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• Neutrino interactions are very poorly understood. This has a direct impact in 
neutrino oscillation experiments	

• Oscillation probability depends on neutrino energy Eν	
• We need to reconstruct the neutrino energy precisely
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• Neutrino interactions are very poorly understood. This has a direct impact in 
neutrino oscillation experiments	

• Oscillation probability depends on neutrino energy Eν	
• We need to reconstruct the neutrino energy precisely	
• Some experiments use the lepton kinematics only, other experiments use the 

hadronic energy as well	
• A nice example: Probability distribution functions for an event of energy Etrue=1.45 

GeV to be reconstructed at an energy Ereco
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FIG. 4. (color online). Probability distribution functions for a
⌫µ event of the energy E

true

to be reconstructed at an energy
E

rec

. The results obtained for a QE event at E
true

= 1.45 GeV
(top) and a DIS event at E

true

= 3.45 GeV (bottom) show the
e↵ects of di↵erent assumptions on the detector performance;
see the text for details.

which are the probability distribution functions (PDFs)
for a neutrino interaction X at the true energy in the ith
bin to be reconstructed with an energy in the jth bin.
The observed event distribution can then be calculated
as

N

tot

i =
X

X

X

j

MX
ijN

X
j ,

where X runs over the four types of interactions consid-
ered (DIS, res, 2p2h, and QE), i and j refer to the energy
bins, and N

X
j stands for the number of X events in the

bin j computed without detector e↵ects. Note that, bar-
ring the boundary e↵ects, the smearing produced by the
migration matrices does not have any impact on the total
number of events.

To facilitate the reproduction of our results, we provide
the complete set of migration matrices, calculated for the
energies up to 8 GeV, using 0.1 GeV bins, and the cross
sections employed in our analysis [65].

In an ideal detector, all migration matrices would be
the unit matrices. In a real experiment, the reconstructed
energy may depend on the reconstruction procedure, as
well as on the mechanism of interaction. Imperfect de-
tection capabilities—energy resolutions, e�ciencies, and
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FIG. 5. (color online). Same as in Fig. 4 but for a ⌫̄µ event.

thresholds for particle detection—a↵ect the probability
for a neutrino event to be reconstructed in the correct
energy bin. In particular, finite energy resolutions smear
the measured energies, while imperfect e�ciencies and fi-
nite thresholds result in an energy partially carried away
by undetected particles. As a consequence, PDFs have
finite widths, they are asymmetric, with a broader tail
toward the lower energies, and their mean values are low-
ered with respect to the true neutrino energies.

Those features are illustrated in Figs. 4 and 5 for the
QE (DIS) mechanism of interaction and the true neutrino
and antineutrino energy of 1.45 GeV (3.45 GeV) recon-
structed using the calorimetric method. Comparing the
PDFs obtained for the perfect and realistic reconstruc-
tions, defined in Sec. IV, one can observe how sizable the
e↵ect of realistic detector capabilities is. For reference,
we also show the Gaussian distribution with the standard
deviation �(E⌫) = 0.15

p
E⌫ , with � and E⌫ in units of

GeV, typically applied to account for detector e↵ects in
phenomenological studies devoted to liquid-argon detec-
tors [6, 57, 66–68].

The di↵erences between the neutrino and antineutrino
PDFs can be traced back to a twofold reason: (i) di↵er-
ent contributions of neutrons to the final-state energy, as
shown in Fig. 3, and (ii) the typical energy transfer being
lower in antineutrino interactions, owing to the destruc-
tive interference of the response functions.

Even for the perfect-reconstruction scenario, the PDFs
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Motivation

• Neutrino oscillation experiments measure:	
!
!
!
!
!
!
!
!

• Having near and far detectors helps reduce some systematics	
• Since the flux is different at the near compared to the far detector due to 

geometry and oscillation,  the convolution of flux, cross section, and nuclear effects 
are different	

•  We still need a nuclear model to convert from produced to detected energy 
spectrum and topology in the near and the far detectors 
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• Having a near and a far detector help to cancel some systematics	
• Since the flux is different at near and at far detectors, the convolutions of flux times 

cross section times nuclear effects is different, we still need a nuclear model to 
convert from produced to detected energy spectrum and topology

Near and Far Detector
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• Modern neutrino experiments using neutrinos from accelerators	
- Different detector technologies 	
- Detectors made with different targets: carbon, liquid argon, helium, iron..	
• We need to model nuclear effects on a range of nuclei

Modern Neutrino Experiments 
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3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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Fig. 1. A side-view of the NOMAD detector.

with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment
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of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
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L5

, where the momentum p is in GeV/c
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used to determine the event topology (the assignment of
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tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014
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The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
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⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014
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νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
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experiments and a large data sample collected during four
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3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
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with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment
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3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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Fig. 1. A side-view of the NOMAD detector.

with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014
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Neutrino Energies for Different Experiments

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

• MINERvA flux covers most of the DUNE flux Plot courtesy of Phil Rodrigues
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Charged Current Interactions

7

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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Review of Quasi-Elastic Scattering

11
Minerba Betancourt 06/17/1510

• Quasi-elastic is one of the simplest channel in neutrino scattering
• We use a free nucleon CCQE formalism:

• where 

• Most of the form factors are known, except the axial form factor FA. This is 
parameterized as a dipole

• We need contribution from lattice QCD 

d�

dQ2
QE

=

M2G2
F cos

2 ✓C
8⇡E2

⌫

{A(Q2
)±B(Q2

)

s� u

M2
+ C(Q2

)

(s� u)2

M4
}

12/09/13  12

Free nucleon CCQE formalism:

Definitely not simple!

