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• Follow up from yesterday
• How we produce a neutrino beam
• Neutrino interactions 
• Examples of nuclear effects in neutrino interactions
• Cross section measurements  
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Each color represents square of the PMNS matrix entry

For example, the tiny green band (electron) in the ν3 line          

   |U_e3|^2 = sin^2(theta_13) = 0.02 
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• Oscillation probability for 3 flavor with matter effect included

• In which ⍴ is the density of crust,                     
•          Is the mass splitting between ν1 and ν3,                   which is positive for normal 

hierarchy and negative for inverted mass hierarchy 
• The sign in front A is positive when it is in the neutrino mode and negative for 

antineutrino mode 

Addressing the Remaining Questions
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baryonic sector is not big enough to explain today’s asymmetry in the universe, theorists are

building models to explain the lepton asymmetry first, which can then be converted to baryon

asymmetry. Currently, the knowledge of �cp is limited by the resolution of our detection tech-

nologies. So far the best attempt to examine it was made by T2K [48]. At 90% confidence

level, the region excluded by T2K is: (0.15,0.83)⇡ for normal hierarchy and (-0.08,1.09)⇡ for

inverted hierarchy. So the normal hierarchy is slightly favored by T2K over inverted hierarchy.

The NO⌫A experiment is designed to have the capability to examine the CP violation more

precisely.

2.4.4 ⌫µ ! ⌫e Masurement in the NO⌫A Experiment

One of the main goal of NO⌫A is to observe electron (anti)neutrino appearance, through

which NO⌫A has sensitivity to most of the remaining questions in neutrino oscillations. Equa-

tion.2.37

P (⌫µ(⌫̄µ) ! ⌫e(⌫̄e)) = sin2 2✓13 sin
2 ✓23

sin2(A� 1)�

(A� 1)2

⌥ 2↵ sin ✓13 sin �cp sin 2✓12 sin 2✓23
sinA�

A

sin(A� 1)�

A� 1
sin�

+ 2↵ sin ✓13 cos �cp sin 2✓12 sin 2✓23
sinA�

A

sin(A� 1)�

A� 1
cos�

(2.37)

shows the ⌫µ(⌫̄µ) to ⌫e(⌫̄e) oscillation probability for 3 flavors with matter e↵ect included. In

the equation,

↵ = �m2
21/�m2

31 (2.38)

� =
⇡

2hc
⇤ �m2

31 ⇤ L
E

= 1.27 ⇤ �m2
13/[eV

2] ⇤ L/[km]

E/[GeV ]
(2.39)

A = ±GfNeL/
p
2� = ±7.56⇥ 10�5 ⇤ ⇢/[g/cm�3] ⇤ E/[GeV ]

�m2
13/[eV

2]
(2.40)

in which ⇢ is the density of the crust, ⇠ 3 g/cm�3, and �m2
13 is the mass splitting between ⌫1

and ⌫3, m2
⌫3 �m2

⌫1 , which is positive for normal mass hierarchy and negative for inverted mass

hierarchy. The sign in the front of A is positive when it is in the neutrino mode and negative

for antineutrino mode. The first term has sin2 2✓13 and sin2 ✓23, which means that the electron
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How to make a neutrino beam
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1. PROTONS HIT CARBON. 

2. CHARGED PIONS ARE PRODUCED.

3. PIONS DECAY TO NEUTRINOS.

Carbon rod
High energy protons

How to make a neutrino beam

10

n π+ 

π+ 

K+

μ+ 

νμ 

νμ  

μ+ 

p+
p+ p+

μ+ 

νμ 

Neutrinos from the Main Injector (NuMI Beam)

11

Main Injector

p+

~1m

• Protons hit carbon
• Charged pions are produced
• Pions decay to neutrinos
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• A beam of protons interact with a target and produce pions and kaons

• Focusing system (2 horns, with current, emitting B field)
• Decay region (large pipe, filled with helium)
• Monitors and absorbers 
• Neutrino beam produces mainly νμ  and a small component of νe

Neutrinos From Accelerators

�6

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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• The target and second magnetic horn can be moved relative to the first horn to 
produce different energy spectra 

• This allows a study of neutrino interaction physics across a broad neutrino energy 
range

• Neutrino oscillation experiments use interactions in the near and far detectors to 
study oscillation physics 

52Joel Mousseau

Medium Energy

●Motivation

●Experiment

●Reconstruction

●CCInclusive

●CCDIS

●Medium E

●Conclusions

Neutrino Energy Spectrum from NuMI

�7
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Neutrinos from the Booster 
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8 GeV protons 
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• Modern neutrino experiments using neutrino from accelerators
- Different detector technologies and targets:
• Oxygen, carbon, iron, liquid argon, helium, lead..
- Different neutrino beams
• Common goal for all the experiments:
- Study neutrino interactions

Minerba Betancourt I The MINERvA Experiment 02/05/15

Neutrino Experiments

• Introduction
• Motivation
• Overview of cross section measurements
• Charged current quasi-elastic
• Pion production
• Charge current inclusive 
• Deep inelastic 

2

5

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]

Chambers
Muon

Beam
Neutrino

V8

Calorimeter
Hadronic

1 meter

PreshowerModules
TRD

Dipole Magnet
⊗ B = 0.4 T

Trigger Planes

Electromagnetic
CalorimeterDrift Chambers

Calorimeter
Front

Veto planes

x

y

z⊗

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

5

17 mm


16.7 mm


3 different rotated plane views to 
resolve high multiplicity events 

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

MINERvA

NOMAD

Argonut MicroBooNE

MiniBooNE
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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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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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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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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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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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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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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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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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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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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

5

17 mm


16.7 mm


3 different rotated plane views to 
resolve high multiplicity events 

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

13

The neutrino scatters elastically off the 
nucleon ejecting a nucleon from the target

The neutrino can excite the target nucleon 
to a resonance state

The neutrino scatters off a quark in the 
nucleon producing a hadronic system in 
the final state

Charged Current Interactions

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

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

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

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

15

µ�

p

DATA$Event$

μ"candidate(

p"candidate(

π"candidate(

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 cos2 ✓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

Minerba Betancourt

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

Past �⌫ Measurements

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

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

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

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

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

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

12

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

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

antineutrino 

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

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

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

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

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

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

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

15

µ�
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Neutrino 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) 

14

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)

Charged Current Interactions

T2K NOvA
DUNE
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Neutrino Cross section
• Two types of neutrino oscillation measurements:

•  Appearance and disappearance

• In both cases we count events induced by given type of 
neutrinos Quasi-Elastic scattering (QE)

Neutrino
 flux φ

Density of targets n

Volume of the 
detector V

ν
ν

ν

νν

ν

Cross section σ

Number of interactions
per second 

 φσnV

11

'�nV

• What is the cross section?
- A measure of the probability of an interaction occurring 

19

Neutrino Cross Section

Number of interactions that occurred

Number of targets 
Total flux of incident neutrinos per unit area

Cross Section

Neutrinos interact only by 
week force, at 1 GeV

�(⌫N) ⇠ 10�38cm2

�(pp) ⇠ 10�26cm2compare with 

tiny

� =
N

�T ✏
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Cross Section is one of the largest systematics

22

T2K’s uncertainties, from PRL 116, 181801 (2016)

Cross section is one of the largest 
systematic uncertainties for oscillation 
experiments like T2K as an example

Measurement of Muon Antineutrino Oscillations with an Accelerator-Produced
Off-Axis Beam
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• Oscillation probability depends on neutrino energy Eν
• We need to reconstruct the neutrino energy precisely

• Neutrino energy reconstruction is obtained using the final state particles
• Cherenkov experiments use muon information 

• Fully active experiments reconstruct the energy using:  Eν=Elepton+hadron

• Nuclear effects modify the kinematics of the particles and the reconstruction of 
the neutrino energy

21

P (⌫↵ ! ⌫�) ⇡ 1� sin2 2✓ sin2(
�m2L

E⌫
)

Joel Mousseau 6

 Neutrinos in Nuclear Media

●One common theme of the experiments 
mentioned: they rely on large A 
materials (Fe, Ar, C, H

2
O etc.)

●Problem: nuclear effects caused by 
nucleons bound in a nucleus distort the 
measured kinematics of the neutrinos.

●Two detectors will not solve your 
problem: these effects modify the near 
and far energy spectra differently.

●Effects not well understood in neutrino 
physics. General strategy has been to 
adapt nuclear effects from electron 
scattering into neutrino scattering.

Neutrino scattering 
is 

straightforward...

...Until it's not!

E
had

• 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

18

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)

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

Neutrino Energy and Q2 Reconstruction

9

Antineutrino 
# of events 
16,467 
Efficiency 54% 
Purity 77%

Neutrino 
# of events 
29,620 
Efficiency 47% 
Purity 49%

Event Generator 
GENIE 2.6.2

Main background 
from resonance 
production

Q2 = �m2
µ + 2EQE(Eµ � pµ cos ✓µ)

Background is constrained 
with data using a sideband 
sample

Nucl, Instrum. Meth A614 (2010)

E⌫ =
m2

n � (mp � Eb)2 �m2
µ + 2(mp � Eb)Eµ

2(mp � Eb � Eµ + pµ cos ✓µ)
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction

�8

Antineutrino

Neutrino

Event Generator 
GENIE 2.6.2

Main background 
from resonance 
production

Q2 = �m2
µ + 2EQE(Eµ � pµ cos ✓µ)

Background 
is constrained with 
d a t a u s i n g a 
sideband sample

Nucl, Instrum. Meth A614 (2010)

E⌫ =
m2

n � (mp � Eb)2 �m2
µ + 2(mp � Eb)Eµ

2(mp � Eb � Eµ + pµ cos ✓µ)

xlog Ratio Plots, Eroica Update

8

MINER‹A discriminates between nuclear models via lepton kinematics
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MINER‹A discriminates between nuclear models via lepton kinematics
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Charged Current Quasi-Elastic Scattering
• MINERvA uses the lepton kinematics and the hadronic part of the interaction to measure the CCQE single 

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

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

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

5

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

Minerba Betancourt/Moriond QCD 2014

Model Comparisons
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In More Detail

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 

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
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• We do not know:
- Initial state bound nucleon momenta
- Bound nucleon cross section
- Multi-nucleon correlated states 
- Final state interactions
• Several challenges from the theoretical model side and experimental side to 

understand neutrino interactions

Neutrino Interactions: 
Simple  until they aren’t 

3 

ν l 

d u 
W± 

Leptonic current is perfectly predicted in SM  
 as is the hadronic current for free quarks. 

