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• T2K Oscillation Analysis

• Current results

• ND280 Upgrade

• Expected results with Hyper-Kamiokande
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The T2K Experiment



T2K is a long-baseline neutrino 
experiment from J-PARC to Super-
Kamiokande

Main goals and results:
• 𝜈𝜇 disappearance

𝜽𝟐𝟑, 𝚫𝒎𝟐𝟑
𝟐

• 𝜈𝑒 appearance
𝜽𝟏𝟑, 𝜹𝑪𝑷

Super-K ND280 J-PARC

INGRID
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The T2K Experiment

Overview of T2K
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ND280
ND280 is a magnetized suite of detectors located 280 m away from the target

• ND280 magnetized detector
• Interactions on CH (FGD1) or CH/Water (FGD2)
• Precise measurement of 𝒑𝑻 and 𝜽 of tracks with TPCs
• Charge reconstruction for 𝜈, ҧ𝜈 interactions discrimination
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Super-Kamiokande
Super-Kamiokande is a water-based Cherenkov detector readout by Photo-Multiplier Tubes (PMTs)

# of PMTs 11 129

Photo-Coverage 40%

Mass/Fiducial Mass 50 kt/22.5 kt

• 𝑒/𝜇 discrimination based on Cherenkov ring shape

• Added 0.03% of Gadolinium in 2022 for improving neutron tagging efficiency

sharperfuzzier

• Reconstruction of interaction kinematics, vertex and time

M. Feltre, Hyper-K Meeting - Preventivi 2027



7

Oscillation Parameters in T2K

𝝂𝝁 and 𝝂𝝁 disappearance
Sensitive to:
• 𝛉𝟐𝟑 → 𝐝𝐢𝐬𝐚𝐩𝐩𝐞𝐚𝐫𝐚𝐧𝐜𝐞 𝐝𝐞𝐩𝐭𝐡
• 𝚫𝐦𝟐𝟑

𝟐 → 𝐨𝐬𝐜𝐢𝐥𝐥𝐚𝐭𝐢𝐨𝐧 𝐟𝐫𝐞𝐪𝐮𝐞𝐧𝐜𝐲

𝝂𝒆 and 𝝂𝒆 appearance

For T2K configuration:
• 𝐿 = 295 km
• 𝐸𝜈 = 0.2; 3  GeV, with a peak at 0.6 GeV 

Sensitive to:
• 𝜹𝑪𝑷, 𝜽𝟏𝟑

Picture from here
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T2K  Oscillation Analysis
The goal of the experiment is to compare the number of neutrino or antineutrino events detected at the Far Detector with 
predictions

𝑵𝒐𝒃𝒔
𝝂𝜶 𝑬𝝂

𝒓𝒆𝒄𝒐 𝑵𝒆𝒙𝒑
𝝂𝜶 𝑬𝝂

𝒓𝒆𝒄𝒐 =

𝚽 𝑬𝝂
𝒕𝒓𝒖𝒆 ⊗ 𝝈 𝑬𝝂

𝒕𝒓𝒖𝒆 ⊗ 𝜺 𝑬𝝂
𝒕𝒓𝒖𝒆 ⊗ 𝐒 𝑬𝝂

𝒕𝒓𝒖𝒆, 𝑬𝝂
𝒓𝒆𝒄𝒐 ⊗ 𝑷𝝂𝝁→𝝂𝜶

𝑬𝝂
𝒕𝒓𝒖𝒆, 𝒐

Systematics

Flux Interaction 
Cross Section

Detection 
Efficiency

Energy Smearing

Oscillation Probability

Oscillation 
Parameters

We use data collected at the Near Detector to get a constraint on unknown quantities

𝜶 = 𝝁, 𝒆
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Oscillation Analysis Strategy

ND280 data

Near 
Detector 

Fit

Far 
Detector 

Fit

Super-K dataHadron 
production 

data

INGRID/ 
Beam 

monitoring 
data

External/Internal 
cross-section 

data

Flux 
Model

Cross-section 
Model

ND280 
Detector 

Model

Super-K 
Detector 

Model

Oscillation Parameters!
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Selections at Near Detector

