
東海to神岡 長基線ニュートリノ実験東海to神岡 長基線ニュートリノ実験

東京大学宇宙線研究所共同利用研究成果発表会 (2021年2月8日) 
 

松原 綱之 (KEK) for the T2K Collaboration

東京大学宇宙線研究所共同利用研究成果発表会  
２０２２年１月２５日    

   小川智久 (KEK) on behalf of the ︎T2K︎ Collaboration  

1

^ƵƉĞƌͲ<ĂŵŝŽŬĂŶĚĞ :ͲW�Z�EĞĂƌ��ĞƚĞĐƚŽƌƐ

EĞƵƚƌŝŶŽ��ĞĂŵ

Ϯϵϱ�Ŭŵ

Dƚ͘�EŽŐƵĐŚŝͲ'ŽƌŽ
Ϯ͕ϵϮϰ�ŵ

Dƚ͘�/ŬĞŶŽͲzĂŵĂ
ϭ͕ϯϲϬ�ŵ

ϭ͕ϳϬϬ�ŵ�ďĞůŽǁ�ƐĞĂ�ůĞǀĞů

�����

2



WAGASCI-BabyMIND (1.5° off-axis)  

ニュートリノ振動が起こる前の測定： 
νビームフラックス × 相互作用断面積 
前置検出器：ND280 (2.5°off-axis) 

T2K実験と物理目標 2

-.  消失現象を用いて  精密測定（現在、  と共に世界最高精度） 
-.  出現現象を人工ビームを用いた初観測から  の測定 → を用いて  の測定へ  
-. レプトンセクタにおけるCPの破れの発見により、宇宙から反物質が消えた原因の手がかり。

vμ → vμ θ23 Δm2
32

vμ → ve θ13 ν̄μ → ν̄e δCP

Nμ (Ev) = P (vμ → vμ) σ (Ev) Φv (Ev) ϵ (Ev)
Ne (Ev) = P (vμ → ve) σ (Ev) Φv (Ev) ϵ (Ev)

J-PARCで生成した人工ニュートリノビーム(消失確率最大にνエネル
ギー設定)を、スーパーカミオカンデに打ち込み、ニュートリノ消失
出現現象の観測により、PMNS行列パラメータの測定を行う。

ND280 near detector (2.5°off-axis)
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- Full tracking 
and particle 
reconstruction 
(magnetized!):
measure 
precisely 
neutrino and 
antineutrino rate 
before oscillation
(flux � xsec)

INGRID (on-axis)
- Monitoring of 
beam position 
and direction 
and 
measurement of 
neutrino 
interactions

SuperKamiokande far detector

2S.Bolognesi (CEA Saclay)

WAGASCI-BabyMIND (1.5° off-axis)

- Measurement 
of neutrino 
interactions

- Placed 2.5deg off-axis to 
produce narrow-band flux

μ/e の特定により、 
νe ,νμ の区別を行う
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WAGASCI-BabyMIND (1.5° off-axis)

- Measurement 
of neutrino 
interactions

- Placed 2.5deg off-axis to 
produce narrow-band flux

L=300kmの消失確率
振幅: 混合角θ23

波長: 質量差
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WAGASCI-BabyMIND (1.5° off-axis)

- Measurement 
of neutrino 
interactions

- Placed 2.5deg off-axis to 
produce narrow-band flux

ニュートリノ反応 
事象再構成検出器： 
TPC, シンチ, 磁場

INGRID： 
ビーム方向位置検出、 
ニュートリノ断面積測定

-. 異なる反応物質で構成 
 ND-SK の系統誤差削減 
-. NDと異なるoff-axis角 
 狭いνフラックスを抽出 



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%)

これまでのデータ取得と主な物理結果 3

-. (昨年の研究会報告) CP 非保存パラメータの許容領域を制限：CP の破れ
の兆候 → Nature の 2020 年における特に注目すべき 10 大発見。 

-. (今年度) Run10 (2019 → 2020) : νモードのデータが 33%ほど増加データを  
加えて、νフラックスの系統誤差を改善、振動解析の改善 → PRD,103,112008
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これまでのデータ取得と主な物理結果

反νモード蓄積データ 
1.63 x 1021 POT

ビーム強度が 
515 kWに到達

2011年：「電子ニュートリノ出現事象」の兆候 
2013年：世界初の「電子ニュートリノ出現事象」の決定的な証拠 
　　　　  ニュートリノの「CP位相」測定の道が拓かれた 
2014年：反ニュートリノの生成を開始 
2016年：ニュートリノの「CP対称性の破れ」を示唆する結果 
2018年：「CP対称性の破れ」の可能性を高める結果 
2020年：ニュートリノの「CP位相」に3σで制限をつけた結果

νモード蓄積データ 
1.97 x 1021 POT 

2013年

● νモードでの陽子ビーム強度 
● 反νモードでの陽子ビーム強度

4

x1020

2020 ~ 2021 年で新たなデータ 
最大515 kWでの運転を実現

反νモード蓄積データ 
    1.63x1021 POT (2020, Run10) 
→ 1.65x1021 POT (2021, Run11)

-. (今年度) Run11 (2020 → 2021) : 前置 ND280 は COVIDの影響の人員不足で 
オフ。WAGASCI/Babymind 検出器は SK-Gdと共にデータ取得。

  全POT ~ 3.82 x︎1021 (2010/Jan/23 ~ 2021/Apr/27) 

νモード蓄積データ  
    1.5  x1021 POT (          ~ Run  9)  

→ 1.97x1021 POT (2020年 Run10) 
→ 2.17x1021 POT (2021年 Run11) 
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Analysis 
strategy

• Beam monitors + hadron 
production experiments  
→ neutrino flux


• ND280 measurements  
+ interaction model 
+ external constraints 
→ unoscillated flux × xsec


• 5 samples at SK 
→  disappearance + 
      appearance

νμ
νe
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1 NA61/SHINE 2009 Replica-Target Measurements Col-75

lected for T2K76

The NA61/SHINE (SPS Heavy Ion and Neutrino physics Experiment) [1] is a fixed target77

experiment served by the H2 beam line of the CERN North Area. The experiment has been78

proposed in November 2006 and inherited many of its components from NA49. It is a multi79

purpose research facility providing precise hadron production measurements for various long80

baseline neutrino experiments (T2K, NO⌫A, MINER⌫A), used for reducing the unoscillated81

neutrino flux uncertainty. NA61/SHINE is particularly well suited for measuring the yields82

of charged particles exiting from any solid target placed into the beam’s path, using a com-83

bination of time projection chambers (TPCs) and time-of-flight detectors (ToFs). Particle84

identification is achieved by combining TPC ionizing energy loss measurements with timing85

information from the ToFs. Particle momentum and trajectory are reconstructed from TPC86

measurements. NA61 measured charged hadron yields for T2K with two target configura-87

tions, the thin-target [2] and the replica-target [3] (see Fig. 1).88
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Figure 1: The NA61 thin-target and replica-target configurations used for collecting hadron
production measurements for T2K.

