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South Pole Recap
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• Cons
• Temperature 
• Isolation
• Weather

• Pros
• Only one, but very big one 
• Technically nothing can go south over there which makes it perfect for science 

and experiments!

Unfolding (or unsmearing)

• We can’t measure (or reconstruct) quantities with perfect precision, 
so we will always reconstruct some events into the wrong bin

Cheryl Patrick, MINERvA 101

True 
distribution

Reconstructed (smeared) 
distribution

! This has the effect of smearing out the features of our true distribution

The problem of smearing
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Recap
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• Yesterday we reviewed:
• The different neutrino interactions
• The Importance of neutrino interactions  
• Some of the challenges for cross section measurements
• Looked examples of nuclear effects
• Reviewed some techniques to constraint the flux

Minerba Betancourt 06/17/15

Cross Sections Measurements
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Nuclear Physics of GeV ν-nucleus Interactions!

19!
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What we want!  –  What we get!"

Jorge Morfin, INFO 2015
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Outline
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• Building cross section measurements
• Event selection 
• Signal and backgrounds
• Unfolding 
• Efficiency correction
• Systematics
• Extracting the cross section
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Example: Measuring Differential Cross Section
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We measure differential cross sections

18

Unfolding

Events Selected

Backgrounds

Acceptance
Flux Targets

Bin-width

• Let’s review a measurement from the MINERvA experiment as an example
• We already talk about flux, number of target and number of neutrino interactions, 

let’s review the other components 
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Minerba Betancourt I MINERvA Experiment

• We have a new flux prediction with improvements, main changes to 
beamline geometry and updates to the simulation (simulation has been 
constrained to hadron production data)

Flux Prediction

20

Improved Flux PredictionImproved Flux Prediction
! Updated central value and improved uncertainties 

using external hadron production data
! Updated central value and improved uncertainties 

using external hadron production data

8

Flux
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• The neutrino flux is hard to calculate and an important source of systematic 
uncertainty

• We have a prediction for the flux with uncertainties about ~8%
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!  The'flux'refers'to'the'total'number'of'incident'neutrinos'per'unit'
area'(there’s'a'talk'about'the'beam'coming'soon)'

!  Typically'our'fluxes'are'provided'per'proton'on'target'(POT),'
meaning'protons'from'the'NuMI'beam'hiwng'our'beam'target'

!  To'get'total'neutrinos,'mulBply'the'flux'by'the'number'of'POT'for'the'
run'period:'typical'values'are'of'the'order'1020'POT''

!  Run'periods'are'listed'here'
hJps://cdcvs.fnal.gov/redmine/projects/minervaDsw/wiki/Data_Run_Periods'

'
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Protons'in' Neutrinos'out!'
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Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment

5

17 mm

16.7 mm

3 different rotated plane views to 
resolve high multiplicity events 

MINOS ND magnetized
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Nuclear Inst. and Methods in Physics Research, A, Volume 743, 11 April 2014, Pages 130-159

MINERvA Experiment
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Thanks to MINOS
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Selected Events 
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!  We'are'typically'trying'to'measure'crossDsecBons'for'a'parBcular'physics'
process'

!  But'all'we'can'measure'is'how'energy'is'deposited'in'the'detector'

!  We'use'our'physics'knowledge'to'infer'what'paJerns'of'energy'
deposiBon'correspond'to'our'process,'but'it’s'not'easy'
!  Different'processes'can'produce'the'same'final'state'parBcles'
!  Different'parBcles'can'produce'the'same'detector'response'
!  Some'parBcles'or'configuraBons'are'difficult'or'impossible'to'detect'

(examples:'neutral'parBcles,'two'parBcles'traveling'right'on'top'of'one'
another)'

!  Even'a{er'our'selecBon'cuts,'some'background'events'will'remain'–'
events'whose'detector'signature'passes'our'cuts,'but'which'don’t'
correspond'to'the'process'we'are'trying'to'study'

7/6/15'Cheryl'Patrick,'MINERvA'101'

Events'that'pass'our'cuts,'
but'are'not'actually'signal'

(Ndata,j �N bkgd
data,j)

• We make a selection based on the topology of the event
• But all we can measure is how energy is deposited in the detector
• We use our physics knowledge to infer what patterns of energy deposition 

correspond to our process, but it’s not easy
• Different processes can produce the same final state particles
• Different initial interactions can produce the same final state particles
• Some particles or configurations are difficult to detect (examples: neutral 

particles, two particles traveling right on top of one another)  
• Even after our selection cuts, we have some background events that pass the cuts

• In the case of Quasi-Elastic scattering, what are we looking for in the detector?

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15

µ�

p
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Signal and Background
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Events'that'pass'our'cuts,'
but'are'not'actually'signal'

(Ndata,j �N bkgd
data,j)

• Signal event: an event that matches what our analysis is looking for, regardless of 
whether we manage to identify the underlying process

• Background event: is an event that passes our analysis cuts, but which is not actually 
a true signal event. These events mimic our signal

• Other processes like the resonance interactions produce pions, but these can be 
absorbed in the nucleus (final-state interactions), faking the signal
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Example:'quasiDelasBc'
neutrino'scaJering'

QuasiDelasBc'neutrino'scaJering'should'have'an'easilyD
idenBfiable'signature:'one'muon'and'one'proton'

Other'processes'produce'extra'
parBcles,'but'these'can'be'absorbed'in'
the'nucleus'(final*state&interac,ons,'or'
FSI),'faking'our'signal'

Our'selecBon'cuts'cannot'disBnguish'these'
quasi*elas,c*like&events'from'our'true'signal.'In'
the'plot'to'the'le{,'the'blue'events'are'signal,'
all'the'others'are'background.'The'percentage'
of'signal'events'a{er'the'selecBon'cuts'is'
known'as'the'purity'of'the'sample.'

(Ndata,j �N bkgd
data,j)

Background event
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• We use Monte Carlo simulations (GENIE) for the analysis
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Simulations

 

Costas Andreopoulos, Rutherford Appleton Lab.

