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Please Note…

• I sincerely apologize that I cannot be there in person to meet and talk with 
you all!

• Since this is a school:
• I have some questions throughout my slides that I would like you to 

answer afterward.
• Please send me at least 1 follow-up question after each lecture.  I will 

answer at least 1 question from each of you and post them in Slack 
(#flux-and-xsec-exp).

• You may send me questions either via email (jpaley@fnal.gov) or Slack 
(@Jon Paley)
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Outline

• Why do we care about neutrino scattering?

• The role of neutrino event generators

• What goes into a cross section measurement?

• How to avoid cross section model dependency and model bias?
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Neutrino Scattering and Oscillations

4

Nobs
⌫ (Ereco

⌫ ) ⇠ ~U(Etrue
⌫ ! Ereco

⌫ )
⇣
�(Etrue

⌫ )⇥ �(Etrue
⌫ )⇥ ✏(Etrue

⌫ )⇥ P osc(Etrue
⌫ )

⌘

NOvA

DUNE

• Remember, we “see” neutrinos because they scatter off nuclei, producing charged 
particles that deposit energy in our detectors.
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• Remember, we “see” neutrinos because they scatter off nuclei, producing charged 
particles that deposit energy in our detectors.

• The probability that a neutrino scatters is the cross-section.
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Neutrino Scattering and Oscillations
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• We have to select our signal interactions (eg, νμ CC interactions), but our selection 
is imperfect.  The rate at which we select signal events is our efficiency.

• The efficiency depends on the differential cross section for producing all the final-
state particles for all interactions at a given energy.
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corrections for unobserved
final-state particles
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Neutrino Scattering and Oscillations
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• We don’t know the energy of the neutrino coming in, so we have to reconstruct it 
based on the measurements of the final-state particles we see.

• Smearing matrix accounts for unobserved particles and detector resolution.
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• We don’t know the energy of the neutrino coming in, so we have to reconstruct it 
based on the measurements of the final-state particles we see.

• Smearing matrix accounts for unobserved particles and detector resolution.
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• We don’t know the energy of the neutrino coming in, so we have to reconstruct it 
based on the measurements of the final-state particles we see.

• Smearing matrix accounts for unobserved particles and detector resolution.
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Event Generators
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• We rely on models to determine these corrections.  The models are implemented in 
neutrino event generators to simulate neutrino interactions and the kinematics of all 
final-state particles.

• For ~GeV neutrino energy-scale experiments, there are 5 generators on the 
market:
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Software landscape

 

Four most popular codes at accelerator energies (~100 MeV to ~20 GeV)

Experiment-focused generators Theory-focused generators

Meet the needs of current oscillation experiments

NEUT (no official logo)

Eur. Phys. J. Spec. Top. 230, 4449 (2021)

Eur. Phys. J. Spec. Top. 230, 4469 (2021)

C++. Primary generator for 
Fermilab experiments. Largest 
group (still just a handful of 
active developers). Ambitions 
to be the universal platform.

C++/Fortran. Primary generator 
for J-PARC experiments (T2K, 
Super-K, Hyper-K). Not yet fully 
open source.

Fortran. Supports neutrino 
projectiles as part of larger 
framework. Most sophisticated FSI 
model. Limited infrastructure (no 
geometry handling, etc.)

Aid theoretical investigations of neutrino scattering

C++. Many model options, 
often the first adopter of new 
theory developments from the 
literature.

Nucl. Phys. Proc. Suppl. 229-232, 499 (2012)

J. Phys. G: Nucl. Part. Phys. 46 113001 (2019)

NuWro

 

19

Software landscape

 

Four most popular codes at accelerator energies (~100 MeV to ~20 GeV)

Experiment-focused generators Theory-focused generators

Meet the needs of current oscillation experiments

NEUT (no official logo)

Eur. Phys. J. Spec. Top. 230, 4449 (2021)

Eur. Phys. J. Spec. Top. 230, 4469 (2021)

C++. Primary generator for 
Fermilab experiments. Largest 
group (still just a handful of 
active developers). Ambitions 
to be the universal platform.

C++/Fortran. Primary generator 
for J-PARC experiments (T2K, 
Super-K, Hyper-K). Not yet fully 
open source.

Fortran. Supports neutrino 
projectiles as part of larger 
framework. Most sophisticated FSI 
model. Limited infrastructure (no 
geometry handling, etc.)

Aid theoretical investigations of neutrino scattering

C++. Many model options, 
often the first adopter of new 
theory developments from the 
literature.

Nucl. Phys. Proc. Suppl. 229-232, 499 (2012)

J. Phys. G: Nucl. Part. Phys. 46 113001 (2019)

NuWro

 

19

Software landscape

 

Four most popular codes at accelerator energies (~100 MeV to ~20 GeV)

Experiment-focused generators Theory-focused generators

Meet the needs of current oscillation experiments

NEUT (no official logo)

Eur. Phys. J. Spec. Top. 230, 4449 (2021)

Eur. Phys. J. Spec. Top. 230, 4469 (2021)

C++. Primary generator for 
Fermilab experiments. Largest 
group (still just a handful of 
active developers). Ambitions 
to be the universal platform.

C++/Fortran. Primary generator 
for J-PARC experiments (T2K, 
Super-K, Hyper-K). Not yet fully 
open source.

Fortran. Supports neutrino 
projectiles as part of larger 
framework. Most sophisticated FSI 
model. Limited infrastructure (no 
geometry handling, etc.)

Aid theoretical investigations of neutrino scattering

C++. Many model options, 
often the first adopter of new 
theory developments from the 
literature.

