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Introduction
• Neutrino mass and mixing (right handed neutrinos) 
are physics beyond the standard model.
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Introduction GUT seesaw TeV GeV keV !eV Summary

Assumption: It’s RH neutrinos and the seesaw mechanism.

all other fermions come in both chiralities

“naturally” appears in models involving UB−L(1),
e.g. left-right symmetric, SO(10) GUT. . .

can solve cosmological problems (leptogenesis, Dark Matter,. . .)

simplicity, predictivity (few parameters!)
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A view on the, THEORETICAL STATUS OF NEUTRINO PHYSICS

• Tiny Neutrino mass 
• What is the origin of the mass? 

• Flavor Symmetry 
• Between leptons and quarks 

• mass pattern 
• mixing pattern 
• the number of generations 

• CP violation 
• the origin? 
• matter dominant universe with 
Leptogenesis



Accelerator Neutrino Experiments in J-PARC

Proton 
Beam

π, π, π, π, Κ

Intense BeamGigantic detector Neutrino Cross 
sections

ΦνSK(Eν）

Oscillation

ν, ν, ν, ν

ΦνND(Eν）

Credit: Super-K collaboration

TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011
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“far” detector (FD)
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~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011

Credit: J-PARC

Nuclear emulsion & ECC
•Nuclear emulsion: photo films for charged particles 

-> Sub-μ spatial resolution with a high granularity 

•Emulsion Cloud Chamber (ECC): Main target 
detector with alternating structure of emulsion films 
and target materials -> Low momentum threshold
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z (beam direction)

y

x

・・・・・・

•59 tracking units
•58 water layers

•12 emulsion films
•11 iron plates

Water
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Improvements of oscillation measurements
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Higher Beam flux

Better understanding of 
Neutrino Cross Sections

Osc. analysis   
sin22θ13 , sin2θ23, Δm322, 

δCP

Result

Nsignal=Φ×σ×Ntarget×ε×P

Φ

ε×P

σ

• J-PARC• Nu beam line

• T2K ND280• NINJA



① [J-PARC]  Handling of the higher beam power with 
development of new beam monitors (16 electrodes BPM ) 

• 5 x 1021 POT will be accumulated for high statistics  

② [NINJA] Better understanding of neutrino interactions 

• 10% precision for neutrino cross sections 

③ [T2K] Improvements of oscillation measurements 

• θ23 precisions better than 5% 

• CP violation (δCP) with 99% CL for the maximum CPV

Goals of this Grant-in-Aid project
Study of symmetries in neutrino oscillations 

• θ23 precisions better than 5% 
• CP violation (δCP) with 99% CL for the maximum CPV
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• T2K results today at 14:30 by. Dr. Tatsuya KIKAWA  

• Recent results and future prospects from the T2K experiment 

• NINJA results today at 17:45 by Dr. Tsutomu FUKUDA 

• Precise measurement of Neutrino Interactions at J-PARC in the 
NINJA experiment

T2K and NINJA presentations
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4 | Nature | www.nature.com

Article

these have been incorporated in the analysis through an additional 
error of 3.9 × 10−5 eV2/c4 on the m∆ 32

2  interval. More details of the sys-
tematic uncertainties on neutrino interaction modelling can be found 
in the Methods.

The observed number of events at SK can be seen in Fig. 1. The prob-
ability of observing an excess over prediction in one of our five samples 
at least as large as that seen in the electron-like charged pion sample 
is 6.9%, assuming the best-fit value of the oscillation parameters. We 
find that the data shows a preference for the normal mass ordering 
with a posterior probability of 89%, giving a Bayes factor of 8. We find 

θsin ( ) = 0.532
23 −0.04

+0.03  for both mass orderings. Assuming the normal 
(inverted) mass ordering we find m∆ 32

2   =  (2.45  ±  0.07)  ×  10−3 
m(∆ = (2.43 ± 0.07) × 10 )13

2 −3  eV2/c4. For δCP our best-fit value and 68% 
(1σ) uncertainties assuming the normal (inverted) mass ordering are 
−1.89 ( − 1.38 )−0.58