With the thin-target dataset, the released hadronic yields (multiplicities) are binned by89

the outgoing hadron momentum and angle N
⇡±,K±,p,K0

S
thin

(p, ✓), whereas the replica-target90

measurements are in addition binned based on the outgoing hadron’s exiting position z91

along the target N⇡±

replica
(p, ✓, z). The 90 cm long T2K replica target is split into 5 identical92

longitudinal z bins, in addition to bin z6 which is defined as the downstream target face.93

Part of the NA61 2009 replica-target positive pion multiplicity measurements are shown94

in Fig. 2, highlighting the trends in the variation of pion yields with the exiting position95

along the target. The full NA61 2009 replica-target measurements for T2K are given in96

Appendix A.97

Presented in this note are the studies accompanying the first release of the unoscillated98

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target99

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-100

tions of beam protons within the graphite target. The strength of the replica-target dataset101

lies in its capability to directly constrain both primary interactions and subsequent reinter-102

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak103

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion104

yields, so that thin-target data is still used for constraining the neutrino yield originating105

from other hadron species, as well as for pions outside the coverage of the replica-target106

dataset. The portion of the T2K flux covered by the extrapolated NA61 thin-target mea-107

surements, having applied energy and target material scaling to extend the relevance of the108

dataset from primary interactions to also secondary and out-of-target interactions, is given109

Fig. 3. Only around 60% of interactions contributing to the T2K neutrino flux are directly110

covered by the thin-target measurements, but this can be increased to close to 90% with the111

above mentioned extrapolations. The portion of the T2K flux covered with a combination112

of replica- and thin-target measurements, with preference given to replica-target data, is113

given in Fig. 4. The regions shaded in green are now directly covered with replica-target114

measurements. For the signal ⌫µ (⌫̄µ) flux in (anti-)neutrino mode, the new replica-target115

dataset constrains over 95% of relevant hadronic interactions, but is less successful in con-116

straining the wrong-sign background flux component.117
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1

New in this analysis:

Significant reduction of hadron 
interaction uncertainty thanks to NA61 
data using a replica of T2K target.
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Figure 1: The NA61 thin-target and replica-target configurations used for collecting hadron
production measurements for T2K.

highlighting the trends in the variation of pion yields with the exiting position along the78

target. The full NA61 2009 replica-target measurements for T2K are given in Appendix A.79
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Figure 2: The NA61 2009 positive pion yields from three representative positions along the
graphite target: the most upstream target portion (z1, includes the most upstream cylindrical
target portion and the flange), one of the middle target portions (z3) and the most downstream
target portion (z6). The following binning has been adopted by NA61: -5.0 cm < z1 < 18.0 cm
< z2 < 36.0 cm < z3 < 54.0 cm < z4 < 72.0 cm < z5 < 89.99 cm and z6 is used to denote the
downstream face of the replica-target (selected with 89.99 cm < z6 < 90.01 cm). The yields are
given as a function of pion momentum, and split into di↵erent angular ranges, measured with
respect to the incident beam direction.

Presented in this note are the studies accompanying the first release of the unoscillated80

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target81

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-82

tions of beam protons within the graphite target. The strength of the replica-target dataset83

lies in its capability to directly constrain both primary interactions and subsequent reinter-84

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak85

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion86

yields, so that thin-target data is still used for constraining the neutrino yield originating87

3

Thin target data 
  Mainly Eur. Phys. J. C (2016) 76:84

Replica target data 
Eur. Phys. J. C (2016) 76:617

Further reduction expected for next analysis from 
extending replica tuning to exiting Kaons and protons
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1Beam monitors

T. Vladisavljevic 1/16

• NA61 uses cylindrical graphite blocks (same graphite grade as T2K), with different lengths
• Thin target (2 cm) and replica target (90 cm)
• NA61 measures multiplicities of  particles outgoing from the targets arranged in (p,θ,z) bins

Reminder of  NA61 Measurements for T2K
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Proton 
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Part of  NA61 2009 Replica Target Data for π.

NA61/FLUKA weights

Thin	target	tuning	
(currently	used	method)	

•  Measurements	of	outgoing	meson	mul=plici=es	(inclusive	
xsec	normalized	by	incoming	proton	xsec)	for	proton	hiÉng	
a	thin	target	(mostly	NA61	2009)	

•  Generate	corresponding	mul=plici=es	with	MC	generator	
•  Go	through	interac=on	chain	and	apply	DATA/MC	weights	

for	each	interac=on	
•  Similar	for	cross	sec=on	(~interac=on	length),	where	we	

also	have	aTenua=on	weights	e–l/λI

26	

T. Vladisavljevic 2/16

• Weights get applied at every step in the interaction chain leading up to neutrinos
• Keep in mind that NA61 2009 replica data consists only of  pion multiplicities!

Reminder of  Thin vs Replica Tuning
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Weight 1.0
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No Xsec

Tuning	weights	
at	each	interac=on	

Thin	target	tuning	
Thin	target	

Tune each 
interaction Single tuning weight 

for exiting particle

Analysis 
strategy

• Beam monitors + hadron 
production experiments  
→ neutrino flux
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+ interaction model 
+ external constraints 
→ unoscillated flux × xsec


• 5 samples at SK 
→  disappearance + 
      appearance
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νe
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1 NA61/SHINE 2009 Replica-Target Measurements Col-75

lected for T2K76

The NA61/SHINE (SPS Heavy Ion and Neutrino physics Experiment) [1] is a fixed target77

experiment served by the H2 beam line of the CERN North Area. The experiment has been78

proposed in November 2006 and inherited many of its components from NA49. It is a multi79

purpose research facility providing precise hadron production measurements for various long80

baseline neutrino experiments (T2K, NO⌫A, MINER⌫A), used for reducing the unoscillated81

neutrino flux uncertainty. NA61/SHINE is particularly well suited for measuring the yields82

of charged particles exiting from any solid target placed into the beam’s path, using a com-83

bination of time projection chambers (TPCs) and time-of-flight detectors (ToFs). Particle84

identification is achieved by combining TPC ionizing energy loss measurements with timing85

information from the ToFs. Particle momentum and trajectory are reconstructed from TPC86

measurements. NA61 measured charged hadron yields for T2K with two target configura-87

tions, the thin-target [2] and the replica-target [3] (see Fig. 1).88
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Figure 1: The NA61 thin-target and replica-target configurations used for collecting hadron
production measurements for T2K.

With the thin-target dataset, the released hadronic yields (multiplicities) are binned by89

the outgoing hadron momentum and angle N
⇡±,K±,p,K0

S
thin

(p, ✓), whereas the replica-target90

measurements are in addition binned based on the outgoing hadron’s exiting position z91

along the target N⇡±

replica
(p, ✓, z). The 90 cm long T2K replica target is split into 5 identical92

longitudinal z bins, in addition to bin z6 which is defined as the downstream target face.93

Part of the NA61 2009 replica-target positive pion multiplicity measurements are shown94

in Fig. 2, highlighting the trends in the variation of pion yields with the exiting position95

along the target. The full NA61 2009 replica-target measurements for T2K are given in96

Appendix A.97

Presented in this note are the studies accompanying the first release of the unoscillated98

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target99

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-100

tions of beam protons within the graphite target. The strength of the replica-target dataset101

lies in its capability to directly constrain both primary interactions and subsequent reinter-102

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak103

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion104

yields, so that thin-target data is still used for constraining the neutrino yield originating105

from other hadron species, as well as for pions outside the coverage of the replica-target106

dataset. The portion of the T2K flux covered by the extrapolated NA61 thin-target mea-107

surements, having applied energy and target material scaling to extend the relevance of the108

dataset from primary interactions to also secondary and out-of-target interactions, is given109

Fig. 3. Only around 60% of interactions contributing to the T2K neutrino flux are directly110

covered by the thin-target measurements, but this can be increased to close to 90% with the111

above mentioned extrapolations. The portion of the T2K flux covered with a combination112

of replica- and thin-target measurements, with preference given to replica-target data, is113

given in Fig. 4. The regions shaded in green are now directly covered with replica-target114

measurements. For the signal ⌫µ (⌫̄µ) flux in (anti-)neutrino mode, the new replica-target115

dataset constrains over 95% of relevant hadronic interactions, but is less successful in con-116

straining the wrong-sign background flux component.117

3

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

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

New in this analysis:

Significant reduction of hadron 
interaction uncertainty thanks to NA61 
data using a replica of T2K target.
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Figure 1: The NA61 thin-target and replica-target configurations used for collecting hadron
production measurements for T2K.

highlighting the trends in the variation of pion yields with the exiting position along the78

target. The full NA61 2009 replica-target measurements for T2K are given in Appendix A.79
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Figure 2: The NA61 2009 positive pion yields from three representative positions along the
graphite target: the most upstream target portion (z1, includes the most upstream cylindrical
target portion and the flange), one of the middle target portions (z3) and the most downstream
target portion (z6). The following binning has been adopted by NA61: -5.0 cm < z1 < 18.0 cm
< z2 < 36.0 cm < z3 < 54.0 cm < z4 < 72.0 cm < z5 < 89.99 cm and z6 is used to denote the
downstream face of the replica-target (selected with 89.99 cm < z6 < 90.01 cm). The yields are
given as a function of pion momentum, and split into di↵erent angular ranges, measured with
respect to the incident beam direction.

