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Tokai-to-Kamioka (T2K) 
experiment in Japan
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• Flagship long-baseline accelerator neutrino project   

• Study oscillations in both appearance and disappearance 

channels with muon (anti)neutrino beam

• Far detector: water Cherenkov Super-Kamiokande 

ND280

INGRID

Nature volume 580, pages 339–344 (2020)



Latest T2K results 
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• World-leading measurements of  and :

- Mild preference for upper octant of  and normal 

mass hierarchy 

•  and  (CP-conservation) excluded at 90% CL

(Eur. Phys. J. C 83, 782 (2023))


θ23 Δm2
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θ23

δCP = 0 π

https://link.springer.com/article/10.1140/epjc/s10052-023-11819-x


Near detector ND280
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ND280: 
• 2.5  off-axis (Super-K direction)

• Sub-detectors inside UA1 magnet                    

(0.2 T magnetic field)

• Measure neutrino interactions, neutrino flux 

composition, intrinsic  contamination

• Constrain cross-section and flux uncertainties 

for oscillation analysis (OA)


ND280 Upgrade — further reduction of systematic 
uncertainties for OA: 
• Lower thresholds for neutrino interaction 

products, ability to reconstruct neutron 
kinematics, improved geometric acceptance 


• Installation of new modules finished in May 2024

• See talks by Angelina and Alexander

∘
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ND280 Upgrade 2024

ND280 2010-2022



ND280 analysis workflow 
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Prior ND280

Post ND280

1 muon ring events at SuperK

E.g.: uncertainties on 1-Ring  and  events at Super-K are reduced from ~15% 
to < 5% with near detector constraints 
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Neutrino beam
• T2K setup allows switching between neutrino and antineutrino beam 

modes by changing polarity of focusing horns 


• Flux simulation tuned with NA61/SHINE hadron production data


• NA61/SHINE replica target data (Eur. Phys. J. C 76, 617 (2016)):

• Reduce flux uncertainty from ∼10% to ∼5% around flux peak

• Include exiting kaons, protons and pions

• Reduce uncertainties at higher energies


• Further flux fine tuning based on in-situ measurements with beam 
monitors
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https://link.springer.com/article/10.1140/epjc/s10052-016-4440-y


Neutrino interaction model
• NEUT to simulate neutrino interactions (Eur. Phys. J. 

Spec. Top. 230, 4469–4481 (2021))


• Charged Current Quasi Elastic (CCQE)— dominant 
reaction for T2K energies:

- Benhar Spectral Function (SF) model for nuclear 

structure

- Include Pauli Blocking


• 2p2h: 
- Base model: Valencia 2p2h

- Better description of 2p2h pn/nn pairs contribution


• Other:  
- New resonance decay uncertainties 

- New Nucleon Final State Interactions (FSI) uncertainty 

(Physical review D 109, 072006 (2024))
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ССQE 2p2h

https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.aps.org/doi/10.1103/PhysRevD.109.072006


ND280 samples: 2022 analysis
• For ND280 fit use samples of 

muon (anti)neutrino 
interactions in FGDs 
enhanced in particular 
reconstructed topologies. 
Example: ,  etc 


• Fit kinematics distribution to 
constrain flux and cross-
section model parameters

CC0π CC1π
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Prefit Prefit

PostfitPostfit



Examples of ND280 samples

9

TPC1 TPC2 TPC3
FGD1 FGD2
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p

TPC1 TPC2 TPC3
FGD1 FGD2 ECal

μ−

π+
ECal

TPC1 TPC2 TPC3
FGD1 FGD2

СC0  (1p) in FGD1π СC1  in FGD2π СC-Other in FGD1



Towards Oscillation Analysis 2024 
• Near detector: 

- Improved particle tracking

- New parameterisation for detector systematics 

- “ ” selection in neutrino mode 
- Updated cross-section systematics model


• Far detector: 
- Include data collected in 2021 (first run with Gd (0.01%) in Super-K): 

+9% statistics in neutrino mode 

- New multi-ring  sample (+60% statistics) 

- Updated detector systematics 

4π

νeCC1π+
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Introduction of “ ” samples 4π
Previous ND280 analyses mainly focused on forward-going muon tracks


In contrast, the far detector Super-Kamiokande has the full “ ” acceptance 
due to its geometry

4π

11μ



Introduction of “ ” samples 4π
• TOF between ND280 modules can be used to 

determine muon direction: 

- Forward (FWD) or High-angle Forward (HA-

FWD) 

- Backward (BWD) or High-angle Backward 

(HA-BWD) 


