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corrections for unobserved 
final-state particles

corrections for final-state particles
that further interact in the detector
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Smearing matrix accounts for detector resolution, as well as other effects
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We rely on models to determine these corrections.  As we move into the era of 
high-statistics neutrino oscillation measurements, systematic uncertainties associated
with these models become very important.

Cross-section measurements made in today’s experiments will guide the models used
by future experiments.



Jonathan M. Paley, Neutrino Division, Fermilab

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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Neutrino Energies in Current and Future Experiments
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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.

Rev. Mod. Phys. 84, 1307T2K + SBN NOvA + MINERvAMINERvA LE
MINERvA ME
SBN
T2K SK (no osc.)
NOvA (no osc.)
DUNE (no osc.)

https://arxiv.org/abs/1904.09931

https://arxiv.org/abs/1904.09931
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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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Graphic by T. Golan

• But all of this happens in a nuclear environment, 
which impacts both the initial state and what we 
actually observe in the final state.
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• Generators use very similar models.  However, details of their implementation can be quite 
different.

• These models then need to be “stitched” together to give the “inclusive” prediction.

QE/MEC 
Initial State QE MEC Res DIS FSI

GENIE 
v2.12.2 RFG L-S Empirical

(NOvA tune)
R-S PYTHIA 6 hA

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, 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
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12

• 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.

Predictions for the NOvA detectors
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How to Measure a Neutrino Cross Section
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• Essentially, we are just measuring an event count 
as a function of some kinematic observable, but 
we need to relate it to a “true” cross section that 
theorists and other experiments can use.

• Note, since the neutrino is invisible, we only see 
[most of] the final state particles associated with 
its interaction with a nucleus.
• What we really want to measure is the cross 

section as a function of E𝛎 and Q2, or specific 
interaction “modes”, but we can’t, and must 
infer these quantities (introduces model 
dependence).

• Model-independent measurements are of final-
state kinematics for an integrated flux.

d�

dxi
=

P
j U

�1
ij (N sel

j ⇥ Pj)

✏iNTh�i�xi

8

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
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• To convert an event count to a cross section, we 
have several factors and corrections we need to 
apply.

d�

dxi
=

P
j U

�1
ij (N sel

j ⇥ Pj)

✏iNTh�i�xi

P = purity correction, or background subtraction.
𝝐 = efficiency correction.

Models of signal and backgrounds sometimes have large uncertainties.  Data-driven 
constraints are always preferred, especially when background levels are significant and/or 
efficiencies are low.  

Challenges: isolating a data “sideband” that has similar/overlapping kinematics as the 
background or signal in the signal selection.  Eg, events that look like your signal were 
probably already selected!
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• To convert an event count to a cross section, we 
have several factors and corrections we need to 
apply.

d�

dxi
=

P
j U

�1
ij (N sel

j ⇥ Pj)

✏iNTh�i�xi

U-1 = correction to go from “reconstructed space” to “true space”.

This is the inverse of the smearing matrix mentioned earlier.  

Challenges: inverting a smearing matrix when there are significant random fluctuations 
(due to statistics or systematics) can result in large fluctuations in the unfolded 
spectrum.  This is particularly true when there are low statistics and the binning is 
chosen to be too aggressive (eg, finer than the detector resolution).  
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• To convert an event count to a cross section, we 
have several factors and corrections we need to 
apply.

d�

dxi
=

P
j U

�1
ij (N sel

j ⇥ Pj)

✏iNTh�i�xi

NT = number of targets (usually nucleons).
⟨ɸ⟩T = integrated or average flux.
Δx = bin width.

These are just constants, and the number of targets and bin width are easy to calculate.  

Challenge: The flux!  State of the art is 5-15% uncertainties, arising from lack of hadron 
production data.
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CC Inclusive Measurements and Models
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• Lots of very informative recent results, I can’t 
show them all here!
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Figure 9. Extracted double-di↵erential cross section divided by the GENIE v2.12.2 - NOvA Tune prediction. Ratios are
shown in slices of muon angle and compared to the ratio obtained from GENIE v3.00.06 (dashed red line), GiBUU 2019
(dot-dashed cyan line), NEUT v5.4.0 (solid green line), and NuWro 2019 (solid thin purple line). Top: data are shown with
total uncertainties, predictions are taken directly from the generators. Bottom: data are shown with shape-only uncertainties,
predictions are area-normalized to the data.
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FIG. 9. Absolutely normalized ratios of data, GENIE 2.8.4,
NuWro, and GiBUU to MnvGENIE v1 for pT and p||. The
transverse momentum projection shows tension between all
models and data in the 0.55<pT < 1.50GeV range, with the
highest pT bin modeled the best. In longitudinal momentum,
all models underpredict the cross section, with the most sig-
nificant discrepancy of a 20 to 40% normalization difference
occurring with GiBUU.

ment within 1σ in the mid-pT and highest-pT bin. The
muon longitudinal momentum projection shows very lit-
tle separation between any of the interaction channels.
In this projection there is agreement with MnvGENIE
v1 in the first few bins, with an underprediction of the
cross section for all longitudinal momenta greater than
4GeV.

