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Introduction

• We have a rich program for muon neutrino charged current quasi-elastic 
scattering (CCQE) in MINERvA	



• Updates to the previous CCQE results with the new flux 	



• We have several analyses in progress:	



• Study of final state interactions (FSI) using muon plus protons with CCQE-like 
events for neutrinos	



• Double differential cross sections for neutrinos and antineutrinos	



• Starting to analyze the new medium energy neutrino beam	



• Other CCQE talk from MINERvA:                                                                     
νe CCQE results by J. Wolcott, Identification of nuclear                                                                         
effects at low momentum transfer by P. Rodrigues
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MINERvA Experiment

The NuMI Beamline

~210 m 
of rock

MINERνA

✤ Target/Horn spacing can be varied to produce 
different energy spectra

✤ My talk today focuses on the “Low Energy 
(LE)” data taken 2010-2012

✤ We are currently running in the “Medium 
(ME)” configuration of the NOνA era.  
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• MINERvA uses the NuMI beam

• Fine-grained scintillator surrounded by calorimeters
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• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment
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Flux Estimate: GEANT Simulation
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✤ Flux simulation starts with a GEANT4 simulation 
of the NuMI beam line (G4NuMI)!

✤ Uses same geometry as other NuMI 
experiments, but differs in that we simulate 
protons on the target with GEANT4, not 
Fluka!

✤ We currently use GEANT version 4.9.2p03 
with the FTFP_BERT hadronic physics list

210 m

Running with the medium energy spectrum

• Fine-grained scintillator surrounded by calorimeters
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✤ Flux simulation starts with a GEANT4 simulation 
of the NuMI beam line (G4NuMI)!

✤ Uses same geometry as other NuMI 
experiments, but differs in that we simulate 
protons on the target with GEANT4, not 
Fluka!

✤ We currently use GEANT version 4.9.2p03 
with the FTFP_BERT hadronic physics list

210 m

Running with the medium energy spectrum
Currently running with medium energy spectrum
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• Fine-grained scintillator surrounded by calorimeters	
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Gen2-thin flux vs Gen0 flux

Muon neutrino in LE FHC For approvalFor approval

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



• Comparison of the new vs old flux for neutrinos (old flux=flux from 
2013 publication)	



!

!

!

!

!

!

• An updated flux version from 2013 flux was used for the analyses shown 
in this talk, for details about the flux see Tomasz’s talk from yesterday	



CCQE Measurements and the new Flux

4

Systematic uncertainties for 
the new flux are smaller
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Method to update the CCQE Measurements 
• The differential cross section was measured using	



!

• Changes in the flux produces changes in the cross section	



!

!

• We estimate factors like              by taking the number of signal events for a given 
true flux bin and reconstructed Q2 bin from the simulation 	



• Updates to the data only, change in the MC predictions should be small since the                                            
dσ/dQ2 varies by <25% over the entire region of our acceptance flux, with the bulk 
of the change occurring below the flux peak	



• Updates to the MC are underway                              
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Single Differential Cross Section for Neutrinos

6

The same plots, with Eroica Flux

5

The Same Plots Made Again This Week

4

Mainly here to prove I didn’t 
break anything

MINER‹A discriminates between nuclear models via lepton kinematics
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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
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Model Comparisons
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arXiv:1409.44972013 Measurement with updated flux
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Model Comparisons

!
!
!
!
!
!
!
!
!
!
!
!
!
!

• Different event generators: GENIE and NuWro+

• Models:


• Relativistic Fermi Gas (RFG), MA=0.99GeV/c2  (Model used by event generators) *

• Relativistic Fermi Gas (RFG), MA=1.35 GeV/c2  (Higher MA motivated by recent measurements)**

• Nuclear Spectral Function (SF), MA=0.99 GeV/c2 (More realistic model of the nucleon momentum) ***

• Transverse Enhancement Model (TEM), MA=0.99 GeV/c2  (Empirical model tuned to electron-nucleon 

scattering data) ****
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Antineutrino Neutrino

+ T. Golan, C. Juszczak, and J Sobczyk Phys.Rev. C85 (2012) 
* R. Smith and E. Moniz, Nucl. Phys. B43, 605 (1972) 
**A. A. Agular-Arevalo, et al., Phys. Rev. D 81, 092005 (2010) 
*** O. Benhar, A. Fabrocini, S. Fanton, and I. Sick, Nucl. Phys. A579, 493 (1994) 
**** A. Bodek, H. Budd, and M. Christy, Eur.Phys.J. C71, 1726 (2011) 
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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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Single Differential Cross Section Ratios

