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Neutrino oscillation

ÁFlavor of neutrino (’ȟ’ȟ’) changes periodically as it propagates.

ÁDescribed by mixing angles — ȟ— ȟ— ,mass squared differences ɝÍ ȟɝÍ , 

and a CP phase ‏ .

ÁRemaining questions.

Å Is ÓÉÎ‏ non-zero? (CP violation in lepton?)

Å Is — 45Ј? (maximal mixing? octant?)

ÅNormal ordering (Í >Í >Í ) or

inverted ordering (Í >Í>Í )?
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T2K experiment

ÁLong-baseline neutrino oscillation experiment in Japan.

ÁProduce ʉ or ʉ beam at J-PARC.

ÁMeasure neutrinos at near detector and at Super-Kamiokande 295km away. 
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Near detector



Latest result from T2K experiment

ÁT2K result indicates CP 

violation with 90% C.L.

(Best fit: ŮCPḗ-ɵ/2)

ÁJoint analysis between T2K 

and Super-Kamiokande

atmospheric neutrinos

also indicates best fit is 

ŮCPḗ-ɵ/2.

ÁNOvA experiment favors 

different region of ŮCPfrom 

T2K in the normal ordering.
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Latest result from NOvALatest result from T2K

NOvAresults from J. Wolcottõs 

slides in Neutrino 2024

Result of T2K and Super-K joint analysis



Prospect of T2K experiment

ÁStatistical error is currently dominant.

 Need to increase beam power.

ÁEffect of systematic errors becomes 

large as we gain more statistics.

Systematic error from neutrino 

interaction uncertainty is the largest.
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Source Error

Neutrino beam + interaction (near detector constrained) 2.3%

Neutrino interaction (near detector unconstrained) 3.7%

Super-Kamiokande detector 1.2%

Total 4.5%

Systematic error on the ratio of ʉ  ʉ to ʉ  ʉ events

History of beam statistics in T2K

Plan of J-PARC Main Ring power



Uncertainty of neutrino -nucleus interaction

ÁNeutrino -nucleus interaction involves several nuclear effects.

ÁDetectors can only reconstruct final state particles after the nuclear effects.

ᴼDifficult to characterize initial state interactions.

ÁNeed to detect all the particles from

neutrino interactions with high

efficiency and measure their kinematics

precisely for a better understanding.
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Measurements with ND280

ÁND280 is a near detector complex 

(scintillator tracker, TPC, ECal) in

0.2 T magnetic field.

ÁSignificantly reduced neutrino flux 

and interaction uncertainties in T2K 

neutrino oscillation analysis.

ÁWeaknesses of the original ND280.

ÁLow efficiency for high-angle tracks.

ÁCannot reconstruct short hadrons.

ÁLarge ‎background for ʉ analysis.

ÁDifficult neutron measurement.
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ND280 upgrade

ÁUpstream part of ND280 was replaced by new detectors in 2023-2024.

ÁSuperFGD: New neutrino target + tracking detector made of scintillator cubes.

ÁHigh-angle TPCs: Precisely measure high-angle particles from neutrino interaction.

ÁTOF detectors: Provide 150 ps time resolution.
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ND280 upgrade High-angle TPC

TOF detectors

Talk by S. Levorato yesterday



SuperFGDdetector

Á2 million plastic scintillator cubes (1cm 1 cm 1 cm)

manufactured at UNIPLAST Co. (Vladimir, Russia).

ÁRead out by wavelength shifting fibers (Kuraray) and silicon

photomultipliers (Hamamatsu MPPC) in three directions.

ÁProvide precise 3D tracking + 2 ton target mass.
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SuperFGDscintillator and fiber

1cm

Hamamatsu MPPC (S13360-1325PE)

SuperFGDscintillator cubes under assemblySuperFGDreadout structure

1.3mm

2m

Hit MPPC

Hit MPPC

Hit 

MPPC

55,888 readout channels



SuperFGDoptical components

ÁScintillator cubes 

produced by injection 

molding.

ÁReflective layer made 

by chemically etching 

scintillator surface.

ÁFibers glued to plastic 

optical connectors.

Á8 8 surface-mounted 

MPPC array on PCB.

ÁLED light injection 

system for calibration.
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Fiber glued to connector MPPC array on PCB LED calibration system

Injection molding Chemical etching Drilling

Light guide plate

with notches

LEDs

8cm

Scintillator cube production procedure



SuperFGDelectronics

ÁMPPC signal digitized by Front-End Board (FEB) using CITIROC chips (Omega).

ÁEvents built in Optical Concentrator Board (OCB) with Zynq.

ÁClock and trigger provided by Master Clock Board (MCB).
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ND280 upgrade performance for muons, pions, protons

Á4“acceptance like Super-Kamiokande.

 Reduce systematic errors due to acceptance

different between near/far detectors.

ÁLow momentum threshold for hadrons.

 Better understandings of nuclear effects.
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Proton detection efficiency vs momentumMuon detection efficiency vs angle

Original ND280

Original ND280

High acceptance 

for large angle
Lower detection 

threshold

Transverse kinematic imbalance variables

Distribution of ɿὴ

arXiv:1901.03750



ND280 upgrade performance for neutrons

ÁSuperFGDhas high neutron detection efficiency.

