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The T2K   experiment

• 𝜈 cross section measurements
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T2K Beam
2.5°

30 GeV proton beam from 
J-PARC Main Ring 
extracted onto a graphite 
target producing hadrons  
(mainly pions and kaons)

Hadrons are focused and 
selected in charge by 3 
electromagnetic horns: 

• 𝜈𝜇 beam created by 𝜋+  
• 𝜈𝜇 beam by 𝜋- decay
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See Tomislav 
Vladisavljevic’s talk
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The off-axis near detector (ND280)
2.5°

A large dipole magnet (UA1) produces 0.2 T.

𝜋0 detector (P0D): xy layers plastic scintillator alternated 
with water layers

Side muon range detector (SMRD): plastic scintillators 
instrumenting the magnet iron slice

2 Fine-grained detectors (FGD): upstream constituted of xy layers of plastic 
scintillator, the other is alternated with water layers

3 Time projection chambers (TPC): reconstruct momentum 
and charge, PID based on ionization

An electromagnetic calorimeter (ECal) is used to distinguish tracks from showers
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Nuclear effects and detector acceptance 
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• Previous CC0-π cross sections extracted as function of muon 
and/or proton kinematics and using different targets (CH or H2O)

Phys. Rev. D 93, 112012
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Cross section analysis strategy

Ciro Riccio, Naples U. & INFN | NuInt 18

See Stephen 
Dolan’s talk



 11

Perform an extended binned likelihood fit to the number of selected events as 
a function of the muon momentum and scattering angle simultaneously for 
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a function of the muon momentum and scattering angle simultaneously for 

muon neutrino and antineutrino.
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First two terms characterize how well the MC matches the data

Last term penalizes fit for moving systematic parameters far from their nominal

Expected number of events N(f,x,d,c) Observed number of events
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First two terms characterize how well the MC matches the data

Last term penalizes fit for moving systematic parameters far from their nominal

Expected number of events N(f,x,d,c) Observed number of events

Combined analysis allows to reduce the systematics 
uncertainties: correlations between 𝜈 and 𝜈 

Cross section analysis strategy
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Extracted measurements
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Extracted measurements

• Double differential CC-0𝜋 𝜈𝜇 and 𝜈𝜇 flux integrated cross section

d�⌫µ

dpd cos ✓
=

N⌫µCC-0⇡

✏⌫µ�⌫µNFV
nucleons�p� cos ✓

d�⌫̄µ

dpd cos ✓
=

N ⌫̄µCC-0⇡

✏⌫̄µ�⌫̄µNFV
nucleons�p� cos ✓

Ciro Riccio, Naples U. & INFN | NuInt 18



Stephen Dolan Cross section strategy workshop, Fermilab

Combining measurements - 𝜈/ ҧ𝜈

19

Ciro Ricco using 
model of Martini et. al.

• Asymmetry between neutrinos 
and antineutrinos isolates term 
in the cross section

• Asymmetry term contains strong 
2p2h contribution

• T2K has recently made joint measurements of CC0𝜋 𝜈/ ҧ𝜈

Asymmetry =
Expected uncertainties are ~ 0.2Expected uncertainties are ~15%

(result coming soon)

Ciro Ricco using 
model of Martini et. al.

M. Martini et al., Phys. Rev. C 80 065501 (2009) M. Martini et al., Phys. Rev. D 81, 092005 (2010)
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Extracted measurements

• Sum and difference:

• Double differential CC-0𝜋 𝜈𝜇 and 𝜈𝜇 flux integrated cross section
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Extracted measurements

• Sum and difference:

• Asymmetry:

• Double differential CC-0𝜋 𝜈𝜇 and 𝜈𝜇 flux integrated cross section

d�⌫µ

dpd cos ✓
=

N⌫µCC-0⇡

✏⌫µ�⌫µNFV
nucleons�p� cos ✓

d�⌫µ
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=
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◆
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NFV
nucleons�p� cos ✓
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𝜈𝜇 selection strategy
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FGD
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𝜈𝜇 selection strategy
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𝜈𝜇 selection strategy
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𝜈𝜇 selection strategy
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𝜈𝜇 selection strategy
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𝜈𝜇  selection strategy
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Signal distributions
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𝜈 cross section
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Total Uncertainty (stat+syst)

Systematic Uncertainty

 = 522.552χNEUT 5.3.2 

 = 590.732χGENIE 2.8.0 

Total Uncertainty (stat+syst)

Systematic Uncertainty

 = 522.552χNEUT 5.3.2 

 = 590.732χGENIE 2.8.0 

Total Uncertainty (stat+syst)

Systematic Uncertainty

 = 522.552χNEUT 5.3.2 

 = 590.732χGENIE 2.8.0 

*Cross sections extracted for 58 bins both for neutrino and antineutrino

𝜒2 for all the bins (dof 116) 
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Total Uncertainty (stat+syst)