The double-differential cross section is shown in Fig. 7
along with MnvGENIE v1 and an unstacked break-
down of the simulated interaction types. This double-
differential result shows much better separation be-
tween interaction channels than shown in either single-
differential projection. Some notable features of this
double-differential result include an overprediction of
the cross section in the majority of the 0 to 0.07GeV
pT bins, an underprediction of the cross section for
bins with high p|| and midrange pT , and underpredic-
tions for pT>0.85GeV and p||< 6.0GeV. The data-MC
differences do not track with any individual interaction
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FIG. 10. Shape-only ratios of data, GENIE 2.8.4, NuWro,
and GiBUU to MnvGENIE v1 for pT and p||. In the trans-
verse momentum projection GENIE 2.8.4 performs the best,
agreeing well with data for all but the lowest pT bins. In
longitudinal momentum, GENIE 2.8.4 and NuWro show the
best agreement, with 75% of bins in agreement.

channel, as can be more clearly seen in Fig. 8, which
shows the data and simulated interaction types as a ratio
to MnvGENIE v1. One channel which preforms compar-
atively poorly is the soft DIS; when it is the dominant
interaction channel, MnvGENIE v1 consistently under-
predicts the cross section. Some portions of phase space
in which true DIS is the dominant channel see a simi-
lar trend, specifically in the pT range from 0.85GeV to
1.50GeV. However, in bins with higher average values
of W, specifically the bins with an average W> 3.5GeV
(the 5 highest p|| bins with pT > 1.50GeV and the high-
est p|| bin with 1.25GeV<pT < 1.50GeV), all have true
DIS contributions of greater than 80% and show good
agreement with the data.

B. Performance comparisons of neutrino event
generators

A summary of χ2 values for each model and tune is
shown in Table I. This table presents the sum of bin-by-

MINERvA, arXiv:2002.12496 

NOvA,arXiv:2109.12220
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FIG. 3. a) The extracted ⌫µCC inclusive scattering cross section per nucleon divided by the bin-center neutrino energy, as a
function of neutrino energy. b) The measured ⌫µCC di↵erential cross section per nucleon as a function of muon energy d�/dEµ.
c) The measured ⌫µCC di↵erential cross section per nucleon as a function of energy transfer d�/d⌫. Various model predictions
are compared to all three measurements (see text for details).

In summary, we present a measurement of cross section
as a function of the neutrino energy based on data from a
broad-band neutrino beam. We report the nominal-flux
weighted total inclusive ⌫µCC cross sections � (E⌫), and
the nominal flux-averaged di↵erential cross sections as
a function of muon energy d�/dEµ and energy transfer
d�/d⌫ using the Wiener-SVD unfolding method [40]. A
new procedure based on the conditional covariance ma-
trix formalism [51] and the bootstrapping method [49]
is used to validate the model of missing energies, which
enables the first measurement of d�/d⌫ on argon and
significantly adds value to the measurement of the to-
tal cross section as function of neutrino energy � (E⌫).
These results provide a detailed way to compare data
and calculations beyond what is possible with existing
flux-averaged total cross section results. With additional
accumulated data statistics (up to 1.2⇥1021 POT from
BNB) in the MicroBooNE detector, additional neutrino
cross-section measurements are expected that will lead to
further model development and generator improvements
for neutrino scattering in argon.
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• In short, none of the 
generators on the market 
do a great job of 
matching the data:
• Many predictions seem 

to be off in their 
normalization (constant 
offset).

• But shape-only 
comparisons also 
indicate significant 
discrepancies.

arXiv:2002.12496
arXiv:2002.12496
https://arxiv.org/pdf/2109.12220.pdf
https://arxiv.org/abs/2110.14023
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CC-0π Measurements and Models
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• Includes QE, 2p2h, and some Res (π abs.)
• Has received a lot of attention by the scattering community:
• It’s the “simplest” interaction channel
• Dominant channel for signal in MiniBooNE, T2K and 

uBooNE
• The model has improved significantly over the past decade:
• Short-range nucleon correlations, initial nuclear state, 2p2h

9

Focus on CC0π

● “Simplest” interaction channel

● Dominant community focus for 
~5 years

● Signal process for T2K/Hyper-K

CC0π = 1p1h + 2p2h + 1π(+abs) + ...