ÁNeutron kinematics measurement using TOF.

 Better understandings of nuclear

effects for antineutrino interactions.
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Neutron measurement using TOF

Phys. Rev. D 101, 092003 (2020)

Phys. Lett. B 840, 137843 (2023)
Neutron detection 

efficiency of SuperFGD Distribution of ɿὴ for antineutrino
Neutron energy resolution



ND280 upgrade performance for electron neutrinos

Áʉ cross section is a key for ʉᴼʉ oscillation analysis.

Á3D fine granularity and large mass of SuperFGDprovide 

good separation of electron / ‎-ray and high statistics.

 Enable precise measurement of ʉ cross section.
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BDTG response
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SuperFGDconstruction and installation

ÁStarted assembly in J-PARC in October 2022.

Á Installed to ND280 in October 2023 after on-surface commissioning.
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Scintillator layer assembly MPPC attachmentFiber insertion Installation

LED system attachment Cable arrangement On-surface commissioning

Oct.-Dec. 2022 Jan-Feb. 2023 Jan-Feb. 2023

Mar. 2023 Apr. 2023 May-Sep. 2023 Oct. 2023

SuperFGD

ND280



Commissioning and physics data taking

Á Installed all upgrade detectors in May 2024.

ÁFirst physics data taking in June 2024.

(96.1% data taking efficiency for entire ND280)
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Observed neutrino events in upgraded ND280
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Calibration and stability

ÁRatio of bad channels is small.

ÁPedestal and gain are stable.

Á Inter-calibration of high -gain 

ADC, low-gain ADC and time 

over threshold.
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Pedestal stability

Bad channel mapping

High-gain ADC vs low-gain ADC High-gain ADC vs time over threshold

MPPC gain stability



Detector performance study

ÁShowing good detector performances.

ÁAnalyses are ongoing for the first physics 

result from the upgraded ND280.

ÁSuperFGDdetector paper is now being written.
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Light yield and attenuation in fiber Time resolution Stopping proton analysis

Work in 

progress
Work in 

progress

Significant

improvement 

by calibrationConsistent with 

expected formula

Bragg peak can 

be seen clearly

Work in 

progress

~3% optical 

crosstalk

Work in 

progress

Optical crosstalk between scintillator cubes



3D event reconstruction

Á3D hit voxels are reconstructed from three orthogonal 2D projections.

ÁEven short-track protons or neutrons can be reconstructed well.

19

XY

ZX YZ

3D

XY

ZX

YZ

3Dὴ

ὲ

Work in progress Work in progress

Candidate of ʉ charged-current event with one proton Candidate of ʉ charged-current event with one neutron

122.28 mm

1.73 ns TOF

Neutron kinetic energy = 27.3 MeV

ʌ

‘
‘

ʉ ʉ



Summary

ÁT2K aims for a precise measurement of neutrino oscillations and a search for CP 

violation.

ÁLarge region of ɿ excluded at 3ʎ. CP violation indicated at 90% C.L.

ÁNeutrino interaction model uncertainty is a source of dominant systematic error.

ÁSuperFGD, consisting of 2 million 1cm3 scintillator cubes, was constructed and 

installed in October 2023 as a part of the near detector upgrade to precisely 

measure the neutrino interactions.

Á96.1% data taking efficiency for entire ND280 in the first physics run in June 

2024.

ÁAnalyses are ongoing for the first physics results.
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BACKUP
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Neutrino beam

Á30 GeV proton beam from J-PARC accelerators on graphite target produces ʌ .

ÁMagnetic horns focus ʌ or ʌ to produce ʉ or ʉ beam.

ÁOff-axis method to produce narrowband neutrino beam and maximize oscillation.
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J-PARC accelerators Target and magnetic horns Neutrino beam spectra on and off axis



Near detector

Á INGRID (on-axis detector)

Á 14 identical detectors arranged in a cross shape.

ÁMonitor beam direction and neutrino event rate.

ÁND280 (2.5Јoff -axis detector)

ÁMagnetized (0.2T) complex detector.

(Scintillator tracker, TPC, calorimeter etc.)

ÁMeasure neutrino flux and interaction.

ÁWAGASCI-BabyMIND (1.5Јoff -axis detector)

Á New detector installed in 2019.

Á Located at different off -axis angle from ND280

to measure interaction for higher -energy neutrinos.
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Super-Kamiokande

Á50kt water Cherenkov detector having ~11,000 20-inch PMTs.

ÁGood separation of electrons and muons. O Separate ʉ and ʉ CC interactions.

ÁGd loaded for enhanced neutron

detection in 2020.
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Oscillation analysis

ÁMake neutrino flux and 

interaction models.

ÁConstrain flux and interaction 

models with ND280 data.

ÁExtract neutrino oscillation 

parameters by comparing 

data and predictions in 

Super-Kamiokande.
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Neutrino flux prediction Neutrino interaction model

Neutrino event prediction in Super-Kamiokande
Neutrino oscillation

Error constraint with 
ND280 measurement

Neutrino event measurement in Super-Kamiokande

Comparison

Flow of frequentist oscillation analysis

Uncertainties on energy spectra in Super-Kamiokande
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