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• Number of neutrino events:

2

Number of Interactions

Minerba Betancourt

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)
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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)
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• What is the cross section?	
- A measure of the probability of an interaction occurring 
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Neutrino Cross Section

Number of interactions that occurred

Number of targets 
Total flux of incident neutrinos per unit area

Cross Section � =
N

�T

Neutrinos interact only by 
week force, at 1 GeV

�(⌫N) ⇠ 10�38cm2

�(pp) ⇠ 10�26cm2compare with 

tiny
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• Different neutrino sources determine the range of energies	
!
!
!
!
!
!
!
!
!
!
!
• Few GeV energy range neutrinos are very important for accelerator neutrino 

oscillations	
• This talk reviews a few neutrino interactions relevant to neutrino oscillation at the few 

GeV region (Quasi-Elastic and Resonance)	
• What happens when a few GeV neutrino interacts with a particle detector?

Different Neutrino Sources 

4

12/09/13  3

Motivation

The study of neutrino interactions is a crucial component of the 
global neutrino physics program:

It's particularly important to long and short baseline experiments 
studying neutrino oscillations in the few GeV energy range.
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Neutrino Interactions
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Neutrino Interactions

• Neutrinos interact in matter through two processes:

12

Charged Current (CC) interactions
via a W-boson

Neutral Current (NC) interactions
via a Z-boson
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Neutrino Interactions
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Neutrino Interactions

• Neutrinos interact in matter through two processes:

12

Charged Current (CC) interactions
via a W-boson

Neutral Current (NC) interactions
via a Z-boson

DATA$Event$

μ"candidate(

p"candidate(

π"candidate(

Example of charged Current Interaction
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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) 
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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
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• 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 
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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

Quasi-Elastic Scattering
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Past �⌫ Measurements

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

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

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

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

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

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 
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S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

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

antineutrino 

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

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
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Selected Events in Neutrino Beam
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• QE-like: any number of nucleons, but no pions	
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Past �⌫ Measurements
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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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Why Do We Study Charged Current Interactions?

9

• Charged current processes are signal channels for oscillations experiments	
• Due to nuclear effects combined with cross section, the signal channel and neutrino 

energy measured in detectors are not necessarily the same as the initial interaction	
!
!
!
!
!
!
• A pattern of neutrino oscillation is analyzed based on distributions of detected 

particles and it is crucial to have a reliable Monte Carlo generator to read this 
pattern correctly	
• Recent experimental data is not well described by current models	
• Understanding the neutrino interactions with nuclei is vital for precision oscillation 

measurements

Minerba Betancourt I The MINERvA Experiment 02/05/15

• Charged current processes are signal channels for oscillation experiments
• Due to nuclear effects combined with cross section, the signal channel and neutrino 

energy measured in detectors are not  necessarily the same as the initial interaction

• A pattern of neutrino oscillation is analyzed based on distributions of detected 
particles and it is crucial to have a reliable MC generator to read this pattern correctly

• Recent experimental data is not well described by current models
• Understanding the neutrino interactions with nuclei is vital for precision oscillation 

measurements

Neutrino Interactions

4
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• Understand the week interaction and the nucleus

• Important for neutrino oscillation experiments 

• Two types of neutrino oscillation measurements: Appearance and 

Disappearance 

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

• Main channel: Quasi-Elastic scattering

• Important background: Pion production
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Past �⌫ Measurements

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

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

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

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

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

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 
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Current Knowledge 
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atmospheric !
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Neutrino QE Scattering and Pion Production 
Motivation

3

T2K NOvA

LBNE

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

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

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

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

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

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

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 
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CC Quasi-Elastic  
nucleon changes, but 

doesn’t break up

MINERvA

CC Resonance 
nucleon excites to 
resonance state
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CC Quasi-Elastic  
nucleon changes, but 

doesn’t break up

MINERvA

CC Resonance 
nucleon excites to 
resonance state

Pion Absorption: Due to final state
interactions particles can interact with
nucleons before exiting the nucleus