10

● New theoretical models to 
describe CC0π process

● 2p2h
● N-N correlations
● Nuclear model

● Improves agreement with ν-A 
and e-A data!
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Figure 6. The SuSA inclusive double differential (nµ, µ�) cross-section off 40Ar, averaged over the
MicroBooNE flux, is displayed, versus the muon momentum pµ. The separate QE, MEC, D and P11
contributions are shown. Data from Reference [53].
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FIG. 3. Comparison of ND data to simulation in reconstructed visible hadronic energy using the default GENIE
empirical MEC model (solid red curve) or the València MEC model (dotted black curve), in neutrino beam (left)
and antineutrino beam (right). The filled, stacked histograms indicate the non-MEC components of the prediction,
to which all the modifications described in Sec. IV have been applied.

are kinematically disallowed. Scale factors for each of the remaining 200 bins in (q0, |~q|) are incorporated as
Gaussian penalty terms into a �2 fit, each with 100% uncertainty. For this fit, the non-2p2h portion of the
simulation is adjusted as described in this paper, and the 2p2h component is reweighted as dictated by the
penalty terms. A migration matrix is used to convert the (q0, |~q|) prediction into a binned 20x20 space of
visible hadronic energy Evis

had (from 0 to 0.4GeV) and reconstructed three-momentum transfer |~q|reco (from
0 to 1GeV/c). This prediction in reconstructed variables is then compared to the ND data in the fit. The
small (2%) antineutrino MC component is left in its default state when fitting the neutrino beam simulation
to data. The process is repeated for the antineutrino beam data and MC, except in this case the 2p2h fit
for neutrinos is applied first to the larger (about 10%) neutrino component in the antineutrino beam MC.

The resulting weights are shown in Fig. 4. Since true q0 and Evis
had are strongly correlated variables, the

enhancement of events at low values of q0 compensates for the deficit of simulated events at low visible
hadronic energy seen in Fig. 3. In the antineutrino beam sample there is less discrepancy at low Evis

had
than in the neutrino beam sample, and thus the antineutrino weights show a smaller enhancement at low
q0. Additionally, events in the higher q0 tail are suppressed for antineutrinos. These features are evident
in Fig. 5, which compares the unaltered Empirical MEC distributions in energy transfer and momentum
transfer to the reweighted distributions.

CC-0π Measurements and Models
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• 2p2h models seem to be doing a reasonable job when 
comparing measurements at lower neutrino energies 
(MiniBooNE and T2K).

• Nevertheless, there remain significant shape differences in 
the energy dependence of the models.

• Furthermore, the models significantly under-predict the rate 
in MINERvA and NOvA, which are at higher neutrino 
energies.
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FIG. 10. Neutrino energy distributions for various MEC neutrino models, rescaled as described in text (left), and
then taken as a ratio to GENIE Empirical MEC, with systematic uncertainty envelope (dashed curve, right).

The 2p2h fit reshapes the Empirical MEC interactions such that the total simulation will match ND
data. Any imperfections in other parts of the simulation will consequently be absorbed into the
resulting 2p2h sample. We can quantify this uncertainty by examining the dependence of the 2p2h fit
on other systematic uncertainties. These reactions are known to occupy a region of energy transfer in
between QE interactions (at low q0) and RES interactions (at higher q0); this holds true in Evis

had as
well. In general, uncertainties that a↵ect the Evis

had distribution of the non-2p2h prediction shift the
mean to be higher or lower in q0, and thus more like a purely RES or QE spectrum. As a result,
the fitted 2p2h spectrum moves in the opposite direction in q0. A similar e↵ect holds in |~q|. Using
the largest non-2p2h cross-section systematic uncertainties, we apply correlated 1� shifts to create the
largest q0-shifting distortions allowed by our uncertainty treatment, which conservatively bound this
e↵ect.

The shifts listed in Table II are combined to distort the non-2p2h simulation to be more more “RES-like”
or “QE-like”, resulting in a fitted 2p2h prediction that is more “QE-like” or “RES-like” respectively.
The uncertainties in the table are either standard GENIE systematic uncertainties or are described
herein.

TABLE II. Correlated systematic uncertainty shifts used to make the non-2p2h simulation more “RES-like” or “QE-
like” before fitting the 2p2h component.

Uncertainty QE-like RES-like

QE MA +1� �1�

QE Nuclear Model Suppression +1� �1�

QE Nuclear Model Enhancement +1� �1�

QE Pauli Suppression �1� +1�

RES MA �1� +1�

RES MV �1� +1�

RES low-Q2 suppression on o↵

The 2p2h fitting procedure is carried out in each of these two scenarios, for both neutrinos and an-
tineutrinos separately, to create ±1� shape uncertainties. The di↵erences in the fitted q0 predictions
are illustrated in Fig. 11. We anticipate that 2p2h predictions made using these alternative underlying
model assumptions should bracket the unknown true 2p2h response.

arXiv:2006.08727

arXiv:2006.08727
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steady reduction above 0.5 GeV2. At higher Q2, as the e�ciency is changing, the analysis may be
more susceptible to mis-modeling in the extraction of the cross section.

