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Inverted hierarchy (IH)
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Front End Electronics Trigger

DAQ

Nsum

Digitization command  
Clock info

Data
Run condition

‣ CP-violation (CPV) phase δCP 
‣ Mass hierarchy (sign of )Δm2

32

 Open questions in ν oscillation 
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CPV parameter 

Lepton CPV can be larger than quark’s
 → Matter dominant universe through “Leptogenesis” 

[1] S. Pascoli et al., Nucl.Phys.B 774:1-52 (2007) 

Mass 
(propagation)

 KamLAND ⊗ T2K 
‣ 1kt liquid scintillator 
- Main target ; 12C 

‣ Lower energy ν (~MeV) 
- Neutral Current (NC) interaction 
- Residual nucleus decay 

‣ Neutron tag. eff. : ~ 100 % 
‣ SK ⇄ KL  : ~ 75m 
- T2K beam is available

 6

KamLAND

Seisho Abe, RCNS T2K collaboration meeting Ecole Polytechique, Paris - July 27, 2019

Kamioka Liquid Scintillator Anti-Neutrino Detector

LS

BO
OD

Rock
1kton liquid scintillator

LS : Liquid Scintillator, BO : Buffer Oil 
OD : Outer Detector, ID : Inner Detector 

‣ Located in Kamioka-mine  
- SK ⇆ KL ～ 200m  
- Angle difference seen from J-PARC is small. 
- T2K neutrino beam must be available !! 

‣ Low background and energy threshold 
- 238U, 232Th : 10-17~18 g/g 
- Energy threshold : ~ 0.3 MeV 

‣ High neutron tagging efficiency 
- ~ 99 % (MoGURA electronics) 
- ~ 80 % (FBE electronics) 
- Today’s results is using FBE. 

‣ Physics 
- Reactor neutrino 
- Geo neutrino 
- ⏩ T2K ?!

φ13m balloon

1325 17-inch PMTs 
& 554 20-inch PMTs in ID

Buffer Oil

Water

140 20inch PMTs for OD

SUS spherical tank

20mSK KL
Energy ~ GeV ~ MeV
Target Oxygen Carbon

Light emission Cerenkov Sintillation
Neutron tag. eff. ~ 20% ~ 100%

KL has unique features

‣ Neutrons from ν-N 
‣ Residual nucleus decay tag. 
‣ NC interaction

KL can perform unique T2K ν study

‣ KL received beam timing data since the beginning of T2K  
- For the veto 
- Detail beam profiles (POT, etc.) are not included 

‣ Synchronized KL data with beam timing using GPS  
- Confirmed KL surely detected T2K events so far !! 
- Measure neutrons by T2K ν events using DC 

‣ Very very preliminary results (data & simulation) were 
shown in T2K Collaboration meeting (Jul, 2019) 

‣ T2K and KL Collaborations sign a MoU to promote this 
study (Sep, 2019) 

‣ Now working on re-analysis using T2K internal data 
- POT, flux, bad spill flag, etc.  

‣ Trying analysis tool improvements (energy, track, etc.)

History & statusLS : Liquid Scintillator, BO : Buffer Oil 
OD : Outer Detector, ID : Inner Detector

 T2K & ν-N interaction 
‣ 295-km-baseline ν oscillation experiment 
‣ Constraint on δCP  
- CP conservation is excluded by 2σ[2] 
- Systematic error :  ~ 7% 
- Dominant error source : ν-nucleus (ν-N) 
interaction (~ 4%) 

‣ ν-N interaction uncertainty 
- Depend on Final State Interaction (FSI) models 
- Nuclear effect (re-scatter) 

- Leads to miss-recon. of neutrino energy using CCQE  
- Have to measure hadrons to constrain the model 

‣ Neutrons fromν-N interaction 
- SK : ~ 20% eff.  
- NDs : Difficult to measure 
- High eff. is desired

SK

‣ Beam profile monitor 
‣ Xsec measurements 
‣ Main target ; 12C

NDs‣ 50kt water Cerenkov 
- Main target ; 16O 

‣ High energy ν (~GeV) 
‣ Track recon. & PID (e/µ) 
‣ Neutron tag. eff. : ~ 20 %

SK
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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  
probability 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 c∆ = (2.45 ± 0.07) × 10 eV /32

2 −3 2 4   m c(∆ = (2.43 ± 0.07) × 10 eV / )13
2 −3 2 4 . 

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.

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.
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KamLAND

Our proposal,
“How about using KamLAND?”