For inclusive scattering from a 
nucleon, add PDFs for a robust 

high energy limit prediction 

For exclusive, e.g., quasi-
elastic scattering, hadron 
current requires empirical 
form factors. 

If the nucleon is part of a nucleus, it may be modified, off-
shell, bound, etc.  Also, exclusive states are affected by 

interactions of final state hadrons within the nucleus. 

(drawings courtesy G. Perdue) 

K. McFarland, MINERvA 15 January 2014 
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K. McFarland, MINERvA 15 January 2014 

Neutrino Interactions

n p

ν

l

p
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• 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

24

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
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Fermi gas
Spectral function
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Intranuclear cascade
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Generating events

Analyzing an output
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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

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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• Final state interaction (FSI):
- Due to final state interactions, particles can interact with nucleons and pions can 

be absorbed before exiting the nucleus and other nucleons get knocked out

• Nuclear effects modify the true/reco neutrino energy relationship and final-state 
particle kinematics
• Pion absorption is twice as big in Argon as it is in Carbon!

25

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

Example of Nuclear Effects (Final State Interaction)

Start as a RES interaction, the pion is absorbed and the interaction looks QE like
 in our detector
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• Nuclear effects modify the true/reco neutrino energy relationship and final-state 
particle kinematics

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

Example of Nuclear Effects (Final State Interactions)
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• Nuclear effects modify the neutrino energy, for example multi-nucleon interactions 
(Meson exchange current or short range correlations)

• The resulting di-nucleon pair undergoes final                                                        
state interaction and produce low energy protons                                                            
and neutrons which we do not detect well  

• Multi-nucleon processes smear the                                                                      
reconstructed neutrino energy

• Solid lines: multi nucleon contributions
• Dashed lines: genuine CCQE events

Example of Nuclear Effects (multi-nucleon interaction)[2p2h]

27

νμ

pair of nucleons

μ

 nucleons

Martini et al. arXiv:1211.1523
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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)

�22

Minerba Betancourt 06/17/1514

• 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 

An explanation of this puzzle    

M. Martini, M. Ericson, G. Chanfray, J. Marteau Phys. Rev. C 80 065501 (2009) 
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Quasi-Elastic Scattering (CCQE)

Interactions involving multiple nucleons: “2p2h”
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E
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N N
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N N

p
...

Adapted from G. D. Megias, NuFact 2015
Breaks Éerenkov detector energy

reconstruction!
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Model compared to MiniBooNE data
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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

�23

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

��•�••� 22

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

�24

Simulations

 

Costas Andreopoulos, Rutherford Appleton Lab.

Read the GENIE
users manual

NEW

GENIE
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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

�25

 

Costas Andreopoulos, Rutherford Appleton Lab.

Read the GENIE
users manual

NEW

GENIE
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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

�26

Final state interactions [FSI]
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Two models available: hA and hN

 courtesy of Tomasz Golan
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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
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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

Cascade Effective
 Model

NuWro GENIE
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Quasi-Elastic Scattering

�27

Quasi-elastic 

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

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

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

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

15

µ�

p
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• Using Llewellyn-Smith formalism:


• A, B and C are functions F1, F2 and the axial-vector FA

�28

Quasi-Elastic Scattering (CCQE)

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 cos2 ✓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
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• We use a free nucleon CCQE formalism                                                                           
to determine the cross section

• Depend on the form factors F1, F2 and the axial                                                                       
form factor FA

• The vector form factors F1, F2 are known from                                                         
electron-nucleon scattering 

• The axial form factor is described using an ansatz

• FA(0) is constrained from neutron beta decay and MA is the axial mass

�29

Quasi-Elastic Scattering (CCQE)

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

• We use a free nucleon CCQE formalism

where s and u are the Mandelstam variables.  A, B and C depend on the form factors F1, F2 

and the axial form factor FA

• The F1, F2 are know from electron-nucleon scattering 
• The dipole ansatz is used to describe the axial form factor

• FA(0) is constrained from neutron beta decay and MA is the axial mass

Nucleon Axial Form Factor Using z-Expansion and Deuterium!
A. S. Meyer1,2,M. Betancourt2, R. Gran3, R. J. Hill1,4,5!

The University of Chicago1,Fermilab2, University of Minnesota Duluth3,TRIUMF4 and Perimeter5!

Background Subtraction

Fitting the Deuterium Data Using the 
z-Expansion

Introduction

 
Axial Form Factor from z-Expansion

•We perform a joint, shape-only log likelihood fit to the ANL 1982, BNL 1981 and 
FNAL 1983  deuterium quasi elastic differential cross section data using the z-
Expansion axial form factor.!
•Each data set is allowed to independently float a normalization. !

!

Comparing Dipole and z-Expansion with 
MINERvA Data

Extracted mA from Deuterium 
Experiments

Summary

Lightning Introduction of z-Expansion
z-Expansion gives a model-independent description of the axial form factor

• Conformal mapping to bring Q2
! z for |z| < 1:

FA(z) =
1X

k

akz
k

• Motivated by analyticity arguments

• Coe�cients shown to be bounded, decreasing

• Provides a prescription for introducing more parameters as data improves

• Allows quantification of systematic errors

• z-Expansion in incubator project for GENIE, target release v2.12

12 / 41

•We use the available deuterium data from ANL 1982 with 1737 events !
and energy peak at 0.5 GeV, BNL 1981 with 1138 events and energy !
peak at 1.6 GeV and FNAL 1983 with 362 events and high energy peak   !
20 GeV.!
•The following table shows the extracted mA from original!

 references, our extraction using original inputs parameters (old) !
and our extraction using present-day best values (new). !

•The z-Expansion is fit with four free parameters, plus an additional four parameter 
satisfying sum rules and one parameter to fix the FA(0)!
•Gaussian priors used on z-Expansion coefficients!
•Gaussian penalties: All the penalties have a central value around 0, motivated by 
bounds from perturbative QCD which require the coefficients to be bounded and 
decreasing!
•Sum rule applied to ensure !
•We use deuterium corrections from Singh (Nuclear Physics B36 (1972)) and we 
examined alternative deuterium corrections 

Deuterium Fitting

with Richard Hill, Rik Gran, Minerba Betancourt

Fitting done on deuterium bubble chamber data
(controlled nuclear e↵ects)

Three datasets (reference hyperlinks online):
• ANL 1982: 1737 events, 0.5GeV [peak]

• BNL 1981: 1138 events, 1.6 GeV [average]

• FNAL 1983: 362 events, 20 GeV [peak], 27 GeV [average]

PRELIMINARY shape-only fits to QE di↵erential cross section data

Results propagated to single nucleon QE total cross section

Gaussian priors used on z-Expansion coe�cients:
if (k  5) �k = 5, else �k = 25/k

Sum rule applied to ensure FA ⇠ 1/Q4 as Q2 ! 1
8 / 26
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•A model independent description of the axial form factor called !
    z-Expansion is derived in Phys. Rev. D84 (2011).!
• The formalism starts with the dispersion relation for the form factor !

!
!
!
    where                  and the integral starts at the three-pion                !
•Using a standard transformation !

!
!
    This transformation takes the kinematically allowed region                  !
 to  within                     . The figure illustrates the mapping !
!
!
!
!
!
!
!
!
!
where t0 is a free parameter and can be chosen for better convergence to z.!
•The form factor can be expressed as a power series in the new  
variable z!

!
!

•Advantages of z-Expansion:!
  Good convergence in small expansion parameters, which a q2 !
expansion cannot do and  better control over systematic errors. !
!
!

•z-Expansion is coded in GENIE with reweighing functionality for the error band, 
and can be implemented in any nuclear model!
•The MINERvA data (Phys. Rev. Lett. 111 (2013)) is compared to the axial form factor 
from dipole and Z-Expansion, both predictions of the differential cross section (axial 
form factor is an input) have been extracted using GENIE neutrino event generator  
with the relativistic Fermi gas model.!

quasielastic neutrino scattering, Q2 = −q2 ≥ 0. As discussed in the Introduction, an expansion
at q2 = 0 defines an “axial mass parameter” mA, via

FA(q
2) = FA(0)

[

1 +
2

m2
A

q2 + . . .

]

=⇒ mA ≡

√

2FA(0)

F ′
A(0)

. (5)

Equivalently, we may define an “axial radius” rA, via

FA(q
2) = FA(0)

[

1 +
r2A
6
q2 + . . .

]

=⇒ rA ≡

√

6F ′
A(0)

FA(0)
. (6)

The factors appearing in (5) and (6) are purely conventional, motivated by the dipole ansatz
(2), and by the analogous charge-radius definition for the vector form factors. Asymptotically,
perturbative QCD predicts [10, 11] a ∼ 1/Q4 scaling, up to logarithms, for the axial-vector
form factor. However, the region Q2 ! 1GeV2 is far from asymptotic, and the functional
dependence of FA(q2) remains poorly constrained at accessible neutrino energies.

2.2 Analyticity

−Q2
max 9m2

π

t z

Figure 1: Conformal mapping of the cut plane to the unit circle.

We proceed along lines similar to the vector form factor analysis in [9]. Recall the dispersion
relation for the form factor,
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where t ≡ q2 and the integral starts at the three-pion cut, tcut = 9m2
π. We can make use

of this model-independent knowledge by noticing that the separation between the singular
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we map the domain of analyticity onto the unit circle in such a way that the physical region
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•We presented preliminary results for the z-Expansion using deuterium data.!
•Data from different experiments is compared against the dipole and z-Expansion 
axial form factors. !
•We present more realistic description of uncertainties in the axial form factor 
using a model independent fit.!
•The z-Expansion is available in GENIE and can be used for current and future 
neutrino experiments.

E(GeV )

I Phys. Rev. D23 (1981)!
II Phys. Rev. D26 (1982)!
III Phys. Rev. D28 (1983)!
!

I!
II!

•Quasi-elastic is described using the free nucleon formalism!
!
!
where s and u are the Mandelstam variables. A, B and C depend on the 
form factors F1, F2 and the axial form factor FA.!
•The F1, F2 are known from electron-nucleon scatterings. The dipole  
ansatz is used to describe the axial form factor !

 !
!

•Experiments with deuterium targets have employed this ansatz, 
obtaining a world average !

!

•Modern experiments using heavy targets, like carbon, from 
MiniBooNE reported a higher axial mass!
•Other experiments such as K2K, SciBar and MINOS find similar 
higher axial mass compared with the world average.!
•This work presents results of a new model-independent approach 
for the axial form factor applied to deuterium data.!