We note that all three experiments assign significant systematic uncertainties to cover generator
mis-modeling; these choices are not readily checked with the investigations described here. The
primary conclusion is that future analyzers should closely scrutinize the model uncertainties assigned
in regions where e�ciency changes rapidly.
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FIG. 5. E�ciency of MINERvA CCQE+2p2h selection as a function of Q2 based on the GENIE 2.6.3.
Also shown are the MINERvA data overlaid with the predictions from a selection of modern generators
considered at the workshop and the generator used in the analysis (GENIE 2.6.3).
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FIG. 6. MiniBooNE CC0⇡ double di↵erential cross section data with e�ciency as calculated using nuance
and the nuance prediction. In addition, other more recent generator results are shown.

In addition to issues related to overall acceptance, there were some specific selection choices
which impacted the underlying physics. The MINERvA analysis includes restrictions on both
reconstructed EQE

⌫ and true E⌫ in either signal or selection4 (described in Section III B) which are

4
The e↵ect of the cut (E

QE
⌫ < 10 GeV) is negligible due to the lack of flux in that region.
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3.3 State-of-the-Art Quasielastic-Like Measurements

In the few-GeV range of the neutrino energy, the quasielastic cross section is nearly
constant as a function of E⌫ , while the phase space for resonance production and DIS
is opening up. In addition to extracting the CCQE-like cross sections in Q2 and E⌫

which can be calculated with the quasielastic hypothesis (that is invalid for the non-
QE components), MINERvA measured the CC muon transverse (pT) and longitudinal
momenta (p||) using the Low-Energy ⌫̄µ [50], ⌫µ [49], and Medium-Energy ⌫µ [51] data
sets. These particular muon momentum projections respectively approximate the true
Q2 and E⌫ . As shown in Fig. 8 for the Low-Energy ⌫µ results, the di↵erent interaction

arXiv:2107.02064v2 
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● Experimental focus on new 
variables to probe models

● T2K CC0π+1p: transverse 
imbalances between μ- and proton

● Break degeneracy between 2p2h, 
FSI, nuclear model

CC0π –T2K

X -G. Lu et al. 
PRC94 (2016) 015503 

S. Dolan 
NuInt 2017 

CC-0π New Probes

20

• Experiments are now focusing on additional 
probes (observables) that are sensitive to 
nuclear effects such as 2p2h, final-state 
interactions, and the initial state.
• MINERvA and NOvA: some regions of the 

measured muon kinematics phase space 
are extra sensitive to 2p2h. 

• T2K and MINERvA: transverse imbalance 
between muon and proton, can potentially 
break the degeneracy between these 
nuclear effects.

3

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

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

′

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

′

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

′

T.
As p!

′

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

′

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

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

′

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

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

δφT ≡ arccos
−$p !

′

T · $pN′

T

p!
′

Tp
N′

T

, (6)

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

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

′

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

′

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

′

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

′

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

′

T.

IV. MODEL PREDICTIONS

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

δ$pT = $pN
T −∆$pT, (7)

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

X-G. Lu et al., 

PRC94 (2016) 015503
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contributions in the MnvGENIE predictions are relatively stable across the p|| bins.
This is in contrast to the inclusive measurement discussed in Sect. 3.6 below where
the p||- (and therefore, E⌫-) dependence of the DIS processes is evident. In both the
QE-like and the inclusive measurements, while MnvGENIE describes the data in
most bins, there is an overall model deficit at large p||.

By measuring the transverse kinematic imbalance which cancel out the primary
interaction kinematics, the cross section dependence on the incoming neutrino energy
is lessened and also the initial-and final-state e↵ects can be directly probed [26]. Using
the ⌫µ CCQE-like events in the tracker with the Low-Energy data [52], the direction
and magnitude of the transverse momentum imbalance (�~pT) between the muon and
the leading proton, �↵T and �pT, respectively, are calculated. The angle �↵T has the
most sensitivity to FSI and to the unaccounted-for momentum carried by missing
particles such as absorbed pions or the correlated nucleon of the proton from 2p2h.
Figure 9 shows that, within the uncertainties, MnvGENIE describes the data. Here,
FSI are classified into three categories:

1. A flat distribution for events which do not experience FSI (both the “no-FSI” and
“p-FSI non-interacting” categories in Fig. 9) reflecting the isotropy of the Fermi
motion;

2. The deceleration region (�↵T ! 180�) for energy-dissipating processes—decelerating
FSI, pion absorption, and 2p2h;

3. The acceleration region (�↵T ! 0�) for accelerating FSI if such a mechanism
exists.

Interestingly, GENIE did predict FSI acceleration for protons, roughly half of them
singularly occupying the acceleration region, while the other half falls into the decel-
eration region due to the transverse projection.
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Fig. 9. Di↵erential cross sections for ⌫µ CCQE-like events in (a) �↵T and (b) pn. The stacked
colored histograms depict categories of FSI and sum up to the GENIE nominal predictions.
The predicted 2p2h component including the 2p2h-like enhancement can be inferred from
the di↵erence between MnvGENIE and the nominal GENIE. Figures from Ref. [52].