Nucl. Phys. Proc. Suppl. 229-232, 499 (2012)

J. Phys. G: Nucl. Part. Phys. 46 113001 (2019)

NuWro

Steven Gardiner (gardiner@fnal.gov)
Event Generators Group Leader, Fermilab Physics Simulation Department
NuSTEC School & Workshop, São Paulo, 12 April 2024

Introduction to neutrino event generators
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NEUT

Used by Fermilab 
experiments

Used by T2K, SK 
and H2K

Very new, theory-
driven event 
generator, 
Fermilab-led

Theory-driven 
event generator, 
most sophisticated 
FSI model.

Theory-driven with 
many model options, 
early adopter of new 
theory developments.
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Event Generators
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• Current neutrino experiments cover nearly two orders of magnitude of neutrino 
energies.

• Life is made more interesting because over this range, there are several types 
of scattering modes.

spectrum, as shown in Fig. 1, so the center-of-mass energy of a collision is not known. In
contrast, quark-flavor experiments, for which lattice QCD has been crucial, study decays
of strange, charmed, or b-flavored hadrons of precisely known mass. Here, the energy of
the incident neutrino must be inferred from measurements of the final state. The targets
in neutrino experiments are medium- to large-sized nuclei, such as 12C, 16O, or 40Ar, the
remnants of which are not, in practice, be detected. That means that the mapping between
final-state measurements and the initial energy inevitably requires theoretical knowledge of
the neutrino interaction with the struck nucleus.

Consistency with QCD is a clearly desirable characteristic of nuclear models used to
deduce the connection between final and initial states. Thus, it makes sense to incorporate
lattice QCD as soon as results with full, reliable error budgets are available. As discussed
in more detail in Ref. [16], the nuclear models rely in part on properties of the nucleon
as inputs. Many of these quantities can be calculated in lattice QCD in the near term,
with the precision depending on the quantity. Of course, single-nucleon calculations are
not in themselves enough. Calculations of the properties of multi-nucleon systems must be
developed concurrently and, once mature, also incorporated into the nuclear modeling.

The theory behind neutrino-nucleus collisions is complex because it spans a range of en-
ergies that probe all aspects of the target nucleus. Nuclear excitation energies are, typically,
dozens of keV, while the average binding energy is 8.6 MeV (in 40Ar), and the typical Fermi
motion of a nucleon is around 250 MeV. In the regime relevant to oscillation experiments,
the energy transfer to the nucleus ranges between ⇠200 MeV and the neutrino energy itself,
although much of transferred energy is carried o↵ by nucleons and pions, rather than the
nuclear remnant. Thus, it is a challenge to arrive at a comprehensive approach to the entire
problem. Most approaches start with nuclear many-body theories, in which the nucleus is
described by a nuclear wave function of a collection of interacting nucleons; see, for exam-
ple, Ref. [17, 18]. It is at this point in the analysis that nucleon-level matrix elements enter.
One should bear in mind, however, that single-nucleon physics is not enough: multi-body

FIG. 1. Energy spectrum of the neutrino beam for several experiments. In particular, most of
DUNE’s beam lies in the range 1 GeV < Eµ < 7 GeV. Courtesy Laura Fields [15].
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Rev. Mod. Phys. 84, 1307
T2K + SBN NOvA + MINERvA
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Neutrino Interactions
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• Interactions at the ~GeV scale are often categorized by their scattering off of 
bound nucleons and their final state.
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Initial State - 
nucleons bound 
but not at rest

• Interactions at the ~GeV scale are often categorized by their scattering off of 
bound nucleons and their final state.

• But all of this happens in a nuclear environment, which impacts both the initial 
state and the particles we observe in the final state.  Things like nucleon binding 
energy, momentum distribution of nucleons, and intranuclear scattering and 
absorption have to be modeled!
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Initial State - 
nucleons bound 
but not at rest

• Interactions at the ~GeV scale are often categorized by their scattering off of 
bound nucleons and their final state.

• But all of this happens in a nuclear environment, which impacts both the initial 
state and the particles we observe in the final state.  Things like nucleon binding 
energy, momentum distribution of nucleons, and intranuclear scattering and 
absorption have to be modeled!

What else has to be modeled?
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• Generators use very similar (often the same) 
models for exclusive differential cross sections.  
However, their implementation can be quite 
different.

• The models then have to be stitched together: 

Initial 
State QE 2p2h Res DIS FSI

GENIE 
v3.00.06 LFG Valencia 

(Nieves, et al)
Valencia 

(Nieves, et al) B-S PYTHIA 6 hN

NEUT 
5.4.0 LFG Valencia 

(Nieves, et al)
Valencia 

(Nieves, et al) B-S PYTHIA 5 Oset (low mom. pions) + ext. 
data

NuWro 
2019 LFG L-S + RPA Valencia 

(Nieves, et al) NuWro PYTHIA 6 Oset (pions) +
NuWro (nucleons)

GiBUU 
2019 LFG GiBUU Model BUU equations

C. Bronner, C. Bronner, NuSTEC 2018 Workshop Presentation

�inclusive
CC (E⌫) = �QE

CC + �MEC
CC + �Res

CC + �DIS
CC + �Coh

CC

https://indico.cern.ch/event/727283/contributions/3102161/attachments/1732050/2799758/Generators.pdf
https://indico.cern.ch/event/727283/contributions/3102161/attachments/1732050/2799758/Generators.pdf
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• Implementation and stitching differences between the generators is reflected in the 
spread of inclusive predictions from various generators.

• Cross section measurements are critical to improve our understanding of the 
individual processes and how all the pieces fit together.
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As we move to an era of precision neutrino oscillation 
measurements, the uncertainties on our models become a 
leading systematic uncertainty.