Read the GENIE
users manual

NEW

GENIE
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Signal and Background
•  We identify the particles
• Measure properties of those particles

• Momentum, angle and energy 

Minerba Betancourt I MINERvA Experiment22 Minerba Betancourt/Moriond QCD 2014
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction
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# of events 
16,467 
Efficiency 54% 
Purity 77%
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Efficiency 47% 
Purity 49%
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction
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Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15

µ�
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Neutrino Energy and Q2 Reconstruction
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction
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!  Different'parBcles'can'produce'the'same'detector'response'
!  Some'parBcles'or'configuraBons'are'difficult'or'impossible'to'detect'

(examples:'neutral'parBcles,'two'parBcles'traveling'right'on'top'of'one'
another)'

!  Even'a{er'our'selecBon'cuts,'some'background'events'will'remain'–'
events'whose'detector'signature'passes'our'cuts,'but'which'don’t'
correspond'to'the'process'we'are'trying'to'study'

7/6/15'Cheryl'Patrick,'MINERvA'101'

Events'that'pass'our'cuts,'
but'are'not'actually'signal'

(Ndata,j �N bkgd
data,j)

We use Monte Carlo simulations  (GENIE) to  
determine the background levels, but this is 
not enough, most of the time the models do 
not reproduce the real data

Neutrino Energy
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•  We identifies the particles
• Measure properties of those particles

• Momentum, angle and energy 
• Using the muon momentum and angle, we can compute the four momentum 

transfer 

• Let’s concentrate on describing how to measure the differential cross section as a 
function of Q2

12

Signal and Background

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15
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Background Prediction
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• We know the Monte Carlo models do not reproduce the real data
• Data is used to constrain the backgrounds
• Data driven background fit methods can reduce model-dependence
• An example from a MINERvA background constraint:

• Taking the shape of the signal and background distributions in the Monte Carlo 
simulation

• The relative weights of each of these distributions are varied until we get the 
combination that best matches the shape of the data

• Looking at the sideband region helps us to constrain the background in the signal 
region
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P
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bkgd
data,j)

A↵(�T )(�x)

Background'subtracBon'

!  We'are'typically'trying'to'measure'crossDsecBons'for'a'parBcular'physics'
process'

!  But'all'we'can'measure'is'how'energy'is'deposited'in'the'detector'

!  We'use'our'physics'knowledge'to'infer'what'paJerns'of'energy'
deposiBon'correspond'to'our'process,'but'it’s'not'easy'
!  Different'processes'can'produce'the'same'final'state'parBcles'
!  Different'parBcles'can'produce'the'same'detector'response'
!  Some'parBcles'or'configuraBons'are'difficult'or'impossible'to'detect'

(examples:'neutral'parBcles,'two'parBcles'traveling'right'on'top'of'one'
another)'

!  Even'a{er'our'selecBon'cuts,'some'background'events'will'remain'–'
events'whose'detector'signature'passes'our'cuts,'but'which'don’t'
correspond'to'the'process'we'are'trying'to'study'

7/6/15'Cheryl'Patrick,'MINERvA'101'

Events'that'pass'our'cuts,'
but'are'not'actually'signal'

(Ndata,j �N bkgd
data,j)

+"
Sidebands'

7/6/15'Cheryl'Patrick,'MINERvA'101'

…'an'aside'

SomeBmes'you'can'specify'a'signalD
rich'sample'by'making'a'cut'on'a'
certain'region'of'phaseDspace'(here,'
recoil'energy'vs.'Q2)'

But'the'rate'of'background'events'is'
generally'similar'in'the'signal'region'and'
the'adjacent'sideband,'in'this'phaseDspace'

MC,'signal' MC,'
background'

Looking'at'your'total'data'distribuBon'in'your'sideband'can'tell'
you'about'the'background'distribuBon'in'your'signal'region'
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• Background levels are estimated by fitting recoils distributions
• We obtain weights for each bin of Q2

Example of Background Constraints

1412/09/13  47

Background levels are estimated by fitting recoil distributions:

1-Track CCQE Analysis

12/09/13  47

Background levels are estimated by fitting recoil distributions:

1-Track CCQE Analysis
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• Background are very important part of the analysis 
• This part of the analysis is where we spend most time in many analyzes
• To compute any cross section we need to remove the background
• Our simulation has some predictions for the background, can we just subtract the 

background?
• Remove the background as much as possible and we must constrain the remaining 

background

15

Background

We measure differential cross sections

18

Unfolding

Events Selected

Backgrounds

Acceptance
Flux Targets

Bin-width
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• After the background is constrained with data, we subtract the predicted 
background contribution from each bin of the desire quantity we want to measure

Background Subtraction
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Figure 12: The Q2
QE distribution of all candidates passing reconstruction cuts in data and MC. The estimate of

backgrounds in data obtained via the procedure described in section 3.2 is shown in gray. These plots are
proposed for approval, made by CCQEAntiNu CrossSections::PlotCrossSections(), and available in the files
cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minerva raw.eps,
cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minerva raw ratio.eps,
cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minervanu raw.eps
and cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minervanu raw ratio.eps

A scan of 1000 events each in the anti-neutrino and neutrino samples estimates that 0.2

The Q2
QE distribution of all candidates before background subtraction is shown in figure

12, overlaid with the estimates of backgrounds in data. Background subtracted distributions

in data and are shown in Figure 13. In both cases POT-normalized Monte Carlo distributions

for comparison.

Uncertainties on the neutrino/anti-neutrino and rock muon backgrounds are handled in

two different ways. For the neutrino/anti-neutrino backgrounds, uncertainties (originating
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Figure 13: Background subtracted Q2
QE distributions in data and MC for anti-neutrino candidates (above) and neu-

trino candidates (below). These distributions are not unfolded or efficiency corrected. These plots are
proposed for approval, made by CCQEAntiNu CrossSections::PlotCrossSections(), and available in the files
cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minerva sub.eps,
cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minerva sub ratio.eps,
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• Example from Quasi-Elastic scattering

• To get the unsmearing matrix U, we must invert the migration matrix

Diagonal	
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• A measure of how often we select signal events
• Inefficiency comes from reconstruction and detector geometry

• An example from detector acceptance 

Efficiency Correction
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A↵

Acceptance (efficiency)
• A measure of how often we select signal events
• Inefficiency comes from reconstruction and detector geometry

!= number of signal events after event selection
number of signal events in Monte Carlo

32

Hey! MINOS isn’t over there muon!!