By assuming a carbon-11 target remnant, the transverse momentum imbalance
magnitude �pT is promoted to the three-dimensional momentum imbalance, pn, fol-
lowing from an additional constraint by energy conservation [53]. For the FSI-noninteracting
events, pn can be interpreted as the momentum of the struck neutron in the CCQE
initial state. The location of the Fermi-motion peak in data is well captured by the
MnvGENIE prediction. However, its accelerating FSI component causes the pre-
dicted peak shape to deviate from data. This component was identified as the elastic
component of the GENIE v2.8 hA FSI model and has been removed in later ver-
sions of GENIE [54,55]. The measured cross section is further compared to NuWro

13

● MINERvA muon transverse/longitudinal momentum

● Sensitive to 2p2h/1p1h differences

● Results for ν
μ
 and ν

μ
 to be published soon

CC0π – MINERvA

D. Ruterbories 
NuInt 2017 
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Rein-Sehgal model (1981)

● Production and decay of ~18 
nucleon resonances used by most 
simulations

● Valid for W < 2 GeV

● Few theoretical alternatives…

Many severe issues:

● Missing interferences

● Many unknown axial FFs and 
couplings → generally lumped 
into one ad hoc FF

● Ad hoc transition to DIS at 
higher W

CC

NC

ν ν

CC-1π Measurements and Models

21

• Significant process for signal events in NOvA and DUNE, 
a background in T2K/Hyper-K/SBN.  Dominated by Δ 
resonance production and decay.

• Two model approaches: 
• use Adler’s PCAC theorem to relate neutrino scattering 

amplitude to the pion decay scattering amplitude for 
~18 nuclear resonances.  Originally by Rein-Sehgal, 
later improved by Berger-Sehgal (using pion scattering 
data).  Best for Eπ < 1 GeV, W < 2 GeV.

• Microscopic approach (eg, Alvarez-Ruso et al.): 
coherent sum of individual 𝛎-A pion production 
processes, accounting for nuclear effects that modify 
the Δ.  Valid for E𝛎 < 3 GeV.

• R-S and B-S models are most commonly implemented in 
generators and used by experiments.
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Rein-Sehgal model (1981)

● Production and decay of ~18 
nucleon resonances used by most 
simulations

● Valid for W < 2 GeV

● Few theoretical alternatives…

Many severe issues:

● Missing interferences

● Many unknown axial FFs and 
couplings → generally lumped 
into one ad hoc FF

● Ad hoc transition to DIS at 
higher W

CC

NC

ν ν
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Figure 1: Left: comparison of the Rein-Sehgal (red), Berger-Sehgal (blue) and
Alvarez-Ruso et al. (green) models as predicted by NEUT (dashed) and GENIE
(solid) against the K2K, SciBooNE and T2K results. Right: comparison of the Rein-
Sehgal and Berger-Sehgal models against the MINERνA and ArgoNEUT results

function of the pion momentum and pion angle [15]. As the mean energy is beyond the
validity range of the Alvarez-Ruso et al. model, the comparison in Fig.2 only shows
the two PCAC based models. We observe a better agreeement of the MINERνA data
with the Berger-Sehgal model, especially in the low pion momentum region. Although
both generators have different predictions for the Rein-Sehgal model, they tend to
have similar behavior for the Berger-Sehgal model up to a neutrino energy of 13GeV,
due to the use of the same π-C scattering data.
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ν-A data-MC disagreement

● Fractional deviation of data from ref. model (shape-only)

● Good agreement for muon, poor for pion kinematics

● Can’t fix discrepancies by fiddling with model parameters

• Broad range of predictions 
from the generators.

• Measurements from T2K 
and MINERvA indicate 
reasonable agreement in the 
muon kinematics, not-so-
good agreement in the pion 
kinematics.

Wilkinson, NNN 2017

Martins, arXiv:1605.00095

https://indico.cern.ch/event/657167/contributions/2677886/attachments/1547560/2429424/NNN_xsec_summary.pdf
https://arxiv.org/abs/1605.00095
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1. Nuclear responses that are generic but might be quantitatively di↵erent in pion
production are Fermi motion, binding energy, initial-state correlations, and Pauli
blocking [59,60];

2. Pion absorption and charge exchange are nuclear responses that migrate primary
pion production channels among each other and into quasielastic-like topology [61,
62];

3. Some nuclear responses are specific to pion production such as �-resonance in-
medium modifications [63,64,65].

Moreover, in the energy region of MINERvA, the contribution of higher resonances
could be important along with the nuclear medium e↵ects in the pion production
processes. MINERvA has measured the following processes on its plastic scintillator
tracker with the Low-Energy beam:

– ⌫µ CC ⇡+ production (with limited contributions from ⇡�) [66,67],
– ⌫µ CC single ⇡0 production [68,69],
– ⌫̄µ CC single ⇡0 production [70,67], and
– ⌫̄µ CC single ⇡� production [71].

