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» High intensity neutrino beam from J-PARC. 

» Super-Kamiokande, located 295km from 
neutrino generation point. 

» ND280 (off-axis) and INGRID (on-axis) 
located 280m from neutrino generation 
point. 
 

» Precise measurement of neutrino oscillations. 

» Precise measurement of neutrino 
nucleus interactions at En~1GeV. 
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» T2K has made the first 
observation of nmO  ne 
oscillation. (7.5s) 
https://indico.cern.ch/getFil
e.py/access?contribId=9&se
ssionId=1&resId=0&materia
lId=slides&confId=234536 

» Uncertainty of neutrino 
interactions is the 
dominant systematic error 
source. 

» Precise measurement 
of neutrino interactions 
will have a big impact 
on oscillation precision 
in the future. 
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Error source sin2н1̒3=0.0 sin2н1̒3=0.1 

Beam flux + n int. in T2K fit 4.9% 3.0% 

n int. (other experiments) 6.7% 7.5% 

Far detector 7.3% 3.5% 

Total 11.1% 8.8% 

Systematic errors on the number of ne candidates 

Reconstructed neutrino energy 



» UA1 dipole magnet 

ÅProvide 0.2T magnetic field. 

» p0 detector (P0D) 

ÅWater target section(center): water, scintillator and brass. 

ÅECal sections (upstream and downstream): scintillator and lead. 
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» Tracker (FGD+TPC) 

ÅThe Fine Grained Detector (FGD) consists of layers of 10 10mm 
plastic scintillator bars. 

ÅFGDs provide target mass and vertex reconstruction. 

ÅThe Time Projection Chambers (TPCs) provide PID based on 
ὨὉȾὨὼ and momentum based on the track curvature. 
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» 16 standard INGRID modules. 

ÅSandwich structure of iron and scintillators. 

ÅMass ratio of iron is 95%. 

» 1 extra module, (Proton Module). 

ÅFull scintillator module. 
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» T2K uses NEUT and GENIE to generate neutrino interaction. 

ÅCharged current quasi-elastic (CCQE) 

ÅNeutral current elastic (NCE) 

ÅSingle p,h,K resonance production 

ÅCoherent p production 

ÅDeep inelastic scattering (DIS) 
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» Select events with m-. 

ÅUpstream veto cut. 

ÅNegative charge track starting from 
the FGD fiducial volume to TPC. 

ÅParticle identification with TPC ὨὉȾὨὼ. 

» CC purity = 87%, CC efficiency = 50%. 
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» We get                                      

ʎ φȢωρπȢρσίὸὥὸȢ πȢψτίώίὸȢ ρπ  

ÅUncertainty of neutrino flux 10~15% is the dominant error source 
for all measurements. 

» It agrees with the existing 
model predictions. 

Åʎ  

χȢςχρπ   

Åʎ  

φȢυτρπ   
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CC-inclusive cross section 

Phys. Rev. D 87, 092003 (2013) 



» Measured ὴ — distribution is converted to true ὴ —  

distribution by unfolding procedure. 
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0< cosqm<0.84 0.90<cosqm<0.94 

Phys. Rev. D 87, 092003 (2013) 

0.84<cosqm<0.90 0.94<cosqm<1  
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» Select event with 1 m- and no p. 

Åm- event selection (described before). 

ÅOnly one track from FGD to TPC. 

ÅNo delayed energy deposition 
from Michel electrons. 

» CCQE purity = 72%, CCQE efficiency = 40%. 
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» Fit the MC to ὴ ÃÏÓ— distribution 

to extract cross section in bins of Ὁ. 

» …  test gives a p-value of 17%. 
 OGood agreement with our model. 

» Best fit ὓ  value, ρȢςφȢ
Ȣ GeV, is 

consistent with our model, 1.21GeV. 
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» Event selection 

ÅVertex in fiducial volume. 

ÅPID for the end of the track. 

ÅPID for the beginning of track. 

ÅNo Michel electrons. 

» NC elastic purity = 46%, 
NC elastic efficiency = 14%. 
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» The cross section result is compatible with the model predictions. 