2013 Xlog Ratio Plots

6

xlog Ratio Plots, Eroica Update

8

7

2013 Measurement with updated flux

Total cross section: 
0.93±0.01(stat)±0.11(syst)x10-38cm2/neutron 

Total cross section: 
1.10±0.01(stat)±0.13(syst)x10-38cm2/neutron 

MINER‹A discriminates between nuclear models via lepton kinematics
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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
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Model Comparisons
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Model Comparisons

!
!
!
!
!
!
!
!
!
!
!
!
!
!

• Different event generators: GENIE and NuWro+

• Models:


• Relativistic Fermi Gas (RFG), MA=0.99GeV/c2  (Model used by event generators) *

• Relativistic Fermi Gas (RFG), MA=1.35 GeV/c2  (Higher MA motivated by recent measurements)**

• Nuclear Spectral Function (SF), MA=0.99 GeV/c2 (More realistic model of the nucleon momentum) ***

• Transverse Enhancement Model (TEM), MA=0.99 GeV/c2  (Empirical model tuned to electron-nucleon 

scattering data) ****
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+ T. Golan, C. Juszczak, and J Sobczyk Phys.Rev. C85 (2012) 
* R. Smith and E. Moniz, Nucl. Phys. B43, 605 (1972) 
**A. A. Agular-Arevalo, et al., Phys. Rev. D 81, 092005 (2010) 
*** O. Benhar, A. Fabrocini, S. Fanton, and I. Sick, Nucl. Phys. A579, 493 (1994) 
**** A. Bodek, H. Budd, and M. Christy, Eur.Phys.J. C71, 1726 (2011) 
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Single Differential Cross Section for AntiNeutrinos
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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
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Single Differential Cross Section Ratios

Xlog Ratio Plots, Made Again

7

xlog Ratio Plots, Eroica Update
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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
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arXiv:1409.44972013 Measurement with updated flux

Total cross section: 
0.604±0.008(stat)±0.075(syst)x10-38cm2/neutron 

Total cross section: 
0.719±0.010(stat)±0.089(syst)x10-38cm2/neutron 
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χ2 for    and     and combined

10

NuWro(MA = 0.99)
NuWro(MA = 1.35)
NuWro(MA = 0.99)TEM

NuWro(MA = 0.99)SLF

NuWro(MA = 0.99)RPA

Both Modes Neutrinos Antineutrinos

GENIE 40.5 27.6 24.0

52.6 38.1 26.9

56.8 50.9 25.4

26.8 21.1 7.6

44.8 39.5 27.8

101.8 109.8 39.6

⌫ ⌫̄
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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

11
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• The predicted proton angle and momentum is calculated using the 
muon kinematics from the minos-match sample

4
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3

must stop in the inner region of MINERvA.
Particle identification (PID) and the reconstructed en-

ergy for protons are determined using a track-based
dE/dx algorithm. The algorithm fits the measured
dE/dx profile of a track to predicted profiles for both pro-
ton and pion hypotheses, and the two fit �

2 values are
used to construct a proton PID consistency score [37].
This fitting routine successfully identifies protons that
rescatter due to nuclear interactions and provides a ki-
netic energy resolution of 5% for all identified protons.
An event is retained if all non-muon tracks pass a cut on
the proton PID consistency score.

The remaining cuts are designed to remove inelastic
background events with an untracked pion. Pions with
kinetic energies above 100 MeV are likely to interact
strongly within the detector materials, produce hadronic
showers, and consequently are unable to be reconstructed
as tracks. These events are removed by cutting on en-
ergy E

extra

that is not linked to a track and is located
outside of a 10 cm sphere centered at the vertex. Ex-
cluding this vertex region when making this cut reduces
sensitivity to mismodeling of low energy nucleons [7, 8],
which may arise from FSI or multinucleon e↵ects. Pi-
ons with kinetic energies below 100 MeV are removed
using an algorithm that identifies Michel electrons from
the ⇡ ! µ! e decay chain occurring near the vertex at
a delayed time relative to the initial neutrino interaction.
After applying all cuts, the sample contains 40,102 QE-
like candidates. The simulation predicts that 34.5% of
the events are from backgrounds containing at least one
final-state pion, where the backgrounds are described be-
low.