The nuclear e↵ects described by RPA and 2p2h are crucial to the description of
quasielastic-like processes in MINERvA (Sect. 3.2). Since the RPA e↵ect creates a
suppression of the QE-like cross section at low Q2, measuring Q2 in pion production
could provide relevant information. However, as shown by the results in Fig. 11, sup-
pression at low Q2 ranges from being nonexistent (⌫̄µ ⇡� [71]), to mild or insignificant
(⌫µ ⇡+ [66,67] and ⌫̄µ ⇡0 [70,67]), and to fairly pronounced (⌫µ ⇡0 [68]). A combined
fit of the various underlying mechanisms using a subset of these measurements can
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Figures from Refs. [67,71,68].
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photons originate from ⇡0 decays.

Cross Section Measurement � Using the selection with
at least one-shower, we measure the total flux integrated
cross section via the following relation:

h�i� =
N �B

✏T�
, (1)

where N is the number of events selected in data
(771 events), B is the number of expected background
events, ✏ is the e�ciency for selecting signal events, T is
the number of argon targets within the fiducial volume,
and � is the integrated ⌫µ flux from 0 GeV to 3 GeV. O↵-
beam data are used to model the pure CR backgrounds
in B (86.9 events); the remainder of the total background
(347.3 events) are taken from the simulation. The detec-
tor volume is treated as pure argon to calculate T .

We identify three major sources of systematic un-
certainty for this measurement: the neutrino flux pre-
diction, the neutrino-argon interaction model, and the
detector simulation. We assess uncertainties on the
neutrino flux prediction using the final flux simulation
from the MiniBooNE collaboration [14] adopted to the
MicroBooNE detector size and location. These account
for hadron production in the beamline, the focusing op-
tics of the secondary pion beam, and proton counting.
Varying these e↵ects results in a 16% uncertainty on the
final cross section. For the neutrino-argon interaction un-
certainties, individual parameters are varied within the
GENIE neutrino interaction models [20]. The dominant
uncertainties on the backgrounds come from the reso-
nance model parameterization and the FSI modeling and
lead to a 17% total uncertainty on the resulting cross sec-
tion measurement. Finally, for the detector simulation,
a wide variety of microphysical e↵ects are varied, includ-
ing the electron di↵usion, the scintillation light yield, the
electron recombination [32], and localized electric field
distortions. Further, the simulated detector response
is varied for e↵ects such as the single photon rate ob-
served in the PMTs, the electronics noise [24], the signal
response shape, non-responsive channels, the visibility
of the region surrounding the TPC to the PMT array,
and a simulation of long-range induced signals on the
wires [33, 34]. An additional uncertainty is assessed on
the reconstructed neutrino interactions that are contam-
inated by simulated CR activity. Together the detector
simulation variations yield a 21% uncertainty on the fi-
nal cross section measurement. This set of uncertainties,
while dominant, are expected to be reduced by an on-
going program of detector calibrations. Each systematic
uncertainty is treated as uncorrelated and quadratically
summed to give a total systematic uncertainty of 31%.

Results and Discussion � The flux-integrated total
cross section for CC single ⇡0 production on argon, mea-
sured through the reconstruction of at least one shower,

FIG. 4. The measured total flux integrated ⌫µ CC single ⇡0

cross section for ANL, MiniBooNE, and MicroBooNE with
the bars denoting the total uncertainty. These are compared
to the flux averaged default GENIE prediction with the RS
model (solid blue) and with FSI removed (dashed blue) and
an alternative GENIE model with the BS model (solid pink).
NuWro predictions are shown in solid red.

is found to be

h�i� = 1.9± 0.2 (stat)± 0.6 (syst)⇥ 10�38 cm2

Ar
.

Using the selection that requires at least two showers
a consistent cross section, within statistical uncertain-
ties, is measured. We compare four models of resonant
pion production to this measurement in Fig. 4. The
RS model [19], shown with and without the e↵ects of
FSI, and the Berger-Sehgal (BS) model [35], as imple-
mented in GENIE; as well as for an alternative generator,
NuWro [36]. NuWro utilizes a local Fermi gas model
for the initial nuclear state. Resonant pion production
is described via the Adler model [37, 38] with modified
form factors [39], and the Oset model [40] handles the
FSI of the hadrons exiting the struck nucleus.
The predicted cross section from GENIE includes non-

resonant components of 24% (30%) for final states that
exclude (include) additional charged mesons. These com-
ponents will not change between di↵erent GENIE mod-
els and are modeled di↵erently in NuWro. Each model
depends on scalings that encapsulate the dependence
of the production and FSI across a large range of nu-
clei. To test these scaling assumptions, we bring to-
gether measurements of CC single ⇡0 production per-
formed on other nuclei using similar neutrino energy
ranges, including those from the ANL bubble chamber [5]
and MiniBooNE [12]. While the present work includes
events with any particles beyond the single ⇡0 and muon,
the MiniBooNE and ANL measurements excluded events
with additional charged-mesons. The published neutrino
fluxes [14, 41, 42] have been used to derive flux averaged
cross section prediction and the results from deuterium,
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dict larger cross sections for the angular pion
observables. Only pions with momentum above
0.2 GeV/c, which have been identified as tracks in
the TPC, are included. The discrepancy is more
pronounced for low momentum pions and are al-
most independent of the value of the ✓⇡ and ✓µ⇡

angles.