A global effort is under way to measure neutrino-nucleus cross 
sections in order to improve these models and reduce the 
uncertainty.

But how do we even make a cross section measurement?
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What is a cross section?
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• A cross section is the probability of an interaction occurring.  
The bigger the target, the more likely the interaction will occur.

• Given in units of area
• Hard sphere scattering target
• Analogy to cross sectional area

  4

What is a Cross Section?
● Measure of probability of 

interaction occurring

● Given in units of area
– Hard sphere scattering target

– Analogy to cross sectional area

● Measurement of
– Field (elastic)

– Internal structure of the target 
(inelastic)

Scattering off of 
a Hard Sphere

Scattering off of a Field

 

Cross Sections

 

Basically, in nuclear physics, cross sections are the probability that a certain reaction will occur 
between two particles for a given set of parameters. Simply, a cross section can be roughly 
thought of as a target, like one at a shooting range. The probability that a reaction will occur is 
analogous to the probability of a random bullet hitting its target.

Unfortunately, a nuclear cross section are a little more complicated than that due to quantum 
mechanical effects. At atomic scales, the wave properties of matter become important and 
strongly effect the interactions between particles. This means for a specific target, the target’s size 
varies depends on the energy of the bullet, type of bullet and target, and the kind of interaction 
between them. Using the shooting range analogy, the target would be larger for bullets with cer-
tain speeds, but smaller at others. 

In nuclear power, the “bullets” are neutrons, and the “targets” will be atoms of nuclear fuel, mod-
erators, control rods, and poisons.

In addition, the bullet could interact with the target in different ways, it could be absorbed in to it, 
be deflected, or cause the target to break apart. This leads to the three important types of cross sec-
tions that are important in nuclear energy:

 

- Absorption:

 

 Probability that a neutron will be absorbed and prevent other reactions from occur-
ring. Control rods are used to absorb neutrons and poisons steal neutrons that could have been 
used for fission reactions.

 

- Fission:

 

 Probability that a neutron will cause a fission reaction (cause an atom to split). This is 
important for releasing energy stored in nuclear fuel.

 

- Scattering:

 

 Probability that a neutron will bounce off an atom and give up some of its energy 
but otherwise leaving the target atom unchanged. Moderators such as ordinary water, heavy water, 
and graphite slow neutrons to appropriate speeds to assist fission reactions by scattering.
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• A cross section is the probability of an interaction occurring.  
The bigger the target, the more likely the interaction will occur.

• Given in units of area
• Hard sphere scattering target
• Analogy to cross sectional area

• Elastic scattering is a measure of the strength of a field
• Inelastic scattering is a measure of the internal structure of the 

target
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• A cross section is the probability of an interaction occurring.  
The bigger the target, the more likely the interaction will occur.

• Given in units of area
• Hard sphere scattering target
• Analogy to cross sectional area

• Elastic scattering is a measure of the strength of a field
• Inelastic scattering is a measure of the internal structure of the 

target
• For a single target (eg, nucleon):

where 
Nint = number of interactions
Φ = number of incoming particles/unit area
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• A cross section is the probability of an interaction occurring.  
The bigger the target, the more likely the interaction will occur.

• Given in units of area
• Hard sphere scattering target
• Analogy to cross sectional area

• Elastic scattering is a measure of the strength of a field
• Inelastic scattering is a measure of the internal structure of the 

target
• For a “real” target made of many nuclei:

where 
Nint = number of interactions
Ntar = number of nuclear targets
Φ = number of incoming particles/unit area
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• In a real experiment, we have to “select” what we think are our 
signal interactions from the data.  This is an imperfect process, 
and so we have some corrections to make:

• We often rely on our simulations to determine the efficiency and 
purity.  One must never forget:

SIMULATION IS ALWAY WRONG
• The important question is “how wrong is it” (we need to quantify 

our uncertainty!), and can we develop a measurement that is 
minimally sensitive to the biases in the simulation?

where 
Nselint = number of selected interactions
Ntar = number of nuclear targets
Φ = number of incoming particles/unit area
P = “purity” of the selection (background subtraction)
ϵ = “efficiency” of the selection
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• Total cross sections are nice to have, but what we really want 
and need in order to improve our neutrino scattering models are 
differential cross sections:

where 
x = some useful variable
i = ith bin in “true” space
j = jth bin in “reconstructed” space
Nselj = number of selected interactions
Pj = “purity” of the selection (background subtraction) in reco space
Uij = smearing matrix, true -> reco
ϵi = “efficiency” of the selection in true space
Ntar = number of nuclear targets
Φ = number of incoming particles/unit area

What is a cross section?
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• First, we must define our signal.  
• Theorists and model builders typically think in 

terms of “QE”, “Resonance”, “2p2h”, etc.  But 
final-state interactions (eg, pion absorption or 
charge exchange) and our own detector 
limitations (resolution), it is impossible for us to 
measure these processes directly!  Eg: 
consider a case where we see only one muon 
and one proton in the final state.  This could be:
• a CC QE interaction or,
• a CC Res interaction where the pion is 

absorbed in the nucleus or,
• a 2p2h interaction where one proton has 

energy below our detection threshold (100 
MeV)

• Instead, we should be honest and clear about 
what we are measuring, eg: “CC interactions 
with a single proton about 100 MeV in the final 
state”. 

24
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Graphic from S. Dolan

What do we actually measure?

Many modes 
contribute to any 

measurement

Integrated over 
broad ω region

Difficult to tune 
theory models!