But if you look closely, there are just 6 form factors involved

Quasi-Elastic Scattering

Quasi-Elastic Scattering (CCQE)

FA(Q
2) =

FA(0)

(1� q2

M2
A
)2

Quasi-Elastic Scattering
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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)
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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	
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µ�
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Subtract the Plastic Background 
!   Predict spectrum of background using: 

 

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice 32 
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Charged Current Interactions

8

Resonant pion 

Deep inelastic 

Overview Charged Current Interactions
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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) 
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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)

9

T2K NOvA
DUNE MINERvADUNE

Quasi-elastic 

QE

RES

DIS MINERvA



Minerba Betancourt

• Fermi motion: In a nucleus, the target nucleon has a momentum.                
Modeled as Fermi gas that fills up all available state until some                         
Fermi momentum	

• Pauli blocking: Pauli exclusion principle ensures that states                            
cannot occupy states that are already filled 	

• Multi nucleon interactions	
• Final state interactions

Nuclear Effects

9

Final State Interaction Model (FSI)

• Final state interactions are very important; they model all the action happening just 
after the neutrino interaction	
!
!
!
!
!
!
!
!
!
!
!
!

• We are using the default GENIE with hA Intranuke model

26

Final state interactions [FSI]

Plan
MC in experiment

Neutrino interactions

Nuclear effects
Fermi gas
Spectral function
Final state interactions
Intranuclear cascade
FSI in GENIE

Generating splines

Generating events

Analyzing an output

Tomasz Golan MINERvA101 GENIE 14 / 45

Two models available: hA and hN

 Tomasz Golan,!
 MINERvA 101 workshop!

FSI in GENIE

Plan
MC in experiment

Neutrino interactions

Nuclear effects
Fermi gas
Spectral function
Final state interactions
Intranuclear cascade
FSI in GENIE

Generating splines

Generating events

Analyzing an output

Tomasz Golan MINERvA101 GENIE 16 / 45

FSI

Intranuke

hN Intranuke hA Intranuke

■ intranuclear cascade

■ data-driven cross sections

■ Oset model for pions
(coming soon)

■ INC-like with one
“effective” interaction

■ tuned do hadron-nucleus
data

■ easy to reweight

FSI in GENIE

Plan
MC in experiment

Neutrino interactions

Nuclear effects
Fermi gas
Spectral function
Final state interactions
Intranuclear cascade
FSI in GENIE

Generating splines

Generating events

Analyzing an output

Tomasz Golan MINERvA101 GENIE 16 / 45

FSI

Intranuke

hN Intranuke hA Intranuke

■ intranuclear cascade

■ data-driven cross sections

■ Oset model for pions
(coming soon)

■ INC-like with one
“effective” interaction

■ tuned do hadron-nucleus
data

■ easy to reweight

Final State Interactions (FSI)

Multi nucleon interactions

Fermi motion 

kF B 
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• Nuclear effects modify the true/reco neutrino energy relationship and final-state 
particle kinematics	
• An example of nuclear effects:	
!
!
!
!
!
!
!
!
!
!
• Due to final state interactions, particles can interact with nucleons and pion can be 

absorbed before exiting the nucleus

Why We Need to Understand Nuclear Effects

10

Cheryl Patrick, Northwestern University

So what counts as a quasi-elastic?

19

Remember that we are trying to help oscillation experiments. To decide how to 
define a quasi-elastic, we should think about them: what are their detectors like? 

What energies do they operate at? How do CCQE events look in them?

Resonant events that fake CCQE?
Initially QE events with final-state pions?

“Quasi-elastic” 2p2h scattering?

We looked at two “similar” analyses from 
MINERvA and MiniBooNE… but in fact they 
used different definitions for what counted 

as CCQE. What should we use?

νμ
μ μ

Neutron
Proton

⇡

Only proton and muon escape

absorbed by 
the nucleus
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• Plus if the near and far detector are made of different materials, we need to worry 
about A dependence of nuclear effects	
• For example, T2K uses near detector carbon measurements even though the far 

detector is made of water	
!
!
!
!
!
!
!
!
!
• DUNE near detector final design might include a target different than the far 

detector?

Why We Need to Understand Nuclear Effects

11

T2K Near Detector

T2K Far Detector
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Nuclear Models and Data
• Recent experimental data is not well described by current nuclear models	
• For example, recent data from MINERvA compared with simulations	
!
!
!
!
!
!
!
!
!
!
!
!