CC Quasi-Elastic CC Resonance
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Neutrino Beam
• A proton beam interacts with a target and produces pions and kaons	
• We use magnetic horns to focus the charged particles. These charged particles 

decay and produce the neutrino beam	
• Long baseline experiments use near and far detectors to study neutrino oscillations	
!
!
!
!
!
!
!
!
• To get sufficient statistics for oscillations we use powerful beams	
• This powerful beam gives large statistics for near detector experiments to study 

neutrino scattering	
• Different technologies are used to detector neutrinos  

Neutrino Beam

10
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• A beam of proton interact with a target and produce pions and kaons
• We use magnetic horns to focus the charge particle. These charge particles decay 

and produce the neutrino beam
• Long baseline experiments uses near and far detector to study neutrino oscillation

• To get sufficient statistic for oscillations we use powerful beams
• This powerful beam gives large statistic for near detector                                    

experiment to study neutrino scattering
• Different technologies are used to detect neutrinos

Neutrino Beam

5

95m Decay region 
Neutrino beam 

π+ 

Beam  
dump 

Pions and kaons 
decay to neutrinos 

Carbon  
Target  

30 GeV  
Proton 
beam 

3 Magnetic 
focusing 
``horns”  

Accelerator-based neutrino sources 

Neutrinos are produced as a tertiary beam: 
1.  Protons hit a target, producing pions and kaons which decay to 

neutrinos 
2.  Resulting beam is >99% muon neutrino flavor, small νe component 

from muon, kaon decay; ~7% antineutrino component 
3.  Can switch magnetic horn polarization to focus π- and produce an 

predominantly antineutrino beam (with a ~10% neutrino component)  

7/24/2015 K. Mahn, FNAL W&C seminar 10 

Detector

Far Detector = �⇥ � ⇥ ✏⇥ P⌫µ!⌫e

Near Detector = �⇥ � ⇥ ✏

Long Baseline Oscillation Experiments 

                               4 

•Critical component of global effort to understand the nature of the neutrino 

•Measurements of neutrino mixing parameters 

•Will measure the neutrino mass hierarchy and CP-violation 

•Ingredients: 

•Intense neutrino beam 

•MASSIVE detector composed of heavy nuclei (C, H2O,  Fe, Ar) FAR away 

from the beam source 
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T2K 
NOQA 

LBNE 

J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84, 1307-1341, 2012 

Original image:  Symmetry Magazine, May 2005 

1300 km to LBNE 

far detector 

p K
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Near and Far Detector
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Near Detector Far Detector 
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1300 km to LBNE 

far detector 

!
!
!
!
!
!
!
!
!
• Flux is different in the near and far detector, so           is too	
• So while the two detectors help, one still needs to predict the                       

and      separately
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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	
!

• For this talk, using examples from the MINERvA experiment
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3 The NOMAD detector

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

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

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

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

√

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

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

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

3.1 Reconstruction of QEL events in the NOMAD
detector

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

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

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

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

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

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

• Fine-grained scintillator tracker surrounded by calorimeters
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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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Fig. 1. A side-view of the NOMAD detector.

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

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

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

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

• Fine-grained scintillator tracker surrounded by calorimeters

The MINERvA Experiment
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• The Quasi-Elastic channel is one of the simplest channels in neutrino scattering

Review of Quasi-Elastic Scattering

13

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
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• We use the free nucleon CCQE formalism	
!
!
!
!
!
• Sign on B term is minus for neutrinos, plus for antineutrinos	
• GF is the Fermi constant, 1.17 x 10-5 GeV2	

• M is the average nucleon mass, 938.92 MeV	
• θC is the Cabbibo angle 	
• E is the neutrino energy	
• s and u s are Mandelstam variables

14
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• 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 
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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

cos✓C = 0.9742
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Quasi-Elastic Scattering (CCQE)
• The Quasi-elastic process gives the largest contribution for the signal in many 