Some analyses require muon track to 
be matched to a track in MINOS. 
Events where the muon exits the side 
of detector will be rejected
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• Unfolded distributions are normalized by efficiency, flux and proton number to 
produce final cross section

12/09/13  49

Unfolded distributions are normalized by efficiency, flux & 
proton number to produce final cross-sections:

Here we correct to GENIE-defined CCQE definition 
(not CCQE-like, which will come in the future)

1-Track CCQE Analysis

12/09/13  53

Summary of all systematic uncertainties (antineutrino):

1-Track CCQE Analysis

Flux uncertainties

Muon Reconstruction Uncertainty
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Systematic Uncertainties
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Summary of all systematic uncertainties (antineutrino):

1-Track CCQE Analysis

Flux uncertainties

Muon Reconstruction Uncertainty
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Comparing with Models 
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Comparison with Models

NuWro: Golal, Jusczak, Sobczyk 
arXiv:1202.4197

MEC model: Bodek, Budd, Christy
Eur. Phys. J. C(2011) 71:1726

Comparison of our results with 
various models.  The model with 

“TEM” include a MEC-like 
modification to the cross-section

1-Track CCQE Analysis
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1-Track CCQE Analysis

• Data do not agree with some models

Minerba Betancourt I The MINERvA Experiment 02/04/15

• MINERvA uses a tracking detector made of carbon, results will show the data collected with an energy  
<E>=3.5GeV

• MINERvA uses the lepton kinematics and the hadronic part of the interaction to measure the CCQE single 
differential cross section and discriminates between nuclear models 

• Analyses using the muon information use a quasi-elastic signal definition and the purity is 49% for 
neutrinos and 77% for antineutrinos, while the analysis using the proton information uses cc qe-like and 
contains 72.3% CCQE, 23.9% RES and 3.8% deep inelastic

• Data prefers a model with nucleon-nucleon correlations for the muon analyses

MINER‹A discriminates between nuclear models via lepton kinematics
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MINER‹A discriminates between nuclear models via lepton kinematics
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Charged Current Quasi-Elastic Scattering from MINERvA
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Neutrino AntiNeutrino Neutrino⌫µ + n ! µ� + p ⌫̄µ + p ! µ+ + n ⌫µ + n ! µ� + p

Minerba Betancourt/Moriond QCD 2014

Model Comparisons
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CCQE Signal Definitions
• Old CCQE measurements: 

• Signal is defined as an event in which the primary interaction is quasi-elastic 
(regardless of the final state particles)

• Incoming (anti) neutrino energy between 1.5 and 10 GeV

• New definition for future CCQE measurements: 

• Signal is defined as CCQE-like, no pions in the final state

• No cut on the neutrino energy

• Why do we change the definitions? CCQE-like is more clearly defined from an 
experimental point of view, depends less on the models

24
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• New Selection requires a cut on non-vertex recoil energy, events above 0,5 GeV 
are removed

• Track pions and protons; select events based on particle identification

• Look for Michel electrons at later time to remove events with pi+

• Signal definition: 

- QE-like: defined by particles exiting the nucleus 

- Any number of nucleons of all energy

- No pions, heavy baryons etc

- Additional constraint: muon angle <20 degrees because of the MINERvA-MINOS 
acceptance 

CC0pi Neutrino Event Selection and Signal Definition

25
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• Decide what to measure:

- Observables with less model dependence as possible

26

Muon Transverse/Longitudinal Momentum vs Q2/Eν
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Examples of Measurements with different Signal definition

27
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The same plots, with Eroica Flux
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CCQE-like=CC0pi
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Charged Current Quasi-Elastic Scattering
• MINERvA uses the lepton kinematics and the hadronic part of the interaction to measure the CCQE single 

differential cross section and discriminates between nuclear models !
!
!
!
!
!
!
!
!
!
!
!
!

• Data prefers a model with nucleon-nucleon correlations, this can be combined with MINIBooNE results to 
constrain the models and reduce the uncertainties for oscillation measurements!

• Underway:!
• Double differential cross section of neutrino and antineutrinos, (results this year) !
• CCQE ratios in nuclear targets using the hadronic part of the interaction !
• CCQE analyses using the medium energy NuMI beam

5

Neutrino AntiNeutrino Neutrino⌫µ + n ! µ� + p ⌫̄µ + p ! µ+ + n ⌫µ + n ! µ� + p

Minerba Betancourt/Moriond QCD 2014

Model Comparisons

12

)2 (GeVQE
2Q

0 0.5 1 1.5 2

R
at

io
 to

 G
EN

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data
=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE� Tracker �  !A �MINER

Area Normalized
 < 10 GeV�1.5 < E

)2 (GeVQE
2Q

0 0.5 1 1.5 2

R
at

io
 to

 G
EN

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data
=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE� Tracker �  !A �MINER

Area Normalized
 < 10 GeV�1.5 < E

The data most prefer an empirical model that attempts to transfer the observed enhancement in electron-nucleus 
scattering to neutrino-nucleus scattering

Antineutrino Neutrino

Phys. Rev. Lett. 111, 022502 (2013) Phys. Rev. Lett. 111, 022501 (2013)

Ratio to GENIE 
Shape Only

Minerba Betancourt/Moriond QCD 2014

Model Comparisons

12

)2 (GeVQE
2Q

0 0.5 1 1.5 2

R
at

io
 to

 G
EN

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data
=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE� Tracker �  !A �MINER

Area Normalized
 < 10 GeV�1.5 < E

)2 (GeVQE
2Q

0 0.5 1 1.5 2

R
at

io
 to

 G
EN

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data
=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE� Tracker �  !A �MINER

Area Normalized
 < 10 GeV�1.5 < E

The data most prefer an empirical model that attempts to transfer the observed enhancement in electron-nucleus 
scattering to neutrino-nucleus scattering

Antineutrino Neutrino

Phys. Rev. Lett. 111, 022502 (2013) Phys. Rev. Lett. 111, 022501 (2013)

Ratio to GENIE 
Shape Only

arXiv:1409.4497

Fermilab Wine and Cheese Seminar, June 17 2016
Cheryl Patrick’s PhD thesis
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• Q2 is reconstructed using the leading proton from the event (different from the 
muon kinematic Q2)

• Using the QE hypothesis and assuming scattering from a free nucleon at rest

• Measurement: differential cross section as a function of the proton Q2

• Proton information allows to test FSI models  

CC0pi using the Proton Kinematics

28

Q2 = (M 0)2 �M2
p + 2M 0(Tp +Mp �M 0)