𝛾 𝜋 𝜇 direction proton

• FHC samples separated based on # of reconstructed 𝛾, 𝑝 and 𝜋

• RHC samples separated based on # of reconstructed 𝜋 only

• ND280 magnetized detector
• Interactions on CH (FGD1) or CH/Water (FGD2)
• Precise measurement of 𝒑𝑻 and 𝜽 of tracks with TPCs
• Charge reconstruction for 𝜈, ҧ𝜈 interactions discrimination

M. Feltre, Hyper-K Meeting - Preventivi 2027
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Selections at Far Detector

Six samples are used at Far Detector:

• 2 samples 1 Ring 𝝁-like/e-like in 𝝂-mode
• 2 samples 𝑪𝑪𝟏𝝅 enhanced (2 rings or with an 

additional decay electron)
• 2 samples 1 Ring 𝝁-like/e-like in ഥ𝝂-mode

New detector covariance matrix at SK
• Significantly reduce systematics in the 1 Re+d.e. 

sample

Binning in reconstructed lepton momentum and angle

M. Feltre, Hyper-K Meeting - 
Preventivi 2027
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Fitters in T2K
T2K presents two different approaches used also as a cross-check:

Bayesian fitter MaCh3 Frequentist fitters

• Metropolis-Hastings Markov-Chain Monte Carlo

• Posterior probabilities on physical quantities
• Marginalization over nuisance parameters

• Possibility of fitting:
• Near Detector only
• Near Detector and Far Detector simultaneously

Extraction of oscillation parameters probabilities

• Based on “MINUIT” minimizer:
• Near Detector: GUNDAM
• Far Detector: PTheta

• Nuisance parameters are profiled

• PTheta fits for leptons:
• Angular distribution
• Momentum distributions
• Reconstructed energy
(Assuming the Quasi-elastic kinematics)

• Feldman-Cousins method for C.L. calculation• Credible intervals come from posterior distributions

M. Feltre, Hyper-K Meeting - Preventivi 2027
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Near Detector contribution to OA
The Near Detector complex is used to tune and reduce uncertainties from flux and cross-section systematics 

Binned likelihood fit to the selected data events across all 
22 event samples as a function of muon kinematics 

• The fit greatly constrains the cross-section model 
parameters 

• The results constrain the uncertainty in the far 
detector spectrum

Table from here
M. Feltre, Hyper-K Meeting - Preventivi 2027
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Summary of T2K data taking

About 33% of statistics is still missing in analysis at ND280 side!

Due to large beam power, runs in JFY 2026-27 (4 months total) can increase significantly the statistics!
M. Feltre, Hyper-K Meeting - Preventivi 2027



Results on 𝜹𝑪𝑷 and Mass Ordering
Preference for 𝜹𝑪𝑷 ∼ −𝝅/𝟐 but CP conserving values are still within the 2𝜎 interval

Maximum CP violation region 
for Normal Ordering

𝐬𝐢𝐧𝟐 𝜽𝟐𝟑

Data

𝝂𝝁 → 𝝂𝒆 candidates

ഥ 𝝂
𝝁

→
ഥ 𝝂

𝒆
 c
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di
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s

17M. Feltre, Hyper-K Meeting - Preventivi 2027



Results on 𝜹𝑪𝑷 and Mass Ordering
Preference for 𝛿𝐶𝑃 ∼ −𝜋/2 but CP conserving values are still within the 2𝝈 interval

Slight preference for Normal Ordering 
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𝐬𝐢𝐧𝟐 𝜽𝟐𝟑

Data

𝝂𝝁 → 𝝂𝒆 candidates

ഥ 𝝂
𝝁

→
ഥ 𝝂

𝒆
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an
di
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s

M. Feltre, Hyper-K Meeting - Preventivi 2027



Results on 𝚫𝐦𝐀𝐓𝐌
𝟐  and 𝜽𝟐𝟑 octant

Δm13
2 = 2.486−0.037

+0.058 × 10−3eV2

sin2 θ23 =

0.539−0.069
+0.031

0.543−0.0058
+0.036

Normal Ordering

Inverted Ordering
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Weak preference for Upper Octant