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

only the muon and others use the proton and muon

17 Minerba Betancourt 06/17/15

• 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
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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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MiniBooNE

Quasi-Elastic Scattering (CCQE)
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MiniBooNE: Cherenkov detector
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• These experiments measured the axial mass MA, pretty good agreement between the 
experiments

12

S. Zeller, IF seminar, 02/13/14 

Historical Data 
10 

Q2 (GeV2) 

•  primary aim was to measure the axial-vector form factor (MA~ 1.0 GeV) 

Miller, PRD 26, 537 (1982) 

Baker, PRD 23, 2499 (1981) 

BNL, D2 
MA=1.07 ± 0.06 GeV 

1,236 events 

ANL, D2 
MA=1.00 ± 0.05 GeV 

1,737 events 

FNAL, D2 
MA=1.05 ± 0.16 GeV 

362 events 

recognized as 
an important 

ingredient 
in the analysis 

of NCs 
so carefully  

scrutinized CC 
equivalent 

Kitagaki, PRD 28, 436 (1983) 

2222 )/1()( �� AAA MQgQG

22222 )/1()/()()( �� � VnpME MQQGQG PP

Form Factors 

Vector 

Standard dipole parameterization 

Axial 
26.1 Ag

2/)021.0026.1( cGeVM A r 

from neutron E decay 

10/8/2015 M. Martini,  NuFact15 7 

from Q-deuterium CCQE and from  S electroproduction   

Quasi-Elastic Scattering (CCQE)

Baker, PRD 23, 2499 (1981) Miller, PRD 26, 537 (1982) Kitagaki, PRD 28, 436 (1983)

MA = 1.07± 0.06GeV MA = 1.00± 0.05GeV MA = 1.05± 0.16GeV

Quasi-Elastic Scattering (CCQE) Using D2Quasi-Elastic Scattering (CCQE)
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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>=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)Quasi-Elastic Scattering (CCQE)
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Quasi-Elastic Scattering (CCQE)
• Inclusion of the multi nucleon emission channel (np-nh) gives better agreement with 

data without increasing the axial mass	
!
!
!
!
!
!
!
!
!
!
!
• Theorists have made a lot of effort these past years to improve models 

21
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    
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Nuclear Effects in Elastic Scattering

20

• Two effects	
• In a nucleus, the target nucleon has some initial momentum which modifies the 

observed scattering	
• Often handled in a “Fermi Gas” model of nucleons filling available states up to 

some initial state Fermi momentum, kf	
!
• Outgoing nucleon can interact with the target	
• Usually treated as a simple binding energy	
• Also, Pauli blocking exists for nucleons not escaping nucleus, because states are 

already filled with identical nucleon 

kF B 
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Final State Interactions

21

• Final state interactions: Hadrons produced in a scattering interaction re-interact 
with other nucleons before they escape the nucleus	
• Thus, particles that exit the nucleus might be different, both in type and in energy 

from those generated in the initial interaction	
• Final states can contribute to apparent “quasi-elastic” scattering 	
• These effects are big

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

Final State Effects 
29 

understanding π kinematics  
  is important!  

  (has never been carefully studied) 

(T. Leitner) 

large distortion  
in momentum of 
π’s produced 

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

      “final state interactions (FSI)” 

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

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

     

Minerba Betancourt/Moriond QCD 2014

• Understand the week interaction and the nucleus

• Important for neutrino oscillation experiments 

• Two types of neutrino oscillation measurements: Appearance and 

Disappearance 

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

• Main channel: Quasi-Elastic scattering

• Important background: Pion production

Minerba Betancourt

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

Past �⌫ Measurements

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

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

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

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

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

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

12

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

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

antineutrino 

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

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

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

Neutrino QE Scattering and Pion Production 
Motivation

3

T2K NOvA

LBNE

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

Nuclear(Physics(–(Pion(Absorp5on(

(((((((((((((((((((((((((((((7(

• Par5cles(can(interact(with(nucleons(before(exi5ng(the(nucleus:(
(Final!State!Interac7ons!(FSI)!