Module Number

St
rip
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um

be
r

Signal (CCQE-like): 
Events with one muon, no pions and at least 
one proton with momentum> 450 MeV/c

CC0pi measurement on scintillator 
Phys. Rev. D. 91, 071301, 2015 
CC0pi new measurements on Iron, lead and Carbon 
arXiv:1705.03791
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Reconstructed Muon Q2 vs Proton Q2 (Plastic)

• Comparing the Q2 reconstructed from muon kinematics and the Q2 reconstructed 
from proton kinematics

• Q2 from proton kinematics is affected by final state interactions
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Another Example for background constraints

30

• Multi SideBand Technique to constrain the background
• Q2 is reconstructed using the leading proton from the event (different from the 

muon kinematic Q2)
• Using the QE hypothesis and assuming scattering from a free nucleon at rest

• Select four consecutive sidebands outside of the signal region

Q2 = (M 0)2 �M2
p + 2M 0(Tp +Mp �M 0)
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• For each sideband, extract weights that force the data and simulation to match perfectly 

• Background factors for each sideband

Different SideBands 

31
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Extracting the factors 

32

• Take all the sidebands from one bin of Q2 and make a fit to straight line 
• The fit extracts scale factors simultaneously for RES and DIS

slope = DIS scale factor 
 
y-intercept = Resonant 
scale factor  



Minerba Betancourt

Background Scale Factors 

33

• Extracting scale factors for each bin of  Q2

• Example of the scale factors we apply to the simulation before the background 
subtraction 
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• Comparisons of differential cross sections with different simulations no 2p2h, 2p2h, and 
2p2h+RPA

• There is an A dependence in the 2p2h model
• Most of the RPA suppression is below the proton threshold 450 MeV
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• Data prefers the simulation with final state interactions

• The A dependence in NuWro seems to be more favored by the data
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Comparing with Generators (GENIE vs NuWro)

carbon iron lead

GENIE 5.9/5 19.9/5 17.5/5

NuWro 6/5 14.6/5 11.1/5

Χ2/d.o.f

35

CH Carbon

Iron Lead Phys.Rev.Lett. 119 (2017) no.8, 082001 
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Experimental prospects

MINOSMINERvA

Detector cavern

(Also ~1% ν
e
)

... and therefore the  highest-
intensity (accelerator energy) ν

e
 

beam in the world too. 

An on-axis cross section experiment could 
potentially have the statistics to perform the 

-rst exclusive cross section measurement!

π+

e
+ νe νμ

νμμ
+

NuMI is the highest-intensity 
ν

μ
 beam in the world... 

νe CCQE Measurements

• Led the first electron neutrino CCQE analysis:

• CCQE-like definition: any number of nucleons,                                                                             
but no other hadrons allowed in final state

36

J. Wolcott / Tufts U. / NuINT 2015 17

Cross-sections

Measured 
cross-sections 
are consistent 

with the 
prediction 

from GENIE 
2.6.2*Warning: not exactly σ.  

Actually dσ/dE
ν

QE 

integrated over bins in E
ν

QE 

J. Wolcott / Tufts U. / NuINT 2015 6

Event display of simulated
~4 GeV ν

e
 interaction in MINERvA 

~325 MeV proton

~3.5 GeV electron

Beam direction

Event “pre-selection” (EM-enriched):
● One (or more) reconstructed track(s) 

(>85% of e± in inner detector region 
begin with track due to low-Z material)

● No obvious muons (never ν
e
):

― No tracks exiting back of detector
― No μ→e decay candidates (“Michel 

electrons”)
● Cut on multivariate PID classifier 

combining details of energy profile

Isolating ν
e
-like events

Muon 
exits 

back of 
detector

π0 photon converts 
immediately and 

looks like electron

Simulated background rejected by muon cuts

J. Wolcott / Tufts U. / NuINT 2015 18

Comparison to ν
μ

When compared to 

prior MINERvA ν
μ
 

CCQE measurement, 

ratio is consistent 
with GENIE 
prediction.

(Apparent shape is only 

significant at ~1σ level due to 

bin-to-bin correlated 

systematic errors with similar 

behavior.)

Upper bound on scale of 
nuclear effects when 

comparing ν
e
 and ν

μ
 CCQE 

scattering is 15-30%

νe to νμ differential cross section ratio 

Phys. Rev. Lett 116 (2016) 081802, Jeremy Wolcott’s PhD thesis
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• Inclusive CC double differential cross section in q0 and q3 

- q0 is calorimetric hadronic energy and q3 is the three momentum transfer                 
where Q2 is the four momentum transfer squared

In neutrino scattering, we need to reconstruct the hadronic energy too

n µ

Nucleus

W(q
0
, q)

Hadrons

Energy transfer:

q
0

⌘ ⌫ = Calorimetric hadronic energy

Neutrino energy:

E⌫ = Eµ + q
0

Four-momentum transfer squared:

Q2 = 2E⌫(Eµ � pµ cos ✓µ)�M2

µ

Three-momentum transfer:

q
3

⌘ |q| =
q

Q2 + q2

0

I Produce inclusive CC ⌫µ double-di�erential cross section in (q
0

, q
3

)
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Identification of Multinucleon Effects

37

Inclusive Charge Current 
cross section

Inclusive Charge Current 
cross section

12

Minerva can make 
a similar 
measurement using 
the hadronic system 
and the output 
going lepton

From electron scattering Similar measurement for neutrinos using 
the hadronic system and the lepton
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We’re going to measure neutrino oscillations precisely with this?!
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Default GENIE Simulation

24

That default prediction again. . .
GENIE ⇡ production modified
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Phys. Rev. Lett 116 (2016) 071802

• Default nuclear model struggles to explain data

• Including more sophisticated nuclear models: (2p2h effects and RPA (a charge 
screening effect))

Nuclear Effects at low Three Momentum TransferSelection: GENIE w/o RPA or 2p2h, variant
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I This plot is the same as the previous, but the first q3 bin has been zoomed in by a factor of 2
on the x axis, and scaled by a factor of 2, to make it easier to see
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GENIE+RPA+2p2h

25

Adding 2p2h events is a smaller improvement
GENIE ⇡ production modified
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Data-simulation agreement improves with RPA+2p2h for the 
region dominated by QE interactions 

