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Neutrino mixing described by the PMNS matrix: 3 mixing 
angles and 1 complex CPV phase 

cij = cos ✓ij sij = sin ✓ij�m2
ji = m2

j �m2
i

<latexit sha1_base64="CeEdwpPnyM1X+fJyREk34zk4vNc=">AAACE3icbVC7TgJREL2LL8QXamnhjcTERrJLTLQxIWphiYk8EkAyexnwwt1H7p01IRtKP8GvsNXKztj6ARb+i8tKoehp5uScmczMcUMlDdn2h5WZm19YXMou51ZW19Y38ptbNRNEWmBVBCrQDRcMKuljlSQpbIQawXMV1t3h+cSv36E2MvCvaRRi24O+L3tSACVSJ7/bukBFwL2bUiceyDE/TemAH6ZVdvIFu2in4H+JMyUFNkWlk/9sdQMReeiTUGBM07FDasegSQqF41wrMhiCGEIfmwn1wUPTjtNHxnw/MkABD1FzqXgq4s+JGDxjRp6bdHpAt2bWm4j/ec2IeiftWPphROiLySKSCtNFRmiZJIS8KzUSweRy5NLnAjQQoZYchEjEKIksl+ThzH7/l9RKRccuOldHhfLZNJks22F77IA57JiV2SWrsCoT7J49sif2bD1YL9ar9fbdmrGmM9vsF6z3L9TTnGg=</latexit><latexit sha1_base64="CeEdwpPnyM1X+fJyREk34zk4vNc=">AAACE3icbVC7TgJREL2LL8QXamnhjcTERrJLTLQxIWphiYk8EkAyexnwwt1H7p01IRtKP8GvsNXKztj6ARb+i8tKoehp5uScmczMcUMlDdn2h5WZm19YXMou51ZW19Y38ptbNRNEWmBVBCrQDRcMKuljlSQpbIQawXMV1t3h+cSv36E2MvCvaRRi24O+L3tSACVSJ7/bukBFwL2bUiceyDE/TemAH6ZVdvIFu2in4H+JMyUFNkWlk/9sdQMReeiTUGBM07FDasegSQqF41wrMhiCGEIfmwn1wUPTjtNHxnw/MkABD1FzqXgq4s+JGDxjRp6bdHpAt2bWm4j/ec2IeiftWPphROiLySKSCtNFRmiZJIS8KzUSweRy5NLnAjQQoZYchEjEKIksl+ThzH7/l9RKRccuOldHhfLZNJks22F77IA57JiV2SWrsCoT7J49sif2bD1YL9ar9fbdmrGmM9vsF6z3L9TTnGg=</latexit><latexit sha1_base64="CeEdwpPnyM1X+fJyREk34zk4vNc=">AAACE3icbVC7TgJREL2LL8QXamnhjcTERrJLTLQxIWphiYk8EkAyexnwwt1H7p01IRtKP8GvsNXKztj6ARb+i8tKoehp5uScmczMcUMlDdn2h5WZm19YXMou51ZW19Y38ptbNRNEWmBVBCrQDRcMKuljlSQpbIQawXMV1t3h+cSv36E2MvCvaRRi24O+L3tSACVSJ7/bukBFwL2bUiceyDE/TemAH6ZVdvIFu2in4H+JMyUFNkWlk/9sdQMReeiTUGBM07FDasegSQqF41wrMhiCGEIfmwn1wUPTjtNHxnw/MkABD1FzqXgq4s+JGDxjRp6bdHpAt2bWm4j/ec2IeiftWPphROiLySKSCtNFRmiZJIS8KzUSweRy5NLnAjQQoZYchEjEKIksl+ThzH7/l9RKRccuOldHhfLZNJks22F77IA57JiV2SWrsCoT7J49sif2bD1YL9ar9fbdmrGmM9vsF6z3L9TTnGg=</latexit><latexit sha1_base64="CeEdwpPnyM1X+fJyREk34zk4vNc=">AAACE3icbVC7TgJREL2LL8QXamnhjcTERrJLTLQxIWphiYk8EkAyexnwwt1H7p01IRtKP8GvsNXKztj6ARb+i8tKoehp5uScmczMcUMlDdn2h5WZm19YXMou51ZW19Y38ptbNRNEWmBVBCrQDRcMKuljlSQpbIQawXMV1t3h+cSv36E2MvCvaRRi24O+L3tSACVSJ7/bukBFwL2bUiceyDE/TemAH6ZVdvIFu2in4H+JMyUFNkWlk/9sdQMReeiTUGBM07FDasegSQqF41wrMhiCGEIfmwn1wUPTjtNHxnw/MkABD1FzqXgq4s+JGDxjRp6bdHpAt2bWm4j/ec2IeiftWPphROiLySKSCtNFRmiZJIS8KzUSweRy5NLnAjQQoZYchEjEKIksl+ThzH7/l9RKRccuOldHhfLZNJks22F77IA57JiV2SWrsCoT7J49sif2bD1YL9ar9fbdmrGmM9vsF6z3L9TTnGg=</latexit>