Presented in this note are the studies accompanying the first release of the unoscillated80

T2K neutrino flux calculated using the NA61 2009 replica-target data. NA61 thin-target81

data directly constrains ⇠60% of the neutrino flux which originates from primary interac-82

tions of beam protons within the graphite target. The strength of the replica-target dataset83

lies in its capability to directly constrain both primary interactions and subsequent reinter-84

actions within the target, thus accounting for ⇠90% of the T2K neutrino flux at beam peak85

energy. Due to limited statistics, the 2009 replica-target dataset only contains charged pion86

yields, so that thin-target data is still used for constraining the neutrino yield originating87

3

Thin target data 
  Mainly Eur. Phys. J. C (2016) 76:84

Replica target data 
Eur. Phys. J. C (2016) 76:617

Further reduction expected for next analysis from 
extending replica tuning to exiting Kaons and protons
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• NA61 uses cylindrical graphite blocks (same graphite grade as T2K), with different lengths
• Thin target (2 cm) and replica target (90 cm)
• NA61 measures multiplicities of  particles outgoing from the targets arranged in (p,θ,z) bins

Reminder of  NA61 Measurements for T2K

Proton 
beam

2 cm

"
#±

%
&' &( &) &* &+ &,

"
#±

%
Proton 
beam

90 cm

18 cm

Part of  NA61 2009 Replica Target Data for π.

NA61/FLUKA weights

Thin	target	tuning	
(currently	used	method)	

•  Measurements	of	outgoing	meson	mul=plici=es	(inclusive	
xsec	normalized	by	incoming	proton	xsec)	for	proton	hiÉng	
a	thin	target	(mostly	NA61	2009)	

•  Generate	corresponding	mul=plici=es	with	MC	generator	
•  Go	through	interac=on	chain	and	apply	DATA/MC	weights	

for	each	interac=on	
•  Similar	for	cross	sec=on	(~interac=on	length),	where	we	

also	have	aTenua=on	weights	e–l/λI

26	

T. Vladisavljevic 2/16

• Weights get applied at every step in the interaction chain leading up to neutrinos
• Keep in mind that NA61 2009 replica data consists only of  pion multiplicities!

Reminder of  Thin vs Replica Tuning

Proton 
beam

FLUKA Thin
+ Xsec

FLUKA Thin
+ Xsec

FLUKA Thin
+ Xsec

GCALOR Thin + Xsec
Thin Tuning  &  Replica Tuning for /±

Proton 
beam

Weight 1.0
Weight 1.0 Weight 1.0

GCALOR Thin + Xsec
Replica Tuning for 0± FLUKA Replica

No Xsec

Tuning	weights	
at	each	interac=on	

Thin	target	tuning	
Thin	target	

Tune each 
interaction Single tuning weight 

for exiting particle

ビームを当てた直後に 
出てくる粒子の測定。 
→ ビームシミュレーション調整

Flux improved tuning (1)

10S.Bolognesi (CEA Saclay)

- NA61/SHINE replica-target 2010 data: 

adds Kaons and proton yields and overall larger statistics 
→ 4% hadron interaction uncertainty over wide energy range NEW

- Flux uncertainty: hadron interactions in target 
+ beamline modeling (alignment, current, ...)

ハドロン相互作用に関するニュートリノ生成不定性

２次、３次…. 相互作用後に 
出てくる粒子の測定も行う。
各々ところでの生成粒子を評価 
ビームシミュレーション調整

T2Kニュートリノビームフラックスの広い 
エネルギー領域で 4% 程度 (点線 → 実線) にまで 
ハドロン相互作用に関する不定性を削減。 

NA61/SHINE実験 @ CERN

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/
T2K_Talk_01_Analysis.pdf S. Bolognesi振動解析の改善 1/3

-. 生成νフラックスモデルの精度改善： 
π崩壊(  )だけでなく副次生成物としての  
, の崩壊から生成される混入ν不定性の理解。 

=> SKでのνフラックス予測に重要。

π+ → μ+ + νμ

μ, K

   ハドロン相互作用の精密測定を目的 NA61/SHINE実験 
   T2K レプリカターゲット実験 (2010) データの使用。

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
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νモード 反νモード

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/
T2K_Talk_01_Analysis.pdf S. Bolognesi

ハドロン相互作用以外の不定性の改善： 
シミュレーションのターゲット構成物質 
(冷却水等)の再設定や諸所の改善。

2018：波線 
2020：実線

2018：波線 
2020：実線

νモード

反νモード

不定性を減少させたビームシミュレーション 
が可能になり、粒子反粒子の各νフラックス 
の詳細評価が可能となってきている。

https://sites.google.com/g.ecc.u-tokyo.ac.jp/nushin2-seminars/ 
D01 ニュートリノフラックス精密測定に向けた二次粒子観測手法の研究 (関口哲郎氏）

νフラックス生成モデル不定性： 
　　 8% (2018) → 5% (2020)へ改善 

振動解析の改善 1/3

   ハドロン相互作用の精密測定を目的 NA61/SHINE実験 
   T2K レプリカターゲット実験 (2010) データの使用。

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://sites.google.com/g.ecc.u-tokyo.ac.jp/nushin2-seminars/
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-. ニュートリノ相互作用モデルの精度改善と統計増加

以前: 14種類(2018) → 再解析: 18種類(2020)へ 
　ニュートリノ-原子核反応モデルを詳細に場合分け 

ニュートリノ反応事象を区別し、各ニュートリノ-原子核反応に 
感度を持たせて反応モデルを制限。粒子/反粒子でも反応頻度は異なる。

Analysis 
strategy

• Beam monitors + hadron 
production experiments  
→ neutrino flux


• ND280 measurements  
+ interaction model 
+ external constraints 
→ unoscillated flux × xsec


• 5 samples at SK 
→  disappearance + 
      appearance
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Doubled amount of ND280 data since last analysis 
1.15e21 (0.834e21) POT in -mode ( -mode)ν ν̄

(p)

Sample separation by π multiplicity 
new for anti-neutrino mode

Run10によるνモード統計量の増加 : 1.5e21→ 
2.0e21 POT も振動解析への貢献が大きい。  

-. 再構築された $ の数：%&CC0$, %&CC1$ and %&CCN$. 
-. 反応点：水＋カーボン、カーボンのみを場合分け。 
-. &の電荷の判断により 
     % モード：ニュートリノ（&-） 
  反% モード：ニュートリノ（&-）と反ニュートリノ（&+）。

分布を運動量-角度Fit 
で反応モデルを制限、 
SKにおける反応予想 
の不定性を大きく制限 

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/
T2K_Talk_01_Analysis.pdf S. Bolognesi振動解析の改善 2/3

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
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Run10によるνモード統計量の増加 : 1.5e21→ 
2.0e21 POT も振動解析への貢献が大きい。  

→   CC0$0p0γ,  CC0$1p0γ,  CC1$0γ,  CC1$Np,  CCNγ,  …
Proton tagging at ND280

- Main sample (w/o pions) divided by proton tagging at ND280 

Previous analysis

Proton tagging

Constraints of non-QE 
(2p2h) kinematics shape
improved of 30%

→ improved constraints on non-QE contribution (2p2h)

More robust 
quantification of 

D-like / not-D

Unbiased neutrino 
energy reconstruction

16

1s : 16% → 12%

陽子(タグ)あり/なしで場合分

→ 目標：non-QE 過程 (2p2h過程) と QE過程の区別を改善させる。  
2p2h を CCQE と誤認するとニュー
トリノエネルギーの計算のバイアス

Stephen Dolan EPS-HEP 2021, 26/07/21 5

Neutrino Interactions

No Osc.
w/Osc. 