!
!
!
!
!
!
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z-Expansion
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[hep-ph]) is a conformal mapping which takes the kinematically
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! For reference, later plots will have |zmax| = 0.45
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t0 = 0 t0 = topt0 (1.0GeV2)

||FA||2/|FA(t0)| 1.5-1.7 1.9-2.3

||FA||∞/|FA(t0)| 1.0-1.4 1.4-1.8

Table 1: Typical bounds on the coefficient ratios
√

∑

k a
2
k/a

2
0 (first line of table) and |ak/a0|

(second line) in an axial-vector dominance ansatz. The range corresponds to the range 250−
600MeV for the a1 width and the range 1190− 1270MeV for the a1 mass.

where t0 is a free parameter representing the point mapping onto z = 0. Analyticity implies
that the form factor can be expressed as a power series in the new variable,

FA(q
2) =

∞
∑

k=0

akz(q
2)k . (9)

The coefficients ak are bounded in size, guaranteeing convergence of the series. Knowledge of
ImFA over the cut translates into information about the coefficients in the z expansion [9]. In
particular we have

a0 =
1

π

∫ π

0

dθReFA[t(θ) + i0] = FA(t0) ,

ak≥1 = −2

π

∫ π

0

dθ ImFA[t(θ) + i0] sin(kθ) =
2

π

∫ ∞

tcut

dt

t− t0

√

tcut − t0
t− tcut

ImFA(t) sin[kθ(t)] , (10)

where

t = t0 +
2(tcut − t0)

1− cos θ
≡ t(θ) . (11)

2.3 Coefficient bounds

For a given kinematic range 0 ≤ −t ≤ Q2
max, we can choose the free parameter t0 in

(8) to minimize the resulting maximum size of |z|. It is straightforward to see that the

“optimal” value of t0 is topt0 = tcut
(

1−
√

1 +Q2
max/tcut

)

, and for this value of t0, |z| ≤
[(1 + Q2

max/tcut)
1/4 − 1]/[(1 + Q2

max/tcut)
1/4 + 1]. For example, if the kinematic range is

Q2
max ! 1GeV2, then our expansion parameter is constrained to be |z| ! 0.2. Terms be-

yond linear order in the expansion are suppressed by |z|2 ! 0.04, etc., and are not tightly
constrained by current experimental data. This is the sense in which the slope of the form
factor (conventionally taken at q2 = 0) is essentially the only relevant shape parameter. The
effects of the higher order terms must of course be accounted for in assessing the uncertainty
on extracted observables. We now turn to this question.

The expansion coefficients appearing in (9) can be used to define norms,

||FA||p =
(

∑

k

|ak|p
)1/p

. (12)
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Curves are the cross sections for the single nucleon for the z-Expansion and Dipole 
fits, data are the cross sections on carbon from MiniBooNE and NOMAD 
experiments

Dipole

z-Expansion

FA(q
2) =

FA(0)

(1� q2

m2
A
)2

mA = 1.026± 0.021GeV

mA = 1.35± 0.17GeV

III!

FA(0) is constrained from neutron !
beta decay

GeV

GeV

Preliminary shape-only fits are shown

d�

dq2
=

M2G2
F cos

2✓C
8⇡E2

⌫

{A(q2)�B(q2)
s� u

M2
+ C(q2)

(s� u)2

M4
}

Deuterium best fit compared to data on Carbon

•The error band on the Z-Expansion 
prediction is extracted from the joint fit  to 
deuterium data using the same fit parameters 
as the above total cross section fit and the 
error band on the dipole prediction is from 
the world average axial mass extracted from 
deuterium data with mA=0.99 GeV/c2!

•The resulting cross section is higher with the 
best-fit z-Expansion parameters. The quality 
of the fit is similar, but the interpretation of 
the agreement and the presence of the multi-
nucleon effects in carbon might change.!

Differential Cross Section as a function of Q2

 J. Phys. G 28, R1 (2002) !

�2
/DOF 128/97
a1 2.25± 0.21
a2 �1.16± 0.38
a3 �4.2± 1.7
a4 4.6± 2.2

mdipole
A (ref) mdipole

A (old) mdipole
A (new)

BNL 1981 1.07(6) 1.09(6) 1.06(6)

ANL 1982 0.95(9) 1.08(6) 1.05(6)

FNAL 1983 1.05±0.12
0.16 1.20(10) 1.17(10)

2

MiniBooNE: Phys. Rev. D 81 (2010) !
NOMAD: Eur. Phys. J. C 63 (2009)

gA = 1.23 and muon mass was included. BBBA05 uses Fp =
2M2FA
Q2+M2

⇡
.

Olsson Fp = 0.

Nuclear corrections for all the data sets

Ignoring the first bin for ANL 1977, 1973 and FNAL 1983, but not for BNL1981.

mA(papers) mA(BBBA05) mA(Olsson) mA

ANL 1982 1.00± 0.05 1.03± 0.06 1.07±0.06 1.09± 0.06
BNL 1981 1.07± 0.06 1.04± 0.06 1.07±0.06 1.099±0.058
FNAL 1983 1.05±0.12

0.16 1.17± 0.11 1.20± 0.01 1.23± 0.098

Table 1: Extracted mA from deuterium experiments. The first mA values are from the original

publications, the second mA values has been extracted using the BBBA05 parameterizations, the

third mA values has been extracted from the Olsson parameterization.

mA(papers) mA(BBBA05) mA(Olsson)

BNL 1981 1.07± 0.06 1.04± 0.06 1.07±0.06
ANL 1982 1.00± 0.05 1.03± 0.06 1.07±0.06
FNAL 1983 1.05±0.12

0.16 1.17± 0.11 1.20± 0.01

�2
/DOF 168/122
mA 1.05(4)

1

�2
/DOF 167/119
a1 2.36+0.21

�0.19

a2 �0.61+0.42
�0.39

a3 �5.4+1.6
�1.7

a4 5.2+2.5
�2.2

mdipole
A (ref) mdipole

A (old) mdipole
A (new)

BNL 1981 1.07(6) 1.09(6) 1.06(6)

ANL 1982 0.95(9) 1.08(6) 1.05(6)

FNAL 1983 1.05±0.12
0.16 1.20(10) 1.17(10)

2
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Quasi-Elastic Scattering (CCQE)

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 cos2 ✓C
8⇡E2

⌫

{A(Q2)±B(Q2)
s� u

M2
+ C(Q2)

(s� u)2

M4
}
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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

d�

dq2
/ (F1, F2, FA)
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Axial Form Factor

�30

• The dipole axial form factor ansatz:

• Experiments with deuterium targets have employed this                                  
anzatz,  obtaining a world average MA

• The dipole axial form factor is!
!
!
!

• FA(0) is constrained from neutron beta decay and mA is the axial mass!
• Experiments with deuterium targets have employed this anzatz, obtaining a world average 

mA!
!
!

• Modern experiments using heavy targets, like carbon, from MiniBooNE reported a higher 
axial mass!
!
!
!

• Other experiments such as K2K, SciBar and MINOS find similar higher axial mass 
compared with the world average!

• This high mA is an effective parameter, we expect represents multi-nucleon effects, and 
not directly the form factor

Axial Form Factor Ansatz

3

18

F 1
V

(q2) and F 2
V

(q2) are the Dirac electromagnetic isovector form factor and the Pauli elec-

tromagnetic isovector form factor. And the ⇠ = µp � µn = 3.71 (µ = anomalous magnetic

moment).

The F 1
V

and F 2
V

can be written as a function of the Sachs from factors:

F 1
V (q2) = (1 � q2

4M2
)�1[GV

E(q2) � q2

4M2
GV

M (q2)]

⇠F 2
V (q2) = (1 � q2

4M2
)�1[GV

M (q2) � GV

E(q2)]. (2.18)

The Sachs form factors have been well measured in electron scattering experiments [29].

The GV

M
, GV

E
are described to within ±10% experimentally by:

GV

E(q2) =
1

(1 � q2

0.71GeV 2 )2

GV

M (q2) =
1 + µp � µn

(1 � q2

0.71GeV 2 )2
. (2.19)

The cross section equation 2.16 also depends on the axial vector from factor FA(q2). This

axial-vector form factor can be written using a dipole approximation as follows

FA(q2) =
FA(0)

(1 � q2

(MA)2 )2
(2.20)

where MA is the axial vector mass. FA at (q2 = 0) has been measured in neutron � decay

experiments. The q2 dependance of the axial form factor is extracted from the neutrino-

nucleon quasi elastic data. This is equivalent to measuring MA.

The di↵erential cross section for charged current quasi elastic (CC QE) interactions

depends on the value of axial vector mass MA. Figure 2.3 shows the di↵erential cross

section for CC QE interactions as a function of Q2 for mono energetic neutrinos scattering

o↵ free nucleons using di↵erent values of MA, for MA = 1.0 GeV, MA = 1.1 GeV and

MA = 1.2 GeV. The left plot shows the curves normalized by area and shows that changing

the value of MA has an e↵ect on the shape of the cross section. The right plot shows

the curves absolutely normalized and shows that changes to MA also changes the overall

normalization of the cross section.

Measurements of the axial vector mass MA have been made by several experiments, the

next section provides a review of some experimental results.

The changes of MA can a↵ect the shape and rate information as is shown in figure

2.3. Some experiments present results for MA using only rate information, only shape

information or both. Those depending only on a rate analysis require a good knowledge

of the flux. Many of these experiments did not have su�cient knowledge of the incident

neutrino flux to use the rate information.

mA = 1.35± 0.17GeV

mA = 1.014± 0.014GeV Eur. Phys. J. C 53, 349 (2008)

Phys. Rev. D 81 (2011) 092005
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• where 
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Free nucleon CCQE formalism:
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But if you look closely, there are just 6 form factors involved
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• These experiments measured the axial mass MA, pretty good agreement between the 
experiments

12
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• The dipole axial form factor ansatz:

• Modern experiments using heavy targets, like carbon from                                                 
MiniBooNE reported a higher axial mass

• Other experiments such as K2K, SciBar and MINOS find similar higher axial mass 
compared with the world average

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 cos2 ✓C
8⇡E2

⌫

{A(Q2)±B(Q2)
s� u

M2
+ C(Q2)

(s� u)2

M4
}
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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
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Neutrino Experiments

• Introduction
• Motivation
• Overview of cross section measurements
• Charged current quasi-elastic
• Pion production
• Charge current inclusive 
• Deep inelastic 
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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
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FIG. 15: (Color online). Flux-unfolded MiniBooNE νµ CCQE
cross section per neutron as a function of neutrino energy. In
(a), shape errors are shown as shaded boxes along with the
total errors as bars. In (b), a larger energy range is shown
along with results from the LSND [56] and NOMAD [10] ex-
periments. Also shown are predictions from the nuance sim-
ulation for an RFG model with two different parameter vari-
ations and for scattering from free nucleons with the world-
average MA value. Numerical values are provided in Table X
in the Appendix.