Random Phase Approximation (RPA)
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Selection: GENIE w/o RPA or 2p2h, variant
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Selection: GENIE w/o RPA or 2p2h
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I This plot shows the selected events in reconstructed available energy
I GENIE nominal except for pion weights. “Other” includes nonresonant and higher resonance

pion production, coherent, and DIS
I Since pre-approval: added syst error, changed to evts/GeV2 (divided by area of 2D bin instead

of just width of Eavail bin)
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Many Measurements 

39

ν 

Many Measurements 

• I need to pick and choose some highlights 
13 August 2015 Kevin McFarland: Oustanding, Interactions 40 

TEM MA = 1.35 

RFG, SF 

MINERvA, Phys Rev. Lett. 111, 
002051 and 002052 (2013) 

ArgoNeuT, R. Acciarri 
et al, Phys.Rev. D90 

(2014) 012008 
MiniBooNE, Phys 
Rev D88 (2013) 3 

032001 

T2K ND280, 
arXiV 1411.6264 

MINOS, P. Adamson 
et al, arXiv 
1410.8613 

T2K INGRID 
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FIG. 17. The extracted di↵erential cross section as a function of the single transverse variables compared to: the GENIE 2.12.4
simulation (left) and the GiBUU 2016 simulation (right). GENIE uses the Bodek and Richie RFG initial state model and this
prediction also includes GENIE’s empirical 2p2h prediction (2p2hE). This GENIE prediction is similar that used as a starting
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As an example of final state interaction effects, 
let’s review a couple of examples from pion 
production
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Final State Interactions

41

• Final state interactions: Hadrons produced in a scattering interaction re-interact 
with other nucleons before they escape the nucleus

• Thus the particles that exit the nucleus my be different, both in type and in energy 
from those generated in the initial interaction

• Final states where pion is absorbed can contribute to apparent “quasi-elastic” 
scattering 

• These effects are big

S. Zeller, APS 2011, 05/02/11 

Final State Effects 
29 

understanding π kinematics  
  is important!  

  (has never been carefully studied) 

(T. Leitner) 

large distortion  
in momentum of 
π’s produced 

•  new appreciation for nuclear effects in this region as well  
  (nuclear effects can affect the final state; immediately complicate things) 

      “final state interactions (FSI)” 

       - once produced, hadrons have to  
          make it out of the target nucleus 

        - π absorption dominates; but π can 
          also charge exchange (π+n      π0p) 

     

Minerba Betancourt/Moriond QCD 2014

• Understand the week interaction and the nucleus

• Important for neutrino oscillation experiments 

• Two types of neutrino oscillation measurements: Appearance and 

Disappearance 

• In both cases we count events induced by given type of neutrinos

• Main channel: Quasi-Elastic scattering

• Important background: Pion production

Minerba Betancourt

Neutrino Cross-SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

12

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)

Neutrino QE Scattering and Pion Production 
Motivation

3

T2K NOvA

LBNE

Pion absorption: particles 
can interact with nucleons before 
exiting the nucleus due to final 
state interactions 

Nuclear(Physics(–(Pion(Absorp5on(

(((((((((((((((((((((((((((((7(
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Mosel(et#al:(arxiv(1311.7288(
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J. A. Formaggio, G. Zeller,  
Reviews of Modern Physics, 84 (2012)
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Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !
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CC Quasi-Elastic  
nucleon changes, but 

doesn’t break up

MINERvA

CC Resonance 
nucleon excites to 
resonance state
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Charged current pion production
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• Charged pion production • Neutral Pion production
Event Reconstruction and Selection Reconstruction

Event Displays

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 25 / 56

Event Reconstruction and Selection Reconstruction

Event Displays

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 25 / 56

Event Reconstruction and Selection Reconstruction

New Event Selection Criteria

Charged Pion Production
(nCCNp+)

Negative muon
Require 1.5 < En < 10 GeV
Hadronic invariant mass W
cut (W < 1.8 GeV)
One or more hadron track
candidates
Pion identification
Michel electron at endpoint

Neutral Pion Production
( ¯nCC1p0)

Positive muon
Photon conversion length
greater than 15 cm
Di-photon invariant mass
75 < Mgg < 195 MeV/c

2

Require 1.5 < En < 20 Gev
Introduce W cut
(W < 1.8 GeV)

Kinematic Equations
En = Eµ +EH (EH determined calorimetrically)

Q2 = 2En (Eµ �pµ cos(qµn ))�m2

µ

W2

exp =�Q2 +m2

N +2mNEH (mN nucleon mass)

Wgen : Wexp w/o the assumption of a nucleon at rest

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 24 / 56

2

I. INTRODUCTION

Interactions of few-GeV neutrinos and antineutrinos
with nuclei are of keen interest to present and future
neutrino oscillation experiments, such as T2K, NOvA,
DUNE, and HyperKamiokande [1–4]. In this energy
region, charged-current single-pion production (CC(⇡))
competes with quasielastic scattering in terms of the to-
tal charged-current (CC) event rate observed in the near
and far detectors of the neutrino oscillation experiments.
In ⌫µ/⌫̄µ CC scattering on nuclei, the nuclear medium
enables directly-produced CC(⇡) states to morph into
other final-state pion channels and into quasielastic-like
scattering topologies as well. These cross-channel mi-
grations involve energy transfer from the produced state
to the struck nucleus, rendering the total final-state en-
ergy di�cult to detect. In this way distortions are in-
troduced into the reconstruction of neutrino energy E⌫ ,
four-momentum transfer squared Q

2, and hadronic in-
variant mass W . Obtaining precise knowledge of the
observed CC(⇡) rates and relating them to the various
ways that directly-produced states can feed into the final
states actually observed, is crucial for continued progress
in neutrino oscillation measurements.

