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Scattering from nucleons

A relatively ñsimpleò interaction 
process
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Antineutrinosturn protonsinto neutrons

Neutrinosturn neutronsinto protons

ⱨⱧᶺⱨⱧ

n ʌp

Ⱨ Ⱨʌ

p ʌn

W

ⱨⱧ ▪ Ⱨ Ҍ Ǉ 

▬ Ⱨ Ҍ ƴ 
2

Assumes elastic scattering from a free, 
stationary nucleon



Some oscillation experiments reconstruct the 
neutrino energy and 4-momentum 

transferQ2from just the muonkinematics
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Some experiments have to assume these kinematics.
(T2K, Not much information from protons)

DUNE will be able to see more details.

MINERvAcan measure model independent 
observables to tune current nuclear models. 



GENIE 2.8.4 
(Tweaked)

Quasi-elastic scattering from 
nuclei is simulated using:

Relativistic Fermi Gas model with Å
Bodek-Ritchie tail

Axial mass MÅ A=0.99 GeV

Fermi momentum Å kF=221MeV

We tune GENIE 
to match our 
data!
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But there are more nuclear 
effects that we need!
(add in Valencia 2p2h model)



What are these effects?

proton

ȉ+

Ȋↄȉ

recoiling 
neutron

Ideal QE Scattering

2Particle2Hole(2p2h): short 
range correlation
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Additional 
nuclear 

interactions due 
to correlated 
nucleon pairs!

More than one 
nucleon can be 
ejected!



2p2h nuclear effects to our GENIE Modification: Neutrinos

Phys. Rev. Lett. 116, 071802 (2016)
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Nominal 2p2h 
is not enough

Low energy 
recoil fit applied 

to match data
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Recoil energy region is shown in blue
Defined as reconstructed energy from clusters not in 
the muon track (and are not low activity/crosstalk)



Find muonsÅ

MINOS matchedÅ

Any number of Å
neutrons.

No Å pions!

Try not to remove Å
events with neutrons

How does 
MINERvAsee 
CCQE?
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Event Selection: Neutrinos

proton 
muon

ⱨⱧ ▪ Ⱨ Ҍ Ǉ 
Muon matched in MINOS as Å ȉ-
Track protons and Å pions
No Michel electrons Å

Only Å 1 isolated energy deposit
Protonlike tracks (no charged Å pions)

10

neutron 

Maybe extra 
proton? (not 
tracked)

Strip #

Module #
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Beam Direction



Examples of Cuts 

Cut region depends on Q2
QE

Looser cuts as Q2
QEincreases

Integrated over Q2
qe

This is applied to all 
tracks which are not 

the muon
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This is how events with Å
pionsare removed

Energy deposited by the Å
particle long the track in 
the detector



Examples of Cuts

Reject events with Michel electrons Reject events with 2 or more isolated clusters 

12

Ⱬ ᴼⱧ ⱨⱧⱨⱧ ᴼ ▄ ⱨⱧⱨⱧ ⱨ▄ⱨ▄ Ⱬ ᴼ♬♬



Event Selection: Anti-Neutrinos

Neutron (often not seen) 
elastically scattering off another 

proton 

muon

No additional tracks at vertexÅ

Muon track matched in MINOS as Å ȉ+ 
Ejected neutron wonÅ ôt make track from vertex 
Proton recoil energy > Å 120 MeV (cannot 
reconstruct well below this energy)
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