Δm23
2 = 2.502−0.044

+0.052 × 10−3eV2 Normal Ordering

Inverted Ordering
M. Feltre, Hyper-K Meeting - Preventivi 2027
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T2K joint analyses: T2K-NOvA
CP-conserving values excluded at 3𝝈 for Inverted Ordering 
Broader range of permissible values for Normal Ordering
No strong preference for 𝜽𝟐𝟑 octant 

Results published in Nature

M. Feltre, Hyper-K Meeting - Preventivi 2027

1. T2K/NOvA

2. T2K/Super-K atmospheric

3. T2K/JUNO

At Neutrino 2026 JUNO showed a world-leading measurement of 𝚫𝒎𝟏𝟑
𝟐

 
• T2K has incorporated this constraint 
• Currently has a modest impact, we await more data!

si
n
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𝜃
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https://doi.org/10.1038/s41586-025-09599-3


News from T2K



1. Recent highlights
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News from T2K

• New neutrino oscillation results
• First physics from ND280 upgrade
• New long paper on constraining neutrino interactions

2. Next steps (<1 year)

• A significant oscillation measurement statistics update
• Detailed measurements from ND280 upgrade

3. Ultimate T2K prospects (<3 years)

• Up to 99% CP-Conservation exclusion
• Precision Δ𝑚32

2  constraint: integral to global 𝟑𝝈 mass ordering analysis
• Deliver analysis sophistication to meet goals for Hyper-K and DUNE

M. Feltre, Hyper-K Meeting - Preventivi 2027
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News from T2K

M. Feltre, Hyper-K Meeting - Preventivi 2027

Next talk



Future Prospects with ND280 Upgrade



HA-TPC

HA-TPC

sFGD

Upgraded Detector Configuration:
1. Super Fine Grain Detector (sFGD):

Segmented target of cubic scintillators (1 cm side) for the 
improvement of hadronic part reconstruction

2. Two High Angle TPCs (HA-TPC):
Placed at high angles respect to beam direction to improve Particle 
Identification for leptons

3. Time of Flight (ToF):
Six planes of scintillators to reduce the background

Critical points:
1. Low 

acceptance 
for tracks with 
high angle

“Forward Only”

2. Low efficiency in 
reconstructing 
hadronic parts of 
interactions

ND280 Upgrade:
• Overall systematic uncertainty to 4% (from 6%)
• Near detector for Hyper-K from 2028

Upgrade

25

Original

Near Detector ND280 upgrade

Plots from this talk

M. Feltre, Hyper-K Meeting - Preventivi 2027
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HA-TPC

HA-TPC

sFGD

Critical points:
1. Low 

acceptance 
for tracks with 
high angle

“Forward Only”

2. Low efficiency in 
reconstructing 
hadronic parts of 
interactions

Upgrade

26

Original

Near Detector ND280 upgrade

Upgrade

Good reconstruction only for forward going particles

M. Feltre, Hyper-K Meeting - Preventivi 2027
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New Detectors for ND280 Upgrade

1. 𝛔𝐩

𝐩
< 𝟏𝟎% at 1 GeV/c 

for 𝑬𝝂 estimation

2. 𝛔(
𝐝𝐄

𝐝𝐱
) < 𝟏𝟎% 

for PID of 𝑒/𝜇

3. Low material budget walls

Published performance paper!

1.8 m

Super Fine-Grained Detector HA-TPCs Time-of-Flight panels

Time resolution of whole TOF 
detector

𝛔𝐭 ∼ 𝟏𝟕𝟓 𝐩𝐬
Optimal to distinguish beam 
bunches!

Studies on a single TOF bar

New paper in preparation

1. 2 millions of 1 cm3 scintillator cubes:
Active target and tracker!