CCQE parameters underpredicts the measured differen-
tial cross section values by 20 − 30%, while the model
using the CCQE parameters extracted from this shape
analysis are within ≈ 8% of the data, consistent within
the normalization error (≈ 10%). To further illustrate
this, the model calculation with the CCQE parameters
from this analysis scaled by 1.08 is also plotted and shown
to be in good agreement with the data.

C. Flux-unfolded CCQE cross section as a function
of neutrino energy

The flux-unfolded CCQE cross section per neutron,
σ[EQE,RFG

ν ], as a function of the true neutrino energy,
EQE,RFG

ν , is shown in Figure 15. These numerical values
are tabulated in Table X in the Appendix. The quantity
EQE,RFG

ν is a (model-dependent) estimate of the neu-
trino energy obtained after correcting for both detector
and nuclear model resolution effects. These results de-
pend on the details of the nuclear model used for the cal-
culation. The dependence is only weak in the peak of the
flux distribution but becomes strong for Eν < 0.5 GeV
and Eν > 1.2 GeV, i.e., in the “tails” of the flux distri-
bution.
In Figure 15, the data are compared with the nuance

implementation of the RFGmodel with the world average
parameter values, (M eff

A = 1.03 GeV, κ = 1.000) and
with the parameters extracted from this work (M eff

A =
1.35 GeV, κ = 1.007). These are absolute predictions
from the model (not scaled or renormalized). At the

source normalization error (%)

neutrino flux prediction 8.66

background cross sections 4.32

detector model 4.60

kinematic unfolding procedure 0.60

statistics 0.26

total 10.7

TABLE IV: Contribution to the total normalization uncer-
tainty from each of the various systematic error categories.

average energy of the MiniBooNE flux (≈ 800 MeV), the
extracted cross section is ≈ 30% larger than the RFG
model prediction with world average parameter values.
The RFG model, with parameter values extracted from
the shape-only fit to this data better reproduces the data
over the entire measured energy range.
Figure 15(b) shows these CCQE results together with

those from the LSND [56] and NOMAD [10] experiments.
It is interesting to note that the NOMAD results are bet-
ter described with the world-average M eff

A and κ values.
Also shown for comparison in Fig. 15(b) is the predicted
cross section assuming the CCQE interaction occurs on
free nucleons with the world-averageMA value. The cross
sections reported here exceed the free nucleon value for
Eν above 0.7 GeV.

D. Error Summary

As described in Section IVE, (correlated) systematic
and statistical errors are propagated to the final results.
These errors are separated into normalization and shape
uncertainties. The contributions from each error source
on the total normalization uncertainty are summarized
in Table IV. As is evident, the neutrino flux uncer-
tainty dominates the overall normalization error on the
extracted CCQE cross sections. However, the uncer-
tainty on the flux prediction is a smaller contribution
to the shape error on the cross sections. This can be
seen in Figure 16 which shows the contribution from the
four major sources to the shape error on the total (flux-
unfolded) cross section.
The detector model uncertainty dominates the shape

error, especially at low and high energies. This is because
errors in the detector response (mainly via uncertain-
ties in visible photon processes) will result in errors on
the reconstructed energy. These errors grow in the tails
of the neutrino flux distribution due to feed-down from
events in the flux peak. This type of measurement usu-
ally has large errors due to non-negligible uncertainties
in the CC1π+ background predictions. In this measure-
ment, that error is reduced through direct measurement
of the CC1π+ background. However, this error is not
completely eliminated due to the residual uncertainty on
the rate of intranuclear pion absorption that is included.

MA = 1.35± 0.17GeV
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• Some examples of modern experiments:
- NOMAD experiment uses carbon as a target and a tracker detector with high 

energy experiment <E>=24 GeV, 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>=0.8 GeV, analysis used              with no pions (purity 77%). Signal definition: 
event with no pions           
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events with no pions

  

Charged Current Quasi-Elastic

 Dominant contribution at T2K flux : QE approximation assumed to 
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 (from E
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) 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 
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Quasi-Elastic Scattering (CCQE)
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Quasi-Elastic Scattering (CCQE)

• This high mA is an effective parameter that we expect represents 
multi-nucleons effects, and not directly the form factor itself
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• Quasi-elastic gives the largest contributions for the signal in many oscillation 
experiment

• Early neutrino experiments used bubble chambers filled with D2 with excellent purity 
97-99%

• Modern experiments use different targets, such as carbon, iron, oxygen, liquid 
argon.. etc 

• We have more statistics, but with the heavy targets we have more nuclear effects 
which brings additional complications

• In addition purities are much lower, below 80%
• The QE selection varies from experiment to experiment, some experiments uses only 

the muon and other use the proton and muon

11

15

0

250

500

750

1000

0.1 0.2 0.3 0.4 0.5
θh / π

Ev
en

ts

16508 events
χ2 / NDF = 120.8 / 37

NOMAD νµ data
MC prediction
QEL Signal

0

50

100

150

200

250

0.1 0.2 0.3 0.4 0.5
θh / π

Ev
en

ts

3585 events
χ2 / NDF = 22.1 / 40

NOMAD ν
_
µ data

MC prediction
QEL Signal

Fig. 10. The θh distributions for single track νµ (left) and ν̄µ (right) samples: comparison of MC distributions (histograms)
with the real data (points with error bars).

Run 15049 Event 11514
Eν = 57.00 GeV

Q
 2

 = 0.60 GeV
 2

W
 2

 = 1.44 GeV
 2

Pt
mis

 = 0.05 GeV
Muon track: P = 56.39 GeV; θ = 0.78˚ 

Proton track: P = 1.02 GeV; θ = 52.7˚ 

Fig. 11. A typical example of data event (run 15049 event 11514) identified as νµn → µ−p in this analysis. Long track is
identified as muon, short track is assumed to be proton.

An example of the 2-track event from real data iden-
tified as νµn → µ−p is displayed in Fig. 11.
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• Muon momentum and angle (less model dependence)

Double Differential Cross Section
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FIG. 13: (Color online). Flux-integrated double differential
cross section per target neutron for the νµ CCQE process.
The dark bars indicate the measured values and the surround-
ing lighter bands show the shape error. The overall normal-
ization (scale) error is 10.7%. Numerical values are provided
in Table VI in the Appendix.

simplicity, the full error matrices are not reported for all
distributions. Instead, the errors are separated into a to-
tal normalization error, which is an error on the overall
scale of the cross section, and a “shape error” which con-
tains the uncertainty that does not factor out into a scale
error. This allows for a distribution of data to be used
(e.g. in a model fit) with an overall scale error for un-
certainties that are completely correlated between bins,
together with the remaining bin-dependent shape error.

V. RESULTS AND DISCUSSION

A. CCQE flux-integrated double differential cross
section

The flux-integrated, double differential cross section
per neutron, d2σ

dTµd cos θµ
, for the νµ CCQE process is ex-

tracted as described in Section IVD and is shown in
Figure 13 for the kinematic range, −1 < cos θµ < +1,
0.2 < Tµ(GeV) < 2.0. The errors, for Tµ outside of this
range, are too large to allow a measurement. Also, bins
with low event population near or outside of the kine-
matic edge of the distribution (corresponding to large
Eν) do not allow for a measurement and are shown as
zero in the plot. The numerical values for this double
differential cross section are provided in Table VI in the
Appendix.
The flux-integrated CCQE total cross section, ob-

tained by integrating the double differential cross section
(over −1 < cos θµ < +1, 0 < Tµ(GeV) < ∞), is mea-
sured to be 9.429× 10−39 cm2. The total normalization
error on this measurement is 10.7%.
The kinematic quantities, Tµ and cos θµ, have been cor-
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FIG. 14: (Color online). Flux-integrated single differential
cross section per target neutron for the νµ CCQE process.
The measured values are shown as points with the shape
error as shaded bars. Calculations from the nuance RFG
model with different assumptions for the model parameters
are shown as histograms. Numerical values are provided in
Table IX in the Appendix.

rected for detector resolution effects only (Section IVD).
Thus, this result is the most model-independent mea-
surement of this process possible with the MiniBooNE
detector. No requirements on the nucleonic final state
are used to define this process. The neutrino flux is an
absolute prediction [19] and has not been adjusted based
on measured processes in the MiniBooNE detector.

B. Flux-integrated single differential cross section

The flux-integrated, single differential cross section per
neutron, dσ

dQ2

QE
, has also been measured and is shown

in Figure. 14. The quantity Q2
QE is defined in Eq. 2

and depends only on the (unfolded) quantities Tµ and
cos θµ. It should be noted that the efficiency for events
with Tµ < 200 MeV is not zero because of difference
between reconstructed and unfolded Tµ. The calculation
of efficiency for these (low-Q2

QE) events depends only on
the model of the detector response, not on an interaction
model and the associated uncertainty is propagated to
the reported results.
In addition to the experimental result, Figure 14 also

shows the prediction for the CCQE process from the nu-
ance simulation with three different sets of parameters
in the underlying RFG model. The predictions are ab-
solutely normalized and have been integrated over the
MiniBooNE flux. The RFG model is plotted assum-
ing both the world-averaged CCQE parameters (MA =
1.03 GeV, κ = 1.000) [9] and the CCQE parameters ex-
tracted from this analysis (MA = 1.35 GeV, κ = 1.007)
in a shape-only fit. The model using the world-averaged

Phys.Rev. D88 (2013) no.3, 032001 
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z-expansion
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• A model independent description of the axial form factor called z-expansion is derived in 
Phys. Rev. D84 (2011)!

• The form factor can be expressed as a power series of a new variable z!
!
!
!
!

• where the expansion coefficients ak are dimensionless numbers representing nucleon 
structure information!

• Advantages of the z-expansion: realistic error bars, parameters bounded and decreasing 
[requirement from perturbative QCD]!

• A model independent determination of the axial mass using the MiniBooNE data gives 
effective mA<1 GeV [Phys. Rev. D84 (2011)]

5

where ni is the number of events in the i-th bin, and µi is
the theory prediction (7) for the bin. Errors correspond
to changes of 1.0 in the -2LL function.