!
• Pions(produced(in(the(ini5al(interac5on(can(be(absorbed(

~25%(of(the(5me(for(π+(from(Δ(decay!(

ν!

μ!

π+!

Δ++!

Mosel(et#al:(arxiv(1311.7288(

Simulated(LBNE(νμ(disappearance(

Fermilab(Joint(ExperimentalMTheore5cal(Seminar(((((((((((((((((((((((((Brandon(Eberly,(University(of(Pi>sburgh(

p!

Solid:((true(Eν(
Dash:((rec.(Eν(

At!3!GeV:!
((((~50%(QE(
((((~35%(RES(+(DIS((
((((((π(absorp5on(

J. A. Formaggio, G. Zeller,  
Reviews of Modern Physics, 84 (2012)
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Current Knowledge 
6 

neutrino 

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

antineutrino 

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

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

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

CC Quasi-Elastic  
nucleon changes, but 

doesn’t break up

MINERvA

CC Resonance 
nucleon excites to 
resonance state
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Example: Measuring Differential Cross Section

22

We measure differential cross sections

18

Unfolding

Events Selected

Backgrounds

Acceptance
Flux Targets

Bin-width

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

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

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

Flux Prediction

20

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

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

using external hadron production data

8

Flux

23

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

uncertainty	
• We have a prediction for the flux with uncertainties about ~8%
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Selected Events 

24
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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)

• We make a selection based on the topology of the event	
• In the case of Quasi-Elastic scattering, what are we looking for in the detector?	
!
!
!
!
!
• But all we can measure is how energy is deposited in the detector	
• We use our physics knowledge to infer what patterns of energy deposition 

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

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

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

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

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

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

15

µ�

p
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Signal and Background

25
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!  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)

• Signal event: an event that matches what our analysis is looking for, regardless of 
whether we manage to identify the underlying process	
• Background event: is an event that passes our analysis cuts, but which is not actually 

a true signal event. These events mimic our signal	
!
!
!
!
!
!
!
!
• Other processes like the resonance interactions produce pions, but these can be 

absorbed in the nucleus (final-state interactions), faking the signal
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bkgd
data,j)
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7/6/15'Cheryl'Patrick,'MINERvA'101'

Example:'quasiDelasBc'
neutrino'scaJering'

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

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

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

(Ndata,j �N bkgd
data,j)

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

26

Simulations

 

Costas Andreopoulos, Rutherford Appleton Lab.

Read the GENIE
users manual

NEW

GENIE
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Signal and Background
•  We identify the particles	
• Measure properties of those particles	
• Momentum, angle and energy 

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

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

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

Neutrino Energy and Q2 Reconstruction
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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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Neutrino Energy and Q2 Reconstruction
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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)

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

Neutrino Energy
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•  We identifies the particles	
• Measure properties of those particles	
• Momentum, angle and energy 	
• Using the muon momentum and angle, we can compute the four momentum 

transfer 	
!
• Let’s concentrate on describing how to measure the differential cross section as a 

function of Q2

28

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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29

• 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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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)
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Sidebands'
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…'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

3012/09/13  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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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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• After the background is constrained with data, we subtract the predicted 
background contribution from each bin of the desire quantity we want to measure
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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'
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Unfolding'(or'unsmearing)'

! We'can’t'measure'(or'reconstruct)'quanBBes'with'perfect'precision,'
so'we'will'always'reconstruct'some'events'into'the'wrong'bin'
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True'
distribuBon'

Reconstructed'(smeared)''
distribuBon'

!  This'has'the'effect'of'smearing'out'the'features'of'our'true'distribuBon'