Graphic by S. Dolan

What Variables to Report?
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• First, we must define our signal.  
• Theorists and model builders typically think in 

terms of “QE”, “Resonance”, “2p2h”, etc.  But 
final-state interactions (eg, pion absorption or 
charge exchange) and our own detector 
limitations (resolution), it is impossible for us to 
measure these processes directly!  Eg: 
consider a case where we see only one muon 
and one proton in the final state.  This could be:
• a CC QE interaction or,
• a CC Res interaction where the pion is 

absorbed in the nucleus or,
• a 2p2h interaction where one proton has 

energy below our detection threshold (100 
MeV)

• Instead, we should be honest and clear about 
what we are measuring, eg: “CC interactions 
with a single proton about 100 MeV in the final 
state”. 
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What Variables to Report?

• Again, theorists love to see cross sections 
reported as functions of Eν, Q2 and W, but 
these are all cross-section model-
dependent variables, which:
• Makes them hard to interpret at face-

value
• Can introduce potential bias

• The cleanest measurements are those that 
report the final-state particle kinematics, eg 
those that we can measure directly:
• lepton energy and angle (or longitudinal 

and transverse momenta)
• hadron energy and angle (or longitudinal 

and transverse momenta)
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• Event selection is all about maximizing both 
your efficiency and purity.

• Best to use observables that characterize 
particles in the final-state, eg, particle-id based 
on dE/dx, scattering, time-of-flight, Ckov light, 
etc.

• Eg, in NOvA, we use dE/dx and scattering 
information of the reconstructed charged 
particle trajectories to isolate muons from other 
particle:

26

Developing and Optimizing The Event Selection
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FIG. 3. Simulated muon (hashed blue) and nonmuon (dashed red) track distributions in: dE=dx log-likelihood differences between
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Multivariate 

“MuonID” 

• Figure of Merit (FoM) is used to 
maximize sensitivity of the 
measurement:
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Understanding and Constraining the Selection Efficiency

• Be sure to check that the selection 
efficiency doesn’t drop too strongly for 
the things you are measuring.  Eg, if 
muons cannot be identified below a 
certain energy (say, 400 MeV), then 
consider changing the phase space of 
your signal to include only muons 
above this threshold.

• Be sure to check that the selection efficiency doesn’t depend too strongly on things that you 
are not measuring but also have large uncertainties.  Eg:
• Muon selection efficiency as a function of hadronic energy in the final-state
• Pion selection efficiency as a function of lepton momentum transfer (Q2)

• Whenever possible, compare your efficiency with real data (but not the data you are using to 
make your measurement).  Eg:
• Check muon selection with cosmic rays
• Check EM shower selection with bremsstrahlung showers of cosmic rays
• Q: What are some other sources of data in neutrino detectors that we can use for 

this?
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• Be sure to check that the selection 
efficiency doesn’t drop too strongly for 
the things you are measuring.  Eg, if 
muons cannot be identified below a 
certain energy (say, 400 MeV), then 
consider changing the phase space of 
your signal to include only muons 
above this threshold.
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• Be sure to check that the selection efficiency doesn’t depend too strongly on things that you 
are not measuring but also have large uncertainties.  Eg:
• Muon selection efficiency as a function of hadronic energy in the final-state
• Pion selection efficiency as a function of lepton momentum transfer (Q2)

• Whenever possible, compare your efficiency with real data (but not the data you are using to 
make your measurement).  Eg:
• Check muon selection with cosmic rays
• Check EM shower selection with bremsstrahlung showers of cosmic rays
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• Be sure to check that the selection 
efficiency doesn’t drop too strongly for 
the things you are measuring.  Eg, if 
muons cannot be identified below a 
certain energy (say, 400 MeV), then 
consider changing the phase space of 
your signal to include only muons 
above this threshold.
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• Be sure to check that the selection efficiency doesn’t depend too strongly on things that you 
are not measuring but also have large uncertainties.  Eg:
• Muon selection efficiency as a function of hadronic energy in the final-state
• Pion selection efficiency as a function of lepton momentum transfer (Q2)

• Whenever possible, compare your efficiency with real data (but not the data you are using to 
make your measurement).  Eg:
• Check muon selection with cosmic rays
• Check EM shower selection with bremsstrahlung showers of cosmic rays
• Q: What are some other sources of data in neutrino detectors that we can use for 

this?
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• Remember, SIMULATIONS ARE ALWAY WRONG, and in 
the case of neutrino interactions, the uncertainties in our 
backgrounds can be quite large.

•

30

Constraining Backgrounds

• When the backgrounds are significant, a general approach 
adopted by most experiments is to use data “sidebands” 
(events that are not selected) to validate the modeling of, or 
even constrain the backgrounds.

• Ideally the events in the sideband have similar or overlapping 
kinematics as the background in the signal selection.  But this 
can be tricky, since background events that “look” like your 
signal were probably already selected!

• Nevertheless, sidebands can be used to not only validate the 
simulation, they can be used to reduce the uncertainty 
associated with modeling the backgrounds.