+0.70
−0.54
+0.48 , with statistical uncertainty dominating. Our 

data show a preference for values of δCP that are near maximal CP 

violation (see Fig. 4), while both CP conserving points, δCP = 0 and 
δCP = π, are ruled out at the 95% confidence level. Here we also produce 
99.73% (3σ) confidence and credible intervals on δCP. In the favoured 
normal ordering the confidence interval contains [−3.41, −0.03] 
(excluding 46% of the parameter space). We have investigated the 
effect of the excess seen in the 1e1de sample on this interval and find 
that had the observed number of events in this sample been as 
expected for the best-fit parameter values the interval would have 
contained [−3.71, 0.17] (excluding 38% of parameter space). In the 
inverted ordering the confidence interval contains [−2.54, −0.32] 
(excluding 65% of the parameter space). The 99.73% credible interval 
marginalized across both mass orderings contains [−3.48, 0.13] 
(excluding 42% of the parameter space). The CP-conserving points 
are not both excluded at the 99.73% level. However, this experiment 
has reported closed 99.73% (3σ) intervals on the CP-violating phase 
δCP (taking into account both mass orderings), and a large range of 
values around +π/2 are excluded.
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Fig. 4 | Constraints on PMNS oscillation parameters. a, Two-dimensional 
confidence intervals at the 68.27% confidence level for δCP versus sin2θ13 in the 
preferred normal ordering. The intervals labelled T2K only indicate the 
measurement obtained without using the external constraint on sin2θ13, 
whereas the T2K + reactor intervals do use the external constraint. The star 
shows the best-fit point of the T2K + reactors fit in the preferred normal mass 
ordering. b, Two-dimensional confidence intervals at the 68.27% and 99.73% 
confidence level for δCP versus sin2θ23 from the T2K + reactors fit in the normal 
ordering, with the colour scale representing the value of negative two times the 
logarithm of the likelihood for each parameter value. c, One-dimensional 
confidence intervals on δCP from the T2K + reactors fit in both the normal and 
inverted orderings. The vertical line in the shaded box shows the best-fit value 
of δCP, the shaded box itself shows the 68.27% confidence interval, and the error 
bar shows the 99.73% confidence interval. We note that there are no values in 
the inverted ordering inside the 68.27% interval.
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Fig. 3 | Event prediction model tuning to near-detector data.  
a, b, Reconstructed muon momentum in two of the ND280 CCQE-like event 
samples for both neutrino (a) and antineutrino (b) beam mode. The prediction 
with all parameters set to their best-fit value from a fit to the ND280 data are 
shown by the coloured histograms, split into true neutrino CCQE, antineutrino 
CCQE, neutral current and all other interactions. The dashed line shows the 
prediction before a fit to the ND280 data. The vertical error bars on the data 
represent the standard deviation due to statistical uncertainty. c, The ratio of 
the observed data to the best-fit Monte Carlo prediction in both neutrino-
mode and antineutrino-mode samples.

Long-baseline neutrino experiment

3

To accumulate more data in a shorter time, J-PARC will increase  
the beam power by upgrading the accelerator and beamline.

Recent results [Nature 580, 339-344 (2020)]  
・Obtained strong preference of 
   the νe appearance enhancement.   
・Constraining possible δCP value,  
   excluding region at the 3σ C.L.  
・But it is not yet clear if CP  
   symmetry is violated or not. 

T2K experiment 
・Operating since JFY2009. 
・Discovery of νe app. in 2013  
・Anti-ν operation since 2014 
   to measure the CP violating phase (δCP)



NINJA physics analysis started
Press release in October 20, 2020
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J-PARC Accelerator and Neutrino beam
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3

①Magnet power 
supply upgrade 
2.48→1.32 s cycle

②2nd harmonic RF cavities　

③RF cavity system upgrade　　

④1.32→1.16 s cycle

figure from J-PARC TDR

J-PARC MR beam power upgrade plan

1.3 MW

⑤ Collimetor system 
⑥ Injection/FX system 
⑦ Beam monitors

Power = Energy × Number of protons per pulse / Cycle time
30 % up halfkeep 30 GeV

beam loss requiments

more protons, faster cycle, less beam loss

by Dr. Aine Kobayashi @ Exploration of Particle Physics and Cosmology with Neutrino work shop 2022 

16 electrodes BPM 
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23 Jan 2010 – 27 Apr 2021
POT Total: 3.82�1021

(maximum power  522.6 kW)

!-mode: 2.17�1021 (56.8%)
!̅-mode: 1.65�1021 (43.2%)



Neutrino Cross-section results from NINJA
Iron target results
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Iron target results
• Measurement of charged hadrons from muon 
neutrino interactions on iron.