The'problem'of'smearing' Uj↵

• We can’t measure (or reconstruct) events with perfect precision, so we will always 
reconstruct some events into the wrong bin 	
!
!
!
!
!
!
!
!
!
!
• This has the effect of smearing out the features of our true distribution	
• Correcting for the effects of detector smearing, which causes some events to be 

reconstructed into the wrong bin. The goal is, when presented with a smeared 
distribution, to recover out true distribution

Unfolding (or unsmearing)

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

Cheryl Patrick, MINERvA 101

True 
distribution

Reconstructed (smeared) 
distribution

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

The problem of smearing

Unfolding (or unsmearing)

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

Cheryl Patrick, MINERvA 101

True 
distribution

Reconstructed (smeared) 
distribution

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

The problem of smearing
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True'
distribuBon'

Reconstructed'(smeared)''
distribuBon'

!  This'has'the'effect'of'smearing'out'the'features'of'our'true'distribuBon'

The'problem'of'smearing' Uj↵

• We want to know, if an event is observed in bin j, what bin did it really happen in?	
• In other words, what’s the probability that an event observed in bin j actually 

occurred in bin α?	
• We can use our Monte Carlo to inform a migration matrix indicating what fraction 

of events generated in each bin α were observed in each reconstructed bin j	
• If we’ve done a good job with our initial reconstruction, the matrix should be close 

to diagonal	
• In addition, if we chose bins that are too small compared to our resolution. This is 

also a problem because the matrix is not as diagonal

Unfolding (or unsmearing)

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

Cheryl Patrick, MINERvA 101

True 
distribution

Reconstructed (smeared) 
distribution

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

The problem of smearing
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!  This'has'the'effect'of'smearing'out'the'features'of'our'true'distribuBon'

The'problem'of'smearing' Uj↵

• Example from Quasi-Elastic scattering	
!
!
!
!
!
!
!
!
!
!
!
!
• To get the unsmearing matrix U, we must invert the migration matrix

Unfolding (or unsmearing)

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

Cheryl Patrick, MINERvA 101

True 
distribution

Reconstructed (smeared) 
distribution

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

The problem of smearing

Diagonal	
corresponds	to	

events	
reconstructed	in	
the	right	bin	
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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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Efficiency'and'acceptance'

!  Again,'we'use'our'Monte'Carlo'simulaBon,'with'true'and'

reconstructed'quanBBes'to'correct'our'reconstructed'distribuBon'to'

the'true'distribuBon'

!  Looking'at'our'true'signal'events'in'bin'α,'our'acceptance'is'given'by'
the'number'of'signal'events'we'managed'to'reconstruct'divided'by'

the'total'number'of'signal'events'
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✏j
“The'ones'that'got'away”'

Aα'='Nα,'signal'AND'reconstructed'

Nα,'signal'

!  If'you'perform'the'unfolding'and'acceptanceDcorrecBon'procedure'

on'your'reconstructed'Monte'Carlo'distribuBon,'you'should'recover'

your'true'distribuBon'

A↵

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

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

32

Hey! MINOS isn’t over there muon!!

Some analyses require muon track to 
be matched to a track in MINOS. 
Events where the muon exits the side 
of detector will be rejected

Minerba Betancourt I MINERvA Experiment
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Unfolding (or unsmearing)

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

Cheryl Patrick, MINERvA 101
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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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12/09/13  53

Summary of all systematic uncertainties (antineutrino):

1-Track CCQE Analysis

Flux uncertainties

Muon Reconstruction Uncertainty
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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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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

• 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

‹µ + n æ µ≠ + p
To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a

ti
o

 t
o

 G
E

N
IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

‹̄µ + p æ µ+ + n

To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a

ti
o

 t
o

 G
E

N
IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

12

Charged Current Quasi-Elastic Scattering from MINERvA

15

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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As an example of final state interaction effects, 
let’s review a couple of examples from pion 
production

DATA$Event$

μ"candidate(

p"candidate(

π"candidate(

Let’s concentrate on the pion candidate
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Final State Interactions
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• Final state interactions: Hadrons produced in a scattering interaction re-interact 
with other nucleons before they escape the nucleus	
• Thus the particles that exit the nucleus my be different, both in type and in energy 

from those generated in the initial interaction	
• Final states where pion is absorbed can contribute to apparent “quasi-elastic” 

scattering 	
• These effects are big

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

Final State Effects 
29 

understanding π kinematics  
  is important!  