• Some examples:
• νμ CC π0 interactions when measuring NC π0 or νe CC 

interactions
• NC π+ interactions when measuring CC π+  

background. The rest of the events are defined as a control
sample, dominated by π0’s produced by RES and DIS
interactions. The signal and control sample selection is
shown in Fig. 2.
The control sample data are used to constrain the

background prediction. The simulated distributions of
RES and DIS events in the π0 energy and angle (cos θ
with respect to the average beam direction) 2D space are
used as templates and scaled to fit the control sample data.
RES and DIS have distinct π0 energy and angle distribu-
tions, and together they account for approximately 90% of
the total background. The fitting parameters are the
normalization factors of the templates. The other

background components are kept fixed in the fit. The fit
results in an increase of the selected RES background by
17.5! 6.2% and a decrease in the DIS background by
43.1! 13.8%. The two fitting parameters are strongly
anticorrelated. The fit result is applied as a renormalization
to the background in the signal sample. It also provides a
constraint on the systematic sources affecting backgrounds,
which will be discussed later. The energy and angle of the
π0’s in the control sample and the signal sample with the
renormalized backgrounds are shown in Figs. 3 and 4.
There are notable discrepancies between the signal sample
data and simulation, especially in the π0 angular distribu-
tion (Fig. 4, right). The θπ0 spectrum in the data favors
production at angles closer to the beam direction than does
the simulation, suggesting that the extrapolation from the
Q2 ¼ 0 PCAC approximation to nonzero Q2 values in the
Rein-Sehgal model needs refinement. Similar discrepancies
in pion angular distributions have been reported by the
MINERvA experiment in recent measurements of charged-
current coherent pion production [46,47]. Further study of
systematic uncertainties is ongoing to quantitatively
address the discrepancies.
A coherent region in the 2D π0 energy and angle space is

defined as those bins with > 15% predicted coherent π0

signal purity (Fig. 5, left). The selection is intentionally set
loosely to reduce potential systematic uncertainties caused
by the discrepancies in the π0 kinematic distributions
mentioned previously. The invariant mass of the signal
sample events is shown in Fig. 5, right. The signal selection
efficiency is 4.1% according to simulation. Figure 6 shows
the selection efficiency as a function of Q2 along with the
GENIE predicted signal Q2 shape. Alternative coherent
models may be applied to estimate the impact on this
measurement with the selection efficiency provided.
The normalized background in this coherent region is

subtracted from data to obtain the number of measured
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FIG. 2. Fraction of event energy contained in the reconstructed π0 (left) and vertex energy (right) in data (black circle) and simulation
(shaded histograms). Statistical error bars are shown for data. The simulated distribution is classified by interaction modes. Events to the
right (left) of the vertical red line are selected into the signal sample, and the rest of the events are selected into the control sample. The
cut values are optimized by maximizing figure of merit (FOM ¼ s=

ffiffiffiffiffiffiffiffiffiffiffi
sþ b

p
, where s and b are the numbers of signal and background

events passing the cuts).
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Overlapping particlesmay also be reconstructed as part of
the electron shower itself. The upstream portion of these
events is typically wider than that of a single electron;
electron candidates are therefore required to have an trans-
verse residual rms less than 20 mm in the upstream third of
the shower. A cut is further made on the transverse residual
rms over the full shower, calculated separately for X-, U-,
andV-view clusters. Themaximumof these three rms values
is required to be less than 65 mm. The longitudinal energy
profile of the shower is also required to be consistent with
that of a single electromagnetic particle.
Because MINERνA detector planes are arrayed in an

XUXV pattern, approximately 50% of the electron show-
er’s energy is deposited in X planes, and 25% each in U and
V planes. This is not necessarily the case for showers
involving multiple particles, which will usually overlap the
electron candidate in some views and not in others. To
further reduce these events, two quantities are constructed

EXUV ¼ EX − EU − EV

EX þ EU þ EV
; ð1Þ

EUV ¼ EU − EV

EU þ EV
; ð2Þ

and electron candidates are required to satisfy EXUV < 0.28
and EUV < 0.5.

High energy electron showers tend to follow a straight
line through the MINERνA detector, whereas interactions
of hadronic particles will often cause hadron showers to
appear bent. To help eliminate hadronic-shower back-
grounds, a bending angle is formed by defining two line
segments, one from the start point of the shower to its
midpoint and one from the midpoint to the end point. The
angle between these lines is required to be less than 9°. This
and other background rejection criteria were determined by
optimizing signal significance according to the simulation.
After all of the cuts described above, the dominant back-

ground in the sample is νe and ν̄e charged-current quasielastic
scattering (CCQE) (νen → e−p and ν̄ep → eþn) in which
the recoiling nucleon is not observed, which is typical for
quasielastic events with low 4-momentum transfer squared
(Q2). Although these categories have an identical final-state
particle signature to neutrino-electron scattering, they can be
substantially reduced with kinematic cuts. One kinematic
quantity that is useful here is the product of electron energy
and the square of the angle of the electron with respect to the
neutrino beam (Eeθ2). For neutrino-electron elastic scatter-
ing,Eeθ2 is kinematically constrained to be less than twice the
electron mass. The Eeθ2 distribution for events passing all
other cuts described here is shown in Fig. 4. Candidate events
are required to have Eeθ2 < 0.0032 GeV rad2.
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FIG. 3. Average energy deposition in the first four planes of the
electron candidate for events passing all other cuts in data and
simulation (above) and the ratio of data to simulation (below).
The error bars on the data points include statistical uncertainties
only. The error bars on the ratio include both statistical un-
certainties in data and statistical and systematic (see Sec. VI)
uncertainties in the simulation. Backgrounds have been tuned
using the procedure described in Sec. V.
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FIG. 4. The electron energy times the square of the electron
angle with respect to the beam for candidate events passing all
other cuts in data and simulation (above) and the ratio of data to
simulation (below). The error bars on the data points include
statistical uncertainties only. The error bars on the ratio include
both statistical uncertainties in data and statistical and systematic
(see Sec. VI) uncertainties in the simulation. Signal events are
required to have Eeθ2 < 0.0032 GeV rad2. Backgrounds have
been tuned using the procedure described in Sec. V.
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• Remember, SIMULATIONS ARE ALWAY WRONG, and in 
the case of neutrino interactions, the uncertainties in our 
backgrounds can be quite large.

