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Introduction

ÅWAGASCI-Baby MIND and NINJA are aiming to 
measured neutrino interaction precisely and reduce 
the T2K systematic error.

ÅSimilar measurements
to existing ones will not
significantly reduce the
systematic error.

ÅWe need to understand
the current status of the
T2K systematic error and
existing measurements
of neutrino interactions
(especially by ND280).
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WAGASCI-Baby MIND and NINJA



Flow of T2K oscillation analysis

ÅND280 fit plays an important role in T2K OA.

Super-Kamiokande

ÅDetector model

ÅHadron interaction 
model

ND280

Oscillation parameters

ÅDetector model

ÅHadron interaction 
model

Neutrino interaction modelNeutrino flux prediction

ÅProton beam + INGRID

ÅExternal p-A hadron 
production data

ÅNuclear models

ÅExternal cross section data
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ND280 measurement

ÅSelect ʉ CC events (muon from FGD to TPC) and 
classify the events into three groups:

ÅCC0ɵ (mainly CCQE events)

ÅCC1ɵ (mainly CC resonant events)

ÅCC-other (mainly CC DIS events)

CC0ɵ event CC1ɵ event CC-other event
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ND280 fit

ÅMuon momentum -angle distribution of MC with 
flux and cross section parameters are fitted to data.

Muon momentum distribution before fitting (2018OA)

Muon momentum distribution after fitting

CC0ɵ CC1ɵ CC-other

CC0ɵ CC1ɵ CC-other
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Constraints on flux and
cross section parameters

ÅBy fitting, flux and cross section 
parameters are varied to optimal 
values and their uncertainties 
are constrained.

Cross section parameters

(2018OA)

Neutrino flux parameters (2018OA)
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Correlation of parameters

ÅND280 fit also gives the correlations among the 
flux and cross section parameters.

Correlation matrix before ND280 fit Correlation matrix after ND280 fit

7

Flux parameters Cross section parameters

Anti-correlation between flux 

and cross section parameters



Systematic errors

ÅSystematic error 
on the number 
of events at 
Super-K reduced 
from >10% to 
<5% thanks to 
ND280 
constraint.

ÅSystematic errors 
are well 
understood and  
small enough?
ᴼNo.
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Systematic error on the number of events 

at Super-K before ND280 constraint

Systematic error on the number of events 

at Super-K after ND280 constraint



Effect of systematic error

ÅSuch an effect causes systematic error in the 
oscillation analysis.

ÅEffect of the systematic error will be large in the 
future as the beam data statistics increases.
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Sensitivity to CP violation

Statistical error only

Improved systematic error + stat.

2016 systematic error + stat.

2018 oscillation analysis result

Expected evolution (2016 syst.)

Extension of observation

(Three-flavor framework violated)

Now
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For Hyper-Kamiokande

ÅSystematic errors will 
be more important 
because of significant 
increase of statistics.

Å„ʉ Ⱦ„ʉ effect will 
be dominant for ɿ .
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sin2—23 octant degeneracy sensitivity

CP violation sensitivity for true ɿCP violation sensitivity for HK years



Why large systematic errors 
still exist?

ÅMeasurement precision of ND280.
ÅLow acceptance for high angle.

ÅHigh momentum threshold for hadrons.

ÅLarge backgrounds for ʉmeasurement.

ÅDifference between ND280 and Super-K.

ÅAngular acceptance.

ÅTarget nuclei (mainly C for ND280 and O for Super-K.)

ÅNeutrino energy spectrum due to oscillation.

ÅNeutrino interaction modeling.
ÅCurrent neutrino interaction models and uncertainty 

parameterization are ad-hoc in many aspects.

ÅND280 fit just constrains the parameters.

ÅBad modelling will be a bigger issue than error values.
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Recent modeling and ND280 
measurement

ÅNuclear model was updated 
to a sophisticated one 
(Fermi gas model O spectral 
function) tuned with 
electron scattering data.

ÅNeutrino flux uncertainty 
was significantly reduced.

ÅDiscrepancies between 
measurement and nominal 
prediction at ND280
becomes larger than 
previous analysis.
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FGD1 FHC CC0“

FGD1 FHC CC0“

Data and MC in previous analysis

Data and MC in the latest analysis



Discrepancies are really 
compensated by ND280 fit?

ÅDiscrepancies can be compensated by several 
combination of parameter changes.
ᴼSource of the systematic error at Super-K.

ÅSource of discrepancies is really in these parameters?
ᴼ If not, interaction model must be improved.

13

Variation of flux parameters Variation of cross section parameters

Fluxat low energy

becomes larger 

relative to 

prediction from 

hadron production

ὓ becomes 

larger relative 

to D2 bubble 

chamber data

Ad-hoc parameter (not model 

based) changed significantly



Angular acceptance and 
threshold for hadrons

ÅHigh muon acceptance of WAGASCI-Baby MIND.

