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ND280  

Nμ(Eν)=σ(Eν)Φ(Eν)ε(Eν) 

Interaction 
cross-section Neutrino flux 

Detector effects 

νμ disappearance 

See osc talk by 
Laura Munteanu 

νe appearance 
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Fine Grained Detectors 
(FGD 1 &2): 
• ν interaction target 
• CH scintillator trackers 
• alt H2O layers in FGD2 

ND280  

Time Projection Chambers  
(TPC 1, 2 & 3): 
• Excellent tracking 
• High-res charged  
   particle mom 
• Accurate PID 



Neutrino interactions at  
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CCQE  
(Charged-current quasi-elastic) 

2p2h 
(2particle-2hole) 

CCRES 
(Charged-current resonant) 

/2p2h 



Neutrino interaction measurements at  
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Interaction mode 

CCQE 

CCRES 

2p2h 

Observed topology 

p 

n 

π+ 

π+ π0 

π0 

π+ 

ν 

μ 

Charge exchange 
Elastic 

scattering 

Absorption 

Pion production 

Initial nuclear state & 
Final state interactions (FSI) 

CC0π 
(CCQE-like) 

CC1π 
(CCRES-like) 

CCQE 
78% 

CCRES 
12% 

2p2h 
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Other 
1% 

CCQE 
1% 
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88% 

2p2h 
0% 

Other 
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MC w/ NEUT, T2K νμ flux 



Joint Carbon + Oxygen CC0π cross-section at  
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FGD1 
CH 

FGD2 
CH/H2O 

 Simultaneous fit of C & O 
interactions  

 C & O double differential cross-
sections, C/O ratio 

 Phys. Rev. D 101, 112004 (2020) 
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χ2 including all 58 C+O bins 

 χ2 dominated by high statistics forward 
bins 

 Forward bins: favor more “simple” 

CCQE Fermi gas nuclear models (LFG), 
largely due to substantial “RPA”  

low energy transfer suppression 

 High angle bins: LFG underestimates 
data. CCQE more affected by nucleon 
form factors, but cannot explain C/O 
difference 

 Need to improve non-QE (2p2h, abs 
FSI) currently based on a Fermi-gas 
ground state 

C 

C 

O 

O 



Joint ν + anti-ν CC0π  
cross-section in FGD1(CH) 

 Phys. Rev. D 101, 112001 (2020) 

 Similar conclusions to C/O analysis 

 Need reduction of cross-section  
at forward angles, enhancement at 
higher angles for LFG 

 Large χ2
no model describes the 

whole data well 
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2p2h model, Full (shape only) χ2 






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CC1π+ cross-section at  

 “Uncharted territory” 
 Less theoretical input 

 Less data 

 Models show mostly  
normalization differences 

 Let’s dig deeper… 
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2.6.4 

5.1.4.2 

μ- 

π+ 

μ- 

π+ 

Phys. Rev. D 101, 012007 (2020) 



CC1π+p cross-section in transverse kinematic imbalance (TKI): 
Powerful tools to characterize nuclear effects 
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Double transverse momentum imbalance 
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CC1π+p cross-section in TKI (CH) 
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FGD1 

TPC2 μ- 

π+ 

p 

ECal 

Signal sample 

Phase space restriction 

Signal 

δpTT (MeV) pN (MeV) δαT (deg) 
& 4 CC-other control samples 

Unfolding 
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CC1π+p cross-section in TKI (CH) 

 Data slightly prefers more sophisticated nuclear models 

 Carbon cross-section correlated with hydrogen (~20%) 

 δpTT & pN more sensitive to initial nuclear model 

 δαT more sensitive to FSI (flat w/o FSI) 
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T2K Preliminary 
T2K Preliminary T2K Preliminary 

Double transverse momentum  

imbalance 
Initial nucleon momentum Transverse boosting angle 
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      cross-sections outlook 

 More joint measurements 
 On/off axis, C/O/         ,0π/1π… 

 New measurements of hadronic kinematics 
 TKI, calorimetry, π/p kinematics… 

 νe /NC interactions 
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vv /

arXiv:2002.11986 

First anti-νe  
cross-section 
in 42 years!! 

Validate theoretical models in all aspects & 
understand neutrino interactions 
in (next-gen) oscillation experiments 

INGRID 
Eν

peak~1.1GeV 

1.5o 

ND280 upgrade talk 
by Davide Sgalaberna 



The                     Collaboration (2020) 
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~500 members, 69 Institutes, 12 countries 
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Backup 
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ν + anti-ν CC0π difference 
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