• It is crucial to have a reliable nuclear model in the Monte Carlo generator to take 
detector quantities back through the nucleus to produced quantities	

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

12

Phys. Rev. Lett. 116 (2016) 071802
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Studying Nuclear Effects in MINERvA

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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• Fine-grained scintillator tracker surrounded by calorimeters 	
• MINERvA has different nuclear targets iron, lead, carbon, helium, and water

13

Three views of scintillator bars give 
unambiguous 3D track reconstruction

Thanks to MINOS
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• Different targets built with combinations of different materials

Nuclear Targets

14

Nuclear Target Region"

Jorge G, Morfín - Fermilab 28 

Fiducial: within 85 cm apothem of beam spot 

Active 
Tracker 

W
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er
 T

ar
ge

t 
NUC. TARGET 1 
Fiducial Mass  
Fe: 323 kg 
Pb: 264 kg 

NUC. TARGET 2 
Fiducial Mass  
Fe: 323 kg 
Pb: 266 kg 

NUC. TARGET 3  
Fiducial Mass   
C: 166 kg 
Fe: 169 kg 
Pb: 121 kg 

NUC. TARGET 4  
Fiducial Mass  
Pb: 228 kg 

NUC. TARGET 5  
Fiducial Mass 
Fe: 161 kg 
Pb: 135 kg 

WATER TARGET  
Fiducial Mass    
625 kg H20 

1 2 3 4 5 

Helium Target  
Fiducial Mass  
0.25 tons  

4 tracker modules between each target 

CHCarbon Iron Lead
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Joel Mousseau 16

The NuMI Beamline

MINERvA

● MINERvA's neutrinos are produced by the NuMI 
beamline.

● Primary beam is 120 GeV protons from the Main 
Injector.

● Protons collide with a 2 λ graphite target. Decaying 
mesons produce a beam of 98% ν

μ
.

● Modeling expected flux is difficult. Typical strategy 
is to use external data to model hadron production 
in target.

● Other in situ measurements possible from muon 
monitors, geometry runs and neutrino electron 
scattering are possible.

MINOS

Neutrinos from NuMI Beamline

!
!
!
!
!
!
• 120 GeV protons from the Fermilab Main Injector hit a 1m graphite target, 

producing kaons and pions	
• The target and second magnetic horn can be moved                                                              

relative to the first horn to produce different                                                            
energy spectra	
• Presenting results for the low energy beam	
• MINERvA is currently running with the                                                         

medium energy beam 	
!
!

15

Joel Mousseau 16

The NuMI Beamline

MINERvA

● MINERvA's neutrinos are produced by the NuMI 
beamline.

● Primary beam is 120 GeV protons from the Main 
Injector.

● Protons collide with a 2 λ graphite target. Decaying 
mesons produce a beam of 98% ν

μ
.

● Modeling expected flux is difficult. Typical strategy 
is to use external data to model hadron production 
in target.

● Other in situ measurements possible from muon 
monitors, geometry runs and neutrino electron 
scattering are possible.

MINOS
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Data Set

• Today’s analysis uses 3.06E20 POT of neutrino data

Joel Mousseau 17

Low Energy Run Data Collected

● Low energy Physics 
run collected 3.98E20 
POT of neutrinos from 
03/2010 until 05/2012.

● Today's analysis uses 
3.12E20 POT of 
neutrino data.

● Currently, have 
collected 5.50E20 POT 
of Medium Energy data 
(not used today)

● We extend our thanks 
to AD for the years of 
reliable beam!

16

Thanks to the accelerator division
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Direct Measurements of Nuclear Effects
• MINERvA has looked at nuclear effects in inclusive and DIS processes	
• Ratios of cross sections as a function of Bjorken x	
!
!
!
!
!
!
!
!
!
!
!
!
!

• Oscillation experiments need to understand the nuclear effects for quasi-elastic and 
resonance too, not just the inclusive and DIS

17

Joel Mousseau 7

Charged Lepton Nuclear Effects

Scaling variable Bjorken x. In the 
parton model, x is the fractional 
momentum of the struck quark

● Shadowing and 
Anti-shadowing: Depletion 
of cross section at low x, 
presumably compensated 
by a enhancement from x ~ 
0.1 – 0.3. Shadowing is well 
understood experimentally 
and theoretically.

● EMC Effect: no universally 
accepted cause (though 
many theories). What is 
known is that it is a strong 
function of local nuclear 
density.

● Fermi motion: Each quark 
is allowed to have a 
maximum momentum of x = 
A, so increasing A increases 
maximum allowable x. 

Joel Mousseau 49

DIS Compared with Inclusive

CCDIS (note different axis range)

CC Inclusive (note different axis range)

● In this case: Bjorken x 
is now smeared by 
detector effects (no 
unfolding). 

● In both cases; we 
observe a deficit in low 
x events for the heavy 
nuclei (Fe, Pb) which is 
larger for Pb.

●There is some 
suggestion of a 
stronger effect for DIS.

●Our current neutrino 
energy is not sufficient 
to measure Fermi 
motion effects in DIS.

Inclusive lead to scintillator DIS lead to scintillator

Phys. Rev. Lett. 112, 231801 (2014) Phys. Rev. D 93, 071101 (2016)
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Quasi-Elastic Scattering (CCQE)

• The Quasi-elastic process gives the largest contribution for the signal in many oscillation 
experiments	

• We are using heavy targets for oscillation experiments, such as carbon and liquid argon	
• Using heavy targets involves modeling nuclear effects	
• As an example, a produced resonance interaction of energy E can be detected as quasi-

elastic like candidate of energy E’ if the pion is absorbed before leaving the nucleus 	
• The QE selection varies from experiment to experiment, some experiments use only the 

muon and others use the proton and muon

18

Cheryl Patrick, Northwestern University

Quasi-elastics at T2K and MiniBooNE

20

MiniBooNE used a mineral oil Cherenkov detector 
T2K’s far detector, Super Kamiokande, is water Cherenkov

Image : T2K

Muon ring at Super-K
✤ Muons and electrons travel through 

the large detectors to produce 
characteristic Cherenkov rings

✤ Most pions can also be detected
✤ Most nucleons are invisible, so a 

CCQE event presents as a muon ring

MiniBooNE ⟨Eν⟩=788MeV
T2K ⟨Eν⟩=600MeV

✤ Both experiments have mean energies below 
1GeV, where quasi-elastics dominate and 
resonant contamination is small

✤ T2K and MiniBooNE have both published CCQE 
results were the signal is defined as events with a 
muon and no pions in the final state (CC0!)