CC-2p2h

CC-SPP
(Single Pion Production)

CC-QE
(2 particle, 2 hole)(Charged-Current Quasi-Elastic)

𝑁ℓ 𝐸ఔ ൌ 𝑃 𝜈ఓ → 𝜈ℓ 𝐸ఔ ߪ 𝐸ఔ Φఔ 𝐸ఔ ߳ሺ𝐸ఔሻ
𝑁ℓሺEఔሻ = Event rate
𝑃 𝜈ℓᇲ → 𝜈ℓ 𝐸ఔ = Oscillation probability

ΦఔሺEఔሻ = Neutrino flux
߳ 𝐸ఔ = Detector efficiency
ℓߪ 𝐸ఔ = Interaction cross section

Stephen Dolan EPS-HEP 2021, 26/07/21 5

Neutrino Interactions

No Osc.
w/Osc. 

CC-2p2h

CC-SPP
(Single Pion Production)

CC-QE
(2 particle, 2 hole)(Charged-Current Quasi-Elastic)

𝑁ℓ 𝐸ఔ ൌ 𝑃 𝜈ఓ → 𝜈ℓ 𝐸ఔ ߪ 𝐸ఔ Φఔ 𝐸ఔ ߳ሺ𝐸ఔሻ
𝑁ℓሺEఔሻ = Event rate
𝑃 𝜈ℓᇲ → 𝜈ℓ 𝐸ఔ = Oscillation probability

ΦఔሺEఔሻ = Neutrino flux
߳ 𝐸ఔ = Detector efficiency
ℓߪ 𝐸ఔ = Interaction cross section

Proton tagging at ND280

- Main sample (w/o pions) divided by proton tagging at ND280 

Previous analysis

Proton tagging

Constraints of non-QE 
(2p2h) kinematics shape
improved of 30%

→ improved constraints on non-QE contribution (2p2h)

More robust 
quantification of 

D-like / not-D

Unbiased neutrino 
energy reconstruction

16

1s : 16% → 12%
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T2K_Talk_01_Analysis.pdf S. Bolognesi
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                                                                         →   ここ最近 (2021~)では、陽子と光子のタグを改善

-. ニュートリノ相互作用モデルの精度改善と統計増加
ニュートリノ反応事象を区別し、各ニュートリノ-原子核反応に 
感度を持たせて反応モデルを制限。粒子/反粒子でも反応頻度は異なる。

-. 再構築された $ の数：%&CC0$, %&CC1$ and %&CCN$. 
-. 反応点：水＋カーボン、カーボンのみを場合分け。 
-. &の電荷の判断により 
     % モード：ニュートリノ（&-） 
  反% モード：ニュートリノ（&-）と反ニュートリノ（&+）。

分布を運動量-角度Fit 
で反応モデルを制限、 
SKにおける反応予想 
の不定性を大きく制限 

以前: 14種類(2018) → 再解析: 18種類(2020)へ 
　ニュートリノ-原子核反応モデルを詳細に場合分け 

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
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-. ニュートリノ相互作用モデルの精度改善と統計増加

再解析 14クラス(2018)→18(2020)へ詳細に場合分け  →  ここ最近 (2021~)では、陽子と光子のタグを改善
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Neutrino Interactions

No Osc.
w/Osc. 

CC-2p2h

CC-SPP
(Single Pion Production)

CC-QE
(2 particle, 2 hole)(Charged-Current Quasi-Elastic)

𝑁ℓ 𝐸ఔ ൌ 𝑃 𝜈ఓ → 𝜈ℓ 𝐸ఔ ߪ 𝐸ఔ Φఔ 𝐸ఔ ߳ሺ𝐸ఔሻ
𝑁ℓሺEఔሻ = Event rate
𝑃 𝜈ℓᇲ → 𝜈ℓ 𝐸ఔ = Oscillation probability

ΦఔሺEఔሻ = Neutrino flux
߳ 𝐸ఔ = Detector efficiency
ℓߪ 𝐸ఔ = Interaction cross section

Previous analysis

Proton tagging

Constraints of non-QE 
(2p2h) kinematics shape
improved of 30%

improved constraints on non-QE contribution (2p2h)

1s : 16% → 12%

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/
T2K_Talk_01_Analysis.pdf S. Bolognesi

mono-νエナジー 
2p2h由来(赤/青)

More robust 
quantification of 

D-like / not-D

-. CCQE 相互作用過程における原子核モデルの精力 
　的な改善が行われてきている。 
  
　解析に新たにSpectral functionモデル(*) を使用。 
　加えて、電子散乱実験のデータを用いるて、MC に 
   実装されたモデルのチューンを行うことにより、    
　　　→ binding energy の不定性を削減している。 
　　　　(2019 T2K Nature paper の主不定性) 
　　　→ 終状態の陽子の振る舞いの理解が進展。 
　　　 （前述の 2p2hの分離を改善）

New nuclear model 

- motivated by clear cross-section results in 
muon+proton variables in Quasi Elastic events
(Single Transverse Variables – see backup)

- Latest T2K results in 2020 used Spectral Function 
model for the first time 

- strong reduction of binding energy uncertainty 
(dominant contribution in 2019 T2K Nature paper)

2019
2020

Dm2 measurement

- New developments: 
improve further the Spectral 
Function model with usage 
of electron scattering 
data!

→ push further the usage 
of proton kinematics in 
the oscillation analysis

NEW

Tune of binding energy
    before →     after

      Electron scattering data

New nuclear model 

- motivated by clear cross-section results in 
muon+proton variables in Quasi Elastic events
(Single Transverse Variables – see backup)

- Latest T2K results in 2020 used Spectral Function 
model for the first time 

- strong reduction of binding energy uncertainty 
(dominant contribution in 2019 T2K Nature paper)

2019
2020

Dm2 measurement

- New developments: 
improve further the Spectral 
Function model with usage 
of electron scattering 
data!

→ push further the usage 
of proton kinematics in 
the oscillation analysis

NEW

Tune of binding energy
    before →     after

      Electron scattering data
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Neutrino Interactions

No Osc.
w/Osc. 

CC-2p2h

CC-SPP
(Single Pion Production)

CC-QE
(2 particle, 2 hole)(Charged-Current Quasi-Elastic)

𝑁ℓ 𝐸ఔ ൌ 𝑃 𝜈ఓ → 𝜈ℓ 𝐸ఔ ߪ 𝐸ఔ Φఔ 𝐸ఔ ߳ሺ𝐸ఔሻ
𝑁ℓሺEఔሻ = Event rate
𝑃 𝜈ℓᇲ → 𝜈ℓ 𝐸ఔ = Oscillation probability

ΦఔሺEఔሻ = Neutrino flux
߳ 𝐸ఔ = Detector efficiency
ℓߪ 𝐸ఔ = Interaction cross section

(*) 核子の初期状態の振る舞いと原子核に核子を束縛しているエネルギーを取
り扱うモデル “Spectral function of finite nuclei and scattering of GeV 
electrons” Nucl. Phys. A579, 493 (1994)

ドット：電子散乱実験のデータ

ニュートリノ反応事象を区別し、各ニュートリノ-原子核反応に 
感度を持たせて反応モデルを制限。粒子/反粒子でも反応頻度は異なる。

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf


FDでの測定結果(νエネルギー分布)
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Analysis 
strategy

• Beam monitors + hadron 
production experiments  
→ neutrino flux


• ND280 measurements  
+ interaction model 
+ external constraints 
→ unoscillated flux × xsec


• 5 samples at SK 
→  disappearance + 
      appearance

νμ
νe
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Multi-ring samples coming for next analysis!

Neutrino mode Anti-neutrino mode

CC1π

CCQE

No CC1π sample in anti-
neutrino mode because 

 produced in  
interaction are mostly 
absorbed before decay.