Because we do not use an unbinned likelihood fit, we
do not expect precise agreement even when the original
choices of constants in Table I are used. Comparing the
first two columns of Table II, the size of the resulting sta-
tistical uncertainties are approximately equal, and there
are similar sized discrepancies in the central values. A
similar exercise was performed in Refs. [64, 73, 74], and
similar results were obtained. Having reproduced the
original analyses to the extent possible, we will proceed
with the updated constants as in the final column of Ta-
ble I.

III. z EXPANSION ANALYSIS

The dipole assumption (9) on the axial form factor
shape represents an unquantified systematic error. We
now remove this assumption, enforcing only the known
analytic structure that the form factor inherits from
QCD. We investigate the constraints from deuterium
data in this more general framework. A similar analysis
may be performed using future lattice QCD calculations
in place of deuterium data.

A. z expansion formalism

The axial form factor obeys the dispersion relation,

FA(q
2) =

1

⇡

Z 1

tcut

dt0
ImFA(t0 + i0)

t0 � q2
, (11)

where tcut = 9m2
⇡ represents the leading three-pion

threshold for states that can be produced by the axial
current. The presence of singularities along the posi-
tive real axis implies that a simple Taylor expansion of
the form factor in the variable q2 does not converge for
|q2| � 9m2

⇡ ⇡ 0.18GeV2. Consider the new variable ob-
tained by mapping the domain of analyticity onto the
unit circle [30],

z(q2, tcut, t0) =

p
tcut � q2 �

p
tcut � t0p

tcut � q2 +
p
tcut � t0

, (12)

where t0, with �1 < t0 < tcut, is an arbitrary number
that may be chosen for convenience. In terms of the new
variable we may write a convergent expansion,

FA(q
2) =

kmaxX

k=0

akz(q
2)k , (13)

where the expansion coe�cients ak are dimensionless
numbers encoding nucleon structure information.

TABLE III. Maximum value of |z| for di↵erent Q2 ranges
and choices of t0. t

optimal
0 is defined in Eq. (14).

Q2
max [GeV2] t0 |z|max

1.0 0 0.44

3.0 0 0.62

1.0 toptimal
0 (1.0GeV2) = �0.28GeV2 0.23

3.0 toptimal
0 (1.0GeV2) = �0.28GeV2 0.45

3.0 toptimal
0 (3.0GeV2) = �0.57GeV2 0.35

In any given experiment, the finite range of Q2 implies
a maximal range for |z| that is less than unity. We denote
by toptimal

0 (Q2
max) the choice which minimizes the maxi-

mum size of |z| in the range �Q2
max  q2  0. Explicitly,

toptimal
0 (Q2) = tcut(1�

p
1 +Q2

max/tcut) . (14)

Table III displays |z|max for several choices of Q2
max and

t0.
The choice of t0 can be optimized for various applica-

tions. We have in mind applications with data concen-
trated below Q2 = 1GeV2, and therefore take as default
choice,

t̄0 = toptimal
0 (1GeV2) ⇡ �0.28GeV2 , (15)

minimizing the number of parameters that are necessary
to describe data in this region. Inspection of Table III
shows that the form factor expressed as FA(z) becomes
approximately linear. For example, taking |z|max = 0.23
implies that quadratic, cubic, and quartic terms enter at
the level of ⇠ 5%, 1% and 0.3%.
The asymptotic scaling prediction from perturbative

QCD [75], FA ⇠ Q�4, implies the series of four sum
rules [34]

1X

k=n

k(k � 1) · · · (k � n+ 1)ak = 0 , n = 0, 1, 2, 3 .

(16)

We enforce the sum rules (16) on the coe�cients, en-
suring that the form factor falls smoothly to zero at
large Q2. Together with the Q2 = 0 constraint, this
leaves Na = kmax � 4 free parameters in Eq. (13). From
Eq. (16), it can be shown [34] that the coe�cients behave
as ak ⇠ k�4 at large k. We remark that the dipole ansatz
(9) implies the coe�cient scaling law |ak| ⇠ k at large k,
in conflict with perturbative QCD.
In addition to the sum rules, an examination of explicit

spectral functions and scattering data [30] motivates the
bound of

|ak/a0|  5. (17)

As noted above, from Eq. (16), the coe�cients behave as
ak ⇠ k�4 at large k. We invoke a fall-o↵ of the coe�cients
at higher order in k,

|ak/a0|  25/k , k > 5. (18)

Axial Form Factor (z-expansion)
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• A model independent description of the axial form factor called z-expansion is derived in 
Phys. Rev. D84 (2011)

• The form factor can be expressed as a power series of a new variable z

• where the expansion coefficients ak are dimensionless numbers representing nucleon 
structure information

• Derived from first principles of QCD
• Extensively used in meson decay

z-expansion Fit Results

6

6

The bounds are enforced with a Gaussian penalty on the
coe�cients entering the fit. We investigate fits using a
range of kmax, other choices of t0, and alternatives to
Eqs. (17) and (18), which are briefly reported in Sec. IV.

B. z expansion basic fit results

Using the same datasets and constants as described
in Sec. II and summarized in Table I, we perform fits
replacing dipole axial form factor with z expansion as
in Eq. (13). We use the scheme choice (15), enforce the
sum rule constraints (16), and use the default bounds
on the coe�cients ak in Eqs. (17), (18). The results are
summarized in Table IV and displayed in Figs. 1 and 2.
The coe�cients corresponding to the fits with Na = 4
free parameters in Table IV are

[a1, a2, a3, a4]

=

8
><

>:

[2.24(10), 0.6(1.0), -5.4(2.4), 2.2(2.7)] (BNL)

[2.25(10), 0.2(0.9), -4.9(2.3), 2.7(2.7)] (ANL)

[2.02(14), -1.2(1.5), -0.7(2.9), 0.1(2.8)] (FNAL)

,

(19)

where (symmetrized) errors correspond to a change of 1.0
in the -2LL function.

Table IV summarizes z expansion fits with di↵erent
numbers of free parameters. Focusing on the first order
coe�cient,

[a1(BNL), a1(ANL), a1(FNAL)]

=

8
><

>:

[2.23(10), 2.23(10), 2.02(14) ] , Na = 3

[2.24(10), 2.25(10), 2.02(14) ] , Na = 4

[2.22(10), 2.25(10), 2.02(14) ] , Na = 5

. (20)

As discussed after Eq. (15), z2, z3, z4, etc., terms in the
z expansion become increasingly irrelevant, correspond-
ing to |z|max ⌧ 1 in Table III. This is borne out by the
data, which determines a form factor with coe�cients in
Eq. (19) of order 1.0 that mostly don’t push the Gaus-
sian bounds, and a leading coe�cient in Eq. (20) that
is approximately the same regardless of whether terms
beyond order z3 are included.

The axial “charge” radius is defined via the form factor
slope at q2 = 0,

1

FA(0)

dFA

dq2

����
q2=0

⌘ 1

6
r2A . (21)

For a general scheme choice t0 6= 0, this quantity de-
pends on all the coe�cients in the z expansion. Table IV
illustrates that rA is poorly constrained without the re-
strictive dipole assumption. We will provide a final value
for the axial radius from deuterium data after discussion
of systematic errors in the next section.

The normalization factor Nfit is also included in Ta-
ble IV. This parameter is allowed to float without
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FIG. 1. Experimental data and best fit curves corresponding
to dipole and Na = 4 z expansion in Table IV, for BNL1981
(top pane), ANL1982 (middle pane) and FNAL1983 (bottom
pane).
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The bounds are enforced with a Gaussian penalty on the
coe�cients entering the fit. We investigate fits using a
range of kmax, other choices of t0, and alternatives to
Eqs. (17) and (18), which are briefly reported in Sec. IV.

B. z expansion basic fit results

Using the same datasets and constants as described
in Sec. II and summarized in Table I, we perform fits
replacing dipole axial form factor with z expansion as
in Eq. (13). We use the scheme choice (15), enforce the
sum rule constraints (16), and use the default bounds
on the coe�cients ak in Eqs. (17), (18). The results are
summarized in Table IV and displayed in Figs. 1 and 2.
The coe�cients corresponding to the fits with Na = 4
free parameters in Table IV are

[a1, a2, a3, a4]

=

8
><

>:

[2.24(10), 0.6(1.0), -5.4(2.4), 2.2(2.7)] (BNL)

[2.25(10), 0.2(0.9), -4.9(2.3), 2.7(2.7)] (ANL)

[2.02(14), -1.2(1.5), -0.7(2.9), 0.1(2.8)] (FNAL)

,

(19)

where (symmetrized) errors correspond to a change of 1.0
in the -2LL function.

Table IV summarizes z expansion fits with di↵erent
numbers of free parameters. Focusing on the first order
coe�cient,

[a1(BNL), a1(ANL), a1(FNAL)]

=

8
><

>:

[2.23(10), 2.23(10), 2.02(14) ] , Na = 3

[2.24(10), 2.25(10), 2.02(14) ] , Na = 4

[2.22(10), 2.25(10), 2.02(14) ] , Na = 5

. (20)

As discussed after Eq. (15), z2, z3, z4, etc., terms in the
z expansion become increasingly irrelevant, correspond-
ing to |z|max ⌧ 1 in Table III. This is borne out by the
data, which determines a form factor with coe�cients in
Eq. (19) of order 1.0 that mostly don’t push the Gaus-
sian bounds, and a leading coe�cient in Eq. (20) that
is approximately the same regardless of whether terms
beyond order z3 are included.

The axial “charge” radius is defined via the form factor
slope at q2 = 0,

1

FA(0)

dFA

dq2

����
q2=0

⌘ 1

6
r2A . (21)

For a general scheme choice t0 6= 0, this quantity de-
pends on all the coe�cients in the z expansion. Table IV
illustrates that rA is poorly constrained without the re-
strictive dipole assumption. We will provide a final value
for the axial radius from deuterium data after discussion
of systematic errors in the next section.

The normalization factor Nfit is also included in Ta-
ble IV. This parameter is allowed to float without
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FIG. 1. Experimental data and best fit curves corresponding
to dipole and Na = 4 z expansion in Table IV, for BNL1981
(top pane), ANL1982 (middle pane) and FNAL1983 (bottom
pane).
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The bounds are enforced with a Gaussian penalty on the
coe�cients entering the fit. We investigate fits using a
range of kmax, other choices of t0, and alternatives to
Eqs. (17) and (18), which are briefly reported in Sec. IV.