4. The MC model appears to predict larger number
of events tagged by a Michel electron and smaller
number of events with pions above 0.2 GeV/c (TPC
tagged) than the rates observed in the experiment.
The sum of both the TPC and the Michel electron
samples show a reasonable agreement with both
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generator predictions. The observed disagreement
might be caused either by a distorted pion momen-
tum spectrum or by deficiencies in the e�ciency
predictions.

We have also computed the flux-averaged cross section
value:

� = (11.76±0.44(stat)±2.39(syst))⇥10�40cm2nucleon�1

To obtain this value the full CC1⇡+candidate sample
is considered, including pions identified by the Michel
electron tag. From this result we extrapolated to the
full phase space, including regions where the detector ef-
ficiency is small or even null, this result is strongly de-
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dict larger cross sections for the angular pion
observables. Only pions with momentum above
0.2 GeV/c, which have been identified as tracks in
the TPC, are included. The discrepancy is more
pronounced for low momentum pions and are al-
most independent of the value of the ✓⇡ and ✓µ⇡

angles.

4. The MC model appears to predict larger number
of events tagged by a Michel electron and smaller
number of events with pions above 0.2 GeV/c (TPC
tagged) than the rates observed in the experiment.
The sum of both the TPC and the Michel electron
samples show a reasonable agreement with both

 (rad)πθ
0 0.5 1 1.5 2 2.5 3

/ra
d/

N
uc

le
on

)
2

 c
m

-3
8

 (1
0

πθ
d 
σ

d 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

T2K Data

GENIE

NEUT

FIG. 15. d�/d✓⇡ di↵erential cross section. The inner (outer)
error bars show the statistical (total) errors. The lines show
the NEUT 5.1.4.2 (red) and GENIE 2.6.4 (dashed blue) pre-
dictions.

 (rad)πµθ
0 0.5 1 1.5 2 2.5 3

/ra
d/

N
uc

le
on

)
2

 c
m

-3
8

 (1
0

π
µθ

d 
σ

d 

0

0.01

0.02

0.03

0.04

0.05

0.06

T2K Data

GENIE

NEUT

FIG. 16. d�/d cos ✓µ⇡ di↵erential cross section. The inner
(outer) error bars show the statistical (total) errors. The lines
show the NEUT 5.1.4.2 (red) and GENIE 2.6.3 (dashed blue)
predictions.

generator predictions. The observed disagreement
might be caused either by a distorted pion momen-
tum spectrum or by deficiencies in the e�ciency
predictions.

We have also computed the flux-averaged cross section
value:

� = (11.76±0.44(stat)±2.39(syst))⇥10�40cm2nucleon�1

To obtain this value the full CC1⇡+candidate sample
is considered, including pions identified by the Michel
electron tag. From this result we extrapolated to the
full phase space, including regions where the detector ef-
ficiency is small or even null, this result is strongly de-
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FIG. 7. Flux-averaged cross section of the NOvA NC coherent π0 measurement. The left plot compares this measurement to
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average neutrino energy. All results are scaled to a carbon target by a factor of (A/12)2/3 following the Berger-Sehgal model
approximation, where A is the effective atomic number of the experiment. The dashed curve shows the GENIE prediction for
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error bar contains 68% of the total neutrinos. The statistical uncertainty and statistical plus systematic uncertainty are shown
as vertical error bars for the NOvA result. The GENIE prediction is shown both as a function of neutrino energy, and as a
flux-averaged cross section. The NOvA flux is shown in gray with arbitrary normalization.

TABLE II. Summary of NC coherent π0 measurements. The effective atomic number (A) and the average neutrino energy
(〈Eν〉) are shown for each experiment. The results are reported as total cross section per nucleus, cross-section ratios to inclusive
νµ-CC or to the prediction of Rein-Sehgal model.

Experiments A a 〈Eν〉 (GeV) σ (10−40 cm2/N) σ/σ(νµ-CC) σ/σ(Rein-Sehgal) b

Aachen-Padova [18] 27 2 29±10
Gargamelle [19] 31 3.5 31±20
CHARM [21] 20 30 96±42
SKAT [22] 30 7 79±28 4.3±1.5
15’ BC [20] 20 20 0.20±0.04
NOMAD [25] 12.8 24.8 72.6±10.6 3.21±0.46

MiniBooNE [23] 12 0.8 0.65±0.14
SciBooNE [24] 12 0.8 0.9±0.20
MINOS [26] 48 4.9 77.6±15.9