π− ν̄

1 e-like ring + 
1 decay-e from 

 decayπ+ → μ̄ → ē
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←フラックス x 断面積 

7 事象 (~2018 ) → 15 事象 (2020)
準弾性散乱過程  出現νμ → νe

74 事象 (~2018 ) → ~ 90 事象 (2020)
準弾性散乱過程  出現ν̄μ → ν̄e

FDでの測定結果(νエネルギー分布)
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production experiments  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• ND280 measurements  
+ interaction model 
+ external constraints 
→ unoscillated flux × xsec


• 5 samples at SK 
→  disappearance + 
      appearance

νμ
νe

11

Thu Jun 25 09:45:19 2020

 energy (MeV)νReconstructed 
0 1000 2000 3000

N
um

be
r o

f e
ve

nt
s/1

00
 M

eV

0

20

40

60 Run1-10 Data
 POT)2010×(19.66

 CC QEµν

 CC QEµν

 CC non-QEµν+µν
 CCeν+eν

NC
MC w/ T2K+DB bestfit

Mon May 18 15:28:18 2020

 energy (MeV)νReconstructed 
0 1000 2000 3000

N
um

be
r o

f e
ve

nt
s/1

00
 M

eV

0

10

20

Run5-9 Data
 POT)2010×(16.35

 CC QEµν

 CC QEµν

 CC non-QEµν+µν
 CCeν+eν

NC
MC w/ T2K+DB bestfit

Thu Jun 25 09:45:17 2020

 energy (MeV)νReconstructed 
0 500 1000

N
um

be
r o

f e
ve

nt
s/1

25
 M

eV

0

10

20

30

Run1-10 Data
 POT)2010×(19.66

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Mon May 18 15:28:17 2020

 energy (MeV)νReconstructed 
0 500 1000

N
um

be
r o

f e
ve

nt
s/1

25
 M

eV

0

2

4

6

8

Run5-9 Data
 POT)2010×(16.35

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Thu Jun 25 09:45:18 2020

 energy (MeV)νReconstructed 
0 500 1000

N
um

be
r o

f e
ve

nt
s/1

25
 M

eV

0

2

4

6

Run1-10 Data
 POT)2010×(19.66

 CCeνOsc. 
 CCeνOsc. 

 CCµν/µν
 CCeν/eνBeam 

NC
MC w/ T2K+DB bestfit

Multi-ring samples coming for next analysis!

Neutrino mode Anti-neutrino mode

CC1π

CCQE

No CC1π sample in anti-
neutrino mode because 

 produced in  
interaction are mostly 
absorbed before decay.

π− ν̄

1 e-like ring + 
1 decay-e from 

 decayπ+ → μ̄ → ē

T2K Preliminary

T2K Preliminary

T2K Preliminary

T2K Preliminary

T2K Preliminary

-. データ追加による SKでの統計増加 :  メインチャンネルは準弾性散乱 

-. 準弾性1π生成過程の解析：マルチリングトポロジー + 崩壊電子 from μ, π 
   (追加予定   過程の ~12% の統計改善の見込み ) 。νμ → νe

Samples with pions at SuperKamiokande

12S.Bolognesi (CEA Saclay)

Main Quasi-Elastic sample: 1Ring 
(muon or electron) 
since proton below Cherencov 
threshold and invisible neutron

New sample with pion production: multiring and decay electron(s) from m,p

n

lepton

W N

N’n+n → l- + p

n+p → l+ + n

m

clear ring fuzzy ring

13S.Bolognesi (CEA Saclay)

- New multiring samples in n
e
 under preparation for future

- Adding ~33% statistics of muon neutrinos for the new oscillation analysis

Multiring sample

Selection with 2 rings m/p – like :

- Mostly at high reconstructed energy  → important check for feed-down (high energy events 
could be wrongly reconstructed at low energy, eg if p below threshold)

- Cross-check of 1Ring-electron+1decay-electron sample already used in past analysis and 
showing a mild tension with expectations

All samples Run1-10 (red is new sample)
1 decay electrons 2 decay electrons

T2K Work in Progress

~33% の統計改善を行った

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/
T2K_Talk_01_Analysis.pdf S. Bolognesi

-. 多変量解析を用いた再構成手法も開発中。

振動解析の改善 3/3

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
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• Overall the constraint is consistent with 
our sensitivity at around 1σ


• Note: used to be little below upper 
2σ range in previous analysis. 
Difference is mostly the additional data.

T2K Preliminary

• Large region excluded at 3σ

• CP-conservation (0, π) excluded at 90%, 

π not quite at 2σ

• Largest  change seen in robustness studies 

would move left (right) 90% CI edges by 0.073 (0.080)


• Weak preference of normal ordering

Δχ2

振動パラメータ'!"と()* 制限

CP対称性の破れの示唆 
をしているが、制限領域は解析状況により変動

CP対称性の破れの示唆 
順階層 : [-2.96, -0.63] ラジアン  
逆階層 : [-1.79, -0.98] ラジアン  

Constraints on θ13

• T2K’s  constraint (  appearance) consistent with the much 
stronger constraint from reactor experiments (  disappearance)


• Unless otherwise noted, reporting the T2K+Reactor constraints on the 
other oscillation parameters, especially important for , and  octant

θ13 νμ → νe
ν̄e → ν̄e
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Figure 21: 2D confidence level regions fitting Runs 1 - 10 data using Erec � ✓-only PDFs for ⌫µ and
⌫̄µ samples. a) comparison between ⌫µ and ⌫̄µ sample fit and the 5-sample fit for run 1-9d. We used
Erec-theta binning for µ-sample in the 5-sample fit. b) comparison between ⌫µ and ⌫̄µ sample fit and
the 5-sample fit for run 1-10 using the Erec-theta binning.

(a) Run 1-9d

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
)23θ2 (sin23θ2sin

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.0
3−10×]2

) [
eV

322
m 

Δ (
322

 m
Δ

 parametersµν

 parametersµν

 analysisµν + eνJoint 

Best fit
68% C.L.
90% C.L.

T2K run 1-10
 POT21 10×-mode 1.96 ν
 POT21 10×-mode 1.64 ν

(b) Run 1-10

27

2D ߜ vs. sinଶ ଵଷߠ
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Sensitivity
(T2K + reactor ߠଵଷ)

Data
(T2K-only)

Data
(T2K + reactor ߠଵଷ)

• Reactor constraint on sinଶ ଵଷߠʹ gives a much 
improved constraint on ߜ

• T2K-only data is compatible with the reactor 
sinଶ ଵଷߠʹ data

• T2K data still gives a stronger constraint than 
predicted (upwards fluctuation in ߥ CCͳߨ-like 
sample but only RHC beam running since last 
summer)

青線 : T2Kのみ

sin2 (θ13) sin2 (θ13)
δ C

P δ C
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原 
子 
炉 
実 
験 

原 
子 
炉 
実 
験 

δCP δCP

-. 統計+解析の改善により、 
　  の結果は原子炉実験の 
　結果を T2K データで再現。 

-. まだまだ統計的ふらつき、 
   解析改善により、パラメータ 
　制限域はある程度変動。

θ13

20202018

10.1103/PhysRevD.103.112008 2020  2018

https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.103.112008&v=7dab186f
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-. T2K-II実験：CP対称性の破れの兆候の確認 
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FIG. 2. Reconstructed neutrino energy distributions at the
far detector for the ⌫µ CCQE (left) and ⌫̄µ CCQE (right)
enriched samples with total predicted event rate shown in red.
Ratios to the predictions under the no oscillation hypothesis
are shown in the bottom figures.

Like in the case of the CCQE-enriched samples, Erec for
the ⌫e CC1⇡+ sample is calculated from the outgoing
electron kinematics, except in this case the �++ mass is
assumed for the outgoing nucleon. Event yields for these
samples are compared to Monte-Carlo predictions in Ta-
ble II and their Erec distributions are shown in Figure 3.
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FIG. 3. Reconstructed neutrino energy distributions at the far
detector for the ⌫e CCQE (top left), ⌫e CC1⇡+ (bottom left)
and ⌫̄e CCQE (bottom right) enriched samples. Predictions
under the no oscillation hypothesis are shown in blue and
best-fit spectra in red.