B. z expansion basic fit results

Using the same datasets and constants as described
in Sec. II and summarized in Table I, we perform fits
replacing dipole axial form factor with z expansion as
in Eq. (13). We use the scheme choice (15), enforce the
sum rule constraints (16), and use the default bounds
on the coe�cients ak in Eqs. (17), (18). The results are
summarized in Table IV and displayed in Figs. 1 and 2.
The coe�cients corresponding to the fits with Na = 4
free parameters in Table IV are

[a1, a2, a3, a4]

=

8
><

>:

[2.24(10), 0.6(1.0), -5.4(2.4), 2.2(2.7)] (BNL)

[2.25(10), 0.2(0.9), -4.9(2.3), 2.7(2.7)] (ANL)

[2.02(14), -1.2(1.5), -0.7(2.9), 0.1(2.8)] (FNAL)

,

(19)

where (symmetrized) errors correspond to a change of 1.0
in the -2LL function.

Table IV summarizes z expansion fits with di↵erent
numbers of free parameters. Focusing on the first order
coe�cient,

[a1(BNL), a1(ANL), a1(FNAL)]

=

8
><

>:

[2.23(10), 2.23(10), 2.02(14) ] , Na = 3

[2.24(10), 2.25(10), 2.02(14) ] , Na = 4

[2.22(10), 2.25(10), 2.02(14) ] , Na = 5

. (20)

As discussed after Eq. (15), z2, z3, z4, etc., terms in the
z expansion become increasingly irrelevant, correspond-
ing to |z|max ⌧ 1 in Table III. This is borne out by the
data, which determines a form factor with coe�cients in
Eq. (19) of order 1.0 that mostly don’t push the Gaus-
sian bounds, and a leading coe�cient in Eq. (20) that
is approximately the same regardless of whether terms
beyond order z3 are included.

The axial “charge” radius is defined via the form factor
slope at q2 = 0,

1

FA(0)

dFA

dq2

����
q2=0

⌘ 1

6
r2A . (21)

For a general scheme choice t0 6= 0, this quantity de-
pends on all the coe�cients in the z expansion. Table IV
illustrates that rA is poorly constrained without the re-
strictive dipole assumption. We will provide a final value
for the axial radius from deuterium data after discussion
of systematic errors in the next section.

The normalization factor Nfit is also included in Ta-
ble IV. This parameter is allowed to float without
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FIG. 1. Experimental data and best fit curves corresponding
to dipole and Na = 4 z expansion in Table IV, for BNL1981
(top pane), ANL1982 (middle pane) and FNAL1983 (bottom
pane).

• Fits are performed using z-expansion for the axial form factor!
• Enforce the sum rule constraint and use the default bounds on the coefficients ak!
• Results of fits with N=4 free parameters!
!
!
!
!
!
!
!
!
!
!
!

• z-expansion fits with the different numbers of free parameters were performed and we 
found terms in the z expansion become increasingly irrelevant
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The bounds are enforced with a Gaussian penalty on the
coe�cients entering the fit. We investigate fits using a
range of kmax, other choices of t0, and alternatives to
Eqs. (17) and (18), which are briefly reported in Sec. IV.

B. z expansion basic fit results

Using the same datasets and constants as described
in Sec. II and summarized in Table I, we perform fits
replacing dipole axial form factor with z expansion as
in Eq. (13). We use the scheme choice (15), enforce the
sum rule constraints (16), and use the default bounds
on the coe�cients ak in Eqs. (17), (18). The results are
summarized in Table IV and displayed in Figs. 1 and 2.
The coe�cients corresponding to the fits with Na = 4
free parameters in Table IV are

[a1, a2, a3, a4]

=

8
><

>:

[2.24(10), 0.6(1.0), -5.4(2.4), 2.2(2.7)] (BNL)

[2.25(10), 0.2(0.9), -4.9(2.3), 2.7(2.7)] (ANL)

[2.02(14), -1.2(1.5), -0.7(2.9), 0.1(2.8)] (FNAL)

,

(19)

where (symmetrized) errors correspond to a change of 1.0
in the -2LL function.

Table IV summarizes z expansion fits with di↵erent
numbers of free parameters. Focusing on the first order
coe�cient,

[a1(BNL), a1(ANL), a1(FNAL)]

=

8
><

>:

[2.23(10), 2.23(10), 2.02(14) ] , Na = 3

[2.24(10), 2.25(10), 2.02(14) ] , Na = 4

[2.22(10), 2.25(10), 2.02(14) ] , Na = 5

. (20)

As discussed after Eq. (15), z2, z3, z4, etc., terms in the
z expansion become increasingly irrelevant, correspond-
ing to |z|max ⌧ 1 in Table III. This is borne out by the
data, which determines a form factor with coe�cients in
Eq. (19) of order 1.0 that mostly don’t push the Gaus-
sian bounds, and a leading coe�cient in Eq. (20) that
is approximately the same regardless of whether terms
beyond order z3 are included.

The axial “charge” radius is defined via the form factor
slope at q2 = 0,

1

FA(0)

dFA

dq2

����
q2=0

⌘ 1

6
r2A . (21)

For a general scheme choice t0 6= 0, this quantity de-
pends on all the coe�cients in the z expansion. Table IV
illustrates that rA is poorly constrained without the re-
strictive dipole assumption. We will provide a final value
for the axial radius from deuterium data after discussion
of systematic errors in the next section.

The normalization factor Nfit is also included in Ta-
ble IV. This parameter is allowed to float without
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FIG. 1. Experimental data and best fit curves corresponding
to dipole and Na = 4 z expansion in Table IV, for BNL1981
(top pane), ANL1982 (middle pane) and FNAL1983 (bottom
pane).

Deuterium data from BNL, ANL and FNAL  

BNL Data ANL Data FNAL Data

Aaron Meyer, MB, Richard Gran and Richard Hill, Phys. Rev D93(2016)
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• The axial form factor is extracted from a joint fit to the all the available deuterium data 

• Re-analyzing existing deuterium data
• For the dipole, the small error estimate results from the restrictive dipole ansatz and is 

likely an underestimate of the actual uncertainty  
• z-expansion provides central values, accurate errors and correlations 
•

Axial Form Factor (z-expansion)
14
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FIG. 8. Free nucleon CCQE cross section computed
from Eqs. (31), (32) and (33), for neutrino-neutron (top)
and antineutrino-proton (bottom) scattering. Also shown
are results using dipole axial form factor with axial mass
mA = 1.014(14) GeV [55].

energies, the cross sections and uncertainties shown in
Fig. 8 are

�⌫n!µp(E⌫ = 1GeV) = 10.1(0.9)⇥ 10�39 cm2 ,

�⌫n!µp(E⌫ = 3GeV) = 9.6(0.9)⇥ 10�39 cm2 , (38)

for neutrinos and

�⌫̄p!µn(E⌫ = 1GeV) = 3.83(23)⇥ 10�39 cm2 ,

�⌫̄p!µn(E⌫ = 3GeV) = 6.47(47)⇥ 10�39 cm2 , (39)

for antineutrinos.
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FIG. 9. Cross section for charged-current quasielastic events
from the MINERvA experiment [56] as a function of re-
constructed Q2, compared with prediction using relativistic
Fermi gas (RFG) nuclear model with z expansion axial form
factor extracted from deuterium data. MINERvA data uses
an updated flux prediction from [82]. Also shown are results
using the same nuclear model but dipole form factor with
axial mass mA = 1.014(14) GeV [55].

C. Neutrino nucleus cross sections

Connecting nucleon-level information to experimen-
tally observed neutrino-nucleus scattering cross sections
requires data-driven modeling of nuclear e↵ects. Our
description of the axial form factor and uncertainty in
Eqs. (31), (32), and (33) can be readily implemented
in neutrino event generators that interface with nuclear
models.15

A multitude of studies and comparisons are possible.
As illustration, consider MINERvA quasielastic data on
carbon [56]. Figure 9 shows a comparison of the Q2 dis-
tribution of measured events with the predictions from
our FA(q2), using a relativistic Fermi gas nuclear model
in the default configuration of the GENIE v2.8 neutrino
event generator [6]. For comparison, we display the result
obtained using a dipole FA with axial mass central value
and error as quoted in the world average of Ref. [55]. The
central curves di↵er in their kinematic dependence, and
the dipole result severely underestimates the uncertainty
propagated from deuterium data.
The z expansion implementation within GENIE in-

15
The z expansion will be available in GENIE production release

v2.12.0. The code is currently available in the GENIE trunk

prior to its o�cial release. The module provides full generality

of the z expansion, and supports reweighting and error analysis

with correlated parameters.
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We measure differential cross sections

18

Unfolding
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction

9

Antineutrino 
# of events 
16,467 
Efficiency 54% 
Purity 77%

Neutrino 
# of events 
29,620 
Efficiency 47% 
Purity 49%

Event Generator 
GENIE 2.6.2

Main background 
from resonance 
production

Q2 = �m2
µ + 2EQE(Eµ � pµ cos ✓µ)

Background is constrained 
with data using a sideband 
sample

Nucl, Instrum. Meth A614 (2010)
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• Neutrino energy is reconstructed from muon momentum and angle

Neutrino Energy and Q2 Reconstruction

�8

Antineutrino

Neutrino

Event Generator 
GENIE 2.6.2

Main background 
from resonance 
production

Q2 = �m2
µ + 2EQE(Eµ � pµ cos ✓µ)

Background 
is constrained with 
d a t a u s i n g a 
sideband sample

Nucl, Instrum. Meth A614 (2010)

E⌫ =
m2

n � (mp � Eb)2 �m2
µ + 2(mp � Eb)Eµ
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Sample (Signal and Background)
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•  We identifies the particles
• Measure properties of those particles

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

transfer 

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

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

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

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	
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Background Prediction
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• We know the Monte Carlo models do not reproduce the real data
• Data is used to constrain the backgrounds
• Data driven background fit methods can reduce model-dependence
• An example from a MINERvA background constraint:

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

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

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

A↵(�T )(�x)

Background'subtracBon'

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

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

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

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

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

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

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

(Ndata,j �N bkgd
data,j)

+"
Sidebands'

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

…'an'aside'

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

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

MC,'signal' MC,'
background'

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

Example of Background Constraints

�4012/09/13  47

Background levels are estimated by fitting recoil distributions:

1-Track CCQE Analysis

12/09/13  47

Background levels are estimated by fitting recoil distributions:

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

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

background

�41

Background

We measure differential cross sections

18

Unfolding

Events Selected

Backgrounds

Acceptance
Flux Targets

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

Background Subtraction

�42
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Figure 12: The Q2
QE distribution of all candidates passing reconstruction cuts in data and MC. The estimate of

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

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

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

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

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

for comparison.