[2] Nature 580 7803, 339-344 (2020) KL

ν-mode ν̅-mode

[3] Phys. Rev. D 96, 092006 (2017)
[4] http://t2k-experiment.org 
[5] Phys. Rev. D 98, 030001 (2018) 

‣ Data set : Run3-Run9 
‣ KL POT : Scale T2K POT [3] by KL livetime ratio (~ 85%) 
‣ ν interaction simulator : NEUT (v5.4.0.1), GENIE (v3.00.06) 
‣ Detector simulator : KamLAND Geant4 (KLG4) 
‣ Flux data : Open to public [4]

Normal hierarchy
Δm221 7.37e-5 [eV2]
Δm231 2.56e-3 [eV2]
sin2θ23 0.425
sin2θ13 0.0215
sin2θ12 0.297
δCP 1.38π
ρ 2.7 [g/cm3]
L 295 km

Osc. params. based on [5]

T2K data taking status

Calculation
MC

Event selection

 final state 
particles

# of interaction

T2K events at KL

probability

KLG4

GENIE, NEUT Xsec

# of target

T2K flux T2K POT
Open to public

KL POT
KL good spill ratio

T2K events at KL 
w/ oscillation

Oscillation  
parameters

normalize

Prediction strategy

T2K POT 
[1021]

KL POT 
[1021]

ν-mode 1.37 1.24
ν̅-mode 1.65 1.30

T2K POT & KL POT

Summary
‣ ν-N interaction has large uncertainty in δCP measurements 
‣ KL can perform unique T2K ν study  
‣ History, status and results (MC only) are shown
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# exp. events (NC)
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Total 88.5 (34.3)
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energy spectrum Average neutron production (*)
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‣ Prompt Energy ≥ 200 MeV  
‣ Assuming eff. = 100% 
‣ GENIE : Syst. error using reweight package

(*) Analysis 
Data is confidential…Results

w/ OD veto 
No vertex cut ν-mode ν̅-mode

NEUT
GENIE 0.83 ± 0.020.68+0.02
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Inverted hierarchy (IH)
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Front End Electronics Trigger

DAQ

Nsum

Digitization command  
Clock info

Data
Run condition

‣ CP-violation (CPV) phase δCP 
‣ Mass hierarchy (sign of )Δm2

32

 Open questions in ν oscillation 
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CPV parameter 

Lepton CPV can be larger than quark’s
 → Matter dominant universe through “Leptogenesis” 

[1] S. Pascoli et al., Nucl.Phys.B 774:1-52 (2007) 

Mass 
(propagation)

 KamLAND ⊗ T2K 
‣ 1kt liquid scintillator 
- Main target ; 12C 

‣ Lower energy ν (~MeV) 
- Neutral Current (NC) interaction 
- Residual nucleus decay 

‣ Neutron tag. eff. : ~ 100 % 
‣ SK ⇄ KL  : ~ 75m 
- T2K beam is available
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Kamioka Liquid Scintillator Anti-Neutrino Detector

LS

BO
OD

Rock
1kton liquid scintillator

LS : Liquid Scintillator, BO : Buffer Oil 
OD : Outer Detector, ID : Inner Detector 

‣ Located in Kamioka-mine  
- SK ⇆ KL ～ 200m  
- Angle difference seen from J-PARC is small. 
- T2K neutrino beam must be available !! 

‣ Low background and energy threshold 
- 238U, 232Th : 10-17~18 g/g 
- Energy threshold : ~ 0.3 MeV 

‣ High neutron tagging efficiency 
- ~ 99 % (MoGURA electronics) 
- ~ 80 % (FBE electronics) 
- Today’s results is using FBE. 

‣ Physics 
- Reactor neutrino 
- Geo neutrino 
- ⏩ T2K ?!

φ13m balloon

1325 17-inch PMTs 
& 554 20-inch PMTs in ID

Buffer Oil

Water

140 20inch PMTs for OD

SUS spherical tank

20mSK KL
Energy ~ GeV ~ MeV
Target Oxygen Carbon

Light emission Cerenkov Sintillation
Neutron tag. eff. ~ 20% ~ 100%

KL has unique features

‣ Neutrons from ν-N 
‣ Residual nucleus decay tag. 
‣ NC interaction

KL can perform unique T2K ν study

‣ KL received beam timing data since the beginning of T2K  
- For the veto 
- Detail beam profiles (POT, etc.) are not included 

‣ Synchronized KL data with beam timing using GPS  
- Confirmed KL surely detected T2K events so far !! 
- Measure neutrons by T2K ν events using DC 

‣ Very very preliminary results (data & simulation) were 
shown in T2K Collaboration meeting (Jul, 2019) 

‣ T2K and KL Collaborations sign a MoU to promote this 
study (Sep, 2019) 

‣ Now working on re-analysis using T2K internal data 
- POT, flux, bad spill flag, etc.  

‣ Trying analysis tool improvements (energy, track, etc.)