Compared to previous T2K publications, the opti-
mized event selection criteria are expected to increase
the acceptance for (⌫ )

µ CCQE events by 15% with a 50%
reduction of the NC1⇡+ background; to increase the (⌫ )

e

CC events acceptance by 20% with similar purity to pre-
vious analyses; and to increase the ⌫e CC1⇡+ acceptance
by 33% with a 70% reduction in background caused by
particle misidentification. A summary of the systematic
uncertainties on the predicted event rates at SK is given
in Table I.

TABLE I. Systematic uncertainty on far detector event yields.

Source [%] ⌫µ ⌫e ⌫e⇡
+ ⌫̄µ ⌫̄e

ND280-unconstrained cross section 2.4 7.8 4.1 1.7 4.8

Flux & ND280-constrained cross sec. 3.3 3.2 4.1 2.7 2.9

SK detector systematics 2.4 2.9 13.3 2.0 3.8

Hadronic re-interactions 2.2 3.0 11.5 2.0 2.3

Total 5.1 8.8 18.4 4.3 7.1

Oscillation analysis.—A joint maximum-likelihood fit
to five far-detector samples constrains the oscillation pa-
rameters sin2✓23, �m2, sin2✓13 and �CP . Oscillation
probabilities are calculated using the full three-flavor os-
cillation formulas [39] including matter e↵ects, with a
crust density of ⇢ = 2.6 g/cm3 [40].
Priors for the flux and interaction cross-section param-

eters are obtained using results from a fit to the near-
detector data. Flat priors are chosen for sin2✓23, |�m2|
and �CP . The two mass orderings are each given a prob-
ability of 50%. In some fits a flat prior is also chosen
for sin22✓13; whereas, in fits that use reactor neutrino
measurements, we use a Gaussian prior of sin22✓13 =
0.0857±0.0046 [41]. The ✓12 and �m2

21 parameters have
negligible e↵ects and are constrained by Gaussian priors
from the PDG [41].
Using the same procedure as [10], we integrate the

product of the likelihood and the nuisance priors to ob-
tain the marginal likelihood, which does not depend on
the nuisance parameters. We define the marginal likeli-
hood ratio as �2�lnL = �2 ln(L/Lmax), where Lmax is
the maximum marginal likelihood.
Using this statistic, three independent analyses have

been developed. The first and second analyses provide
confidence intervals using a hybrid Bayesian-frequentist
approach [42]. The third analysis provides credible in-
tervals using the posterior probability distributions cal-
culated with a fully Bayesian Markov chain Monte Carlo
method [43]. This analysis also simultaneously fits both
near- and far-detector data, which validates the extrapo-
lation of nuisance parameters from the near to far detec-
tor. For all three analyses, the (⌫ )

µ samples are binned by
Erec. The first and third analyses bin the three (⌫ )

e sam-
ples in Erec and lepton angle, ✓, relative to the beam,

系統誤差はニュートリノ反応の不定性が主。 
    → ニュートリノ反応の精密測定が重要。 
    → ND280改良 + WAGASCI検出器 
       の導入により系統誤差の低減を目指す。

現在は統計誤差が支配的な状況： 
　→ JPARCのMRの大強度化(1.3MW) 。 
νビーム増強にのため統計量が増加。 
   → 現在の系統誤差: 5%~8% を抑える必要。

T2K実ୡの今後の戦റ
• ਠはଁੑෙ୷が੍ଦ的。→よりくのデータが要。
• 2019年11月からビームઈૡをગ開し、496kWでઈૡ中。
2020年2月までઈૡ。

• 2020年後はSK-Gdでੂデータ取੭。
• 2021年はਸசஓアップグレードのためシャットダウン。
• ଁੑがੜえるにつれて、௺ଁෙ୷చの要性もੜす。
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-. T2K-II実験：CP対称性の破れの兆候の確認 
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FIG. 2. Reconstructed neutrino energy distributions at the
far detector for the ⌫µ CCQE (left) and ⌫̄µ CCQE (right)
enriched samples with total predicted event rate shown in red.
Ratios to the predictions under the no oscillation hypothesis
are shown in the bottom figures.

Like in the case of the CCQE-enriched samples, Erec for
the ⌫e CC1⇡+ sample is calculated from the outgoing
electron kinematics, except in this case the �++ mass is
assumed for the outgoing nucleon. Event yields for these
samples are compared to Monte-Carlo predictions in Ta-
ble II and their Erec distributions are shown in Figure 3.
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FIG. 3. Reconstructed neutrino energy distributions at the far
detector for the ⌫e CCQE (top left), ⌫e CC1⇡+ (bottom left)
and ⌫̄e CCQE (bottom right) enriched samples. Predictions
under the no oscillation hypothesis are shown in blue and
best-fit spectra in red.

Compared to previous T2K publications, the opti-
mized event selection criteria are expected to increase
the acceptance for (⌫ )

µ CCQE events by 15% with a 50%
reduction of the NC1⇡+ background; to increase the (⌫ )

e

CC events acceptance by 20% with similar purity to pre-
vious analyses; and to increase the ⌫e CC1⇡+ acceptance
by 33% with a 70% reduction in background caused by
particle misidentification. A summary of the systematic
uncertainties on the predicted event rates at SK is given
in Table I.

TABLE I. Systematic uncertainty on far detector event yields.

Source [%] ⌫µ ⌫e ⌫e⇡
+ ⌫̄µ ⌫̄e

ND280-unconstrained cross section 2.4 7.8 4.1 1.7 4.8

Flux & ND280-constrained cross sec. 3.3 3.2 4.1 2.7 2.9

SK detector systematics 2.4 2.9 13.3 2.0 3.8

Hadronic re-interactions 2.2 3.0 11.5 2.0 2.3

Total 5.1 8.8 18.4 4.3 7.1

Oscillation analysis.—A joint maximum-likelihood fit
to five far-detector samples constrains the oscillation pa-
rameters sin2✓23, �m2, sin2✓13 and �CP . Oscillation
probabilities are calculated using the full three-flavor os-
cillation formulas [39] including matter e↵ects, with a
crust density of ⇢ = 2.6 g/cm3 [40].
Priors for the flux and interaction cross-section param-

eters are obtained using results from a fit to the near-
detector data. Flat priors are chosen for sin2✓23, |�m2|
and �CP . The two mass orderings are each given a prob-
ability of 50%. In some fits a flat prior is also chosen
for sin22✓13; whereas, in fits that use reactor neutrino
measurements, we use a Gaussian prior of sin22✓13 =
0.0857±0.0046 [41]. The ✓12 and �m2

21 parameters have
negligible e↵ects and are constrained by Gaussian priors
from the PDG [41].
Using the same procedure as [10], we integrate the

product of the likelihood and the nuisance priors to ob-
tain the marginal likelihood, which does not depend on
the nuisance parameters. We define the marginal likeli-
hood ratio as �2�lnL = �2 ln(L/Lmax), where Lmax is
the maximum marginal likelihood.
Using this statistic, three independent analyses have

been developed. The first and second analyses provide
confidence intervals using a hybrid Bayesian-frequentist
approach [42]. The third analysis provides credible in-
tervals using the posterior probability distributions cal-
culated with a fully Bayesian Markov chain Monte Carlo
method [43]. This analysis also simultaneously fits both
near- and far-detector data, which validates the extrapo-
lation of nuisance parameters from the near to far detec-
tor. For all three analyses, the (⌫ )

µ samples are binned by
Erec. The first and third analyses bin the three (⌫ )

e sam-
ples in Erec and lepton angle, ✓, relative to the beam,

系統誤差はニュートリノ反応の不定性が主。 
    → ニュートリノ反応の精密測定が重要。 
    → ND280改良 + WAGASCI検出器 
       の導入により系統誤差の低減を目指す。

目標：系統誤差を 4% まで削減。 
CPの破れの証拠を3σ信頼度に必要な統計量を、  
15x1021 P.O.T. に減らす(二年分)ことが可能。 
  (+ 解析の改善とSK-Gd の効果でより早期に達成する）