NOvA 13.8 2.7 13.8±2.5

a The effective atomic number calculations may differ between experiments.
b The implementaions of the Rein-Sehgal model used by other experiments (MiniBooNE[23] and SciBooNE[24]) could be considerably
different from the GENIE implementation used by the NOvA measurement. A comparison of the Rein-Sehgal predictions of CC
coherent in different generators can be found in Ref. [46].

nuclei in accordance with the Berger-Sehgal model [5].
Other models may differ in the prediction of A depen-
dence of coherent pion production.
Figure 7 and Table II show this measurement together

with other measurements and the GENIE prediction. All
measurements in Fig. 7 are scaled to a carbon target by
a scale factor of (A/12)2/3 for the purpose of compari-
son. The flux-averaged NC coherent π0 cross section of
this work is in agreement with the cross-section predic-
tion of the Rein-Sehgal model (GENIE implementation),
although some discrepancies in the π0 kinematic distri-
butions are observed. This result is the most precise mea-

surement of NC coherent π0 production in the few-GeV
neutrino energy region, and the first such measurement
on a carbon-dominated target in this energy range. It
benefits both current and future long-baseline neutrino
oscillation experiments in background prediction with re-
duced uncertainty.
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• Latest measurements are a mixed 
bag: in broad strokes, the predictions 
for the overall rate for interactions on 
carbon are not far off.

• But the shapes of the kinematic 
distributions need more work.

• We also need new/better data!
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arXiv:2107.02064v2 

Phys. Rev. D 101, 012007

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.091102
https://arxiv.org/pdf/2107.02064.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012007


Jonathan M. Paley, Neutrino Division, Fermilab

Other Hot Topics

24

• 𝛎e/𝛎μ ratios: critically important for oscillation experiments that 
are measuring 𝛎μ → 𝛎e appearance rates vs. E𝛎.  Even 
assuming lepton universality, the kinematics of the final-state 
lepton can differ, especially at lower neutrino energies.

• Modeling of scattering off of single nucleon, current models are 
based on low-statistics hydrogen/deuterium bubble chamber 
data with not-very-well-understood uncertainties.  Need to 
strengthen our foundation of neutrino-nucleus scattering with 
new light-nuclei data!

• We have lots of data involving carbon as the nuclear target.  
Need more heavier-target data, especially argon!

• Modeling of higher resonances and the transition from Res to 
DIS, very important for DUNE.

• We’ve learned a lot from electron scattering (eg, 2p2h, Duality), 
what else can we learn?  How can we use it to constrain 
neutrino scattering models?
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• 𝛎-A scattering is a vibrant and dynamic field.  
• We have made great strides in the past decade in improving our modeling of CC 0π 

processes, discrepancies in modeling nuclear effects are an opportunity for future 
improvement.

• There has been less progress on improving models of CC π-production, but new data 
sets are becoming available that will be extremely valuable.

• We have many experiments and collaborations that will be producing new results and 
studies over the next several years that will improve our ability to tune our models of 𝛎-A 
scattering.
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EMPHAT  C• Stay tuned!  
Better yet, get 
involved!



Jonathan M. Paley, Neutrino Division, Fermilab

Backup

26



Jonathan M. Paley, Neutrino Division, Fermilab

Aside: Neutrino Fluxes

27

Target 
Horns 

Decay Pipe 
Absorber 

Muon Monitors 

Rock 

μ+


π+


10 m 30 m 
675 m 

5 m 
12 m 

18 m 

figure courtesy 

Ž. Pavlović 

Hadron 

Monitor 

νμ

• We measure flux * xsec in our detectors.
• Very difficult to measure the flux by itself
• We rely on simulation to predict the flux.
• Simulations need the production cross section 

for p, π, K hitting a broad range of nuclear 
targets across a broad range of energies.  Eg, 
particles of all energies up to the beam energy 
interact in the production target (C or Be), 
focusing horns (aluminum), and lots of other 
material (water, Ti, Fe, He, rock, etc.)

• Uncertainties in the flux prediction come from 
uncertainties in scattering cross sections and 
uncertainties in the alignment and focusing 
elements.

• Hadron production cross section 
uncertainties are the dominant source of 
uncertainty in flux predictions.

• There are a lot of relevant interactions 
that have not been measured [well].
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Aside: Flux Uncertainties
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• Left: SBN, NuMI and DUNE have ~10% uncertainties, based on hadron production measurements of 
interactions off of thin targets.  Most of the uncertainty comes from interactions in the target and horns 
that have never been measured (or have large uncertainties/spread).

• Right: Recent NA61/SHINE measurements of hadron production off of T2K replica production target 
and other thin targets will reduce the flux uncertainties to ~5%.
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Figure 3: The hadron interaction model uncertainties evaluated on the SK flux pre-
diction. The uncertainties have been calculated for the flux constrained with either
purely NA61 2009 thin-target data (left side), or using a combination of NA61 2009
thin-target and replica-target data (right side, denoted as the replica tuning error).
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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.
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