Two previous publications [5, 6] reported the MIN-
ERvA experiment’s first measurements of CC pion pro-
duction on hydrocarbon (CH) in the channels

⌫µ +CH ! µ

� + n⇡

± +X, (1)

⌫̄µ +CH ! µ

+ + ⇡

0 +X

0

. (2)

For both of these CC reactions it is possible to recon-
struct the incident neutrino energy, E⌫ , the squared four-
momentum transfer to the struck nucleus, Q2, and the
invariant hadronic mass, W . Through event selection,
the charged pion sample of process (1) is dominated by
⇡

+ production. The data in Ref. [5] was presented in two
di↵erent ways - a single-pion sample with W < 1.4GeV
and an n-pion sample withW < 1.8GeV where n signifies
one or more charged pions. The sample selection for the
latter sample (same as the data presented here) is for a
semi-inclusive process; X may include, in addition to the
recoil nucleon, neutral pions, and other particles (nucle-
ons and photons) released by nuclear de-excitation and
final-state interactions (FSI). The neutral pion sample of
reaction (2) is more nearly exclusive [6]. The sample is
restricted to events having one and only one ⇡

0, with no
visible charged tracks other than the µ

+ emerging from
the primary vertex. The recoil system X

0 is limited to
the recoil nucleon plus de-excitation neutrons and pho-
tons. There is no limitation on the value of W .

For the analysis reported here, the selected event sam-
ples for reactions (1) and (2) are restricted by requiring
all events to have hadronic massW less than 1.8 GeV and
neutrino energy in the range 1.5GeV < E⌫ < 10GeV.

Here, W is calculated from the true muon kinematics and
true E⌫ . Consequently the charged pion sample is nearly
identical to the n-pion sample in Ref. [5] and the neutral
pion sample is slightly smaller than in Ref. [6]. The re-
striction on final-state hadronic mass serves to enhance
the contribution of �(1232) and N

⇤ resonance produc-
tion relative to that from CC DIS processes. Moreover
the hadronic mass selection, together with the require-
ment that a Michel electron be observed on a non-muon
track from the primary vertex, isolates a subsample of
process (1) that is more nearly a ⇡

+ production sample,
as will be elaborated below.

The two separate CC pion production event samples
were obtained with the NuMI beam in the low-energy
mode, with the horn-current focusing set to produce a
beam of predominantly ⌫µ or ⌫̄µ. Consequently, the spec-
tral shapes and e↵ective E⌫ range of the initiating ⌫µ/⌫̄µ

fluxes are similar for the two data sets. The initial studies
measured the rates and kinematic distributions for the
produced pions. Comparisons were made with generator
predictions, and trends involving final-state interactions
of the pions within the target carbon nuclei were iden-
tified. These measurements have also been compared to
a phenomenological treatment of neutrino-induced pion
production carried out within the GiBUU transport the-
oretical framework [7].

In the present work, the two CC(⇡) event samples
are investigated further and in tandem, enabling the
scope of Refs. [5] and [6] to be significantly extended.
The present analysis encompasses the di↵erential distri-
butions of the final-state muon and of kinematic vari-
ables that are determined by the muon kinematics, with
E⌫ and Q

2 receiving particular attention. The resulting
measurements are complementary to the pion kinemat-
ical distributions previously presented [5, 6]. While the
distributions of these previous works show interesting
sensitivity to the FSI processes, the distributions pre-
sented here depend on the combination of underlying
pion-production reactions on single nucleons with nuclear
medium e↵ects arising from nucleon-momentum distri-
bution and nucleon-nucleon correlations.

Comparisons of muon-related kinematic distributions
are used to elicit similarities and di↵erences between the
⌫-induced and ⌫̄-induced pion production datasets. To
illuminate the contributing processes, each data distribu-
tion is also compared to predictions obtained using neu-
trino event generators. For the latter data-vs-simulation
comparisons, the analysis makes use of three neutrino
event generators that are widely used by neutrino exper-
iments, namely GENIE 2.6.2 [8], NEUT 5.3.3 [9], and
NuWro [10]. These codes have been independently con-
structed and validated; a summary of the phenomeno-
logical strategies and models used by each generator is
given in Ref. [5].

The measurements of this work utilize event selections
and improved flux estimations that di↵er from those used
by Refs. [5, 6]. These modifications are discussed in Secs.
II and III.
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In ⌫µ/⌫̄µ CC scattering on nuclei, the nuclear medium
enables directly-produced CC(⇡) states to morph into
other final-state pion channels and into quasielastic-like
scattering topologies as well. These cross-channel mi-
grations involve energy transfer from the produced state
to the struck nucleus, rendering the total final-state en-
ergy di�cult to detect. In this way distortions are in-
troduced into the reconstruction of neutrino energy E⌫ ,
four-momentum transfer squared Q

2, and hadronic in-
variant mass W . Obtaining precise knowledge of the
observed CC(⇡) rates and relating them to the various
ways that directly-produced states can feed into the final
states actually observed, is crucial for continued progress
in neutrino oscillation measurements.

Two previous publications [5, 6] reported the MIN-
ERvA experiment’s first measurements of CC pion pro-
duction on hydrocarbon (CH) in the channels
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For both of these CC reactions it is possible to recon-
struct the incident neutrino energy, E⌫ , the squared four-
momentum transfer to the struck nucleus, Q2, and the
invariant hadronic mass, W . Through event selection,
the charged pion sample of process (1) is dominated by
⇡

+ production. The data in Ref. [5] was presented in two
di↵erent ways - a single-pion sample with W < 1.4GeV
and an n-pion sample withW < 1.8GeV where n signifies
one or more charged pions. The sample selection for the
latter sample (same as the data presented here) is for a
semi-inclusive process; X may include, in addition to the
recoil nucleon, neutral pions, and other particles (nucle-
ons and photons) released by nuclear de-excitation and
final-state interactions (FSI). The neutral pion sample of
reaction (2) is more nearly exclusive [6]. The sample is
restricted to events having one and only one ⇡

0, with no
visible charged tracks other than the µ

+ emerging from
the primary vertex. The recoil system X

0 is limited to
the recoil nucleon plus de-excitation neutrons and pho-
tons. There is no limitation on the value of W .

For the analysis reported here, the selected event sam-
ples for reactions (1) and (2) are restricted by requiring
all events to have hadronic massW less than 1.8 GeV and
neutrino energy in the range 1.5GeV < E⌫ < 10GeV.

Here, W is calculated from the true muon kinematics and
true E⌫ . Consequently the charged pion sample is nearly
identical to the n-pion sample in Ref. [5] and the neutral
pion sample is slightly smaller than in Ref. [6]. The re-
striction on final-state hadronic mass serves to enhance
the contribution of �(1232) and N

⇤ resonance produc-
tion relative to that from CC DIS processes. Moreover
the hadronic mass selection, together with the require-
ment that a Michel electron be observed on a non-muon
track from the primary vertex, isolates a subsample of
process (1) that is more nearly a ⇡

+ production sample,
as will be elaborated below.