2Ciro Riccio, Stony Brook University | Seminar IRFU/DPhP



Neutrino oscillations

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�CP

0 1 0
�s13ei�CP 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
⌫3

1

A

Neutrino mixing described by the PMNS matrix: 3 mixing 
angles and 1 complex CPV phase 
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Neutrino mixing described by the PMNS matrix: 3 mixing 
angles and 1 complex CPV phase 

Reactor and accelerator

θ13 ~ 8°


Accelerator only δCP = ??
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Neutrino mixing described by the PMNS matrix: 3 mixing 
angles and 1 complex CPV phase 

Solar and

reactor

θ12 ~ 34°


∆m122 ~ 7.4x10-5 eV2 

Reactor and accelerator

θ13 ~ 8°


Accelerator only δCP = ??

Atmospheric and

accelerator

θ23 ~ 50° 


∆m322 ~ 2.4x10-3 eV2

cij = cos ✓ij sij = sin ✓ij

Inferred from P(𝜈𝛼→𝜈𝛽 ) = P(E,L,Δm2,𝜃)
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Neutrino mixing described by the PMNS matrix: 3 mixing 
angles and 1 complex CPV phase 

Solar and

reactor

θ12 ~ 34°


∆m122 ~ 7.4x10-5 eV2 

Reactor and accelerator

θ13 ~ 8°


Accelerator only δCP = ??

Atmospheric and

accelerator

θ23 ~ 50° 


∆m322 ~ 2.4x10-3 eV2

cij = cos ✓ij sij = sin ✓ij

Open questions: 
δCP, 𝜃23 octant and 

mass ordering 
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Oscillations measurements
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Long baseline accelerator-based experiments are sensitive to: 

•Atmospheric parameters (θ23, Δm322) through 𝜈𝜇 disappearance

•(θ13, δCP) depends on the 𝜈e/𝜈e appearance

In the case of T2K δCP change the appearance probability by 
±30% while the mass ordering by ~10%
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The T2K  experiment

Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

(Anti)
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The T2K  experiment

Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

•𝜈 cross section measurements at the near detectors
•Measurements of θ13 and improve limits δCP 
•Precise measurement of θ23, Δm322 

Physics goals:

(Anti)
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30 GeV proton beam from J-PARC Main Ring extracted onto a 
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.032002
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The on-axis near detector (INGRID)

Monitor the beam stability and 
direction day-by-day looking at 𝜈 (𝜈) 

interactions

2.5°
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The on-axis near detector (INGRID)

Monitor the beam stability and 
direction day-by-day looking at 𝜈 (𝜈) 

interactions

2.5°
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Also used to measure neutrino-
nucleus cross-section
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The off-axis near detector (ND280)

A large dipole magnet (UA1) produces 0.2 T.

𝜋0 detector (P0D): xy layers plastic scintillator alternated with water layers

Side muon range detector (SMRD): plastic scintillators instrumenting 
the magnet slices

2 Fine-grained detectors (FGD): upstream constituted of xy layers of plastic 
scintillator, the other is alternated with water layers

3 Time projection chambers (TPC): reconstruct momentum and charge, 
PID based on ionization

An electromagnetic calorimeter (ECal) is used to distinguish tracks from showers
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Super-Kamiokande (SK)

Very good 𝜇/e 
separation

SK is a 50 kton water 
Cherenkov detector

Inner detector ~11000 
20 inch PMTs

Outer detector 
~2000 8 inch PMTs

39 m

41
 m
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Data taking

Data from 23 Jan 2010 to  
27 Apr 2021 


Total POT 3.8x1021


𝜈-mode 2.2x1021 (56.8%)


𝜈-mode 1.6x1021 (43.2%)


Maximum Power 522 kW 
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Data taking

Data from 23 Jan 2010 to  
27 Apr 2021 


Total POT 3.8x1021


𝜈-mode 2.2x1021 (56.8%)


𝜈-mode 1.6x1021 (43.2%)


Maximum Power 522 kW 

Results presented here on neutrino oscillation use 3.6x1021 POT
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SK measurements and model: 
Select CC 𝜈𝜇/𝜈𝜇 and 𝜈e/𝜈e candidates 

after the oscillations

T2K oscillation analysis strategy

Extract oscillation parameters 
(θ13, θ23, ∆m232, δCP)