ÅLow threshold of hadron detection of NINJA.
ᴼWill be a clue to understand where the 
discrepancies at ND280 come from.
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Not detectable

(High angle)

Detectable

Neutrino detection by ND280

Not detectable

(Short track)

Momentum -angle distribution 

of detected muon by ND280



Neutrino energy spectrum

ÅNeutrino oscillation probability is energy dependent.

ÅNeutrino interaction measurement at different off -
axis angle (different energy) will be a common benefit.
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2.5Јoff-axis
(ND280)

1.5Јoff-axis

(WAGASCI)

0.34

0.82

Predicted ʉ flux at Super-K Predicted ʉ flux at different OA angles

Without oscillation

With oscillation



Neutrino interaction modes

ÅVarious neutrino interaction modes exist.
ÅCharged current quasi-elastic (CCQE)

ÅNeutral current elastic (NCE)

ÅResonant p production

ÅCoherent pproduction

ÅDeep inelastic scattering (DIS)

ÅMulti -nucleon interaction (2p2h)
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ὔ: nucleon

ὃ: nucleus

CCQE 2p2hCC Res. p
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Neutrino interactions
in the T2K energy

ÅIn the T2K energy (ͯ 1GeV) CCQE is dominant.
ᴼUsed as signal mode in the oscillation analysis.

ÅCC resonant pion is the second largest.

Å2p2h is also expected to exist in some level.

T2K neutrino flux prediction Neutrino cross section in NEUT
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Mixture of interaction modes

ÅBecause of the final state interaction and detector 
capability, detected final state particles are not 
always the same as neutrino interaction mode.

CC0“ CC1“ CC0“+2p

CCQE Resonant “ 2p2h
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Neutrino energy reconstruction

ÅNeutrino energy 
can be 
reconstructed from 
charged lepton 
kinematics in CCQE.

ÅBut other 
interactions are 
mis-identified, 
neutrino energy is 
mis-reconstructed.

Charged 

lepton 

kinematics

Reconstructed neutrino energy 

subtracted by the true neutrino energy

CCQE

Resonant “
2p2h
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Effect of Ў-like 2p2h

ÅIn the neutrino energy reconstruction assuming 
CCQE, energy shift is large for Ў-like but small for 
non Ў-like.

ÅWe have to understand not only the 2p2h cross 
section but its characteristics properly.
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Neutrino interaction mode 
identification at Super-K

ÅIn Super-K, protons cannot be measured.
ᴼ2p2h cannot be separated from CCQE.

ÅCC resonant pion is also sometimes misidentified 
as CCQE events if pion is absorbed or not detected.

Super-K ʉ or ʉ candidate sample (trying to select CCQE events)
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Oscillation 

peak

Oscillation 

peak

Deficit?



Importance of Ўά

ÅYou know the importance of sin2—23 and ɿ .

ÅRecentpaper indicated the combination of the 
reactor neutrino experiment (JUNO) and precise 
measurement of Ўά
by long-baseline
neutrino experiment
will dissolve the mass
ordering.

ÅPrecise understanding
of 2p2h and resonant
“in the Super-K
samples will improve
the Ўά precision.
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Basic strategy

ÅIt is difficult (impossible) to separate the interaction 
modes and the effect of FSI in Super-K.

ÅWe have to properly model the neutrino 
interaction and precisely predict the background 
contamination and signal kinematics based on the 
measurement.

ÅPossible approaches.

ÅUnderstand and revise the neutrino interaction 
models by precise cross section measurements 
with WAGASCI-Baby MIND and NINJA.

ÅFit WAGASCI-Baby MIND or NINJA data to 
constrain parameters as with the ND280 fit.
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Flux-averaged cross section 
measurement

ÅIdeal cross section 
measurement.
(No background,
100% signal efficiency)

ÅActual cross section 
measurement.
(Background and signal 
efficiency must be estimated 
by simulation and corrected.)

„
ὔ ὄ

ǪὝ‐

ὔ: Number of selected events

ὄ: Background events

Ǫ: Neutrino flux

Ὕ: Number of target nucleons

‐: Signal efficiency

„
ὔ

ǪὝ

First cross section measurement with ND280

24

PhysRevD.87.092003



Energy dependent cross 
section measurement

ÅSelect certain interaction mode such as CCQE.

ÅNeutrino energy is reconstructed from lepton 
kinematics assuming the interaction mode.

ÅInformation about the
interaction mode can
be directly obtained.
(such as MA for CCQE.)

ÅBut background
subtraction and signal
efficiency correction
are strongly
model-dependent.

Energy dependent CCQE cross 

section measurement with ND280
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Double differential cross 
section with final state

ÅSelect certain final state such as CC0ɵ.

ÅCross section is measured for angle-momentum 
space of the final state particle.

ÅLess model-dependent. 
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Phys. Rev. D 97, 

012001 (2018)

CC0“double differential cross section with ND280.