• Muon momentum is reconstructed:

- FWD, BWD - using curvature in TPC

- HA-FWD, HA-BWD - using track length in 

FGD/ECal/SMRD 
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HIGH-ANGLE BACKWARD

HIGH-ANGLE FORWARD

FORWARDBACKWARD

Example of backward-going muon track

p

μ TPC1 TPC2 TPC3
FGD1 FGD2



ND280 fit inputs in neutrino mode
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1. Select muon candidate 

2. Further distribute events into 

samples according to other 
tagged products: protons, 
pions, photons    

СС  FWD0π0p

СС  FWD0πNp

СС  FWD1π

СC Other FWD

СC Photon FWD

СC Other FWD

СC Photon FWD

СС  FWD1π
СС  HA-FWD1π

СС  FWD0π0p

СС  BWD0π0p

СС  HA0π0p

СС  FWD0πNp

СС  BWD0πNp

СС  HA0πNp

OA2024OA2022



“ ” selections in neutrino mode4π
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 selection efficiency in FGD1 νμCC

 — cosine between track direction and  beam cos θμ ν

Average purity for CC, %
FGD1 FGD2

FWD 92.2 90.3
BWD 79.8 75.0

HA-FWD 89.0 88.5
HA-BWD 78.7 76.1

Before “ ” samples 
introduction

4π

FWD BWD

HA-FWD+HA-BWD

T2K preliminary
T2K preliminary

T2K preliminary

T2K preliminary

Example of cos  distributions for different selected samples θ

After “ ” samples 
introduction

4π



ND280 detector systematic errors
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Total detector systematic depending on bin of momentum/cosθ

Total detector systematics

Total systematics: detector + 
cross-section model + flux ~ 10%
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Reconstructed (anti)muon momentum in FGD1

Samples in antineutrino  
mode
• No “ ” samples for OA2024 due to less statistics  mainly 

forward-going tracks

• Samples for ND280 fit: , , -Other

• Background contamination from neutrino interactions  

constrain with a dedicated selection

• Total detector systematic error up to 4.5% ( -Other FGD2)

4π →

CC0π CC1π CC
→

CC
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T2K preliminary

T2K preliminary

T2K preliminary

 selection efficiency depending on momentum/cosν̄μCC θ
T2K preliminaryT2K preliminary



Neutrino background 
in antineutrino mode 
• Same samples as for the antineutrino selection:           

, ,  Other


• Tagged candidate instead of  


• Total detector systematic error up to 2.3% (  Other FGD1)

CC0π CC1π CC
μ− μ+

CC
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T2K preliminary

T2K preliminary

T2K preliminary

 selection efficiency depending on momentum/cosνμCC θ

T2K preliminaryT2K preliminary



Summary
• T2K experiment leads the field of neutrino oscillation studies with accelerators:


- CP conservation excluded at 90% CL 

- Leading measurements of “atmospheric” parameters 


• Now collecting data with upgraded neutrino beam and renewed near detector ND280 

• New T2K oscillation analysis result being prepared for Neutrino 2024

• Among other updates T2K OA2024 largely based on ND280 samples with increased 

phase-space acceptance:

- Make ND280 acceptance closer to Super-K

- Include topologies with large momentum transfers

- Increase ND280 statistics by 15% 

- Preparatory step for a move from ND280 to ND280 Upgrade

18



Backup



T2K+SK joint analysis

20* Recontres de Moriond 2024

https://indico.in2p3.fr/event/32664/contributions/137086/attachments/83729/124740/4_PLitchfield-v2.pdf


T2K+SK joint analysis

21* Recontres de Moriond 2024

https://indico.in2p3.fr/event/32664/contributions/137086/attachments/83729/124740/4_PLitchfield-v2.pdf


Improvements in particle tracking
✴New algorithm in TPC — TREx: 

• New pattern recognition algorithm 

• 3D reconstruction with no preferential direction

• Vertexing in TPCs


✴FGD: 
• Electron hypothesis in FGD Particle identification, overall updated 

FGD PID


✴P0D 
• Recover short tracks in downstream P0D with TPC based filtering 

• Improve high-angle tracking (short in Z objects)


✴ECal 
• Few hits clusters → tag low-energy EM activity

• Improved TPC-ECal matching, filter individual ECal hits to recover 

TPC-ECal objects with few hits in ECals 

22

Through-going muon emitting a δ-ray inside 
the TPC. TREx identifies three tracks instead 
of two and connect them using a Junction



Главные результаты эксперимента T2K (1) 
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T2K results