Flux prediction:  
external hadron production 

measurements and T2K beam monitors

Neutrino interactions model: 
tuned using available cross-

sections data

ND280 measurements and model: 
select CC 𝜈𝜇 and 𝜈𝜇 interactions to 
constrain flux and cross sections

10

Joint fit

Bayesian analysis
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T2K oscillation analysis strategy

11

Hybrid-frequentist analysis
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µνND280: Neutrino Mode, 

Hadron Interactions

Proton Beam Profile & Off-axis Angle

Horn Current & Field

Horn & Target Alignment

Material Modeling

Number of Protons

2020 flux (replica target)

2018 flux (thin target), Arb. Norm.νE×Φ

µνND280: Neutrino Mode, T2K Preliminary

1

Neutrino fluxes

1212

Flux predictions based 
on NA61/SHINE 

measurements

𝜈-mode
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Neutrino Energy reconstructed 
using CCQE hypothesis at T2K



Cross-section modeling

1515

• Significant update to interaction model and uncertainties (NEUT 5.4.1):


• Benhar Spectral Function as nuclear initial state model for CCQE [Nuc. Phys. A 579, 
493]: shell model derived from electron scattering data


• Freedom to reduce the cross-section as function of Q2 through theory based 
parameters introduced by the Benhar Spectral Function model


• New treatment of nucleon removal energy based on electron scattering data


• Freedom to change 2p2h shape and normalization in a different way for neutrino and 
antineutrino, in case the interaction is on C or O, np- or NN-pairs


• Removal energy for RES interactions

Ciro Riccio, Stony Brook University | Seminar IRFU/DPhP

https://doi.org/10.1016/0375-9474(94)90920-2
https://doi.org/10.1016/0375-9474(94)90920-2
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ND280 measurements: 𝜈 beam
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For each FGD for a total of 6 samples. Scattering angle used in the analysis but not 
shown here.
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Perform an extended binned likelihood fit to the number of 
selected events in all the 22 sample as a function of muon 

kinematics. Our model is a good fit to data (p-value of 11%)
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select CC 𝜈𝜇 and 𝜈𝜇 interactions to 
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Perform an extended binned likelihood fit to the number of 
selected events in all the 22 sample as a function of muon 

kinematics. Our model is a good fit to data (p-value of 11%)
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ND280 measurements and model: 
select CC 𝜈𝜇 and 𝜈𝜇 interactions to 
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Flux and Xsec Postfit Correlation Matrix
Flux Cross-section
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T2K oscillation analysis strategy
Prediction at the Far Detector: 

ND280 measurements predict the 
expected events at SK

Extract oscillation parameters 
(θ13, θ23, ∆m232, δCP)

SK measurements and model: 
Select CC 𝜈𝜇/𝜈𝜇 and 𝜈e/𝜈e candidates 

after the oscillations

Flux prediction:  
external hadron production 

measurements and T2K beam monitors

Neutrino interactions model: 
tuned using available cross-

sections data

ND280 measurements and model: 
select CC 𝜈𝜇 and 𝜈𝜇 interactions to 
constrain flux and cross sections

24Ciro Riccio, Stony Brook University | Seminar IRFU/DPhP

Hybrid-frequentist analysis
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SK measurements
1 µ-like ring

µ

1 e-like ring

e

1 e-like 1 decay-e 
ring

e

eπ+ → µ+
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New SK sample

Ciro Riccio, Stony Brook University | Seminar IRFU/DPhP

2 µ-like 1 decay-e 
ring

µ

eπ+ µ+

 𝜈𝜇 CC Multi-Ring sample at SK: increase sensitivity atmospheric parameters

2 µ-like 2 decay-e 
ring

µ

eπ+ µ+

e

Reconstructed neutrino energy [MeV]

Reconstructed neutrino energy [MeV]
2 µ-like 1 decay-e ring

2 µ-like 2 decay-e ring
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Systematics uncertainty

SK sample 1 Ring µ-like 1 Ring e-like 1 Ring e-like 1de Multi-Ring

Before ND280 fit 16.7 17.3 20.9 12.5

After ND280 fit 3.4 5.2 14.3 4.9

Ciro Riccio, Stony Brook University | Seminar IRFU/DPhP
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Systematic uncertainties

SK sample 1 Ring µ-like 1 Ring e-like
Before ND280 fit 14.6 14.4
After ND280 fit 3.9 5.8
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Data prefer maximal CPV

Week preference for normal ordering 
with Bayes factor of 3.7
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δCP vs event rates