History & statusLS : Liquid Scintillator, BO : Buffer Oil 
OD : Outer Detector, ID : Inner Detector

 T2K & ν-N interaction 
‣ 295-km-baseline ν oscillation experiment 
‣ Constraint on δCP  
- CP conservation is excluded by 2σ[2] 
- Systematic error :  ~ 7% 
- Dominant error source : ν-nucleus (ν-N) 
interaction (~ 4%) 

‣ ν-N interaction uncertainty 
- Depend on Final State Interaction (FSI) models 
- Nuclear effect (re-scatter) 

- Leads to miss-recon. of neutrino energy using CCQE  
- Have to measure hadrons to constrain the model 

‣ Neutrons fromν-N interaction 
- SK : ~ 20% eff.  
- NDs : Difficult to measure 
- High eff. is desired

SK

‣ Beam profile monitor 
‣ Xsec measurements 
‣ Main target ; 12C

NDs‣ 50kt water Cerenkov 
- Main target ; 16O 

‣ High energy ν (~GeV) 
‣ Track recon. & PID (e/µ) 
‣ Neutron tag. eff. : ~ 20 %

SK
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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  
probability 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 c∆ = (2.45 ± 0.07) × 10 eV /32

2 −3 2 4   m c(∆ = (2.43 ± 0.07) × 10 eV / )13
2 −3 2 4 . 

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.

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.
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KamLAND

Our proposal,
“How about using KamLAND?”

[2] Nature 580 7803, 339-344 (2020) KL

ν-mode ν̅-mode

[3] Phys. Rev. D 96, 092006 (2017)
[4] http://t2k-experiment.org 
[5] Phys. Rev. D 98, 030001 (2018) 

‣ Data set : Run3-Run9 
‣ KL POT : Scale T2K POT [3] by KL livetime ratio (~ 85%) 
‣ ν interaction simulator : NEUT (v5.4.0.1), GENIE (v3.00.06) 
‣ Detector simulator : KamLAND Geant4 (KLG4) 
‣ Flux data : Open to public [4]

Normal hierarchy
Δm221 7.37e-5 [eV2]
Δm231 2.56e-3 [eV2]
sin2θ23 0.425
sin2θ13 0.0215
sin2θ12 0.297
δCP 1.38π
ρ 2.7 [g/cm3]
L 295 km

Osc. params. based on [5]

T2K data taking status

Calculation
MC

Event selection

 final state 
particles

# of interaction

T2K events at KL

probability

KLG4

GENIE, NEUT Xsec

# of target

T2K flux T2K POT
Open to public

KL POT
KL good spill ratio

T2K events at KL 
w/ oscillation

Oscillation  
parameters

normalize

Prediction strategy

T2K POT 
[1021]

KL POT 
[1021]

ν-mode 1.37 1.24
ν̅-mode 1.65 1.30

T2K POT & KL POT

Summary
‣ ν-N interaction has large uncertainty in δCP measurements 
‣ KL can perform unique T2K ν study  
‣ History, status and results (MC only) are shown
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# exp. events (NC)
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energy spectrum Average neutron production (*)
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ν-mode ν̅-mode

‣ Prompt Energy ≥ 200 MeV  
‣ Assuming eff. = 100% 
‣ GENIE : Syst. error using reweight package

(*) Analysis 
Data is confidential…Results

w/ OD veto 
No vertex cut ν-mode ν̅-mode

NEUT
GENIE 0.83 ± 0.020.68+0.02

−0.04

0.85
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δCP ≠ 0,π → CPV 
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Kamioka Liquid Scintillator Anti-Neutrino Detector

LS

BO
OD

Rock
1kton liquid scintillator

LS : Liquid Scintillator, BO : Buffer Oil 
OD : Outer Detector, ID : Inner Detector 

‣ Located in Kamioka-mine  
- SK ⇆ KL ～ 200m  
- Angle difference seen from J-PARC is small. 
- T2K neutrino beam must be available !! 

‣ Low background and energy threshold 
- 238U, 232Th : 10-17~18 g/g 
- Energy threshold : ~ 0.3 MeV 

‣ High neutron tagging efficiency 
- ~ 99 % (MoGURA electronics) 
- ~ 80 % (FBE electronics) 
- Today’s results is using FBE. 

‣ Physics 
- Reactor neutrino 
- Geo neutrino 
- ⏩ T2K ?!