2. Isotropic hadron reconstruction at 
low p!

• Time resolution <1 ns
• 𝜹 𝒅𝑬/𝒅𝒙 ∼ 𝟏𝟎% with 45 layers

Performance paper on arXiv M. Feltre, Hyper-K Meeting - Preventivi 2027

https://doi.org/10.1016/j.nima.2026.171527
https://arxiv.org/pdf/2109.03078
https://doi.org/10.48550/arXiv.2603.14921
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Expected Improvement to Oscillation Analysis

Improvements in angular and energy acceptance with the 
upgraded ND:
• More targeted and accurate samples addressing the interaction 

contributions

Detector resolution and nuclear effects may lead to “cross-feeding” between samples

Plots from here

M. Feltre, Hyper-K Meeting - Preventivi 2027
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Hyper-Kamiokande Experiment
The Hyper-Kamiokande experiment is a next generation multi-purpose neutrino and nucleon decay experiment 
scheduled to begin operations in 2028

4. ND280 Upgrade (completed in 2024)

Inner Detector (ID)
• Diameter 68 m
• Height 71 m
• 250 kt of water (8x fiducial volume of Super-K)
• 20k upgraded 20” PMTs
 2x improved detection efficiency and timing resolution
 20% photo-coverage

• 800 multi-PMTs

Outer Detector (OD)
• Thickness 1 m (barrel), 2 m (top/bottom)
• 3” PMTs+WLS plate

Hyper-K overview

2. Increased J-PARC beam intensity (expected 1.3 MW)

1. Expected to be the largest water Cherenkov detector

3. New Intermediate Water Cherenkov Detector (IWCD)

M. Feltre, Hyper-K Meeting - Preventivi 2027
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Hyper-Kamiokande Experiment
The Hyper-Kamiokande experiment is a next generation multi-purpose neutrino and nucleon decay experiment 
scheduled to begin operations in 2028

4. ND280 Upgrade (completed in 2024)

Inner Detector (ID)
• Diameter 68 m
• Height 71 m
• 250 kt of water (8x fiducial volume of Super-K)
• 20k upgraded 20” PMTs
 2x improved detection efficiency and timing resolution
 20% photo-coverage

• 800 multi-PMTs

Outer Detector (OD)
• Thickness 1 m (barrel), 2 m (top/bottom)
• 3” PMTs+WLS plate

Hyper-K overview

2. Increased J-PARC beam intensity (expected 1.3 MW)

1. Expected to be the largest water Cherenkov detector

3. New Intermediate Water Cherenkov Detector (IWCD)
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Physics with Hyper-K: CP violation
The goal is to be able to observe CP violation or exclude 𝐬𝐢𝐧 𝜹𝑪𝑷 ! = 𝟎 

For maximal CP violation 𝜹𝑪𝑷 = ±
𝝅

𝟐

Discovery of CP violation at 5𝜎 in 2-3 years

Discovery of CP violation at 5𝜎 in 10 years for ∼ 60% of true 
𝛿𝐶𝑃 values

Assuming known Mass Ordering (MO)

Beam-only sensitivity studies submitted here

M. Feltre, Hyper-K Meeting - Preventivi 2027
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Physics with Hyper-K: Mass Ordering Constraints
Mass ordering and CP violation suffer from some degeneracies
• CP violation constraint is weaker if the hierarchy is not known

From Hyper-K Physics program:
• Atmospheric samples allow to determine mass ordering

From other experiments:
• Expected results from JUNO, DUNE, KM3NET

Therefore… The two ellipses of same sin2 𝜃23 partially overlap

Projected 10 years of Hyper-K data taking

As a comparison:
T2K current plot

M. Feltre, Hyper-K Meeting - Preventivi 2027
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Physics with Hyper-K: 𝜽𝟐𝟑 and 𝚫𝒎𝟐𝟑
𝟐  parameters

Wrong octant rejection at 5𝜎 in 10 years for 
most true sin2 𝜃23 values

• 0.4% precision on 𝚫𝐦𝟐𝟑
𝟐

• 2% precision in 𝐬𝐢𝐧𝟐 𝜽𝟐𝟑

The octant to which parameter 𝜃23 belongs is 
still not determined

M. Feltre, Hyper-K Meeting - Preventivi 2027
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Conclusions

Oscillation Analysis in T2K has brought crucial results throughout its history

• Inclusion of upgrade will bring several opportunities for improving T2K precision

• Activities are moving in this direction but are not yet public (recent efforts focused on consolidating results for Neutrino 
2026)

• Next generation experiment Hyper-K will be fundamental to solve the remaining questions in neutrino physics

M. Feltre, Hyper-K Meeting - Preventivi 2027
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