The two separate CC pion production event samples
were obtained with the NuMI beam in the low-energy
mode, with the horn-current focusing set to produce a
beam of predominantly ⌫µ or ⌫̄µ. Consequently, the spec-
tral shapes and e↵ective E⌫ range of the initiating ⌫µ/⌫̄µ

fluxes are similar for the two data sets. The initial studies
measured the rates and kinematic distributions for the
produced pions. Comparisons were made with generator
predictions, and trends involving final-state interactions
of the pions within the target carbon nuclei were iden-
tified. These measurements have also been compared to
a phenomenological treatment of neutrino-induced pion
production carried out within the GiBUU transport the-
oretical framework [7].

In the present work, the two CC(⇡) event samples
are investigated further and in tandem, enabling the
scope of Refs. [5] and [6] to be significantly extended.
The present analysis encompasses the di↵erential distri-
butions of the final-state muon and of kinematic vari-
ables that are determined by the muon kinematics, with
E⌫ and Q

2 receiving particular attention. The resulting
measurements are complementary to the pion kinemat-
ical distributions previously presented [5, 6]. While the
distributions of these previous works show interesting
sensitivity to the FSI processes, the distributions pre-
sented here depend on the combination of underlying
pion-production reactions on single nucleons with nuclear
medium e↵ects arising from nucleon-momentum distri-
bution and nucleon-nucleon correlations.

Comparisons of muon-related kinematic distributions
are used to elicit similarities and di↵erences between the
⌫-induced and ⌫̄-induced pion production datasets. To
illuminate the contributing processes, each data distribu-
tion is also compared to predictions obtained using neu-
trino event generators. For the latter data-vs-simulation
comparisons, the analysis makes use of three neutrino
event generators that are widely used by neutrino exper-
iments, namely GENIE 2.6.2 [8], NEUT 5.3.3 [9], and
NuWro [10]. These codes have been independently con-
structed and validated; a summary of the phenomeno-
logical strategies and models used by each generator is
given in Ref. [5].

The measurements of this work utilize event selections
and improved flux estimations that di↵er from those used
by Refs. [5, 6]. These modifications are discussed in Secs.
II and III.
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FIG. 15. Di↵erential cross sections for pion kinetic energy,
d�/dT

⇡

, for the ⌫
µ

-CC(⇡+) (a) and ⌫̄
µ

-CC(⇡0) (b) samples.
The data (solid circles) are compared to GENIE predictions
neglecting versus including pion FSI (dashed vs solid-line his-
tograms). Improved descriptions for shapes of the pion spec-
tra are obtained with FSI e↵ects included in the simulations.

Distributions for µ

± and related kinematic variables
are featured by the main text. This Appendix presents
distributions describing pion production kinematics for
the two analysis samples. These figures represent up-
dates to similar plots presented in the previous pa-
pers [5, 6], reflecting the improvements in the neutrino
and antineutrino flux estimates noted in Sec. II A.
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FIG. 16. Di↵erential cross sections for the pion production
angle with respect to the beam direction, d�/d✓

⇡

, for the
⌫
µ

-CC(⇡+) (a) and ⌫̄
µ

-CC(⇡0) (b) samples. As in Fig. 15,
the data is compared to GENIE predictions without and with
pion FSI e↵ects included; marked improvement with the data
is observed when pion FSI is taken into account (solid-line
distributions).

Figure 15 shows the flux-averaged pion kinetic en-
ergy for the charged pions of the ⌫µ-CC(⇡+) sample
(Fig. 15a), and for the ⇡

0 of the ⌫̄µ-CC(⇡0) sample
(Fig. 15b). The kinetic energy ranges of ⇡+ and ⇡

0 are
di↵erent because the maximum ⇡

+ energy is closely re-
lated to the detector depth. Figure 16 shows the polar-
angle distributions for the produced ⇡

± and for the ⇡

0

of these samples. The data points depict the same signal
obtained with the same procedures reported in the main
text, including the restriction on the invariant hadronic
mass, W < 1.8 GeV. For the ⌫̄µ-CC(⇡0) sample, the
updated ⇡

0 distributions are shown for the same energy
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Figure 15 shows the flux-averaged pion kinetic en-
ergy for the charged pions of the ⌫µ-CC(⇡+) sample
(Fig. 15a), and for the ⇡

0 of the ⌫̄µ-CC(⇡0) sample
(Fig. 15b). The kinetic energy ranges of ⇡+ and ⇡

0 are
di↵erent because the maximum ⇡

+ energy is closely re-
lated to the detector depth. Figure 16 shows the polar-
angle distributions for the produced ⇡

± and for the ⇡

0

of these samples. The data points depict the same signal
obtained with the same procedures reported in the main
text, including the restriction on the invariant hadronic
mass, W < 1.8 GeV. For the ⌫̄µ-CC(⇡0) sample, the
updated ⇡

0 distributions are shown for the same energy

• Data compared with different simulations including simulation with FSI and without 
FSI
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Cross Section Results and Model Comparisons Neutrino Energy and Q2

Shape Comparison for Q2

GENIE shape agrees well except in the first bin for neutral pion production
Since the nuclear models used in the three generators are very similar,
agreement in the prediction is expected
Should examine coherent production at low Q2

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 51 / 56

Cross Section Results and Model Comparisons Neutrino Energy and Q2

Cross Section as a Function of Q2

The shape difference is the most interesting feature

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 50 / 56

Shape comparisons
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• In 1978 the Aachen-Padova measured the v+A→v+A+ π0 for the first time
• In 1782 the coherent production of a π0 in a neutrino interaction was proposed by 

D. Rein and L. Sehgal (Nucl. Pays. B223. 1983)

• Experimental signature

⌫l(k) +A(p) ! l�(k0) +A(p0) + ⇡+(p⇡)

Coherent Pion Production by Neutrinos
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Coherent Pion!
Production by Neutrinos

3

!
In 1978 the Aachen-Padova collaboration 
measured the vµ e scattering and found an 
excess of showers in the forward direction 
The coherent emission of a photon v+A→v+A+γ 
was proposed to explain this excess; however 
this mechanism could not account the 
observed  excess 
In 1983 the coherent production of a π0 in a neutrino interaction was 

proposed by D. Rein and L. Sehgal (Nucl. Phys. B223, 1983) 
The observation of v+A→v+A+ π0 was first reported in 1983 by Aachen-

Padova collaboration (Phys. Letter 125B, 1983)

August 1st, 2014

Phys. Letter 125B, 1983

A. Higuera, Joint Experimental-Theoretical Physics Seminar
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Two final state particles l∓+ π±,0 

Small transfer momentum to the 

nucleus,  |t| =(q-pπ)2 

No visible recoil 

!
  