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

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

trino candidates (below). These distributions are not unfolded or efficiency corrected. These plots are
proposed for approval, made by CCQEAntiNu CrossSections::PlotCrossSections(), and available in the files
cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minerva sub.eps,
cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minerva sub ratio.eps,
cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minervanu sub.eps
and cross sections qsq central 0 bayes variedbackgrounds fit sometimesUnsmeared standard minervanu sub ratio.eps
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• A measure of how often we select signal events
• Inefficiency comes from reconstruction and detector geometry

• An example from detector acceptance 

Efficiency Correction
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Hey! MINOS isn’t over there muon!!

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

12/09/13  49

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

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

1-Track CCQE Analysis

12/09/13  53

Summary of all systematic uncertainties (antineutrino):

1-Track CCQE Analysis

Flux uncertainties

Muon Reconstruction Uncertainty
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Systematic Uncertainties
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Comparing with Models 
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Comparison with Models

NuWro: Golal, Jusczak, Sobczyk 
arXiv:1202.4197

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

Comparison of our results with 
various models.  The model with 

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

1-Track CCQE Analysis
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1-Track CCQE Analysis

• Data do not agree with some models

•

Minerba Betancourt I The MINERvA Experiment 02/04/15

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

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

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

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

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

Minerba Betancourt/Moriond QCD 2014

Model Comparisons
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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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Shape Only
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• Using the kinematic of the muon

• Double differential cross sections for antineutrinos

• Muon longitudinal           and transverse momentum        are measurable quantities     

•     and       are less model dependent than Q2       

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

Muon Antineutrino Quasi-Elastic Scattering

18

proton

!+

ν̄!

recoiling 
neutron

Quasi-elastic (QE) 
scattering dominates 
charged-current (and 

therefore oscillation signals) 
at ~1 GeV.  

QE on nucleons is thought 
to be well understood.

But scattering on nuclei is 
complicated by final state interactions 
that introduce “quasielastic-like” zero-

pion final states

And by the possibility of 
interactions with multi-nucleon 

bound states (frequently 
called 2p2h interactions).

Double Differential Cross Sections (Antineutrinos)

�49

d2�

dPTµdPZµ

PTµPZµ

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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Event selection: tracks

✤ Muon track charge matched in 
MINOS as a "+

✤ No additional tracks from the vertex
✤ The ejected neutron may scatter, 

leaving an energy deposit, but it does 
not make a track from the vertex

✤ Low-energy protons are allowed, but 
are below tracking threshold
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• We see agreement between data and a simulation that includes nuclear effects 

Double Differential Cross Sections for Antineutrinos

Phys.Rev. D 97 116 (2018) no. 5, 052002  
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FIG. 17: Double-di↵erential QE-like cross section vs. muon transverse momentum, in bins of muon longitudinal momentum
(black circles) compared to MINERvA-tuned GENIE (red curve, includes RPA and MINERvA-tuned 2p2h), GENIE without
any modifications except the single non-resonant pion correction discussed in section IV (blue), GENIE with the RPA weight but
no 2p2h component (green), GENIE with MINERvA-tuned 2p2h but no RPA (violet), and GENIE with RPA and untuned 2p2h
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• Differential cross section in initial struck neutron momentum pn

Initial Neutron Momentum

�51

36

A. Furmanski, J. Sobczyk, Phys.Rev. C95 (2017) no.6, 065501

Assuming exclusive µ-p-A' final states

Use energy conservation to close the equations

p
n
: recoil momentum of the nuclear remnant

11
C*

n

For CCQE with elastic FSI, A' = 
11

C*

No more unknowns

p
n
: neutron Fermi motion *weakly smeared

recoil

Fermi 

motion

A more general analysis of kinematic imbalance

Transverse:

Longitudinal:

New variable:

Neutrino energy is unknown (in the first 

place), equations are not closed.

Xianguo Lu, Oxford 36
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Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

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

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

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

15

µ�

p

94

Advanced Topics: GENIE FSIs

No p-FSI acceleration                                        

● (pre2015) hA: effective model, include “elastic component” in intranuclear scattering, used in 
GENIE MINERvA Tune (v1)

● hA2015: removed “elastic component”, replacing hA in MnvGENIE-v1-hA2015

Xianguo Lu, Oxford

QE peak not distorted, but much narrower
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• Differential cross section in transverse boosting angle δαT

- The transverse boosting angle δαT represents the direction of the 
transverse momentum imbalance

Transverse Kinematic Imbalances 

�52

3

FIG. 2. Schematic illustration of the single-transverse kine-
matic imbalance—δφT, δp⃗T and δαT—defined in the plane
transverse to the neutrino direction.

transverse projection. The combined effect determines
the evolution of the δαT distribution with pℓ

′

T. An exam-
ple predicted by NuWro is shown in Fig. 3. At pℓ

′

T ! pF,
the cross section for δαT at 180 degrees is suppressed
in QE interactions due to Pauli blocking, which leads to
a forward peak in the distribution of δαT at small pℓ

′

T.
As pℓ

′

T → Eν , the cross section for δαT at 0 degrees is
suppressed by the conservation of the longitudinal mo-
mentum. Even though the fractions of events in both
extremes of the pℓ

′

T spectrum change with the neutrino
energy, they are insignificant for the few GeV neutrino
interactions. As a result, the δpT and δαT distributions
are largely independent of Eν , as is shown in Fig. 4, where
the evolution of the distributions with the neutrino en-
ergy is dominated by variations in the strength of the
FSIs.
The transverse momentum imbalance δpT has been

used by the NOMAD experiment to enhance the purity of
the selected QE [15], while the “transverse boosting an-
gle” δαT is proposed here for the first time. Experimen-
tal data on δαT will reveal the accelerating/decelerating
nature of FSIs. Its dependence on pℓ

′

T, measured in a
detector that has a low momentum threshold, will addi-
tionally provide constraints on Pauli blocking.
Besides the transverse momentum imbalance and

boosting angle, another single-transverse variable can be
defined (Fig. 2):

δφT ≡ arccos
−p⃗ ℓ

′

T · p⃗N′

T

pℓ
′

Tp
N′

T

, (6)

which measures the deflection of N′ with respect to q⃗
in the transverse plane. If the initial-state nucleon were
static and free, δφT would be zero; with nuclear effects,
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FIG. 3. Conditional probability density function of δαT as
a function of the muon pT without FSIs (each slice of pµT is
normalized in such a way that the maximum is 1; the renor-
malized density is shown on the z-axis), predicted by NuWro
for νµ CC QE on carbon (RFG) at neutrino energy of 1 GeV
with FSIs switched off.

the deflection caused by ∆p⃗ adds in a smearing to the
initial distribution of δφT that is determined by p⃗N. Ex-
periments have measured the δφT distribution in QE-like
events [16] and used it to enhance the QE purity [15, 17].
However, the trigonometric relation illustrated by Fig. 2
shows that δφT scales with δpT/pℓ

′

T and therefore depends
on the lepton kinematics which are sensitive to the neu-
trino energy. The energy dependence of pℓ

′

T counteracts
the FSI deflection and the uncertainties from the nuclear
effects and neutrino flux become convolved. The distri-
bution of δφT by NuWro is shown in Fig. 5 for different
neutrino energies. In contrast to the expected evolution
with the FSI strength, the distribution becomes narrower
at higher energy because of the increase of pℓ

′

T. This
serves as an example of how the neutrino energy depen-
dence can bias a measurement of nuclear effects. Because
of the pℓ

′

T dependence, the single-transverse variables all
suffer to some extent from a dependence on the neutrino
energy even after kinematic saturation is reached. Nev-
ertheless, the study of nuclear effects can be performed
by restricting pℓ

′

T.

IV. MODEL PREDICTIONS

In the previous discussion, an equivalence is estab-
lished between the nuclear effects in neutrino-nucleus in-
teractions and the transverse kinematic imbalance. Ini-
tial and final-state effects can be directly observed via
δp⃗T, as can be seen by rewriting Eq. 4 into

δp⃗T = p⃗N
T −∆p⃗T, (7)

where p⃗N is the momentum of the initial nucleon. In this
section we present the latest predictions of the single-
transverse variables. Interactions of neutrinos from the

2

II. NUCLEAR MEDIUM RESPONSE

Consider a CC interaction on a nucleus. At the basic
level the neutrino ν interacts with a bound nucleon N
which then transits to another hadronic state N′:

ν +N → ℓ′ +N′, (1)

where ℓ′ is the charged lepton. In the rest frame of the nu-
cleus, the bound nucleon is subject to Fermi motion with
momentum p⃗N, and an energy-momentum (ω, q⃗) carried
by a virtual W -boson (W ∗) is transferred to it as the
neutrino scatters. In characterizing the interaction, the
virtuality Q2 ≡ q2 − ω2 and the invariant mass W of
N′ are used. Following energy-momentum conservation
(the binding energy is neglected compared to the initial
nucleon energy [6]), the energy transfer reads

ω =
Q2 +W 2 −m2

N + 2q⃗ · p⃗N

2
√

m2
N + p2N

, (2)

∼
Q2 +W 2 −m2

N

2
√

m2
N + p2N

, (3)

where mN is the mass of N, and the last line follows from
averaging out the direction of p⃗N in Eq. 2, which is a first
order approximation because the polarization term ∼

q⃗·p⃗N with opposite orientations of p⃗N for a give q⃗ does not
exactly cancel as the W ∗-N cross section is slightly dif-
ferent with the varying center-of-mass energy [7]. Below
the deeply inelastic scattering (DIS) region—especially
in QE and RES where W equals the nucleon and dom-
inantly the ∆(1232) resonance mass, respectively—the
cross section is suppressed when Q is larger than the nu-
cleon mass. The hadron momentum in these channels,
as indicated by Eq. 3, “saturates” if the neutrino energy
is above the scale Q2/2mN ∼ O(0.5 GeV) beyond which
the charged lepton retains most of the increase of the
neutrino energy.
Once the final state hadron N′ is produced, it starts

to propagate through the nuclear medium [8]. Under the
assumption that the basic interaction (Eq. 1) and the
in-medium propagation are uncorrelated (i.e., are factor-
ized), the momentum of N′, which depends weakly on
the neutrino energy, completely determines the medium
response, including the in-medium interaction probabil-
ity τf [9] and the energy-momentum transfer (∆E,∆p⃗)
to the medium (if N′ decays inside the nucleus, the to-
tal effect of all decay products is considered). It is the
latter that leads to nuclear excitation [10] or break-up
and consequently nuclear emission. The nuclear emission
probability, P (∆E,∆p⃗), correlates the medium response
to the in-medium energy-momentum transfer [11]. The
factorization assumption suggests that P (∆E,∆p⃗) is in-
dependent of the neutrino energy Eν , which is consistent
with the implementation in the NuWro [12, 13] simula-
tion shown in Fig. 1. In addition, as the neutrino energy
increases, the predicted FSI strength saturates, as is in-
dicated by τf in the figure.
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FIG. 1. Nuclear emission probability as a function of the
in-medium momentum transfer, simulated by NuWro [12] for
νµ CC QE on carbon—nuclear state modeled as relativistic
Fermi gas (RFG) [14]—at neutrino energy of 0.6, 1, 3 and
6 GeV. Multinucleon correlations are ignored. The in-medium
interaction probability τf (extracted from the simulation out-
put throughout this work) is shown in the legend.

