1% Gd by mass allows ~90% of all neutron 
captures to be on Gd.



Phase 0 – Surface Detector
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• The intermediate detector will proceed in a phased approach

• The instrumented portion of the detector will be built and placed 
near ND280.

• Will be able to test the performance of the reconstruction

• Perform a high purity measurement of σ(νe)/σ(νμ)
• Flux ratio of νe/νμ grows with off-axis angle.

• Measure n-Gd capture from neutrino interactions.



BONSAI

• BONSAI is a low energy vertex 
reconstruction software that has been 
used for Super-K.

• Maximum likelihood fit based mostly off 
of PMT hit timing.

• Can reconstruct electrons as low as 
3MeV.
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BONSAI

• Defines a list of good hits (causality constraints: cΔt<Δx ).

• Time order selected hits and choose a time window to achieve the desired number of 4 hit 
combinations.

• Draws quadruples from the good hits with each quadruple defining a point in space.

• Reduce the number of points by averaging close neighbours.
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Geometry
Diameter :   8m
Height      : 10m
Coverage : 40%
Gd : 0.1%

PMT Dark Rate Number of PMTs

3 Inch 100Hz 30303

8 Inch 3kHz 4104

Surface Detector Geometry
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Vertex Reconstruction Results
10 000 electrons
10 MeV kinetic energy
8” PMT configuration

-Plots show the difference in 
the reconstructed vertex and 
the true vertex.

-Bias in x component as 
electron is moving in the 
x direction.
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Mean: 18.38 cm
Mean: 0.36 cm

Mean:  0.02 cm
Mean: -1.01 cm

Mean:  0.30 cm
Mean:  0.30 cm

Mean:  53.76 cm
Mean:  56.49 cm

-Resolution is defined as 
the 68th percentile

Vertex Resolution
Dir(1,0,0)Pos(0,0,0): 60 cm
Uniform Isotropic : 57 cm
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Reconstructed R [cm]

-Reconstructed R is the 
3D difference between 
the true and 
reconstructed vertex.
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71%

17%

12%0%

Neutron Captures 

Gd157 Gd155 H other

Neutron Simulation

• 96% of Neutrons captured in tank.

• 88% of captures are on Gd.

• 12% of captures are on H.

• <0.1% of captures are on other isotopes.

• Bonsai reconstructs 98% of captured 
neutrons.

10 000 Neutrons
5 MeV kinetic energy
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Vertex Reconstruction Results
10 000 Neutrons
5 MeV kinetic energy

-Plots show the difference in 
the reconstructed vertex and 
the true vertex.

-Results for 3” PMTs are 
better than 8” PMTs. 
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Mean:  0.63cm
Mean: -0.94cm

Mean:  0.60cm
Mean:  0.55cm

Mean:  1.80cm
Mean:  2.69cm

Mean:  125.50cm
Mean:  157.10cm

-Resolution is defined as 
the 68th percentile

Vertex Resolution
3inch : 109.7 cm
8inch : 155.1 cm
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-Reconstructed R is the 
3D difference between 
the true and 
reconstructed vertex.
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8 inch reconstruction 
results, 3inch shows 
the same shapes with 
better resolutions.

Reconstructed R [cm]

Total output energy [MeV]

Capture output energy[MeV]
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Neutron vertex 
resolution worse than 
electron vertex 
resolution.

Resolution Vs Energy
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Particle Energy [MeV]

Neutron loses energy 
before getting 
captured so we do not 
expect to see a 
difference in resolution 
at different energies



Summary

• NuPRISM and TITUS collaborations 
merged to form one intermediate water 
Cherenkov collaboration in J-PARC 
beamline.

• Prototype detector (Phase-0) will be 
placed on the surface.
• Demonstrate detector performance.

• Bonsai performs better with the 3” PMT 
setup, compared to 8” PMTs for neutron 
capture reconstruction.

• Reconstruction for captures on 
Hydrogen not very good.

• Overall neutron resolution is worse than 
the resolutions of reconstructed 
electrons.
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Thank You
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Backup
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Intermediate 
Detector

• Goal of the intermediate detector is to 
constrain the relationship between the 
reconstructed and true energies.

• Current energy reconstruction formula 
assumes a single nucleon knockout but 
~20-30% of interactions eject multiple 
nucleons

• Constrain σ(νe)/σ(νμ) 
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BONSAI
• BONSAI is a low energy vertex reconstruction software that has been 

used for Super-K.

• Works by maximising a likelihood function based off of timing 
residuals.

• Tuning BONSAI:
• Like.bin (generated from hit time - time of flight distribution)

• Fit_param.dat (grid constants, minimum wall distance etc.)
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Time [ns]

Parameter Value

Initial grid constant: 25.00 cm

Minimum wall distance 
for 4-hit vertices: 

-75.00 cm

Clusfit grid constant: 50.00 cm

BONSAI grid constant: 25.00 cm
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BONSAI and Clusfit Shared Parameters