  (has never been carefully studied) 

(T. Leitner) 

large distortion  
in momentum of 
π’s produced 

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

      “final state interactions (FSI)” 

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

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

     

Minerba Betancourt/Moriond QCD 2014

• Understand the week interaction and the nucleus

• Important for neutrino oscillation experiments 

• Two types of neutrino oscillation measurements: Appearance and 

Disappearance 

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

• Main channel: Quasi-Elastic scattering

• Important background: Pion production

Minerba Betancourt

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

Past �⌫ Measurements

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

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

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

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

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

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

12

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

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

antineutrino 

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

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

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

Neutrino QE Scattering and Pion Production 
Motivation

3

T2K NOvA

LBNE

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

Nuclear(Physics(–(Pion(Absorp5on(

(((((((((((((((((((((((((((((7(

• Par5cles(can(interact(with(nucleons(before(exi5ng(the(nucleus:(
(Final!State!Interac7ons!(FSI)!

!
• Pions(produced(in(the(ini5al(interac5on(can(be(absorbed(

~25%(of(the(5me(for(π+(from(Δ(decay!(

ν!

μ!

π+!

Δ++!

Mosel(et#al:(arxiv(1311.7288(

Simulated(LBNE(νμ(disappearance(

Fermilab(Joint(ExperimentalMTheore5cal(Seminar(((((((((((((((((((((((((Brandon(Eberly,(University(of(Pi>sburgh(

p!

Solid:((true(Eν(
Dash:((rec.(Eν(

At!3!GeV:!
((((~50%(QE(
((((~35%(RES(+(DIS((
((((((π(absorp5on(

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

CC Quasi-Elastic  
nucleon changes, but 

doesn’t break up

MINERvA

CC Resonance 
nucleon excites to 
resonance state
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Charged Pion Production
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Charged Pion Production

18

• Next important channel for neutrino oscillation and increasing the W toward the QCD limit
• Most experiments use the Rein-Sehgal model for nuN resonance production

• More recent models by M. Athat, Salamanca-Valencia, M. Pascos
• Experimentalist’s dilemma: Whichever model you use, it will be poorly constrained by nuN 

data

• All the generator are tuned to bubble chamber deuterium data

Resonance Pion Production Model 

                             11 

 
 

Fermilab Joint Experimental-Theoretical Seminar                         Brandon Eberly, University of Pittsburgh 

•Most experiments use the Rein-Sehgal model for νN resonance production 
•More recent models by M. Athar, Salamanca-Valencia, M. Pascos 
 

•Experimentalist’s dilemma: Whichever model you use, it will be poorly 
constrained by νN data  

O. Lalakulich & U. Mosel, NuInt12 

Multiplying by the well-known CCQE cross section gives the
⌫µp ! µ�p⇡+ cross section
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I H2, D2 CCQE measurements generally consistent
I Use GENIE 2.8 cross section (MA = 0.99 GeV)

I
Not circular, since MA from Q2

shape, not normalization

I Result consistent with GENIE �++ cross section

�•�•• 12

Old bubble chamber deuterium data
Recent reanalysis of deuterium data finds 
consistency between ANL and BNL 
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Comparisons of Models with Data from MiniBooNE
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• Data is compared against a theoretical model (GIBUU)
• Data prefers GIBBU with no FSI for both        and  

Comparison of      and      Models with Data from 
MiniBooNE 

19

A step up in W to pion production"
Comparison of π0 and π± Models with Data!