Measurement of the proton angle and momentum pro-
vides several variables that are sensitive to FSI. One vari-
able is the angle ' between the ⌫-muon and ⌫-proton
planes, and is shown in Fig. 1 for both the data and two
simulations: one with FSI and one without FSI. For both
simulations, the non-QE-like background is tuned using
a data-based procedure described below. For QE scat-
tering o↵ a free neutron at rest ' = 180�. The detector
resolution on ' is 3.8 degrees, so the width shown on the
distributions in Fig. 1 is due to Fermi motion, inelastic
scattering, and FSI e↵ects. The comparison shows that
GENIE with FSI describes the data better than GENIE
without FSI. The remaining discrepancy suggests addi-
tional FSI or cross section e↵ects not present in the GE-
NIE simulation.

The di↵erential cross section d�/dQ

2 is measured us-
ing the leading proton and the assumption of QE scat-
tering from a neutron at rest. Under this assumption,
Q

2 is given by

Q
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where T
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is the kinetic energy of the proton, M

n,p

is the
nucleon mass, and ✏

B

is the e↵ective binding energy of
+34 MeV [38]. This estimation of Q

2
QE,p

depends only
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FIG. 1: Angle between the ⌫-muon and ⌫-proton planes for
data (black points) and two predictions from GENIE, where
the solid line prediction includes FSI and the dashed line pre-
diction does not. The total predictions have been normalized
to the data, and the non-QE-like predictions have been nor-
malized to sidebands in the data.

on the T

p

of the leading proton. This approximation of
Q

2
QE,p

deviates from the Q

2 estimated using only the
muon. For the QE-like signal events that pass the analy-
sis cuts, Fig. 2 shows GENIE’s average values of various
estimates of Q

2 using truth information as a function of
Q

2 as defined by the muon kinematics, namely:
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where E
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µ

, and m

µ

are the true energy, true scatter-
ing angle, and mass of the muon and E

⌫

is the true en-
ergy of the neutrino. The solid and short-dashed curves
show Q

2
QE,µ

from the muon, and the discrepancy at
Q

2
QE,µ

> 1.7 GeV2 is from di↵erences in the way the
neutrino energy is estimated. The solid curve uses the
neutrino’s true energy, and short-dashed curve uses the
QE hypothesis to estimate the neutrino energy using the
muon’s true energy and angle, which is given by
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At higher Q

2
QE,µ

, the QE hypothesis inaccurately de-
scribes the inelastic component of the QE-like signal.

The dotted and long-dashed curves show Q

2
QE,p

from
the proton, and the e↵ects of FSI contribute to the
discrepancy between the curves. The tracking thresh-
old prevents the reconstruction of events with a lead-
ing proton having T

p

< 110 MeV, thereby resulting in a
Q

2
QE,p

limit roughly 0.2 GeV2 and poor acceptance for
Q

2
QE,µ

< 0.2 GeV2. Based on the Bodek-Ritchie [39, 40]

coplanarity angle
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Research Summary

2013-present Measuring the charged current Quasi-elastic (CCQE) neutrino differential cross section
ratios on different nuclei in the MINERvA experiment. Study of the final state interaction
for the CCQE interactions, specifically a sample where the proton is identified and the
muon is analyzed in the MINOS near detector. Fermilab National Laboratory.

2009-Spring 2013 Thesis: Study of neutrino CCQE interactions in the NOnA Near Detector Prototype. I
helped assemble and commissioning the Near Detector Prototype at Fermilab. Assembly
of the modules for the NOnA Near Detector Prototype at the factory of the University of
Minnesota. Advisor: Prof. Kenneth Heller. University of Minnesota.

Summer 2008 Study of a pre-selection cut based on contiguous planes for the electron neutrino appear-
ance analysis in MINOS, in order to remove data and Monte Carlo differences as well
as Far detector and Near detector differences. This cut has been adopted by the group
for the final analysis. This work was done with Prof. Mayly Sanchez (Harvard Univer-
sity/Argonne National Laboratory) and Prof. Hugh Gallagher (Tufts University).

Summer 2007 Review of aspects related to Hawking Radiation associated with black hole formation.
Supervisor: Dr. Emil Mottola. Los Alamos National Laboratory.