ʉ/ ʉcross section difference

ÅIn the CP violation search, ’ᴼ’ oscillation is 
compared with Ӷ’ᴼ Ӷ’ oscillation.

ÅUnderstanding of the cross section difference 
between neutrino and anti -neutrino is important.

Cross sections of ʉ, ʉ, ʉ, ʉ
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ʉ and ʉCC0ʌdouble differential 
cross section

Å2p2h affects 
ʉ and ʉ cross 
sections in a 
different way.

ʉ and ʉCC0ʌdouble differential 

cross section with ND280

ʉ ʉ

ʉ (ʉ) CC0ʌinteraction

ʉ (ʉ) ʈ ʈ

ὔ ὔᴂ
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How it will be improved with 
WAGASCI-BM and NINJA?

ÅQ2 dependence is largely different between 
neutrino and anti -neutrino.

ÅThis effect appears as the angler distribution.

ÅCovering the large acceptance in WAGASCI-Baby
MIND will improve the understanding.

ÅDetecting the knockout nucleons also will be a 
probe to understand the Q 2 dependence.
(Low momentum detection efficiency of NINJA also 
will work .)

ÅEnough statistics for double differential 
measurement?

ÅWhen the anti-neutrino data can be taken?
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Cross section on different 
target nucleus

ÅNeutrino interaction is dependent on the target 
nucleus. (different nuclear effect and isoscalar.)

ÅCarbon and
Oxygen are
main neutrino
targets for
ND280 and
Super-K.

ÅUnderstanding
the difference
in the nuclear
effect is
important.
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Cross section per nucleon for various nuclei



ʉCC0ʌcross sectionon carbon 
and oxygen

ÅGood 
agreement for 
carbon target 
data.

ÅDisagreement 
in forward 
region for 
oxygen target.

Carbon Oxygen

ʉCC0ʌdouble differential cross section

on carbon and oxygen target with ND280
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ʉCC0ʌcross sectionon carbon 
and oxygen

ÅCross section ratio O/C was also measured.

ÅMeasuring the ratio is an important technique to 
cancel the
systematic
errors.
(mainly errors
from flux.)
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How it will be improved with 
WAGASCI-BM and NINJA?

ÅBoth WAGASCI-Baby MIND and NINJA can provide 
the high purity oxygen target results for lower
energy neutrino.

ÅWAGASCI-Baby MIND also can provide the carbon 
target result and O/C ratio result.

ÅPossibility of carbon target run in NINJA?

ÅEventhe upgraded
ND280 will not
improve this point.
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Detector Water purity (%)

ND280 FGD2 46%

WAGASCI 80%

NINJA water ECC

(exclude only packing)

86%

Water purity in the water -rich target volume



’ / ’ cross section difference

ÅIn the ’ᴼ’ ( Ӷ’ᴼ Ӷ’) 
oscillation measurement, 
understanding of the 
cross section difference 
between ’and ’ is 
important .

Å„ʉ Ⱦ„ʉ uncertainty 
is the largest systematic 
error source.
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’ / ’ cross section difference

ÅVarious 
effects on 
’ / ’
cross 
section are 
calculated.

Å3% error
was given.

ÅBut it is 
fully model 
based and 
not a 
certain way.

Effect of kinematic limit Effect of radiative correction

Effect of second class currentEffect of pseudoscalarform factor

Phys.Rev. D86 

053003 (2012)
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’measurement at ND280

ÅConsistent with model 
prediction within errors.

ÅLarge ‎background and 
large systematic error due 
to the background.

ὴ distribution of ’ candidate events ’ differential cross section for ὴ

Flux averaged ’ cross section

Phys. Rev. 

Lett. 113, 

241803 

(2014)

Phys. Rev. 

Lett. 113, 

241803 

(2014)

36



’ and Ӷ’measurement
at ND280

ÅRecent new result including Ӷ’measurement.

Å‎background is still large as well as statistical error.
Flux integrated ʉand ʉCC 

cross section with ND280

ʉᴼʉ

signal 

region

ʉᴼʉ

signal 

region

FHC CC- ’ candidate events
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How it will be improved with 
WAGASCI-BM and NINJA?

ÅNINJA will have better ‎background separation 
capability, but will need much more target mass to 
measure ’with 3% level.
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’ candidate event in OPERA

JHEP07(2013)004

JHEP07(2013)004

Energy of ’ candidate event in OPERA



Proton measurement at ND280

ÅHigh momentum 
threshold (~700 MeV/c).

ÅCannot give strong 
constraint on the model.

Proton from CCQE

Proton from 2p2h

(low momentum)

Proton from 2p2h

(high momentum)

ND280

detection

threshold

Proton momentum from neutrino interaction

Proton measurement by ND280

Phys. Rev. D 98, 032003 (2018)

Phys. Rev. D 98, 

032003 (2018)
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