•
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Constraining Backgrounds

• When the backgrounds are significant, a general approach 
adopted by most experiments is to use data “sidebands” 
(events that are not selected) to validate the modeling of, or 
even constrain the backgrounds.

• Ideally the events in the sideband have similar or overlapping 
kinematics as the background in the signal selection.  But this 
can be tricky, since background events that “look” like your 
signal were probably already selected!

• Nevertheless, sidebands can be used to not only validate the 
simulation, they can be used to reduce the uncertainty 
associated with modeling the backgrounds.

• Some examples:
• νμ CC π0 interactions when measuring NC π0 or νe CC 

interactions
• NC π+ interactions when measuring CC π+  
• Q: What are some other examples?  

background. The rest of the events are defined as a control
sample, dominated by π0’s produced by RES and DIS
interactions. The signal and control sample selection is
shown in Fig. 2.
The control sample data are used to constrain the

background prediction. The simulated distributions of
RES and DIS events in the π0 energy and angle (cos θ
with respect to the average beam direction) 2D space are
used as templates and scaled to fit the control sample data.
RES and DIS have distinct π0 energy and angle distribu-
tions, and together they account for approximately 90% of
the total background. The fitting parameters are the
normalization factors of the templates. The other

background components are kept fixed in the fit. The fit
results in an increase of the selected RES background by
17.5! 6.2% and a decrease in the DIS background by
43.1! 13.8%. The two fitting parameters are strongly
anticorrelated. The fit result is applied as a renormalization
to the background in the signal sample. It also provides a
constraint on the systematic sources affecting backgrounds,
which will be discussed later. The energy and angle of the
π0’s in the control sample and the signal sample with the
renormalized backgrounds are shown in Figs. 3 and 4.
There are notable discrepancies between the signal sample
data and simulation, especially in the π0 angular distribu-
tion (Fig. 4, right). The θπ0 spectrum in the data favors
production at angles closer to the beam direction than does
the simulation, suggesting that the extrapolation from the
Q2 ¼ 0 PCAC approximation to nonzero Q2 values in the
Rein-Sehgal model needs refinement. Similar discrepancies
in pion angular distributions have been reported by the
MINERvA experiment in recent measurements of charged-
current coherent pion production [46,47]. Further study of
systematic uncertainties is ongoing to quantitatively
address the discrepancies.
A coherent region in the 2D π0 energy and angle space is

defined as those bins with > 15% predicted coherent π0

signal purity (Fig. 5, left). The selection is intentionally set
loosely to reduce potential systematic uncertainties caused
by the discrepancies in the π0 kinematic distributions
mentioned previously. The invariant mass of the signal
sample events is shown in Fig. 5, right. The signal selection
efficiency is 4.1% according to simulation. Figure 6 shows
the selection efficiency as a function of Q2 along with the
GENIE predicted signal Q2 shape. Alternative coherent
models may be applied to estimate the impact on this
measurement with the selection efficiency provided.
The normalized background in this coherent region is

subtracted from data to obtain the number of measured
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FIG. 2. Fraction of event energy contained in the reconstructed π0 (left) and vertex energy (right) in data (black circle) and simulation
(shaded histograms). Statistical error bars are shown for data. The simulated distribution is classified by interaction modes. Events to the
right (left) of the vertical red line are selected into the signal sample, and the rest of the events are selected into the control sample. The
cut values are optimized by maximizing figure of merit (FOM ¼ s=

ffiffiffiffiffiffiffiffiffiffiffi
sþ b

p
, where s and b are the numbers of signal and background

events passing the cuts).
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Overlapping particlesmay also be reconstructed as part of
the electron shower itself. The upstream portion of these
events is typically wider than that of a single electron;
electron candidates are therefore required to have an trans-
verse residual rms less than 20 mm in the upstream third of
the shower. A cut is further made on the transverse residual
rms over the full shower, calculated separately for X-, U-,
andV-view clusters. Themaximumof these three rms values
is required to be less than 65 mm. The longitudinal energy
profile of the shower is also required to be consistent with
that of a single electromagnetic particle.
Because MINERνA detector planes are arrayed in an

XUXV pattern, approximately 50% of the electron show-
er’s energy is deposited in X planes, and 25% each in U and
V planes. This is not necessarily the case for showers
involving multiple particles, which will usually overlap the
electron candidate in some views and not in others. To
further reduce these events, two quantities are constructed

EXUV ¼ EX − EU − EV

EX þ EU þ EV
; ð1Þ

EUV ¼ EU − EV

EU þ EV
; ð2Þ

and electron candidates are required to satisfy EXUV < 0.28
and EUV < 0.5.

High energy electron showers tend to follow a straight
line through the MINERνA detector, whereas interactions
of hadronic particles will often cause hadron showers to
appear bent. To help eliminate hadronic-shower back-
grounds, a bending angle is formed by defining two line
segments, one from the start point of the shower to its
midpoint and one from the midpoint to the end point. The
angle between these lines is required to be less than 9°. This
and other background rejection criteria were determined by
optimizing signal significance according to the simulation.
After all of the cuts described above, the dominant back-