✤ As these look like quasi-elastics, we call them 
quasi-elastic-like

Cheryl Patrick, Northwestern University

Quasi-elastics at NOvA and DUNE

21

✤ Liquid argon detectors like DUNE, MicroBooNE and 
ArgoNeuT (above) have excellent charged particle resolution

✤ CC0& makes less sense now we have more information on the 
final state

O Palamara, NuInt 14

NOvA : 2GeV

DUNE 0.5-10 GeV

To reconstruct the energy, we must understand the final state

NOvA’s segmented liquid 
scintillator detector can see 
protons

R Patterson wine and cheese, NOvA ν charged-current candidate

ArgoNeuT ν quasi-elastic 
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• Quasi-elastic scattering has been measured using the kinematics of the muon and assuming 
the nuclear target is at rest	

• The neutrino energy and four momentum transfer is reconstructed using the angle and 
momentum of the muon	
!
!
!
!
!
!
!
!
!
!
!

• These measurements have told us a lot about models of CCQE, but they are limited 
because there are single measurements on single nuclei, and are measuring the 
superposition of cross section and nuclear effects 	

Quasi-Elastic Scattering (CCQE) using the Muon Kinematics

19

Minerba Betancourt 06/17/1513

• Some examples of modern experiments:
•  NOMAD experiment uses carbon as a target and a tracker detector with high 

energy experiment <E>=24GeV, both 1 and 2 track were measured  (purity 50%). 
Signal definition: quasi-elastic events

• MiniBooNE uses carbon as a target and a Cherenkov detector with low energy 
<E>=0.8GeV, analysis used                with no pions (purity 77%). Signal definition: 
events with no pions

  

Charged Current Quasi-Elastic

 Dominant contribution at T2K flux : QE approximation assumed to 

compute E
ν
 (from E

µ
) for all selected events in SuperKamiokande

 MC description tuned from bubble 

chambers νH data

● possibility of interactions with NN pairs 
(aka 2p2h and MEC effects)

● long range correlation between nucleons 
(aka RPA)

→ wrong modelling would cause bias on oscillation parameters

 Final State Interaction only included in 

MC models: CC1π with pion re-absorption 

included in signal (CC0π)

6/18

Effort ongoing to include them in MC

Martini et al., Phys.Rev. C80 (2009) 065501

MiniBooNE Collaboration, Phys.Rev. D81 (2010) 092005

 MiniBoone measurement shows large 
discrepancy wrt to this model (large M

A
QE) 

→ explication from theoretical models 
including :

νµ CC

Data is compared against a prediction based on Relativistic Fermi Gas Model

MiniBoonNE data fits better to 
an Axial Mass 1.35 GeV 
while NOMAD fits to an Axial 
Mass of 1 GeV 

puzzle?

Quasi-Elastic Scattering (CCQE)
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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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Background 
is constrained with 
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xlog Ratio Plots, Eroica Update
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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

5

Neutrino AntiNeutrino Neutrino⌫µ + n ! µ� + p ⌫̄µ + p ! µ+ + n ⌫µ + n ! µ� + p
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Model Comparisons
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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)
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Quasi-Elastic Scattering using the Proton Kinematics
• At the beginning of last year, MINERvA published the first differential cross section 

as a function Q2 determined from the proton, Tammy Walton’s PhD thesis, Phys. Rev. 
D. 91, 071301 (2015)	
• 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	
!
!
!
- M’ =Mn-Eb	

- Eb is the binding energy	
- Tp is the proton kinetic energy	
- Mn is the mass of the neutron	
- Mp is the mass of the proton	

!
!
• Good news: we can use the proton to reconstruct the Q2!	
!

Q2 = (M 0)2 �M2
p + 2M 0(Tp +Mp �M 0)
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Quasi-Elastic Scattering using the Proton Kinematics 
• Differential cross section as a function of the proton Q2	

• Using at least one proton with momentum >450 MeV/c	

!
!
!
!
!
!
!
!
!
!
• Data was compared against different generators, the GENIE used was 2.6.2 and a 

earlier version of NuWro	
• From the shape analysis, GENIE best describes the data 	
• The analysis I am presenting today is an extension of the earlier analysis, with a new 

event sample: the nuclear target region 

!
Phys. Rev. D. 91, 071301 (2015)

21



Minerba Betancourt

Simulations

• We have made considerable progress in modeling neutrino interactions lately	
• We use GENIE (2.8.4) Monte Carlo generator 	
• For detector response we use GEANT4 (4.9.2)	
• Quasi-elastic scattering from nuclei is simulated using:	
- Relativistic Fermi Gas model with Bodek-Ritchie tail	
- Using the old dipole axial form factor assumption and axial mass MA=0.99 GeV	
- We still need to update to the latest model independent axial form factor “z-

