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Charged Current Single Pion Production at MINERνA

MINERvA Detector
MINERvA i s a neutr ino scatter ing 
experiment at Fermilab designed to make 
the h igh p rec i s ion c ros s sec t ion 
measurements that are necessary for the 
next generation of neutrino experiments. 

Nuclear Physics – Pion Absorption

•Particles can interact with nucleons before 
exiting the nucleus: Final State Interactions 

•Pions produced in the initial interaction can 
be absorbed ~25% of the time for π+ from Δ 
decay!

•Nuclear processes affect 
the final state content, 
and this needs to be 
modeled to correctly 
reconstruct the neutrino 
energy.

Current knowledge of neutrino-nucleus 
interactions have to improve, to help future 
experiments like LBNE in meeting their 
physics goals!

Need to understand the Nuclear Physics

MINERvA has a fine-grained scintillator 
tracker surrounded by calorimeters.  

Neutrino-Nucleus Interaction 
•MINERvA experiment is using the Rein-Sehgal model for νN resonance production. 
All models generally have poor treatments of nuclear medium effects.

•FSI model is responsible for the characteristic dip 
between 100-200 MeV.

•MINERvA is providing more data for a better 
understanding of pion energy and angle distributions to 
determine strength and nature of FSI interactions. 

π+

Signal :CC muon neutrino interaction from a interaction 
vertex in the active tracker region and selection exactly 
one charged pion in the final state. 

p

µ-

Uses track 
dE/dx

In addition, we cut on the Hadronic invariant mass  
W < 1.4 GeV to avoid multi-pion events  
and 1.5 GeV < Eν < 10 GeV 

and • Select Charge Current events: Muon track In MINERvA matching in 
MINOS with a reconstructed negative charge.!
•Reconstruct hadronic recoil energy (EH) calorimetrically. 
•Sum non-muon energy, weighted by passive material constants  
•Apply additional scale, derived from MC, to tune to true EH.

•Require one or two hadron track candidates.

Require: 
 Eν < 10 GeV 
 Wexp < 1.4 GeV  

Event selection yields 3474 pion candidates, MC error bars include 
full systematic errors and Data errors are statistical only.

-Purity: 77% 
-Largest background: W > 1.4 GeV ~17% of sample 
PID backgrounds:  Protons and other particles mis-ID as 
pion ~ 4% of sample 
All other backgrounds combined  ~2% of sample

Unfolding and Efficiency Correction
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 X  (W < 1.8 GeV)±π N-µ → Tracker µν Data: π/dTσd
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Shape Errors Only

 X  (W < 1.8 GeV)±π N-µ → Tracker µν Data: π/dTσd

Results with Model Comparison and ConclusionsSystematic Errors

Background Subtraction

Background Summaries

Reconstructed Pion Energy and Angle

Event Selection – KinematicsSignal Definition & Event Selection

Pion Kinetic Energy (MeV)
0 50 100 150 200 250 300 350 400

  (
A

rb
itr

ar
y 

Sc
al

e)
π

/d
T

σd

0

2

4

6

8

10

12

14

16

-4210×
Data
GENIE 2.6.2
GENIE No FSI

Data
GENIE 2.6.2
GENIE No FSI

0.66)×Shape Errors Only (MC
3.04e+20 POT

 X  (W < 1.4 GeV)±π 1-µ → Tracker µν

/ndf = 7.42/6 = 1.242χData-GENIE  
/ndf = 130.09/6 = 21.682χData-NoFSI   
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 X  (W < 1.4 GeV)±π 1-µ → Tracker µν

/ndf = 41.04/12 = 3.422χData-GENIE  
/ndf = 171.14/12 = 14.262χData-NoFSI   

Shape Shape
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 X  (W < 1.8 GeV)±π N-µ → Tracker µν

/ndf = 12.15/6 = 2.022χData-GENIE  
/ndf = 73.55/6 = 12.262χData-NoFSI   
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/ndf = 20.10/12 = 1.672χData-GENIE  
/ndf = 126.53/12 = 10.542χData-NoFSI   

- Data prefer GENIE with final state interactions-
GENIE has difficulty reproducing the shape of 
the angular distribution 

- Allowing for multiple pions in the final state 
and higher order resonances:  W < 1.8 GeV 

- Neut and NuWro normalization agree the best 
with data. 

Shape  
W<1.8GeV Shape  

W<1.8GeV
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 X  (W < 1.4 GeV)±π 1-µ → Tracker µν

  Shape Measurement
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  Shape Measurement

NuWro, Neut, GiBUU and GENIE all predict the KE shape well.  
GENIE seems to do best with the peak. Qualitative feature 
similar to MinoBooNE Data, strong FSI but shallow dip at the KE 
of pion interaction should be the strongest.

Pion Range Score
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ca
nd

id
at

es
 / 

0.
02

 S
co

re

0

0.5

1

1.5

2

2.5
310×

Data
Other

0π
Interacting Proton
Stopping Proton

±πInteracting 
±πStopping 

0.84)×Area Normalized (MC
3.04e+20 POT

 X  (W < 1.4 GeV)±π 1-µ → Tracker µν
•Use energy loss 
(dE/dx) profile of 
each hadron track 
t o s e p a r a t e 
protons and pions 
•Find the best fit 
momentum for a 
pion hypothesis.

!
•Select a pion having good energy reconstruction stop 
and decay in the detector  by looking for a Michel 
electron at the end of the track

Largest systematic errors are from flux and GENIE cross section model 
parameters. Shape measurement is statistics limited.

shape only

Before After

•MiniBooNE measured Charged Pion Production on  
mineral oil and the expected dip is not seen in the data.

Phys.Rev.D83:052007,2011

•Fitted models predict a dip in pion energy when the pion 
interactions peak in Carbon(~160MeV).

π Absorption 
dip

Background % of One-
Pion Sample

% of N-Pion 
SampleRock Muon 0.08 0.08

Outside Fiducial Volum 0.24 0.26

Not CCνµ 0.05 0.01
W>1.4GeV/c2 16.6 6.02
Eν >10GeV 0.45 0.84
Multiple Charged Pions 1.61 N/A
Proton 3.31 4.47
Other Particles 0.8 2.2
Total 23.1 14.0

Normalize models to integral of data, then divide by GENIE 