φ13m balloon

1325 17-inch PMTs 
& 554 20-inch PMTs in ID

Buffer Oil

Water

140 20inch PMTs for OD

SUS spherical tank

20m

 3, KamLAND ⊗ T2K 
‣ 1kt liquid scintillator 
- Main target ; 12C 
‣ Lower energy ν (~MeV) 
‣ n tag. eff. : ~ 100% 
‣ SK ⇄ KL  : ~ 75m 
- T2K beam is available

SK KL
Energy ~ GeV ~ MeV

Main Target 16O 12C
Light emission Cerenkov Sintillation
n tag. eff. ~ 20% ~ 100%

KL has unique features

‣Neutrons from ν-N 
‣Residual nucleus decay 
‣NC interaction

KL unique T2K ν study

‣ KL received beam timing data since the 
beginning of T2K for the veto 
- Detail beam profiles are not included 
‣ Synchronized KL data with beam timing 
- KL surely detected T2K events so far !! 
- Measure neutrons by T2K ν events  

‣ Very preliminary results were shown in T2K 
Collaboration meeting (Jul, 2019) 

‣ T2K and KL Collaborations sign a MoU 
to promote this study (Sep, 2019) 

‣ Now working on re-analysis using T2K 
internal data 
- POT, flux, bad spill flag, etc.  
‣ Improving analysis tools (energy, track, etc.)

History & status

LS : Liquid Scintillator, BO : Buffer Oil 
OD : Outer Detector, ID : Inner Detector 2, T2K & ν-N interaction 

‣ ν-N interaction uncertainty 
- Depend on Final State Interaction (FSI) models 
- Nuclear effect (re-scatter) 
- Leads to miss-recon. of neutrino energy using 
CCQE  
- Have to measure hadrons to constrain the 
model 

‣ Neutrons fromν-N interaction 
- SK : ~ 20% eff.  
- NDs : Difficult to measure 
- High eff. is desired

っs
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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  
probability 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 c∆ = (2.45 ± 0.07) × 10 eV /32

2 −3 2 4   m c(∆ = (2.43 ± 0.07) × 10 eV / )13
2 −3 2 4 . 

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.

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.
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[2] Nature 580 7803, 339-344 (2020)
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Front End Electronics Trigger

DAQ

Nsum

Digitization command  
Clock info

Data
Run condition

‣CP-violation (CPV) phase δCP 
‣Mass hierarchy (sign of )Δm2

32

 1, Open questions in ν oscillation 
Lepton CPV can be larger than quark’s
 → Matter dominant universe through “Leptogenesis” 

[1] S. Pascoli et al., Nucl.Phys.B 774:1-52 (2007) 

‣ 50kt water Cerenkov 
- Main target ; 16O 
‣ High energy ν (~GeV) 
‣ Track recon. & PID (e/µ) 
‣ Neutron tag. eff. : ~ 20%

SK

KamLAND KL

SK

Our proposal,
“How about using KamLAND?”

‣ 295-km-baseline ν oscillation experiment 
‣ Constraint on δCP  
- CP conservation is excluded by 2σ[2] 
- Systematic error :  ~ 7% 
- Dominant error source : ν-nucleus (ν-N) 
interaction (~ 4%)
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[3] Phys. Rev. D 96, 092006 (2017)
[4] http://t2k-experiment.org 
[5] Phys. Rev. D 98, 030001 (2018) 

‣ Data set : Run3-Run9 
‣ KL POT : Scale T2K POT [3] by KL livetime ratio (~ 85%) 
‣ ν interaction simulator : NEUT(v5.4.0.1), GENIE(v3.00.06) 
‣ Detector simulator : KamLAND Geant4 (KLG4) 
‣ Flux data : Open to public [4]

Normal hierarchy
Δm221 7.37e-5 [eV2]
Δm231 2.56e-3 [eV2]
sin2θ23 0.425
sin2θ13 0.0215
sin2θ12 0.297
δCP 1.38π
ρ 2.7 [g/cm3]
L 295 km

Osc. params. based on [5]

T2K data taking status

Calculation
MC

Event selection

 final state 
particles

# of interaction

T2K events at KL

probability

KLG4

GENIE, NEUT Xsec

# of target

T2K flux T2K POT
Open to public

KL POT
KL good spill ratio

T2K events at KL 
w/ oscillation

Oscillation  
parameters

normalize

Prediction strategy

Summary
‣ν-N interaction has large uncertainty in δCP measurements 
‣KL can perform unique T2K ν study (neutron, etc.) 
‣History, status and results (MC only) are shown

# exp. evt. (NC)
ν-mode 60.7 (23.9)
ν̅-mode 27.8 (10.4)
Total 88.5 (34.3)
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 4, Analysis 

Data is confidential…Results

w/ OD veto 
No vertex cut

ν-mode ν̅-mode
NEUT
GENIE 0.83 ± 0.020.68+0.02

−0.04

0.85 1.03

T2K POT 
[1021]

KL POT 
[1021]

ν-mode 1.37 1.24
ν̅-mode 1.65 1.30

T2K POT & KL POT

‣Prompt Energy ≥ 200 MeV  
‣Assuming eff. = 100% 
‣GENIE : Syst. error using reweight package

(*)

‣ Large osc. effect at flux peak 
‣ NC events can be observed 
with high efficiency