Expansion” tuned with deuterium data, Phys. Rev. D93 (2016), 113015	
- Fermi momentum kf=221 MeV	
- BBBA05 model for vector form factors 	
- Final state interaction simulation

22

 

Costas Andreopoulos, Rutherford Appleton Lab.
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Final State Interaction Model (FSI)

• Final state interactions are very important; they modify the particles coming from 
the initial interaction before they leave from the nucleus	
!
!
!
!
!
!
!
!
!
!
!
!
• We are using the default GENIE’s effective FSI model

23

Final state interactions [FSI]

Plan
MC in experiment

Neutrino interactions

Nuclear effects
Fermi gas
Spectral function
Final state interactions
Intranuclear cascade
FSI in GENIE

Generating splines

Generating events

Analyzing an output

Tomasz Golan MINERvA101 GENIE 14 / 45

Two models available: hA and hN

 courtesy of Tomasz Golan!
!

FSI in GENIE
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FSI

Intranuke

hN Intranuke hA Intranuke

■ intranuclear cascade

■ data-driven cross sections

■ Oset model for pions
(coming soon)

■ INC-like with one
“effective” interaction

■ tuned do hadron-nucleus
data

■ easy to reweight

FSI in GENIE
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FSI
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■ intranuclear cascade

■ data-driven cross sections

■ Oset model for pions
(coming soon)

■ INC-like with one
“effective” interaction

■ tuned do hadron-nucleus
data

■ easy to reweight

Cascade Effective!
 Model

NuWro GENIE
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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

24
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Reconstructed Muon Q2 vs Proton Q2 (Different Nuclei)

• Comparing each of the nuclei we are going to measure	
!
!
!
!
!
!
!
!
!
!
!
!
!
!
• Note that GENIE has similar FSI for different nuclei

25

GENIE simulation

• Comparing the Q2 reconstructed from muon kinematics and the Q2 reconstructed 
from proton kinematics	
!
!
!
!
!
!
!
!
!
!
!
!
!
• Q2 from proton kinematic is affected by final state interactions

Reconstructed Muon Q2 vs Proton Q2 (Plastic)
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• Comparing the Q2 reconstructed from muon kinematics and the Q2 reconstructed 
from proton kinematics	
!
!
!
!
!
!
!
!
!
!
!
!
!
• Q2 from proton kinematic is affected by final state interactions

Reconstructed Muon Q2 vs Proton Q2 (Plastic)
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Simulation Updates

• MINERvA-specific tune:	
- We scale down the cross section for non-resonance pion production to 

match bubble chamber data	
- Include multi nucleon interactions using the Valencia model
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Side story: We modify GENIE pion production to agree with deuterium
and MINER⌫A data
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I Scale down nonresonant pion production by 75% (1.5�)
I Further scale down pion production with W < 1.8 GeV by 10%
I Applied throughout this talk
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NonResonance Pion Production

• We modify the GENIE non-resonance pion production to agree with deuterium 
data, Rodrigues P., Wilkinson C. & McFarland K. Eur. Phys. C (2016) 76:474	
!
!
!
!
!
!
!
!
!
!
!
!
!
• Scale down the non-resonance pion production by 57% 

27

GENIE Non-resonance

Non-resonance
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Including 2p2h model

• Inclusion of the multi nucleon emission channel (np-nn) gives better agreement with 
data 	
!
!
!
!
!
!
!
!
!
!
!
• We are using one of the theoretical predictions and latest GENIE implementation 

of  Valencia model for QE-like 2p2h, arXiv:1601.02038, PRC 70, 055503 (2004), PRC 83, 
045501 (2011)	
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• Inclusion of the multinucleon emission channel (np-nh) gives better agreement with 
data without increasing the axial mass

• Theorists have made a lot effort these past years to improve the models 
10/8/2015 M. Martini,  NuFact15 11 
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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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Selection: GENIE plus RPA+2p2h
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I The 2p2h implementation is based on Nieves et al.’s calculation, and produces events on carbon

and oxygen only. Scaled up by 1.3% to account for the presence of other materials in the
detector

14

Including 2p2h model
• From a low recoil energy analysis, MINERvA found a big data excess in the region 

where neither 2p2h nor Delta make big contribution, even with the improvements 
to the model, we don’t agree with data where 2p2h effects show up

29

q3 is the three momentum 
transfer	

!

where ν is the calorimeter 
hadronic energy and Q2 is the 
four momentum transfer  

Phys. Rev. Lett. 116 (2016) 071802

q3 =
p

Q2 + ⌫2



Minerba Betancourt

Weight only 2p2h np events: no scaling down
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• We use a 2d Gaussian in true variables (q3,ν) as a reweighting function applied to the 2p2h 
events, and fits its parameters to get the best agreement between data and MC (QE and 
RES are unchanged)	

• We will include 2p2h in the MC for our analysis with this reweighting  	
!
!
!
!
!
!
!
!
!
!
!