現在は統計誤差が支配的な状況： 
　→ JPARCのMRの大強度化(1.3MW) 。 
νビーム増強にのため統計量が増加。 
   → 現在の系統誤差: 5%~8% を抑える必要。

T2K実ୡの今後の戦റ
• ਠはଁੑෙ୷が੍ଦ的。→よりくのデータが要。
• 2019年11月からビームઈૡをગ開し、496kWでઈૡ中。
2020年2月までઈૡ。

• 2020年後はSK-Gdでੂデータ取੭。
• 2021年はਸசஓアップグレードのためシャットダウン。
• ଁੑがੜえるにつれて、௺ଁෙ୷చの要性もੜす。
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前置検出器改良の現状
・2022年秋の設置に向けて、検出器の製造・組み立て準備が進行中

8

 

最終設計・製造中のSuperFGD 試作試験・製造中のHA-TPC 製造完了・試験中のToF

Sebastien CAP 2

Mock-up status

16/12/20

� Mock-up cabling done

今後の計画 2/3 13

改良される検出器群

低運動量の荷電粒子の検出効率 (Super-FGD) 、  
大角度散乱する粒子の検出効率を改善 (TPCs)

� Full assembly of 8 ERAM stiffeners on MF
+ 16 FEC
+ 8 FEM
+ PowCon card
+ cooling mechanicals
+ electrical cabling 
(ERAM HV, patch panels, FEE LV & slw-ctrl)
Æ validated

� Powered with final LV FEE Wiener Power Supply
+ 20 m long cable (LPNHE)
+ final LV TDCM TDK Lambda Power Supply (Aachen)

� First test of MIDAS slw-ctrl (Irfu+LPNHE) & ERAM FEE

� Shipped to CERN October 18th

� All on track for the TPC electronics!

Mockup of ND 280 basket bar 

MODULE-0 MODULE-1 MODULE-2 MODULE-3

MODULE-4 MODULE-5 MODULE-6 MODULE-7

TOF: BabyBasket Tests

� The planes are assembled and ready to operate (SiPMs and cables included).
� 3 planes have already been placed in the baby basket (size 1:1), we now know 

how to proceed in the future.

Stephen Dolan EPS-HEP 2021, 26/07/21 5

Neutrino Interactions

No Osc.
w/Osc. 

CC-2p2h

CC-SPP
(Single Pion Production)

CC-QE
(2 particle, 2 hole)(Charged-Current Quasi-Elastic)

𝑁ℓ 𝐸ఔ ൌ 𝑃 𝜈ఓ → 𝜈ℓ 𝐸ఔ ߪ 𝐸ఔ Φఔ 𝐸ఔ ߳ሺ𝐸ఔሻ
𝑁ℓሺEఔሻ = Event rate
𝑃 𝜈ℓᇲ → 𝜈ℓ 𝐸ఔ = Oscillation probability

ΦఔሺEఔሻ = Neutrino flux
߳ 𝐸ఔ = Detector efficiency
ℓߪ 𝐸ఔ = Interaction cross section
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※ミュー
オン w

/ TPC
 のみ

SFGD+TPC により大角度まで 
 > 0.8 の検出効率 (SKと同じ位相空間)
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ND280 SK

1cm の細分割で、300MeVまでの 
低運動量陽子の検出 

-. 前置検出器 ND280 の改良の現状  

-. 2021/12月、T2Kコラボレースオン会議、各検出器の状況報告。 
-. 2022年秋のND280への設置に向けて、検出器製造、組み立ての最終段階。

Super-FGD High-Angle TPC Time-of-Flight
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低運動量の荷電粒子の検出効率 (Super-FGD) 、  
大角度散乱する粒子の検出効率を改善 (TPCs)
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ND280 SK

-. 前置検出器 ND280 の改良の現状  ND280 Upgrade: Integration and Time Schedule
• ND280 Upgrade Safety Committee established and functioning

• DAQ integration task force set

• Efforts on cable routing as well as NM and NA space organization have started

• New ND280 chiller to be purchased because of the increased power  
(12.5 kW 15.6 kW)

• 1st TPC ready in Summer 2022 at CERN for shipment. SuperFGD assembly to be 
completed before Fall 2022. 2nd TPC will be ready to be shipped in Winter 2022

→

• Plan to be ready with full installation of the ND280 upgrade detectors and 
ready to accept beam in February or March 2023
✦Preparing full list of tasks, including for existing detectors, and working out 

plan to minimise international travels
✦Uncertainties due to COVID (travel restrictions, delivery of components, etc.) 19

P0D 
removal

1st TPC 
install

2nd TPC 
install

sFGD  
install

Ready to 
accept beam

Basket 
modification

Installation of 
new detectors

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189824/
T2K_Talk_02_Hardware.pdf    by D. Sgalaberna

-. 2022年度 冬からデータ取得再開予定で検出器の導入の調整が進行中。 
-. コロナの状況により、海外からの入国制限等がある場合、スケジュールが変動する可能性…

2022/1月

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189824/T2K_Talk_02_Hardware.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189824/T2K_Talk_02_Hardware.pdf


WAGASCI-BabyMINDਫ਼লஓの৯
• ઼ਫ਼লஓーঝਈৣమ
のoff-axisഓ1.5২のৃਚ
にਝ઼。

• Off-axisഓ2.5২のND280
とはニগートজঀのエネ
ঝギーীഘが౮なる。

• ౮なったエネঝギーの
ニগートজঀにৌする
ニগートজঀખૢを。

• さらにND280とデータの
୷しਬきをすることで、
シকーউなエネঝギーী
ഘのニগートজঀにৌす
るニগートজঀખૢを
。
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⋇ off-axisഓ 2.5২
⋈ off-axisഓ 1.5২

Neutrino energy (GeV)

⋇െ0.35ൈ⋈
⋈െ0.75ൈ⋇

୳されるニগートজঀইছックス

Neutrino energy (GeV)

WAGASCI-BabyMINDਫ਼লஓ
• とシンチレータఏのニュートリノਫ਼লஓ

(WAGASCI, Proton Module)とそれらを೧む
ミューオンਫ਼লஓ(WallMRD, BabyMIND)。

• BabyMINDは1.5Tのৃによりਗ਼、ઈ
をできる。

• આ年に઼ਫ਼লஓホールにਝ઼。
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WAGASCI-BabyMINDਫ਼লஓのਏ ਝ઼വのઌ

WAGASCI/Baby-MINDを用いて、νと水(SK)や 
プラシンチ(ND)の反応を高精度で測定比較、 
→ 反応物質の違いの系統誤差の大幅な削減を行う。

ND280 とは異なるoff-axis 角のため、異なるνフラックス 
→ 両者の差し引きして、２種のエネルギ幅が小さいνフラックス 
　を用いて精密なニュートリノ反応モデルの検証 

15

-. WAGASCI-BabyMIND 検出器の導入  

今後の計画 3/3

-. Run10 から物理データの取得開始 
日(仏)のグループで、MCを用いたトラック再構成、 
事象選別の解析手法を開発/改良中。 
→ 2021から実データ解析進行中、詳細解析に移行の計画 。 
（一部のハードウェアトラブルにも対応中）
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Side-view

Kenji Yasutome 13

Comparison with data

Great

-likeμ

WAGASCI-Babymind  
ミューオンID  
w/ データ



16Joint fit: 前置検出器群
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/
T2K_Talk_01_Analysis.pdf S. Bolognesi

-. 前置検出器群での joint-fit: ニュートリノ断面積測定の改善 
　　off-axis(ND280) + on-axis(INGRID+ProtonModule)  → 公開の最終段階、近々公開  

-. 相互作用物質との断面積の系統誤差削減  
   より狭いニュートリノエネルギー分布の利用     
       off-axis(ND280) + on-axis(INGRID+ProtonModule)  
　     off-axis WAGASCI-BabyMind 検出                             → 現在検討中…

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf


17Joint fit: 他実験
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/
T2K_Talk_01_Analysis.pdf S. Bolognesi

-. T2K + Nova  vs.  appearanceνe ν̄e

15
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10 Preliminary−T2K Run1

0.60, 0.55, 0.50, 0.45 = 23θ2sin
2 eV3−10× = 2.4932

2mΔ
2 eV3−10×2.46− = 31

2mΔ
π = CPδ

/2π+ = CPδ
 = 0CPδ

/2π− = CPδ
68% syst err. at best-fit
Best-fit
Data (68% stat err.)