2005 M. Sc. Dissertation: On Duality for mass and massless particles of spin 2. Study of
dual equivalence for two theories that describe spin 2 with mass. Study of self duality of
massless spin 2, using dimensional reduction of dual action for Curtright and Fierz-Pauli
in five dimensions. Advisor: Prof. Adel Khoudeir. Universidad de Los Andes.

2002 B. Sc. Dissertation: On dual equivalence between massive topologically and self dual
theories in seven dimensions. The dimensional reduction of these theories leads to the
different dualities for massive antisymmetric fields in four dimensions. Advisor: Prof.
Adel Khoudeir. Universidad de Los Andes.
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Reconstructed Q2 in slices of coplanary angle• The expected proton momentum is calculated using the muon 
kinematics from the minos-match sample

Studying Final State Interactions using CCQE-like

• We have a CCQE-like sample with selected protons and one muon, 
published early this year, Phys. Rev. D 91 (2015)	



• We are studying the different regions of the coplanarity angle, the 
angle between the  ν -muon and  ν -proton planes 	



• From 0 to 110˚, from 110˚ to 160˚, and from 160˚ to 180˚

3

For Approval

This is the full QE-like sample with all applied 
analysis cuts.

The backgrounds are tuned to the data.

The message: the data prefers the simulation 
with FSI. 
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For Approval

This is the full QE-like sample with all applied 
analysis cuts.

The backgrounds are tuned to the data.

The message: the data prefers the simulation 
with FSI. 

φ = cosିଵ
ෝ𝐩஝ × ෝ𝐩ஜ ȉ ෝ𝐩஝ × ෝ𝐩୮
ෝ𝐩஝ × ෝ𝐩ஜ ෝ𝐩஝ × ෝ𝐩୮
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Event Selection

• Select events with two or more tracks, where one track is the muon and 
the other tracks are protons	



• Signal is defined as CC-QE like:	



• One negatively charged muon	



• At least one proton with momentum greater than 450 MeV/c	



• No pions

Introduction

3

MINOS

13

µ�

p
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Identifying the Protons

• Requires the hadrons to look like protons	



• Fit each hadron track energy loss, dE/dx profile, to standard proton and pion energy 
loss for templates	



• Uses the chi2/d.o.f values from both the pion and proton fits to create a score and 
momentum, requires pID score >0.35

14
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Removing Background Events

• Large amounts of extra energy, not associated with the                                                                                     
muon or proton, usually come from untracked particles	



• Define an unattached visible energy, energy outside 10 cm	



!

!

!

!

!

!

• Requires the unattached energy versus the 4-momentum                                                            
transfer QE scattering using the muon kinematics
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Outline

⌫ CCQE-Like
Analysis

Selection
Criteria

Background
Subtraction

Systematic
Uncertainties

Results and
Interpretations

Double
Di↵erential
⌫ CCQE
Analysis

Conclusion

Remove Unattached Energy
define a topological observable : unattached visible energy

• Large amounts of extra energy, not associated with the muon or
proton, usually comes from untracked particles

• Plot this versus the 4-momentum transfer QE scattering from a
nucleon at rest, using proton kinematics (Q2

QE,p), and define a
signal region

8 / 27

Q

2
QE = 2E⌫,QE(Eµ � pµcos✓µ)�m

2
µ



11/17/15Minerba Betancourt I MINERvA Experiment

Michel Electron Veto
• Removes the events with a Michel electron near the interaction vertex, events 

from low energy pions that stop and decay in the detector
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Joint Experimental-Theoretical Physics Seminar 

Removing Events with Soft Pions

𝝅∓ → 𝝁∓ + 𝝂𝝁 ഥ𝝂𝝁
µμି ⟶ eିതνୣνஜ
µμା ⟶ eାνୣതνஜ

Veto events with a 
Michel electron found 

near the interaction 
vertex.

Removes events with 
low energy pions that 
stop and decay in the 

detector.

Tammy Walton, Fermilab (Hampton University)    
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• Backgrounds are constrained using a multi-sideband technique!

• Use data to tune the background and select different sidebands outside the 
signal region!

• The fit extracts scale factors for Resonant and DIS plus other interactions                                                                                                !

!

!

!

!

!

!

!

• GENIE overestimates the Resonant production                                                     !