• 2p2h events can involve an initial-state nn or np pair. For a systematic, we take extreme 
cases of only reweighting events on an nn pair, and only reweighting events on an np pair.  
We can again apply these weights to the CCQE analysis

Including 2p2h model

30
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Including Random Phase Approximation (RPA)

• Analogous to screening of electric charge in a dielectric 	
• For neutrino scattering in a nucleus, imagine the W as having a weak charge and 

polarizing the nuclear medium 	
• Calculated using Random phase approximation (RPA), PRC 70, 055503 (2004)	
• We add the RPA to GENIE by reweighting the QE events	
• Suppress cross sections at low four momentum transfer Q2

31

Charge screening in nuclear medium: “RPA”

Gri�ths, Introduction to Electrodynamics

I Analogous to screening of electric charge in a dielectric
I Calculated using Random Phase Approximation (RPA) PRC 70, 055503 (2004)

I Suppresses low energy, momentum transfer
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Charge screening in nuclear medium: “RPA”

Gri�ths, Introduction to Electrodynamics

I Analogous to screening of electric charge in a dielectric
I Calculated using Random Phase Approximation (RPA) PRC 70, 055503 (2004)

I Suppresses low energy, momentum transfer
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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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• Signal: 	
- One muon	
- No pions 	
- At least one proton with momentum >450 MeV/c

Signal (CCQE-Like)

34

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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Event Selection Overview
• At least two tracks	

• Reconstructed vertex is in the target material	

• Proton particle identification score: remove events with pions	

• Michel electron cut: remove events with low-energy pions by searching for Michel electron	

!
• Cut on energy far from the vertex: remove inelastic events with untracked pion

35

⇡± ! µ± + ⌫µ(µ̄⌫)
µ� ! e�⌫̄e⌫µ
µ+ ! e+⌫e⌫̄µ

Analysis includes events with muons 
that exit the sides of MINERvA

Analysis includes events with muons 
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Selecting Events with Protons (Proton pID Score Cut)

• Require events with a proton candidate	
- Fit each hadron track energy loss dE/dx profile to both pion and proton loss 

profile for particle identification 	
- Use the χ2/dof values from pion and proton fits to create a score and select the 

proton candidate
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Selecting Events with Protons

• Require events with a proton candidate	
- Fit each hadron track energy loss, dE/dx profile to both pion and proton loss 

profile for particle identification 	
- Use the χ2/dof values from pion and proton fits to create a score and select the 

proton candidate
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Removing Background Events Safely

• We define a variable called unattached visible energy, which is the sum of the visible 
energy that is outside of the sphere (radius=10cm)
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• We define a variable called unattached visible energy, which is the sum of the visible 
energy that is outside of the sphere (radius=10cm)

Removing Background Events

39
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• The unattached visible energy is used to reject background events 	

• Distributions for signal and background events 

Unattached Visible Energy vs Q2 Cut

Iron

40
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• The unattached visible energy is used to reject background events 	

• Distributions for signal and background events 

Unattached Visible Energy vs Q2 Cut

Lead
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• Removing events with a Michel electron found near the interaction vertex

Michel Veto

42
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• Events passing the analysis selection cuts	

!

!

!

!

!

!

!

!

• The dominant background is from resonance events	

• Resonance background events ~30%, deep inelastic background events 10%
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Carbon
Iron

Lead
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Background Constraint Procedure

• Backgrounds:	

1. Scintillator background: events that occurred outside the nuclear targets	

2. Non-CCQE like background: where the pions have been misidentified as 
proton, not remove by cuts
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Scintillator Background

• Scintillator background: events that occurred outside the nuclear targets
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Scintillator background
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• Removing the z cut, tails of the distributions are scintillator dominated events	

• Regions outside the fiducial volume are used to constrain the scintillator 
background	

• We fit the tails of the distributions for each target separately and extract a scale 
factor for the scintillator background 	

!

!

!

!

!

!

• Different scintillator scale factor for each target: Target 2 (0.99), Target 3 (0.90), 
Target 5 (1.1)
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Non-CCQE like Background

• Pions have been misidentified as proton, not remove by cuts
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Non-CCQE Background
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Background Constraint Procedure for Non-CCQE like
• Using the unattached visible energy for the events passing the proton pID for two 

different bins of Q2 in the tracker	

• Using the background dominated region in the unattached visible energy distribution	

• Let the background float in the fit while keeping the signal constant until the total 
matches the data distributions

48
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First Method
• Signal is fixed in the fit, background scale factor (0.93+/-0.01)	

!

!

!

!

!

• Signal is fixed in the fit, background scale factor (0.95+/-0.02)
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• Separating the background components into RES and DIS, letting the fit float the 
background components and keeping the signal fixed

50
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• Letting the fit float the background components and keeping the signal fixed; 
RES=0.67+/-0.08 and DIS=1.03+/-0.03	

!

!

!

!

!

• RES=0.5+/-0.09 and DIS=1.4+/-0.1

Second Method Separate the Backgrounds into his Components
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• For the tracker, the predicted background from both methods differ by ~10%	

• In the nuclear targets we have less information in the unattached visible energy 
distribution and much fewer statistics compared with data from the tracker region	

• The two component fit is not as stable for iron, lead and carbon for some regions 
of Q2 as for the tracker, due to similar shapes in the resonance and deep inelastic 
scattering distributions	

• We use the one component fit in the analysis and assign an extra systematic 
uncertainty (10%) to account for the difference between the procedures 
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Background Constraint Procedure 
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• After all the cuts	

!

!

!

!

!

!

!

!

• Background has been tuned	

• Distributions contain the background from the scintillator	

!