29Ciro Riccio, Stony Brook University | Seminar IRFU/DPhP

Data prefer maximal CPV

Week preference for normal ordering 
with Bayes factor of 3.7

Week preference for upper octant with 
Bayes factor of 2.4

An
tin

eu
tri

no
 m

od
e 

e-
lik

e 
ca

nd
id

at
es

Neutrino mode e-like candidates



w/ RC

Δ𝜒
2

δCP (rad.)CPδ

3− 2− 1− 0 1 2 3Po
st

er
io

r p
ro

ba
bi

lit
y 

de
ns

ity

0

20

40

60

80

100

120

140

160

310×
99% Credible Interval
90% Credible Interval
68% Credible Interval

T2K Run 1-10 Preliminary

δCP measurement 

CP-conservation (0,π) excluded at 90%

30

Large region excluded at 3σ
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Normal ordering

Results in agreement with sensitivity



θ23 measurement 
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Octant degeneracy appears at 1σ CL
Maximum mixing excluded at 1σ CL

Δ𝜒
2

 (rad.)CPδ

3− 2− 1− 0 1 2 3Po
st

er
io

r p
ro

ba
bi

lit
y 

de
ns

ity

0

20

40

60

80

100

120

140

160

310×
99% Credible Interval
90% Credible Interval
68% Credible Interval

T2K Run 1-10 Preliminary

sin2θ23

Normal ordering

Δ𝜒
2

sin2θ23

w/ RC

 (rad.)CPδ

3− 2− 1− 0 1 2 3Po
st

er
io

r p
ro

ba
bi

lit
y 

de
ns

ity

0

20

40

60

80

100

120

140

160

310×
99% Credible Interval
90% Credible Interval
68% Credible Interval

T2K Run 1-10 Preliminary



Impact of SK MR sample
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No FC
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Cross section measurements
T2K has a wide cross section measurement program: multiple targets, fluxes and 

detectors at different off-axis angles provide abilities to investigate neutrino-
nucleus scattering in different and complementary ways
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Cross section measurements
T2K has a wide cross section measurement program: multiple targets, fluxes and 

detectors at different off-axis angles provide abilities to investigate neutrino-
nucleus scattering in different and complementary ways

Neutrino scattering understanding is crucial for the interpretation of neutrino 
oscillation since it affects background estimation and energy reconstruction

One of the largest systematic uncertainties in neutrino oscillation comes from 
neutrino interaction uncertainty and in particular from the modeling of nuclear effects

33

Systematic uncertainties
Beam mode Neutrino Antineutrino
SK sample 1 Ring µ-like Multi-Ring 1 Ring e-like 1 Ring e-like 1de 1 Ring µ-like 1 Ring e-like

Flux 5.0% 5.2% 4.9% 4.6% 4.6% 4.6%
Cross-section 15.8% 10.6% 16.3% 14.7% 13.6% 13.1%

SK 2.0% 4.1% 3.1% 13.6% 1.7% 3.8%

Ciro Riccio, Stony Brook University | Seminar IRFU/DPhP



Transverse Kinematic Imbalance
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Model sensitivity comes 
mostly from central bins 

Tail mostly 
contributed by FSI 

Over-prediction in the peak 
region for almost all models 

RFG and LFG nuclear models 
strongly disfavored at small pN 

Curvature strongly 
dependent on FSI 

Currently statistics and 
detector capabilities limit 

our sensitivity 
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TKI in 𝜈𝜇 CC1π+Np

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009


On-/off-axis combined analysis
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• Next generation CC0π analysis: Simultaneous 
fit using data from both ND280 and INGRID 
(central module). Paper in preparation! 


• On-/off-axis positions result in different, but 
highly correlated, neutrino flux distributions. 


• Provides an opportunity to break some of the 
degeneracy between flux and cross section. 


• Study energy dependence of neutrino  
interaction processes.


• Next-to-next analysis: combined neutrino and 
antineutrino



Future cross-section measurements 

37

New set of detectors at 1.5 degree off-axis:

• Neutrino energy peaked around 0.86 GeV

• WAGASCI: scintillator detector with a grid 

structure filled with water

• BabyMIND used as spectrometer

Planned analyses:

• Different channels: CC Coherent (paper 

in preparation), CC1π on different targets 

• Combine interactions channels 

• Explore pion kinematics

Ciro Riccio, Stony Brook University | Seminar IRFU/DPhP
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T2K was originally approved to collect 7.8x1021 POT driven by sensitivity to θ13
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Future prospects