Statistical Uncertainty

 = 339.992χNEUT 5.3.2 

 = 339.662χGENIE 2.8.0 

T2K preliminary

Difference

Sum

Asymmetry

Total Uncertainty (stat+syst)

Systematic Uncertainty

 = 187.042χNEUT 5.3.2 

 = 280.102χGENIE 2.8.0 

Total Uncertainty (stat+syst)

Systematic Uncertainty

 = 187.042χNEUT 5.3.2 

 = 280.102χGENIE 2.8.0 

𝜒2 for all the bins (dof 58) 

Total Uncertainty (stat+syst)

Systematic Uncertainty

 = 120.552χNEUT 5.3.2 

 = 128.822χGENIE 2.8.0 

Total Uncertainty (stat+syst)

Systematic Uncertainty

 = 120.552χNEUT 5.3.2 

 = 128.822χGENIE 2.8.0 

𝜒2 for all the bins (dof 58) 
Total Uncertainty (stat+syst)

Systematic Uncertainty

 = 92.002χNEUT 5.3.2 

 = 88.982χGENIE 2.8.0 

Total Uncertainty (stat+syst)

Systematic Uncertainty

 = 92.002χNEUT 5.3.2 

 = 88.982χGENIE 2.8.0 

𝜒2 for all the bins (dof 58) 
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Conclusions

•Neutrino-antineutrino cross section differences can shed light on the 
multi-nucleon ejection

•Stay tuned for more comparisons!

•This result will be compared also with other generators and models 
in order to highlight the differences in the generators

•Nuclear effect are difficult to measure, but new and more accurate 
measurements will help  
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Event generators:

NEUT 5.3.2 GENIE 2.8.0

CCQE

SF (Benhar et al., 2000) 
BBA05 (Bradford et al., 2005) 

MAQE = 1.21 GeV/c2 

pF [12C] = 217 MeV/c 
EB [12C] = 25 MeV

RFG (Bodek et al., 1981) 
BBA05 (Bradford et al., 2005) 

MAQE = 0.99 GeV/c2 

pF [12C] = 221 MeV/c 
EB [12C] = 25 MeV

2p2h Nieves et al., 2011 -

CCRES
W<2 GeV  

Rein-Sehgal, 1981 
FF (Graczyk et al., 2008)

W<1.7 GeV  
Rein-Sehgal, 1981 

FF (Kuzmin et al., 2016)

CCDIS
W>1.3 GeV (w/o single π) 

GRV98 PDF (Glück et al. 1998) 
BY corr. at low Q2 (Bodek et al. 2003) 

W>1.7 GeV (for W<1.7 GeV is tuned)  
GRV98 PDF (Glück et al. 1998) 

BY corr. at low Q2 (Bodek et al. 2005)

Hadronization

W < 2 GeV 
KNO scaling (Koba et al. 1972) 

W > 2 GeV 
PYTHIA/JETSET

W < 2.3 GeV 
AGKY (Koba et al. 1972) 

2.3 GeV < W < 3 GeV 
AGKY (Koba et al. 1972) + PYTHIA/JETSET 

W > 3 GeV 
PYTHIA/JETSET

FSI Intra-nuclear cascade Intra-nuclear cascade 
(INTRANUKE hA)

Event generators: details
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Extract the cross sections

Detector modeling

Pion and proton FSI modeling

Select 𝜈𝜇 and 𝜈𝜇 CC0𝜋 interactions

Flux modeling

Cross section modeling
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Analysis Strategy

𝜈 sample
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Binning definition
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The binning choice as been driven by the following requirements:
• Avoid big fluctuations in the statistical uncertainties

• Have transfer matrix diagonal as much as possible

• The bin width must be always greater than the resolution of the 
variables under consideration.
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Analysis binning
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Uncertainties propagation and impact

Statistical uncertainty: vary the number of reconstructed events in each bin 
accordingly with a Poissonian obtaining a pseudo data sample that is 

fitted. Then the error is the RMS of the distribution of the results of the fit. 

Systematics uncertainty: varying many times the parameters 
associated with systematic sources accordingly with their covariance 
matrices, it is possible to obtain a pseudo data sample that is fitted. 

Then the error is the RMS of the distribution of the results of the fit.   
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Fractional error 𝜈𝜇 cross section
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𝜈𝜇 cross section VS NEUT and GENIE
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Sum VS NEUT and GENIE
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Difference VS NEUT and GENIE
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T2K preliminary
*Last bin in momentum does not shown
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Asymmetry VS NEUT and GENIE
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T2K preliminary
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𝜈𝜇 cross section VS Martini et al.
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T2K preliminary
*Last bin in momentum does not shown
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𝜈𝜇 cross section VS Martini et al.
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Sum VS Martini et al.
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Difference VS Martini et al.
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Asymmetry VS Martini et al.
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Data: stat. uncertainty

Prefit MC

Postfit MC

Postfit systematic uncertainty

Post-fit signal distributions
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Data: stat. uncertainty

Prefit MC

Postfit MC

Postfit systematic uncertainty

Post-fit signal distributions
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