Reconstructed Proton Q2

53

Carbon Iron Lead
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• Protons are very sensitive to final state interactions	

• A clear effect of final state interactions can be shown with the coplanarity 
angle, which is the angle between the ν-muon and ν-proton plane	

!

!

!

!

!

!

• Detector resolution on 𝜑 is 3.8 degrees,                                                           
the width is due to Fermi motion, inelastic                                               s             
scattering and FSI effects	

Coplanarity Angle

Co-planarity Plots for Approval 24

For both simulations, the backgrounds 
are tuned to the data.

!
Phys. Rev. D. 91, 071301 (2015)
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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. 

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

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. 

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

CH
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• After all the cuts	

!

!

!

!

!

!

!

!

• Background has been tuned	

• Data/MC discrepancy increases with A	

Coplanarity Angle
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 Vertex Energy

• Energy inside a box in slices of coplanarity angle, energy from the muon 
has been removed

19

0 < ' < 110 110 < ' < 160 160 < ' < 180

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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• 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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• 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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Measuring Differential Cross Section

• Standard equation to measure the differential cross section

We measure differential cross sections

18

Unfolding

Events Selected

Backgrounds

Acceptance
Flux Targets

Bin-width

56

Efficiency
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• We have different efficiencies for each target, the most upstream targets, 
target1, target2 and target 3, are less efficient

Efficiencies

57
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Systematics

• We evaluated different systematics uncertainties	

- Flux	

- Detector response	

- Final state interactions	

- Hadron interactions	

- Cross section models

58
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FSI Systematics

• Different final state interactions models are evaluated

51
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Two models available: hA and hN

Iron

Dominant systematics: pion absorption and 
inelastic pion	
!
Since the proton is very sensitive to FSI, this 
systematic enters primary from the efficiency 
correction
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• Simulation has been tuned to hadron production data from NA49 and constrained  
using neutrino scattering on electrons	

Flux Prediction

59

• Simulation has been tuned to hadron production data from NA49 and constrained  
using neutrino scattering on electrons, arXiv:1607.00707 submitted to Phys. Rev. D 
and Phys. Rev. D 93, 112007 (2016) 	

Flux Prediction
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

56

Phys. Rev. D 93, 112007 (2016)
arXiv:1607.00707

Laura Fields I Recent Results from MINERvA 05/07/16

The NuMI Flux: In Situ Measurements

• Also pioneering use of a “new” standard candle for flux 
estimation: neutrino scattering on electrons:

14

• Well understood electroweak process
• Signal in MINERvA is a single electron moving 

in the beam direction
• Process cross section is smaller than nucleus 

scattering by a factor of 2000 -> statistically 
limited

Phys. Rev. D 93, 112007 (2016)

nu beam
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• GEANT hadron cross sections differ from data	
• In MC, we can reweight MC to account for the uncertainty in the cross section	
• Evaluated for proton, neutron and pion	
• Based on GEANT to data comparison we assign 

  

Hadron XSec Reweight

● GEANT4 hadron Xsecs
differ from data

● In MC we can reweight
to encompass the
uncertainty in the xsec

● Evaluated for proton,
neutron and pion

 � = 10% in C
   = 15% in Fe
   = 20% in Pb
based on 
GEANT to data
comparison

w = weight
 � = reweight amount

σ = Xsec
ρ = density
x = path length

Proton Interaction Systematic

60

  

Hadron XSec Reweight

● GEANT4 hadron Xsecs
differ from data

● In MC we can reweight
to encompass the
uncertainty in the xsec

● Evaluated for proton,
neutron and pion

 � = 10% in C
   = 15% in Fe
   = 20% in Pb
based on 
GEANT to data
comparison

w = weight
 � = reweight amount

σ = Xsec
ρ = density
x = path length

Phys. Rev. C23, 2173 (1981)
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FSI Systematics

• Different final state interactions models are evaluated

61
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Two models available: hA and hN

Parameter Uncertainty

pion/nucleon mean path 20%

pion/nucleon charge exchange 50%

pion absorption 30%

pion/nucleon inelastic cross section 40%

Iron

Dominant systematics: pion absorption and 
inelastic pion	
!
Since the proton is very sensitive to FSI, this 
systematic enters primarily from the efficiency 
correction
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Detector Response

• The MINERvA detector’s hadronic energy response was measured at the Fermilab 
Test Beam Facility using small replica of MINERvA	
• In addition to a Birk’s law calculation, hadronic energy reconstruction uncertainty is 

estimated from difference between test beam data and GEANT simulation

62

Joel Mousseau 24

Test Beam
●The MINERvA detector's hadronic 
energy response is measured using a 
dedicated test beam experiment at the 
Fermilab Test Beam Facility (FTFB)

●Custom built beamline collected data 
during the summer of 2010. 

● In addition to a Birk's Law calculation, 
hadronic energy reconstruction 
uncertainty is estimated from difference 
between test beam data and GEANT 
simulation.