Experimental signature

A(z,n)

π±,0

l∓,νν

W, Z

|t|=(q-pπ)2

A(z,n)

August 1st, 2014

Coherent Pion!
Production by Neutrinos

A. Higuera, Joint Experimental-Theoretical Physics Seminar

Two final state particles l∓+ π±,0

Small transfer momentum to the nucleus,     

|t| =(q-pπ)2

No visible recoil
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K2K experiment (CH) <Ev> = 1.3 GeV

SciBooNE experiment (CH) <Ev> =1.1 GeV,  2.2 GeV

No evidence for 
coherent pion production 
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• Two final state particles µ∓ + π±

Coherent Pion Production at MINERvA
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Two final state particles µ∓ + π± 

No extra visible recoil 

We require the total energy within 

a region around the vertex be 

consistent with a µ∓ + π±

A. Higuera, Joint Experimental-Theoretical Physics Seminar
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Low |t| =(q-pπ)2  is a strong signature of coherent events 
Out of the box GENIE overestimates the non-coherent pion production 
We use moderate |t| as a sideband for background tuning

Event Selection for CC Coherent Pion!
Production at MINERvA

A. Higuera, Joint Experimental-Theoretical Physics Seminar
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Kinematics

E⌫ = Eµ + E⇡

Q

2 = 2E⌫(Eµ � Pµcos✓µ)�m

2
µ

pµ is measured from a reconstructed muon in the MINOS ND  
Eπ is reconstructed calorimetrically   
Asume neutrino direction is parallel to the beam axis 

π
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A. Higuera, Joint Experimental-Theoretical Physics Seminar

Low |t|=(q-pπ)2Require the total energy 
within a region around the 
vertex be consistent with a    
µ∓ + π±
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MINERvA Cross Section 
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MINERvA Results 
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By selecting low |t| events, 
MINERvA provides a 
model-independent 
measurement of the 
differential cross-section for 
coherent scattering of both 
neutrinos and anti-
neutrinos on carbon 
Data prefer a more forward 
pion angle distribution and 
harder pion energy 
distribution

A. Higuera, Joint Experimental-Theoretical Physics Seminar
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By selecting low |t| events, 
MINERvA provides a 
model-independent 
measurement of the 
differential cross-section for 
coherent scattering of both 
neutrinos and anti-
neutrinos on carbon 
Data prefer a more forward 
pion angle distribution and 
harder pion energy 
distribution

A. Higuera, Joint Experimental-Theoretical Physics Seminar
• Data prefer a more forward pion angle distribution and harder pion energy distribution

• By selecting low |t| events, MINERvA provides a model-independent measurement of the differential cross-

section for coherent scattering of both neutrinos and anti-neutrinos on carbon 

Phys.Rev. D97 (2018) no.3, 032014 
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• We have several experiments studying different neutrino interactions and 
making precise cross section measurements
- MINERvA,T2K, NOvA, MiniBooNE, ArgoNeut NOMAD and others..

• Future neutrino oscillation experiment (DUNE) will use new detector 
technology
- New targets made of liquid argon

• Several experiments in the lab are leading the effort for the liquid argon 
(MicroBooNE, SBND and ICARUS) 

M. Toups First Results From MicroBooNE

Building on νμ CC selection
• First step toward a cross section 

measurement 

• Ongoing work evaluating systematics, e.g. 
poster P2.077 (M. Del Tutto, A. Furmanski) 
on model uncertainties 

• Tool to bootstrap our understanding of our 
detector and drive reconstruction and 
simulation improvements 

• Foundation for additional analyses 

• νμ CC track multiplicity study 

• νμ CCπ0 

36

Charged current candidate 
from MicrooBooNE
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• Measurements of quasi-elastic, pion production, DIS and inclusive on iron, lead and 
carbon using the NuMI medium energy beam yielding high statistics

• Measurements of nuclear effects for quasi-elastic and pion production with high 
statistics

52Joel Mousseau

Medium Energy

●Motivation

●Experiment

●Reconstruction

●CCInclusive

●CCDIS

●Medium E

●Conclusions
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Ongoing Effort with LAr
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• Short-baseline neutrino program at Fermilab:
• Search for a fourth type of neutrino (sterile neutrino)
• Measure cross sections on liquid argon

• Three LAr Time Projection Chamber (TPC) detectors at different locations

• Liquid argon has excellent resolution for final state 
• Provide sample of events with multiple nucleons 

B
�CLWL;L]L�f�E7A�[]=R]L;�LB��A6? APCB]T<=�&�?LBT<�6;P]TNL�I=]VAS=[�f�6[]TW��0��)*/

Booster Beam

110 m, 112 t 

SBND

600 m,  470 t 

ICARUS-T600

470 m, 86 t 

SBN program - Phase 2 - 7d��)*1%�BSP�#TN]=7==A:�OPBPNB=]�bTWW�MP�
U=T<PO�Md�Bb=�LOOTBT=<LW�?6]&FC8�OPBPNB=]A�LB�OT44P]P<B�MLAPWT<PA��

q BSP�SBND�OPBPNB=]�L<O��
q BSP�ICARUS-T600�OPBPNB=]��

4=];T<R�L�LAr TPC trio�(to sample the neutrino spectrum as a function 
distance)�4=]�BSP�E7A�neutrino oscillation�[]=R]L;

 FNAL Short Baseline Neutrino program
arXiv:1503.01520, January 2014

MicroBooNE !"
""
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• Some cross section measurements are challenging because nuclear effects are not 
easy to disentangle

• We need to understand the interplay between nuclear effects and cross sections in 
neutrino nucleus interactions 

• However, cross sections are very important, since they help us perfect the nuclear 
model we have in our event generator (GENIE)

• The nuclear model is essential to transfer information from the near detector to 
the far detector in oscillation experiment

• Understanding the neutrino interactions with nuclei is vital for precision oscillation 
measurements