• Bi-event plot illustrates origin 
of data constraints.


• Best-fit  around 
maximal CP-violation 


• Weak preference for 
Normal hierarchy  
with Bayes factor 4.2 




• Weak preference for 
upper octant 
with Bayes factor 3.4 

δCP
− π

2

= PNH/PIH

= Pupper /Plower

Neutrino mode e-like candidatesA
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sin
2 ✓23 < 0.5 sin

2 ✓23 > 0.5 Sum

NH (�m2
32 > 0) 0.195 0.613 0.808

IH (�m2
32 < 0) 0.034 0.158 0.192

Sum 0.229 0.771 1.000

Table 13: Model comparison probabilities for normal and inverted hierarchies, as well as

upper and lower octants, from the posterior with reactor constraint.

7.4 Effect of prior constraint on �CP768

Figures 87 (see Figure 88 for logarithmic vertical axis) and 89 show a variety of 1D credible769

intervals for sin �CP and �CP , respectively, after reweighting the posterior distribution to770

apply an alternative prior constraint that is flat in sin �CP . When this prior is applied,771

we see the data excludes a large range of values around sin �CP = 1 at 3-sigma, which is772

compatible with the results from applying a flat prior in �CP .773

108

Octant
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Why it is important

T2K-II

Very difficult region even for HK 
(need beam+atm combination)

NuFit joint fit

CP nearly 
conserved 
or 
Inverted 
Ordering 
d

CP
~-p/2

5

T2K hints for maximal CPV  → 
projection of 3s sensitivity even 
with 10x1021 POT (T2K “II”) 

T2Kは質量順階層で最大のCPの破れを示唆 

現状では、統計的なふらつきが大きい  
　→ T2K+Nova 両実験データセットを利用し、振動パラメータの縮退を解消し、感度をあげたい。 

 -. 解析の方法が、両実験で異なる。両実験の系統誤差の取り扱いが難しい。 
 -. 主要な測定エネルギー領域の違いのため、NearDetector ν反応モデルを用いた FarDetector  
      への νフラックス の外挿調整が難しい： T2K ~ 0.7GeV、Nova ~ 2GeV

NOvAは質量逆階層で最大のCPの破れ or 
順階層でCPはある程度保存を示唆

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
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-. T2K + SK

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/
T2K_Talk_01_Analysis.pdf S. Bolognesi

T2K-SK: d
CP

 and octant sensitivity

20

True Normal Ordering, True d
CP

 = -p/2
Quite large improvement in removing 
cosd

CP
 vs sind

CP
 degeneracy  

T2K-SK combination has the capability to minimize further octant degeneracies
True Normal Ordering, True sin2q

23
 = 0.45

NEW

T2K, SK Work in Progress

T2K-SK: d
CP

 and octant sensitivity

20

True Normal Ordering, True d
CP

 = -p/2
Quite large improvement in removing 
cosd

CP
 vs sind

CP
 degeneracy  

T2K-SK combination has the capability to minimize further octant degeneracies
True Normal Ordering, True sin2q

23
 = 0.45

NEW

T2K, SK Work in Progress

Joint fits

18S.Bolognesi (CEA Saclay)

Fitting together multiple near detectors

Fitting together multiple experiments

- NINJA and T2K

To fully exploits NINJA capabilities in the oscillation analysis a full model able to 
deal with proton and pion kinematics uncertainties is needed.
Work on-going (similar development on-going for the Upgrade capabilities)

- NOVA and T2K

Full strategy to investigate the impact of correlating the model systematics is being 
developed. Aim is to pursue the “simplest” approach unbiased at present statistics

- SuperKamiokande atmospheric neutrinos and T2K beam neutrinos

Full model of neutrino interactions (correlated at low energy) and of far detector 
systematics (fully correlated) developed! First sensitivity studies!

- full neutrino xsec joint fit off-axis 
ND280 + on-axis proton module 
(INGRID) under collaboration review

- new joint on/off-axis analysis for combined 
neutrino and antineutrino on-going

ND280

Proton 
module

- joint fit with WAGASCI off-axis also being 
worked out

大気ニュートリノ測定情報を用いて、  
質量階層性、CP、θ23オクタント縮退問題 の感度を上げる。 

Joint fit: 他実験

(感度予想) 
 work-in-progress

(感度予想) 
 work-in-progress

https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf
https://kds.kek.jp/event/40624/contributions/203245/attachments/151139/189822/T2K_Talk_01_Analysis.pdf


まとめ 19

-. T2K実験はレプトンセクタにおけるCP対称性の破れを 95% C.L. (2σ)で示唆。  
　CPの破れの兆候を掴むことを目標に、T2K-II 実験に移行。 

-. 2020年から Run10、Run11が行われ統計量増加、加えて解析の改善が進行中。 
　系統誤差の削減を目的に、WAGASCI-BabyMIND検出器が導入。 
　Run10からWAGASCI-BabyMIND検出器でニュートリノデータの取得が開始。 

-. 現在のところ統計誤差が支配的 → 2022年にJPARC-MRの増強。 
　系統誤差の削減の削減のため、ニュートリノ反応の精密測定を目的とした、 
　前置検出器ND280のアップグレードが最終段階、2022に導入、測定開始を目標。 

-. T2K-ND群での joint-fit、また T2K-Nova, T2K-SK の共同解析も進行中。 



~500 scientist from 12 countries

T2K collaboration

11

2019年7月のコラボレーション
ミーティング in フランスにて

20



T2K実験、最近の成果 21
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Cristóvão Vilela on behalf of the T2K Collaboration and Hyper-Kamiokande @ PANIC2021
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振動パラメター測定への影響

• 反ニュートリノモードデータ
の解析において、中性子タグ
を用いることで、δCP, sin22θ13

測定精度が向上(現時点では統
計誤差のみでの評価)


• 系統誤差を含めた影響評価を
現在行っている

!13

— Δχ2 = 2.30 
— Δχ2 = 4.61

Work in progress

原子炉実験による制限

sin2θ12 = 0.304

sin2θ13 = 0.0217

sin2θ23 = 0.528
Δm212 = 7.53 x 10-5 eV2

Δm223 = 2.51 x 10-3 eV2

δCP = -1.601

True oscillation 
parameters:Normal  

Hierarchy 
を仮定

反ニュートリノモードビームのみを
用いた解析での感度（統計誤差のみ）

5x1021 POT 
 (RHC only)

実線：中性子タグを用いた場合 
破線：中性子タグを用いなかった場合

• 原子炉実験の制限によらない加速器
実験単独でのCP非保存探索 

• 反ニュートリノデータのみを用いた
CP非保存パラメターの測定
に対するインパクトが期待

23http://www-sk.icrr.u-tokyo.ac.jp/~nakahata_s/tokusui/talk/
nakajima_jps_2018spring.pdf 

Super-K Gd (SK-Gd)では、Gdによる中性子捕獲を用いて ニュー
トリノ反応により生じた中性子を高効率で検出可能に。 

反ニュートリノモードのデータに約30%含まれる”wrong 
sign”(ニュートリノ)イベントの理解。 

http://www-sk.icrr.u-tokyo.ac.jp/~nakahata_s/tokusui/talk/nakajima_jps_2018spring.pdf
http://www-sk.icrr.u-tokyo.ac.jp/~nakahata_s/tokusui/talk/nakajima_jps_2018spring.pdf
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3HDNHG

Ŷ )XOO���ERG\
Ȟ�HQHUJ\�DQG�
GLUHFWLRQ�
UHFRQVWUXFWLRQ

T2K実験、最近の成果
Patrick de Perio @ CAP Congress, June 8, 2021 
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Patrick de Perio @ CAP Congress, June 8, 2021 

T2K実験、最近の成果
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