Custom built beamline Plus miniature 
detector

Aliaga L. et. Al. Nucl.Instrum.Meth. 
A789 (2015) 28- 42 

 Nucl. Instrum. Meth. A789 (2015) 28-42

Important systematics are well under control

I Flux
I Tune to NA49 data
I Remaining O(10%) uncertainties
I Essentially an overall scale
I L. Aliaga W&C, Dec. 18 at 1PM

I Muon energy scale
I Muon p scale known to 2–3%

I Recoil energy reconstruction
I Testbeam measurements

I Interaction modelling

I 10s of % uncertainties on primary
interaction, FSI
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Results
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• Results compared against FSI GENIE with and without 2p2h simulation	
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
• Data prefers the simulation including 2p2h 	
!
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Differential Cross Section Measurements
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CH Carbon

LeadIron

carbon iron lead

GENIE 6/5 19/5 16/5

GENIE  
no 2p2h 11/5 64/5 41/5

Χ2/d.o.f
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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
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• The one pion absorption difference between GENIE and NuWro is contributing to 
the  A dependence 	
!
!
!
!
!
!
!
!
!
!
!
!
• Comparisons of GENIE and NuWro without FSI showed some disagreement for 

the inelastic component from the total quasi-elastic

GENIE and NuWro

67
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Energy Reconstruction Problem 
Final State Interactions 

!   Example: Pion absorption 
! Pions can be absorbed in interaction nucleus 

!   Energy and signature of pion is missing 

!   Pion absorption is A-dependent 

àEnergy smearing is A-dependent 

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice 99 

p	

νµ µ- 

W±	

p	 π+	

Cross	sec2on	vs	pion	energy	
before	and	aÖer	final	state	
interac2ons.	
	

O.	Lalakulich,	U.	Mosel,	and	K.	Gallmeister	
Phys. Rev. C 86, 054606 (2012) 
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Ratios Carbon/Iron/Lead to Scintillator

68
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52Joel Mousseau

Medium Energy

●Motivation

●Experiment

●Reconstruction

●CCInclusive

●CCDIS

●Medium E

●Conclusions

• Nuclear effects using different variables with the same muon+proton sample,  arXiv:
1608.04655	
• Measurements of quasi-elastic on iron, lead, and carbon using the NuMI medium 

energy beam yielding high statistics and a larger Q2 range	
• We have over 10E20POT in the medium energy beam and plan to take advantage 

of that data set in the future	
• Many of the exclusive measurements done for the tracker will be performed with 

the nuclear targets, for example pion production measurements	

Future

70
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Conclusions

• We report new measurements of quasi-elastic like events on multiple nuclei  
(carbon, iron and lead) in an identical neutrino beam 	

• Both FSI effects and the 2p2h effect take energy from the leptonic system (2p2h) or 
pions (FSI) and move it into nucleons, which then affect the energy estimation in 
neutrino oscillation measurements	

• We are measuring this directly by looking at muon+proton events	

• Data prefers the simulated enhancement that the 2p2h model predicts	

• There are similar 2p2h predictions in GENIE and NuWro, but different FSI 
predictions as a function of A. Data prefers NuWro 	

• These results will allow us to provide a constraint on the A dependence of nuclear 
effects	

• Oscillation experiments depend on modeling nuclear effects correctly for precision 
oscillation measurements!
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The NuMI Flux
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Laura Fields I Recent Results from MINERvA 05/07/16

The NuMI Flux

• A exhaustive use of external hadro-production data provides 
both corrections to our Geant4-based flux estimate and a 
detailed breakdown of hydro-production uncertainties:

13

Expect DUNE hadron production 
uncertainties to look similar, without 

further hadron production data 

L. Aliaga PhD thesis 
(FNAL-2016-03)

See Poster by M. Kordosky Wed. Night

• Simulation has been tuned to hadron production data from NA49 and constrained  
using neutrino scattering on electrons, arXiv:1607.00707 submitted to Phys. Rev. D 
and Phys. Rev. D 93, 112007 (2016) 	

Flux Prediction
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
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Neutrino Electron Scattering

74
Laura Fields I Recent Results from MINERvA 05/07/16

The NuMI Flux: Neutrino Electron Scattering

15

• This statistically limited result reduces MINERvA’s flux uncertainties as a function of 
energy by 10-20% (of the a priori uncertainties)

• Systematics estimation shows what uncertainties DUNE will need to reduce to achieve 
1-2% flux constraint with this method: mostly related to neutrino-nucleus interaction 
modeling
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Migration Matrices
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• Selected events in each of the nuclei and the scintillator background

Reconstructed Z Positons

76

Reconstructed Vertex Z ( cm )
575 576 577 578 579 580 581

Ev
en

ts
 / 

0.
89

 c
m

0

0.2

0.4

0.6

0.8

1

1.2

1.4

310×
True Iron

True Lead

True US Plastic

True DS Plastic

 p-µ A Target5 (Fe, Pb) µi

A PreliminaryiMINER

3.06e+20 Data POT
Area Normalized

Reconstructed Vertex Z ( cm )
488 490 492 494 496 498 500 502

Ev
en

ts
 / 

0.
88

 c
m

0

100

200

300

400

500

600

700 True Carbon

True Iron

True Lead

True US Plastic

True DS Plastic

 p-µ A Target3 (C, Fe, Pb) µi

A PreliminaryiMINER

3.06e+20 Data POT
Area Normalized

Reconstructed Vertex Z ( cm )
468 469 470 471 472 473

Ev
en

ts
 / 

0.
86

 c
m

0

0.2

0.4

0.6

0.8

1

1.2

1.4

310×
True Iron

True Lead

True US Plastic

True DS Plastic

 p-µ A Target2 (Fe, Pb) µi

A PreliminaryiMINER

3.06e+20 Data POT
Area Normalized

• For events passing the analysis selection cuts