40 

 
 
 
 
 
GiBUU results confirmed by Hernandez & Nieves 

Pion Spectra in MB 
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bands: 
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Hard to understand: 
pion data agree with 
Fermi-motion folded free 
cross cection, but fsi must  
be there 
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L. Alvarez-Ruso, IFIC                                                          NuInt12

π production
 GENIE vs GiBUU NCπ

 Largest discrepancies seem to be in the cross sections before FSI
 At the nucleon level, both compatible with ANL/BNL data!   

Dytman@NuInt12
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Comparison of Models with Data from MINERvA
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• Differential cross section as a function of pion kinetic energy, left absolutely normalized and 
right area normalized

Comparison of neutrino     Models with Data from 
MINERvA (W<1.4 GeV)

20

A step up in W to pion production"
Comparison of π0 and π± Models with Data!

40 
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More details: charged pion  (W<1.4 GeV) "
absolute cross section – model comparisons!

46 

•  NEUT and NuWro normalization agree the best with data.   
•  GiBUU, GENIE normalizations disfavored by a couple σ 
•  GENIE (with FSI), NEUT, and NuWro predict the data shape well  
•  Except for Athar, data is unable to distinguish different FSI models  
 

NEUT and NuWro normalization agree the best with data 
GIBBU, GENIE normalization disfavored 

FSI Conclusions for Pion Energy "
(Multi model - Shape Comparisons) !

  GENIE (with FSI), NEUT, and NuWro predict the data shape well!
   Data is unable to distinguish different FSI models !

44 

Motivation Previous Measurements

FSI Conclusions for Pion Energy (Shape Comparisons)

GENIE (with FSI), NEUT, and NuWro predict the data shape well
Data is unable to distinguish different FSI models

C.L. McGivern (University of Pittsburgh) Joint Experimental-Theoretical Physics Seminar 16 / 56

GENIE (with FSI), NEUT, and NuWro predict the shape 
well. Except for Attar, data is unable to distinguish 
different FSI model 

Phys. Rev D92(2015)
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MINERvA and MiniBooNE Data
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W<1.4 GeV Analyses

21

• No models describe all data sets well
• MiniBooNE <E>~1 GeV: best theory models (GIBUU) strongly disagree in shape
• MINERvA <E>=4 GeV: Event generator has shape but not magnitude 

Summary for W < 1.4 GeV Analysis!

47 

  MiniBooNE  - Eν~1 GeV!
  Best theory models (GiBUU, Valencia) strongly disagree in shape!
  Event generators have shape right, but problems in detail!
!

  MINERvA - <Eν> = 4 GeV !
  Dominantly Δ resonance formation, decay in "

nucleus, very similar to MiniBooNE)!
  Event generators have shape but not magnitude!
  Event generators show the absolute need for ! !              including FSI!!
  GiBUU has shape right, but wrong magnitude!
!

  No models describes all data sets well!"
  Theory based calculations have better physics "

(nuclear corrections), but don’t describe data"
better than simpler event generator codes.!
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Present and Future
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• We have several experiments studying different neutrino interactions and 
making precise cross section measurements	
- MINERvA,T2K, NOvA, MiniBooNE, ArgoNeut NOMAD and others..	
• Future neutrino oscillation experiment (DUNE) will use new detector 

technology	
- New targets made of liquid argon	
• Several experiments in the lab are leading the effort for the liquid argon 

(MicroBooNE, SBND and ICARUS) 

M. Toups First Results From MicroBooNE

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

measurement 

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

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

• Foundation for additional analyses 

• νμ CC track multiplicity study 

• νμ CCπ0 

36

Charged current candidate 
from MicrooBooNE
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Summary
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• Some cross section measurements are challenging because nuclear effects are not 
easy to disentangle	
• We need to understand the interplay between nuclear effects and cross sections in 

neutrino nucleus interactions 	
• However, cross sections are very important, since they help us perfect the nuclear 

model we have in our event generator (GENIE)	
• The nuclear model is esencial to transfer information from the near detector to the 

far detector in oscillation experiment	
• Understanding the neutrino interactions with nuclei is vital for precision oscillation 

measurements