III. SINGLE-TRANSVERSE KINEMATIC

IMBALANCE

To make a neutrino energy-independent measurement
of nuclear effects, the in-medium energy-momentum
transfer (∆E, ∆p⃗) would be the ideal observable; this
however is not experimentally accessible because of the
unknown initial nucleon momentum and the initially un-
known neutrino energy. Instead, ∆p⃗ can be directly in-
ferred from the following single-transverse kinematic im-
balance (Fig. 2):

δp⃗T ≡ p⃗ ℓ
′

T + p⃗N′

T , (4)

δαT ≡ arccos
−p⃗ ℓ

′

T · δp⃗T
pℓ

′

TδpT
, (5)

where p⃗ ℓ
′

T and p⃗N′

T are the projections of the extra-nucleus
final-state momenta transverse to the neutrino direction.
In particular, −p⃗ ℓ

′

T = q⃗T, the transverse component of q⃗.
If the initial-state nucleon were static and free, δpT

would be zero—a feature that is not possessed by other
experimentally accessible variables such as the final-state
momenta. If FSIs could be switched off, δp⃗T and δαT

would be the transverse projection of p⃗N and of the an-
gle between p⃗N and q⃗, respectively. Accordingly, to first
approximation, the distribution of δp⃗T would be inde-
pendent of the neutrino energy, and that of δαT would
be flat due to the isotropy of Fermi motion. The FSI
acceleration (deceleration) of the propagating N′ adds in
a smearing to δpT and pushes δp⃗T forward (backward)
to (−)q⃗T, making δαT → 0 (180) degrees.
Second order effects that lead to the dependence on

the neutrino energy include the previously discussed po-
larization (see text after Eq. 2), Pauli blocking, and the
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νe CCQE Measurements

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

�53

J. Wolcott / Tufts U. / NuINT 2015 17

Cross-sections

Measured 
cross-sections 
are consistent 

with the 
prediction 

from GENIE 
2.6.2*Warning: not exactly σ.  

Actually dσ/dE
ν

QE 

integrated over bins in E
ν

QE 

J. Wolcott / Tufts U. / NuINT 2015 6

Event display of simulated
~4 GeV ν

e
 interaction in MINERvA 

~325 MeV proton

~3.5 GeV electron

Beam direction

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

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

● No obvious muons (never ν
e
):

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

electrons”)
● Cut on multivariate PID classifier 

combining details of energy profile

Isolating ν
e
-like events

Muon 
exits 

back of 
detector

π0 photon converts 
immediately and 

looks like electron

Simulated background rejected by muon cuts

J. Wolcott / Tufts U. / NuINT 2015 18

Comparison to ν
μ

When compared to 

prior MINERvA ν
μ
 

CCQE measurement, 

ratio is consistent 
with GENIE 
prediction.

(Apparent shape is only 

significant at ~1σ level due to 

bin-to-bin correlated 

systematic errors with similar 

behavior.)

Upper bound on scale of 
nuclear effects when 

comparing ν
e
 and ν

μ
 CCQE 

scattering is 15-30%

νe to νμ differential cross section ratio 

Ratio is consistent with 1.0Phys. Rev. Lett 116 (2016) 081802
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Multi pi zone (W<1.8 GeV)

�54

• Neutrino pion and antineutrino pi0 analyses for W<1.8 GeV
• Using the lepton information, these measurements are sensitive to nuclear structure

• In charged pion both GENIE and NEUT over estimate the cross section 
• In neutral pions GENIE and NEUT agree better with data than NuWro, expect                         

in the first bin
• The Q2 spectrum provides the most detail and no single model describes both the pion and 

pious distributions
• Experimental data pointing the needed of improved nuclear models

Up into the multi-π zone (W < 1.8 GeV) from the lepton side: "
Cross section model comparisons for Q2!

  In charged pion both GENIE and NEUT over estimate the cross section (as in the 
muon variables)!

  In the shape analysis, GENIE agrees well with data except in lowest Q2 bin of the 
neutral pions.!

  In lowest Q2 bin of the charged pions, coherent production in NuWro & NEUT!50 

Cross Section Results and Model Comparisons Neutrino Energy and Q
2

Cross Section as a Function of Q
2

The shape difference is the most interesting feature

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

Cross Section Results and Model Comparisons Neutrino Energy and Q
2
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2

The shape difference is the most interesting feature

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 50 / 56
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• MINERvA is starting to study X dependent nuclear effects with neutrinos
• Measurements of CC inclusive ratios for iron to scintillator and lead to scintillator

• Disagreement between data and GENIE generator.  
• The high X region is dominated by the quasi-elastic and resonance production

• This suggests we do not model well the A dependence of the quasi-elastic and resonance 
channels which are dominants for the oscillation experiments

• We need better understanding the A dependence of inclusive scattering

Ratio between nuclear targets (CC Inclusive) from MINERvA

�55

  

Ratio between targets (CC inclusive)

Useful to constrain nuclear effects (scaling with A)

 T2K INGRID: standard modules(Fe) / proton module(CH)

→ impose same acceptance to cancel systematics 
on xsec modelling and flux

dominated by detector 
systematics (!)

NEUT 1.037, 
GENIE 1.044

 MINERvA : using 
upstream inactive targets

● CH contamination 
(20-40%) constrained 
from data (2-8% 
uncertainty)

● data/MC good 

agreement vs E
ν
 but 

not vs Bjorken x

● E
had

 from calorimetric 

energy deposited

→ Bjorken x

x=Q2 /(2MN Ehad )

16/18
T2K,Phys.Rev. D90 (2014) 5, 052010

Minerva, Phys.Rev.Lett. 112 (2014) 23, 231801
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Summary

�56

• Neutrinos are great probes to answer fundamental questions about the nature of 
matter and the evolution of the universe

• Several discoveries since the first experimental evidence of neutrinos

• Several challenges from the theoretical model side and experimental side to 
understand neutrino interactions 

• We are learning a lot from neutrino-nucleus interactions and building a rich set of 
cross section results for the oscillation experiments

• Oscillation experiments depend on modeling nuclear effects correctly and 
knowledge of cross sections to a few percent for precision oscillation 
measurements

• Fermilab has a rich neutrino program looking to answer some of the questions in 
neutrino oscillations
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• Muon track charge matched in MINOS as a μ+

• No additional tracks from the vertex

• Signal definition: 

- QE-like: defined by particles exiting the nucleus 

- Any number of neutrons and only low-energy protons (below 120 MeV kinetic 
energy)

- No pions, heavy baryons etc

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

CC0pi Antineutrino Event Selection and Signal Definition

�58
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• Reminder: F2/nucleon changes as a function of A. Measured in                not in 
nu-A

•

Studies of Nuclear Effects with Neutrinos

�59

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. 

76!

  F2 / nucleon changes as a function of A.  Specifically measured in µ/e - A not in ν � Α"

  Good reason to consider nuclear effects are DIFFERENT in ν - A.  
  Presence of axial-vector current.   
  SPECULATION: Stronger shadowing for ν -A but somewhat weaker “EMC” 

effect. 
  Different nuclear effects for valance and sea --> different shadowing for xF3 

compared to F2.   

Studies of DIS x-dependent"
Nuclear Effects with Neutrinos !

    

0.7 

0.8 

0.9 

1 

1.1 

1.2 

0.001 0.01 0.1 1 

EMC 
NMC 
E139 
E665 

shadowing EMC effect 

Fermi motion 

x  sea quark valence quark 
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• MINERvA produced deep inelastic ratios from nuclear targets to study x dependent nuclear 
effects

• We have a x range from the low x shadowing region through the EMC region 
• The simulation used in the analysis assumes the same x-dependent nuclear effects for C, Fe 

and Pb based on charged lepton scattering

• The data suggest additional nuclear shadowing in the lowest x bin (0<x<0.1) than predicted 
in lead, it is at a value of x and Q2 where shadowing is not normally found in charged lepton 
nucleus scattering 

• In the MEC region (0.3<x<0.75), we see good agreement between data and simulation

Deep Inelastic Scattering from MINERvA

�60

Joel Mousseau 44

DIS Ratios: dσ /dx

●Results are now shown for the deeply inelastic events in C, Fe, Pb 
and CH (not isoscalar corrected).

●X dependent ratios directly translate to x dependent nuclear effects.

●However, we cannot reach the high x events with our current beam 
energy.

●Currently, our simulation assumes the same x-dependent nuclear 
effects for C, Fe and Pb based on charged lepton scattering.

C/CH

Fe/CH
Pb/CH
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Structure Function Extraction at MINERvA
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• MINERvA is collecting data using a medium energy beam <E>=5GeV. This data set will be used 
to extract the nuclear structure functions for neutrinos

• We expect better than 10% accuracy for structure function extraction

Joel Mousseau 55

Structure Function Extraction

● Additional neutrino and anti-neutrino data provided by Medium Energy 
beam will allow the extraction of nuclear structure functions for neutrinos. 

● Structure functions = form factors within the expression for the DIS cross 
section. They describe the distribution of quarks within the nucleon or 
nucleus as a function of x.

● Structure function ratios are the most direct route to observing 
x-dependent nuclear effects.

 
 

● Neutrino nuclear structure functions are also vital for future experiments 
and theory. 

Three structure functions describe the ν
μ
 + N and  ν

μ
 + N DIS cross section

Joel Mousseau 56

Structure Function Sensitivity

●We expect better than 10% accuracy for structure function 
extraction.

●However, requires anti-neutrino data be taken and analyzed.