Tuning the Background

17

Background Scale Factors
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Definition of the Observables to study FSI 

• Vertex energy inside a box of 20 cm	



• Excluding the energy of the muon	



• Measured minus expected proton momentum	



!

where                             is obtained from the muon kinematics  	



• Neutrino energy (proton, muon) minus neutrino energy from QE 
hypothesis 	



!

18

�P = P
measured

� P
Expected

P
Expected

(E
⌫

, E
µ

)

E⌫ = Eµ + Tp +BE

E⌫,QE =
m

2
n � (mp � Eb)2 �m

2
µ + 2(mp � Eb)E⌫

2(mp � Eb � Eµ + pµcos✓µ

E⌫ � E⌫,QE

BE=binding energy
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 Vertex Energy

• Energy inside a box in slices of coplanarity angle, energy from the muon 
has been removed
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Distributions normalized to a common normalization for the entire            range '

• Another interesting variable, the energy in the box!

• Using the same definition as the coherent analysis

Energy in the vertex box
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• Energy inside a box in slices of coplanarity angle, energy from the muon 
has been removed
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• Another interesting variable, the energy in the box!

• Using the same definition as the coherent analysis

Energy in the vertex box
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• The expected proton momentum is calculated using the muon 
kinematics in different bins of coplanarity angle

Proton Momentum (Measured-Expected)( GeV )
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Measured-Expected Proton Momentum
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Neutrino Energy(proton+muon) - Neutrino from 
QE Hypothesis
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• Neutrino energy prediction differences	



•       is reconstructed using the muon and proton information	



•             is reconstructed using the QE hypothesis from muon angle and momentum
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Double Differential Cross Sections

• Double differential cross sections for neutrinos and antineutrinos	



• Muon longitudinal           and transverse momentum        are 
measurable quantities	



!

•              are less model dependent than Q2	



!

!

!

!

!

• Updated reconstruction and event selections	



• Measuring CCQE-like topology

23
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PZµ PTµ

C. Patrick, Northwestern University

Double-differential cross section

✤ Requested by NuSTEC group for use in global fits
✤ Muon longitudinal and transverse momentum are measurable quantities
✤ Dual parameter space should give additional power to distinguish between models
✤ Updated reconstruction with improved systematics
✤ Alternative signal definitions
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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	



24
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• Data and simulation event distributions vs. transverse muon momentum, in bins of 
longitudinal muon momentum 	



!

!

!

!

!

!

!

!

• Uncertainties on reconstruction and interaction model are shown on the simulation, 
including the CCQE uncertainty

Selected Events in Neutrino

25
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• Data and simulation event distributions vs. longitudinal muon momentum, in bins of 
transverse muon momentum 	



!

!

!

!

!

!

!

!

• Uncertainties on reconstruction and interaction model are shown on the simulation, 
including the CCQE uncertainty

Selected Events in Neutrino
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• Event selection:	



• Muon must be matched to a MINOS track	



• There must not be tracks apart from the muon, require one or 
zero isolated energy shower 	



• Require the Q2-dependent recoil energy cut	



• Previous CCQE measurement used signal definition: events with a 
neutron and a muon 

27
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Selected Events in AntiNeutrino Beam
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Finding a QE-like signal definition for AntiNeutrinos

• CCQE-like definition from neutrinos is not directly applicable to the antineutrinos	



• Low acceptance for CC0π events that are not CCQE 	



• Non-CCQE CC0π events have at least three nucleons in the final state	



• Events with a second neutron (events with multi nucleons?) are removed by the 
recoil energy cut 	



• For example, event with 2 neutrons, 4 protons, one of the proton with 330 MeV 	



!

!

!

!

• Finding the best selection for CCQE-like 	



!
28

MC Simulation!
RES 

µ+p

lines are truth information from MC
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• Data and simulation event distributions vs. longitudinal muon momentum, in bins of 
transverse muon momentum 	



!

!

!

!

!

!

!

!

• Uncertainties on reconstruction and interaction model are shown on the simulation, 
including the CCQE uncertainty

C. Patrick, MINERvA Collaboration

Double-differential cross sections

16

Double-differential 
cross sections in 

measurable variables 
will provide extra 

information to help 
distinguish between 

models.

The plots to the left 
are for the 

antineutrino CCQE 
sample.