ground in the sample is νe and ν̄e charged-current quasielastic
scattering (CCQE) (νen → e−p and ν̄ep → eþn) in which
the recoiling nucleon is not observed, which is typical for
quasielastic events with low 4-momentum transfer squared
(Q2). Although these categories have an identical final-state
particle signature to neutrino-electron scattering, they can be
substantially reduced with kinematic cuts. One kinematic
quantity that is useful here is the product of electron energy
and the square of the angle of the electron with respect to the
neutrino beam (Eeθ2). For neutrino-electron elastic scatter-
ing,Eeθ2 is kinematically constrained to be less than twice the
electron mass. The Eeθ2 distribution for events passing all
other cuts described here is shown in Fig. 4. Candidate events
are required to have Eeθ2 < 0.0032 GeV rad2.
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FIG. 3. Average energy deposition in the first four planes of the
electron candidate for events passing all other cuts in data and
simulation (above) and the ratio of data to simulation (below).
The error bars on the data points include statistical uncertainties
only. The error bars on the ratio include both statistical un-
certainties in data and statistical and systematic (see Sec. VI)
uncertainties in the simulation. Backgrounds have been tuned
using the procedure described in Sec. V.
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FIG. 4. The electron energy times the square of the electron
angle with respect to the beam for candidate events passing all
other cuts in data and simulation (above) and the ratio of data to
simulation (below). The error bars on the data points include
statistical uncertainties only. The error bars on the ratio include
both statistical uncertainties in data and statistical and systematic
(see Sec. VI) uncertainties in the simulation. Signal events are
required to have Eeθ2 < 0.0032 GeV rad2. Backgrounds have
been tuned using the procedure described in Sec. V.
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• As I mentioned earlier, measurements involving direct 
observables (eg, measured kinematics of final-state 
particles) are the least susceptible to the impact of 
model bias.

• But that does not mean that we should never look at 
derived variables!  Studying how the cross section 
behaves as a function of Eν, Q2, W or anything else 
that relies on some reasonable model can still be 
qualitatively informative.
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Analysis Variables and Binning

NOvA:  Charged Current p0 ProducEon

16 August 2023 Experimental Neutrino Cross Sections 14

• NOvA: 165,000 events  
• How would you isolate a CC p0 event?
• What would you guess the backgrounds are?
• How would you estimate the backgrounds?
• What would the 

variables of interest be? 
Ph
ys
.R
ev
.D

10
7
(2
02
3)

11
,1
12

00
8NOvA:  Charged Current p0 ProducEon

16 August 2023 Experimental Neutrino Cross Sections 14

• NOvA: 165,000 events  
• How would you isolate a CC p0 event?
• What would you guess the backgrounds are?
• How would you estimate the backgrounds?
• What would the 

variables of interest be? 

Ph
ys
.R
ev
.D

10
7
(2
02
3)

11
,1
12

00
8

Phys. Rev. D 107, 112008 (2023)



Jonathan M. Paley

• As I mentioned earlier, measurements involving direct 
observables (eg, measured kinematics of final-state 
particles) are the least susceptible to the impact of 
model bias.

• But that does not mean that we should never look at 
derived variables!  Studying how the cross section 
behaves as a function of Eν, Q2, W or anything else 
that relies on some reasonable model can still be 
qualitatively informative.

• We also need to take care when deciding how to bin 
(discretize) our data.  Bin-widths should:
• Never be smaller than our detector resolution.
• Consider bin-to-bin migration due to systematic 

uncertainties.  Events in a distribution with a rapidly-
changing slope will migrate asymmetrically across 
bins and can result in magnifying the effect!
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Analysis Variables and Binning
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Figure 3: Top: reconstructed muon energy distribution of simulated events for
reconstructed cos ✓ between 0.94 and 0.96. The distribution is fit to a cubic
spline (red curve). Bottom: change in the number of selected events per bin if
the bin boundaries are shifted by 1%.
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• As I mentioned earlier, measurements involving direct 
observables (eg, measured kinematics of final-state 
particles) are the least susceptible to the impact of 
model bias.

• But that does not mean that we should never look at 
derived variables!  Studying how the cross section 
behaves as a function of Eν, Q2, W or anything else 
that relies on some reasonable model can still be 
qualitatively informative.

• We also need to take care when deciding how to bin 
(discretize) our data.  Bin-widths should:
• Never be smaller than our detector resolution.
• Consider bin-to-bin migration due to systematic 

uncertainties.  Events in a distribution with a rapidly-
changing slope will migrate asymmetrically across 
bins and can result in magnifying the effect!

• Q: Will smaller or wider bins avoid this issue?

34

Analysis Variables and Binning
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• Our detectors have finite resolution.  Furthermore, we have 
to reconstruct the events in our detector, and our algorithms 
can systematically get things wrong.
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Unfolding… A Necessary Evil?

Figure 34: The migration matrix (reco vs. true) for the double-di↵erential cross section measure-
ment bins.

the energy axis, represent the true fake data well1.431

Figure 32 shows signal estimate after e�ciency correction. The estimate, when the analysis432

(specifically, the e�ciency correction) is performed in 1D, or in the neutrino energy space, is433

systematically higher. Since the fake data unfolded distribution has an excess over the MC, and434

the e�ciency is monotonically falling function of energy, the e�ciency correction preserves the data435

excess. When the e�ciency correction is performed in the 3D space, where one of the axes is the436

muon cos ✓, the excess in data is correctly interpreted, in part, to be arising from a higher e�ciency437

of selecting more forward going events. Figure 33 shows the measured cross-section as a function438

of neutrino energy in the 1D and the 3D analyses, compared with the true fake data cross-section.439

This also shows that the measured cross-section in 3D is more accurate than in 1D.440

6 Unfolding441

Unfolding procedures are commonly used in high energy physics to correct for the known e↵ects of442

measurement resolutions and systematic biases in the reconstruction to extract the true distribution.443

1In this study, Iterative unfolding has been used, with a single iteration. The number of iterations has not yet
been optimized for this analysis
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• We wish to report measurements 
that are useful to the community, 
therefore we need to “convert” 
our reconstructed observable to 
a “true” observable.