Å ʎ ςȢςτπȢπχίὸὥὸȢ Ȣ
Ȣ ίώίὸȢ ρπ  

Å ʎ ςȢπςρπ  

Å ʎ ρȢχψρπ  
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» Measurements with ND280 tracker. 

ÅCC1p+ cross section measurement. 

ÅCC-coherent p cross section measurement. 

» Measurements with ND280 P0D. 

ÅCC1p+ cross section measurement. 

ÅNC elastic differential measurement (water-in ς water-out). 

» Measurements with INGRID (+ Proton Module). 

ÅCC-inclusive cross section measurement. 

+ Flux averaged. 

+ In bins of Ὁ. 

ÅCCQE cross section measurement. 

ÅCC-coherent p cross section measurement. 
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» Fe target for INGRID module, CH target for Proton Module. 

» Measurement of CC-inclusive cross section on Fe and CH. 

ÅCC purity = 88%, CC efficiency = 43% for INGRID module. 

ÅCC purity = 87%, CC efficiency = 41% for Proton Module. 

» Measurement of CC-inclusive cross section ratio on Fe/CH. 

ÅError is suppressed thanks to cancelation between „  and „ . 
True En spectrum of selected 
events in Proton Module 
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Variation of the cross section results 
by Toy MC for the flux uncertainty 

Per 6.0 1020POT 



» T2K on-axis neutrinos are distributed on 0~4GeV. 
(higher and wider than off-axis neutrinos.) 

» MiniBooNE and SciBooNE CCQE results can be verified. 

» Unmeasured CCQE cross section on 2~3GeV can be measured. 

» CCQE purity = 79%, CCQE efficiency = 31%. 
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CCQE cross section on C True En spectrum after CCQE selection 

Per 6.0 1020POT 



» In addition to the neutrino oscillation measurement, we are 
measuring neutrino cross sections and this will have a big impact on 
oscillation precision in the future. 

» CC-inclusive cross section and CCQE cross section are measured with 
ND280 tracker. 

ʎ φȢωρπȢρσίὸὥὸȢ πȢψτίώίὸȢ ρπ
ÃÍ

ÎÕÃÌÅÏÎ
 

ὓ ρȢςφȢ
Ȣ  GeV 

» NC elastic cross section is measured with ND280 P0D. 

ʎ ςȢςτπȢπχίὸὥὸȢ Ȣ
Ȣ ίώίὸȢ ρπ

ÃÍ

ÎÕÃÌÅÏÎ
 

» The cross section results are compatible with the existing model 
predictions. 

» Flux uncertainty, dominant error source of cross section 
measurement, would be reduced with new CERN-NA61 hadron 
production measurement. 

» Many other exciting results to come. 

21 



22 



» MA has been measured to be 
1.03GeV/c2 ƛƴ ˄52 and pion 
electroproduction. 

» A slew of low energy data 
(MiniBooNE, SciBooNE, K2K) 
prefers a higher axial mass 
and therefore higher s. 

» What is going on? 
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» Systematic error sources. 

ÅNeutrino flux. 

ÅNeutrino interaction model 
and final state interaction. 

ÅDetector response. 

» nm flux uncertainty is ~15%. 
 ODominant error source. 

» Neutrino interaction model 
and FSI uncertainties come from 
comparison with external data. (MiniBooNE, SciBooNE etc.) 

» Detector uncertainty comes from uncertainties on the 
backgrounds in the selected sample and the uncertainties on 
reconstruction. 
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Fractional nm flux uncertainty 



» Nominal value and uncertainty of 
axial vector mass or Fermi 
momentum come from external data. 

» Normalization uncertainties comes 
from discrepancies between the 
neutrino interaction model and the 
external data. 
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Normalization uncertainties 

Uncertainties of interaction 
model parameters 

Energy dependent uncertainty for CC-
multi.p and CC deep inelastic (40%/En). 

Parameter changing the shape of 1p 
channel below 1GeV. 

20% of all D may decay to produce no p. 

Decay width of the resonance. 
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Negative track in the TPC Positive track in the TPC 
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Flux covariance Cross section modeling covariance 

FSI covariance Detector covariance 
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Nominal MC Fitted MC 
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Reconstructed muon momentum Reconstructed muon angle 