✤ Plots show data and simulation event distributions vs. transverse muon momentum, in 
bins of longitudinal muon momentum

✤ Uncertainties on reconstruction and interaction model are shown on the simulation
✤ Reducing the uncertainty on the interaction model is a key goal of this study

Selected Events in AntiNeutrino (CCQE)

29
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CCQE Analysis in Medium Energy
• Collecting and analyzing the data from medium energy beam 	



• Working with the event selection	



• Muon track in MINERvA extending into MINOS, helicity cut	



• We have taken 6E20 POT	



!

!

!

!

!

!

• Tuning the Michel veto and proton identification for this sample

30
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Summary

• Several νμ CCQE analyses in progress:	



• Double differential cross sections for neutrinos and 
antineutrinos	



• Study of the final state interactions using a QE-like sample 	



• Cross section for neutrinos using the medium energy beam	



• Nuclear target analysis

31

MINERvA = cutting edge analyses!
From Wikipedia
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Back Slides
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 Vertex energy minus the energy from muon 

• Energy inside a box minus the muon energy in slices of coplanarity 
angle, same definition as the coherent analysis, the box contain proton 
information and the muon energy has been removed
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• Another interesting variable, the energy in the box!

• Using the same definition as the coherent analysis

Energy in the vertex box

6
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• The predicted proton angle and momentum is calculated using the 
muon kinematics from the minos-match sample in different bins of 
coplanarity angle

Measured-Predicted Proton Momentum

34
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Neutrino Energy(proton+muon) - Neutrino 
from QE Hypothesis

• Neutrino energy prediction differences	



•       is reconstructed using the muon and proton information	



•             is reconstructed using the QE hypothesis from muon angle and momentum
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Updates to the CCQE measurements

36

• In the analysis background are estimated from sidebands, we expect 
 modest changes to our background estimates. For this update, we have 
estimated a conservative upper limit on the size of this change and 
applied it as a systematic uncertainty	



• Updates to the data only, change in the MC predictions should be small 
since the dσ/dQ2 varies by <25% over the entire region of out acceptance 
flux, with the bulk of the change occurring below the flux peak	



• The change would then be the product of how much the flux changes 
with this effect, so plasysibly <2% everywhere even if we binned in energy 
and probably <1% in all dσ/dQ2 bins	
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  40

Gen2-thin flux vs Gen1 flux

Muon antineutrino in LE RHC For approvalFor approval

Comparing the fluxes Neutrino

For details see Tomasz Golan’s talk from yesterday

37

  38

Gen2-thin flux vs Gen1 flux

Muon neutrino in LE FHC
For approvalFor approval

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



• Comparison of the new vs old flux (updated flux version Generation 1)
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Comparing the fluxes AntiNeutrino

• Comparison of the new vs old flux, (old flux from 2013 publications) 

For details see Tomasz Golan’s talk from yesterday
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Muon antineutrino in LE RHC

Gen2-thin flux vs Gen0 flux

For approvalFor approval
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Selecting Antineutrinos CCQE

39
C. Patrick, Northwestern University

Selecting ν̄ quasi-elastic events

14

�̄µ + p ! µ+ + nAntineutrino mode

ν̄ beam

muon

neutron
To MINOS

W

p

⌫̄µ

n

µ+

MINOS-matched µ+

No non-muon tracks Max 1 isolated energy depositC. Patrick, Northwestern University

Selecting ν̄ quasi-elastic events

14

�̄µ + p ! µ+ + nAntineutrino mode

ν̄ beam

muon

neutron
To MINOS

W

p

⌫̄µ

n

µ+

MINOS-matched µ+

No non-muon tracks Max 1 isolated energy deposit
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Selecting Antineutrinos CCQE

C. Patrick, Northwestern University

Event selection: recoil energy

15

✤ Sum the energy deposited in the recoil region (typically from pions)
✤ Exclude the vertex region where extra low-energy nucleons could result from 

correlated pairs (10 g/cm2 sphere contains < 120 MeV protons)

TRACKER ECAL HCAL

Recoil energy region

NUCLEAR  
TARGETS

C. Patrick, Northwestern University

Event selection: recoil

16

Not QEQE

Additional cuts:
✤ Event in fiducial 

volume

ν̄: 54% efficiency, 77% purity

✤ Backgrounds include events such as
✤ Quasi-elastic-like resonant events, where 

the pion is absorbed
✤ QE-like deep-inelastic scattering events
✤ Other DIS or resonant events which are not 

removed by our cuts 

Sum the energy deposited in the recoil region, exclude the vertex region where 
extra low-energy nucleons could result from correlated pairs