-------------------------------------------------------

PMT time resolution: 3.00 ns

PMT coincidence time difference: 3.00 ns

PMT pair maximal distance fraction: 0.1785

PMT pair maximal time difference fraction: 0.1079

Maximum # of hits to do all 4-hit combin.: 10

Initial grid constant: 60.00 cm

Minimum wall distance for 4-hit vertices: -300.00 cm

BONSAI Parameters

-------------------------------------------------------

BONSAI grid constant: 150.00 cm

Minimum wall distance for BONSAI vertex: -100.00 cm

Wall distance to invoke fine search: 50.00 cm

Initial Cherenkov cone opening angle: 44.75 deg

Initial Cherenkov angle positive deviation: 8.00 deg

Initial Cherenkov angle negative deviation: 19.12 deg

Final minimum likelihood difference to skim: 0.01

Final likelihood skim fraction: 0.08

Coarse Search Parameters-------------------------------

Coarse search Cherenkov cone opening angle: 44.75 deg

Coarse search positive angle deviation: 8.00 deg

Coarse search negative angle deviation: 19.12 deg

Coarse search minimum likelihood diff to skim: 0.04

Coarse search likelihood skim fraction: 0.08

Coarse search start radius: 200.00 cm

Coarse search stop radius: 100.00 cm

Fine Search Parameters---------------------------------

Fine search Cherenkov cone opening angle: 44.75 deg

Fine search positive angle deviation: 8.00 deg

Fine search negative angle deviation: 21.18 deg

Fine search minimum likelihood diff to skim: 0.05

Fine search likelihood skim fraction: 0.10

Fine search search minimum radius: 100.00 cm

Fine search search stop radius: 10.00 cm

Clusfit Parameters

-------------------------------------------------------

Clusfit grid constant: 400.00 cm

Minimum wall distance for Clusfit vertex: -100.00 cm

Initial Clusfit Cherenkov cone opening angle: 23.00 deg

Initial Clusfit angle positive deviation: none

Initial Clusfit angle negative deviation: none

Initial Clusfit angle goodness weight: 0.02

Number of Clusfit passes: 3

First minimum goodness difference to skim: 0.05

Second minimum goodness difference to skim: 0.02

Third minimum goodness difference to skim: 0.01

Final minimum goodness difference to skim: 0.01

First goodness skim fraction: 0.10

Second goodness skim fraction: 0.10

Third goodness skim fraction: 0.10

Final goodness skim fraction: 0.10

Grid search goodness time window: 8.00 ns

First search goodness time window: 6.00 ns

Second search goodness time window: 5.00 ns

Third search goodness time window: 4.00 ns

First search Clusfit minimum radius: 200.00 cm

Second search Clusfit minimum radius: 20.00 cm

Third search Clusfit minimum radius: 5.00 cm

First search Clusfit stop radius: 100.00 cm

Second search Clusfit stop radius: 14.00 cm

Third search Clusfit stop radius: 8.00 cm

First Clusfit Cherenkov cone opening angle: 45.17 deg

First Clusfit angle positive deviation: none

First Clusfit angle negative deviation: none

First Clusfit angle goodness weight: 0.05

Second Clusfit Cherenkov cone opening angle: 45.17 deg

Second Clusfit angle positive deviation: 7.60 deg

Second Clusfit angle negative deviation: 5.08 deg

Second Clusfit angle goodness weight: 0.20

Third Clusfit Cherenkov cone opening angle: 45.17 deg

Third Clusfit angle positive deviation: 7.60 deg

Third Clusfit angle negative deviation: 5.08 deg

Third Clusfit angle goodness weight: 0.20



BONSAI
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The timing residual 
probability density 
function measured by 
LINAC calibration data.



Vertex Resolution : Take the 3D 
difference between the 
reconstructed vertex and the 
true vertex. Value quoted is the 
value within which 68% of the 
results are contained.

10 000 events
10 MeV electrons
Pos (0,0,0)
Dir  (1,0,0)

-Generally, resolutions for the 
surface detector are better 
than those for SuperK.

Surface detector DR : 3kHz
SuperK DR : 4.2kHz
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Super-K
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Bonsai Goodness

Goodness value is calculated 
by bonsai to show confidence 
in the fit. 

1 is the best value.

Bonsai Goodness values are 
higher for the 3” PMTs.

Bonsai Goodness
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Neutron Energies

Capture Distance [cm] Capture Time [cm]

The capture time does not vary 
with different neutron energies 

At higher energies, the neutron 
may travel further in the tank 
before eventually getting 
captured.
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Neutron Energies

Capture Distance [cm]

The resolution for 10MeV 
neutrons is 153cm 

At higher energies, the neutron 
may travel further in the tank 
before eventually getting 
captured.
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neutrons is 155cm 
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8 inch reconstruction results, 
3inch shows the same shapes 
with better resolutions.

Reconstructed R [cm]

Total output energy [MeV]

3” PMT Captures [%] ResTot [cm] ResEnergy [cm]

7MeV+ 53% 109.7 80.64

5MeV+ 72% “ 84.45

3MeV+ 84% “ 91.83

8” PMT Captures [%] ResTot [cm] ResEnergy [cm]

7MeV+ 53% 155.1 106.9

5MeV+ 72% “ 115.8

3MeV+ 84% “ 128.9

Capture output energy[MeV]
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Reconstruction Results Vs Hits

3” PMT configuration shows 
many events with less than 20 
hits, whereas 8” configuration 
rarely has less than 20 hits.
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Larger reconstructed 
vertex differences with 
less than 40 hits

Digitized Hits
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3inch PMT 46% 109.7 71.37

8inch PMT 63% 155.1 105.8

Captures>20hits Res Res20 [cm]

3inch PMT 78% 109.7 84.52

8inch PMT 99% 155.1 152.9
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Reconstruction Results Vs Capture Info
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Reconstruction Results Vs Position of Capture
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Distance To Wall [cm]

No correlation between 
the reconstructed 
values and the position 
of the capture
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8 inch reconstruction 
results, 3inch shows 
the same shapes with 
better resolutions.

Reconstructed R [cm]

Total output energy [MeV]

Capture output energy[MeV]
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