38

T2K was originally approved to collect 7.8x1021 POT driven by sensitivity to θ13

Increase beam power up to 1.3 MW 
and horn current up to ±320 kA

Upgrade ND280

3σ sensitivity to CP-violation for 
currently favored parameters 

Important to reduce 
systematics with respect to 

what we have today 

Proposal to extend the run until 
Hyper-Kamiokande starts

Ciro Riccio, Stony Brook University | Seminar IRFU/DPhP
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Main ring power supply upgrade
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J-PARC Beam upgrade
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T2K T2K-II HK

Main ring power supply upgrade

Expect a beam power ~800 kW 
by 2023
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T2K T2K-II HK

Main ring power supply upgrade

Expect a beam power ~800 kW 
by 2023

Main ring RF upgrade
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J-PARC Beam upgrade

39

T2K T2K-II HK

Main ring power supply upgrade

Expect a beam power ~800 kW 
by 2023

Main ring RF upgrade

Expected a beam power of 1.2 MW 
by 2027 and a projected POT of 1022
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ND280 upgrade

TPC

TPC

c
c

c
Zccc

c Main ND280 upgrade improvements beyond 
current ND280:

•Improved acceptance (4π as SK) and efficiency

•Lower threshold for protons

•Neutron kinematics

•Increased target mass (2 tons)
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•SuperFGD: 2M 1cm-cubes


• 2 TPCs equipped with resistive MicroMegas 


• 6 Time-Of-Flight detectors


•Start construction in Fall 2022 and taking 
data from April 2023. Then 4 months of 
running per year until Hyper-K starts



SuperFGD
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A. Blondel et al 2020 JINST 15 P12003

•All the cubes have been produced and assembled in x-y 
layers at INR and will be in Japan this summer 

•Test beam activities:

•At CERN a prototype has been exposed to a charged 
particle beam

•At LANL to a neutron beam with energy 0 - 800 MeV. 
First goal measure total cross-section

TB have shown very good 
performances:


•Average LY ~58 PE per MIP

•3% cross-talk

•Time resolution ~1 ns per 
channel

•Very good particle ID

Paper in 
preparation

https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12003


High-angle TPCs
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• Equipped with restive MicroMegas

• Spatial resolution improved by x3 compared to current 

ND280 TPCs 

• dE/dx resolution ~10% for MIP

• Momentum resolution 9%@1GeV

• TPC components being collected and tested at CERN

• Bottom TPC in Japan in September 2022, top TPC in 

February 2023

Spatial resolution dE/dx resolution



ToF detector
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• 2.3 m x 12 cm bars of plastic scintillator 
read by MPPC


• Time resolution of 150 ps

• Fully tested at CERN

• Ready to be shipped in Japan



Conclusions
• Latest neutrino oscillation results use 3.6x1021 POT:

• CP-conservation excluded at 90% CL

• Weak preference for normal ordering and upper octant


• New ND280 and SK samples, improved flux predictions and cross-section modeling have been added 
in this iteration of the oscillation analysis


• Full program of cross-section measurements: Cross-section measurements focused on understanding 
nuclear effects show that more sophisticated nuclear model are favored. WAGASCI+BabyMIND took 
data this year and we are  analyzing them


• T2K bright future: 

• Beam line upgrade to reach 1.3 MW is taking place

• ND280 will be upgraded in Fall 2022 and data will be taken from April 2023


• Other ongoing activities: 

• SK loaded with 0.01% Gd. Start loading up to 0.03% (26 tons) from May (final goal 0.1%).

• T2K+NOvA and T2K+SK combined analyses: different sensitivity to mass hierarchy and δCP
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Backup
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Oscillation results (θ23, ∆m232) (θ13, δCP)
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Slight preference of non-maximal sin2θ23 
in upper octant

θ13 (w/ reactor constrain) 
compatible with maximal CPV 
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Photon tagging in FHC
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Selection used for OA2020Improved selection
Reconstructed muon momentum [MeV/c] Reconstructed muon momentum [MeV/c] Reconstructed muon momentum [MeV/c] Reconstructed muon momentum [MeV/c]

Using ECal we can select a sample of events enriched with electromagnetic activity that we call 
CCPhoton and improve the purity of the other samples keeping similar efficiency



Proton tagging in FHC
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Best fits 2022
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NA61/SHINE 2010
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Beam upgrade
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Federico Sanchez 
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SuperFGD
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Davide Sgalaberna 
ICHEP2020
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Resistive micromegas
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Davide Sgalaberna 
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Resistive micromegas
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Davide Sgalaberna 
ICHEP2020
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Time-of-Flight
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Davide Sgalaberna 
ICHEP2020
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Statistical methods
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Patrick Dunne 
Neutrino 2020
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