6 Phys. Rev. D 106, 032016 (2022)
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• Mean neutrino energy = 1.49 GeV 
• 4.0 × 1019 protons on target 
• 183 events

Some discrepancies have found 
b/w the data and MC prediction
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by Dr. Takahiro Odagawa  
@ Exploration of Particle Physics and Cosmology with Neutrino work shop 2022 

Water target results are coming!



Latest Oscillation results from T2K
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New oscillation result

Atmospheric parameters

Using θ13 constraint from reactor experiments: sin2(2θ13) = 0.0861 ± 0.0027 

➢ Best fit in the upper θ23 octant, but lower octant still allowed at the 1σ level
➢ CP-conserving values of δ=0 and δ=π outside of 90% CL intervals

T2K preliminary

sin²θ23

T2K preliminary

Δ
χ
²

δCP

by Dr. Christophe Bronner @ Exploration of Particle Physics and Cosmology with Neutrino work shop 2022 



① [J-PARC] We accumulated 3.8 x 1021 POT before 2021. 

• Goal: 5 x 1021 POT will be accumulated for high statistics  

② [NINJA] Cross section results with Iron target. Results with 
Water target are coming (1/9 data has been shown). 

• Goal: 10% precision for neutrino cross sections 

③ [T2K] New results released at Neutrino 2022. 

• Goal: θ23 precisions better than 5% 

• Goal: CP violation (δCP) with 99% CL for the maximum CPV

Achievements
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• J-PARC is now ready to provide the high beam power of 
700~800 kW. 

• Full data of water targets in NINJA are on process, and will be 
released soon. 

• Oscillation analysis in T2K is improved. 

• It becomes more exciting to take and analyze neutrino beam 
data in T2K and NINJA.  Stay tuned!

Prospect and Summary
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Backup
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Latest Oscillation results from T2K
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/2}M2/ #v ��2
:= �2

(✓true23 )�min✓23 �
2
(✓23) #2+QK2b bK�HH2` Qp2`�HHX h?2 Qp2`�HH HQr2` ��2 BMNyR

i?2 mTT2` Q+i�Mi Bb HBF2Hv /m2 iQ i?2 2ti`2KmK 2z2+i Q7 �CP = �⇡/2 UBi Bb MQi b22M Km+? r?2MNyk

� ~�i /Bbi`B#miBQM Bb mb2/ 7Q` �CPVXNyj

h?2 +QM}/2M+2 BMi2`p�Hb +Q``2bTQM/BM; iQ R� +QM}/2M+2 H2p2H �`2 b?QrM BM 6B;X NN �M/ �`2Ny9

[0.444, 0.589] 7Q` MQ`K�H ?B2`�`+?v �M/ MQ BMi2`p�H 7Q` BMp2`i2/ ?B2`�`+?vX J�tBK�H KBtBM; BbNy8

QmibB/2 Q7 i?2 sin
2 ✓23 +QM}/2M+2 BMi2`p�H �i R�X AM i?Bb �M�HvbBb- i?2 R� #�M/ Bb BM #Qi? Q+i�MibNye

r?BH2 Bi r�b QMHv BM i?2 mTT2` Q+i�Mi BM hkE@hL@jNd (R)X *QM}/2M+2 BMi2`p�Hb +Q``2bTQM/BM;Nyd

iQ NyW +QM}/2M+2 H2p2H �`2 b?QrM BM 6B;X Ryy �M/ �`2 [0.444, 0.589] 7Q` MQ`K�H ?B2`�`+?v �M/Ny3

[0.525, 0.582] 7Q` BMp2`i2/ ?B2`�`+?vX 6B;X RyR �M/ h�#X j8 b?Qr �HH +QM}/2M+2 BMi2`p�Hb �i QM+2XNyN

6Q` BMp2`i2/ ?B2`�`+?v- K�tBK�H KBtBM; Bb 2t+Hm/2/ �i k� +QM}/2M+2 H2p2HXNRy

h�#H2 j8, 62H/K�M@*QmbBMb +QM}/2M+2 BMi2`p�Hb 7Q` sin2 ✓23X

*QM}/2M+2 H2p2H AMi2`p�H UL>V AMi2`p�H UA>V
1� [0.460, 0.491] [ [0.526, 0.578]
90% [0.444, 0.589] [0.525, 0.582]
2� [0.437, 0.594] [0.459, 0.588]
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6B;m`2 N3, .Bbi`B#miBQMb Q7 i?2 +`BiB+�H ��2 p�Hm2b Q#i�BM2/ rBi? i?2 62H/K�M@*QmbBMb K2i?Q/
�b � 7mM+iBQM Q7 i`m2 sin