• We rely on our simulations to get 
our “smearing right”, as it can be 
a very complicated process and 
often not “Gaussian” in nature.  

• We can construct smearing 
matrix by recording the 
reconstructed variable as a 
function of its true value.

• We then have to “undo” the 
smearing, which is an inverse 
problem, and ill-posed!
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• I like to think of this as starting with a 
blurry image and trying to extract sharp 
details from it.
• The blurred image has less 

information.
• To recover, one must make some 

assumptions.  In our case, the 
assumptions are our model.

• But even if the model were perfect, we 
can’t simply “invert” the matrix.  This 
can give disastrous results!
• Bin-to-bin correlations and limited 

statistics can introduce wild 
oscillatory behavior in the unfolded 
spectrum.

• One has to apply some kind of 
dampening to reduce these effects.

• The level of dampening is often left 
to the discretion of the analyzer.
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Unfolding… A Necessary Evil?

EPJ Web of Conferences

Figure 1. Scheme for the evolution of the medical imaging process using figures from Ref. [1]. The simulated
photon pair emission density representing the brain (left, Figure 2) is passed to a simulation of the Positron Emis-
sion Tomography (center, Figure 1a) that produces the “observed” count distribution from the photon detector
(right, Figure 3a). The names of the figures are as they appear in the reference.

Figure 2. Scheme for the evolution of blurring and degradation of a two dimensional image using figures from
Ref. [2]. The “true” simulated two-dimensional image (left, Figure 4a) is degraded by convoluting it with a
Gaussian “spread” function with the addition of random Gaussian noise (see Section 4 in Ref. [2]) to produce the
“observed” image (right, Figure 5A). The names of the figures are as they appear in the reference.

2 Unfolding foundations

The mathematical foundations of unfolding are intimately related to the description of the inverse
problem [10] provided by the Fredholm integral equation of the first type

g(s) =
∫

Ω

K(s, y) f (y)dy (1)

where the true f (y) distribution of the variable y = (y 1,..,yJ) is related to the measured or observed
distribution g(s) of the variable s = (s1,..,sL) by the convolution with the kernel function K(s, y) [11].
In general the variables y and s belong to multidimensional spaces with different dimensions so the
two integers J and L are different, in principle. The “volume”Ω represents the support of f (y) i.e. the
subspace of the multidimensional space where y is defined. The distribution f (y) is transformed into
the reconstructed distribution g(s) generally because of limitations in the reconstruction of the data
(biases), non-unitary and non-uniform efficiency in their collection and resolution effects.

Given the random nature of both the values of the variables to be observed and of the effects that
limit their observation, retrieving f (y) is a statistical estimation problem and the estimator needs to
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Figure 5. Examples of “true” distribution (left) (µµµ), the observed (dashed, middle) (n) and the expected observed
distribution (solid, middle) (ννν) assuming imperfect resolution and perfect detection efficiency, the resulting esti-
mate for µµµest using the ML solution (right) [13]. The vectors µµµ, ννν, n and µµµest are defined in the text.

If this equation is inverted 2 the minimum variance equals the ML variance obtained in Equation 17
i.e. Ui, j = Umin,i, j. Consequently the ML solution provides the unbiased estimator with the smallest
variance. As a consequence estimators providing an additional reduction in variance with respect to
the ML estimator will necessarily introduce a bias in the estimate of the true distribution. The balance
between bias and variance is a crucial item in the unfolding procedure. Understanding the origin of
the large fluctuations in the ML estimator allows to develop techniques to reduce the fluctuations (and
consequently the variance of the estimator) while understanding the limitations in terms of bias of the
estimator.

4 Correction factors: a “diagonal” ML

A simple step towards a small variance estimator consists in a simplification of Equation 15 derived by
taking the same binning for µµµ and ννν and assuming R to be diagonal (no migrations of events between
bins when transforming the true distribution into the measured one). The resulting estimate for µµµ is

µi,est = Ci(ni − βi) (19)

2One can use equations 17 and 18 to verify that UU−1
min = 1.
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mate for µµµest using the ML solution (right) [13]. The vectors µµµ, ννν, n and µµµest are defined in the text.

If this equation is inverted 2 the minimum variance equals the ML variance obtained in Equation 17
i.e. Ui, j = Umin,i, j. Consequently the ML solution provides the unbiased estimator with the smallest
variance. As a consequence estimators providing an additional reduction in variance with respect to
the ML estimator will necessarily introduce a bias in the estimate of the true distribution. The balance
between bias and variance is a crucial item in the unfolding procedure. Understanding the origin of
the large fluctuations in the ML estimator allows to develop techniques to reduce the fluctuations (and
consequently the variance of the estimator) while understanding the limitations in terms of bias of the
estimator.

4 Correction factors: a “diagonal” ML

A simple step towards a small variance estimator consists in a simplification of Equation 15 derived by
taking the same binning for µµµ and ννν and assuming R to be diagonal (no migrations of events between
bins when transforming the true distribution into the measured one). The resulting estimate for µµµ is

µi,est = Ci(ni − βi) (19)

2One can use equations 17 and 18 to verify that UU−1
min = 1.
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To Unfold or Not To Unfold?  That is the question…

Most 
theorists

Some
experimentalists
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• Alternatively, we can simply measure our event rate and provide the community the rest of 
the information they need to compare predictions.

• Note, both involve unavoidable model-dependencies.  Again, the challenge is to keep this to 
a minimum.

• In both cases, it is important to make all of the pieces that go into a measurement available, 
as they may be needed for future re-analysis.
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Tomorrow, I will cover what we know, and what we 
know we don’t know, about neutrino-nucleus 

scattering at the GeV scale.

Please send me questions via email or Slack!