2 ✓23 p�Hm2 7Q` MQ`K�H ?B2`�`+?v UH27iV �M/ BMp2`i2/ ?B2`�`+?v U`B;?iVX
1�+? bi2T T`QpB/2b i?2 +`BiB+�H p�Hm2 +�H+mH�i2/ rBi? i?2 bi�iBbiB+�H mM+2`i�BMiv +QMbB/2`BM; i?2
#BMQKB�H ~m+im�iBQMX a?�/2b Q7 #Hm2 �M/ Q`�M;2 `2T`2b2Mi i?2 +`BiB+�H p�Hm2b Q#i�BM2/ #v +QM@
bB/2`BM; i?2 R�- Ny%- �M/ k� +QM}/2M+2 H2p2H- 7Q` MQ`K�H �M/ BMp2`i2/ ?B2`�`+?v `2bT2+iBp2HvX

Nj

?vTQi?2bBb U6B;X NkVX h?mb i?2 `2bmHib �`2 HBF2 BM i?2 T`2pBQmb �M�HvbBb (R)- i?2 *S@+QMb2`pBM;3d8

p�Hm2b �`2 2t+Hm/2/ �i i?2 NyW +QM}/2M+2 H2p2H- 7Q` r?B+? i?2 BMi2`p�Hb �`2 [�3.08,�0.52] UL>V3de

�M/ [�1.92,�0.89] UA>VX3dd

6Q` i?2 3� +QM}/2M+2 BMi2`p�H- i?2 +`BiB+�H p�Hm2 /Bbi`B#miBQMb �`2 b?QrM BM };m`2 Nj- rBi?3d3

+Q``2bTQM/BM; BMi2`p�Hb QM �CP b?QrM BM };m`2 N9X h?2 *S@+QMb2`pBM; p�Hm2b Q7 �CP = 0,⇡ �`23dN

2t+Hm/2/ iQ 3� +QM}/2M+2 H2p2H 7Q` BMp2`i2/ ?B2`�`+?v UBMi2`p�H, [�1.92,�0.89] V- r?2`2�b 7Q`33y

MQ`K�H ?B2`�`+?v r2 ?�p2 i?2 3� +QM}/2M+2 BMi2`p�H Q7 [�3.08,�0.52] X 6B;X N8 �M/ h�#X j933R

b?Qr �HH +QM}/2M+2 BMi2`p�Hb �i QM+2X33k

h�#H2 j9, 62H/K�M@*QmbBMb +QM}/2M+2 BMi2`p�Hb 7Q` �CPX

*QM}/2M+2 H2p2H AMi2`p�H UL>V AMi2`p�H UA>V
1� [�2.76,�1.03]
90% [�3.08,�0.52] [�1.92,�0.89]
2� [�⇡,�0.29] [ [3.04,⇡] [�2.22,�0.66]
3� [�⇡, 0.31] [ [2.59,⇡] [�2.80,�0.14]
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6B;m`2 NR, .Bbi`B#miBQMb Q7 i?2 +`BiB+�H��2 p�Hm2b Q#i�BM2/ rBi? i?2 62H/K�M@*QmbBMb K2i?Q/ �b
� 7mM+iBQM Q7 i`m2 �CP p�Hm2 7Q` MQ`K�H ?B2`�`+?v UH27iV �M/ BMp2`i2/ ?B2`�`+?v U`B;?iVX 1�+? bi2T
T`QpB/2b i?2 +`BiB+�H p�Hm2 +�H+mH�i2/ rBi? i?2 bi�iBbiB+�H mM+2`i�BMiv +QMbB/2`BM; i?2 #BMQKB�H
~m+im�iBQMX a?�/2b Q7 #Hm2 �M/ Q`�M;2 `2T`2b2Mi i?2 +`BiB+�H p�Hm2b Q#i�BM2/ #v +QMbB/2`BM; i?2
R�- Ny%- �M/ k� +QM}/2M+2 H2p2H- 7Q` MQ`K�H �M/ BMp2`i2/ ?B2`�`+?v `2bT2+iBp2HvX

3N


