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NuMI Off-axis νe Appearance

• Long-baseline neutrino experiment with 
Near Detector (ND) at Fermilab and a 
baseline of 810km. 

• The main physics goal is measuring 3flavor 
neutrino oscillation parameters by 
observing  appearance / disappearance 
at the Far Detector (FD).
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https://agenda.hep.wisc.edu/event/1644/contributions/26381/attachments/8474/9890/CIPANP2022-NOvA-220829.pdf
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NuMI Off-axis νe Appearance
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Neutrino beam Antineutrino beam

• The ND is 14.6 mrad off-axis from the NuMI beam 

• high intensity highly pure  beam  
• Peak at ~2GeV 

• ND has collected a high stats dataset of  interactions 
• Measure neutrino cross sections  (J. Hartnell NEUTRINO) 

• Constrain FD prediction

νμ/ν̄μ

νμ/ν̄μ

https://doi.org/10.5281/zenodo.6683827
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Predicting Far Detector Spectrum
• The extraction of oscillation parameters depends on neutrino energy 

reconstruction. 

• The predicted energy spectrum in the FD is extrapolated from the ND 
spectrum depending on our understanding and modeling of: 

• Neutrino flux 

• Neutrino cross sections 

• Detector response

4

RND(νμ) = Φ(Eν) × σ(Eν, A) × ϵND

RFD(νμ) = Φ(Eν) × σ(Eν, A) × ϵFD × Posc

Extract oscillation 
parameters
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Extract oscillation 
parameters

RND(νμ) = Φ(Eν) × σ(Eν, A) × ϵND

8

Minerba Betancourt

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

Past �⌫ Measurements

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

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

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

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

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

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

14

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
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neutrino 

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

antineutrino 

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

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

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

Charged Current Interactions

T2K NOvA
DUNE
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Charged Current Interactions

T2K NOvA
DUNE

• The extraction of oscillation parameters depends on neutrino energy 
reconstruction. 

• The predicted energy spectrum in the FD is extrapolated from the ND 
spectrum depending on our understanding and modeling of: 

• Neutrino flux 

• Neutrino cross sections 

• Detector response

Predicting Far Detector Spectrum
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RND(νμ) = Φ(Eν) × σ(Eν, A) × ϵND

• The extraction of oscillation parameters depends on neutrino energy 
reconstruction. 

• The predicted energy spectrum in the FD is extrapolated from the ND 
spectrum depending on our understanding and modeling of: 

• Neutrino flux 

• Neutrino cross sections 

• Detector response

Predicting Far Detector Spectrum
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Neutrino interactions

7
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GENIE N1810j_00000

Quasi-Elastic (QE) 
Valencia 1p1h 

Z-expansion axial 
form factor 

arXiv:1102.2777

Resonance (RES) 
Berger-Sehgal 

arXiv:0709.4378

Deep Inelastic 
Scattering (DIS) 

Bodek-Yang 
arXiv:1012.0261

Final State 
Interactions (FSI) 
hN Semi Classical 

Cascade 
doi.org/10.1063/1.3274190

Meson Exchange 
Current (MEC/2p2h) 

Valencia 2p2h 
arXiv:1102.2777
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 - free nucleon interactionsν
Interactions with the 
nuclear environment 

Multinucleon interactions

µνµ

• Neutrino interactions are simulated using the GENIE v3.0.6

from the relevant production point(s). The particles are
propagated independently and are only subject to the
potential from the nucleus, not from other nucleons and
pions. Figure 2 shows an example cartoon of the intranu-
clear cascade mechanism.
For low momentum pions (defined in NEUT as

pπ < 500 MeV=c), tables computed from the model of
Oset et al. [13] are used to determine quasielastic, single
charge exchange, and absorption interaction probabilities
inside the nucleus, and relate them to extranuclear π!-A
measurements. This model involves a many-body calcula-
tion in infinite nuclear matter with a local density approxi-
mation included. The π!-A scattering is represented as a
wave in a complex optical potential. Contributions from
individual reaction channels are obtained by separating the
real and complex parts of the potential and calculating the
corresponding Feynman diagrams. For high momentum
pions (pπ > 500 MeV=c), the interaction probabilities are
calculated from π!-A scattering data off free proton and
deuterium compiled by the PDG [23]. The two models are
blended linearly in the 400 < pπ < 500 MeV=c region to
avoid discontinuities.
The most commonly used generators and simulation

toolkits, including GENIE [18], NuWro [12], FLUKA [16],
and Geant4 [17], have similar cascade models imple-
mented, although the details vary. The notable exception
is GiBUU [19], where the Boltzmann-Uehling-Uhlenbeck
transport equations are solved for a more complete descrip-
tion of the nuclear medium. In GiBUU, the particles
experience the potential from both the excited nuclear
remnant and the other particles produced in the initial
interaction. Comparisons between the results of this work,
the data, and a variety of these alternate simulations are
presented in Sec. VI.
The model is parametrized by the scaling factors

summarized in Table I, henceforth referred to simply as
“FSI parameters” (fFSI). Each parameter scales the corre-
sponding microscopic probability of a π! interaction at
each step of the cascade, except for fCX, which scales the

charge exchange fraction of low momentum quasielastic
(QE) scattering.
A reweighting scheme is used to allow the propagation

of variations of these parameters to T2K analyses [10,20].
The scheme uses the information in the cascade for each
event and recalculates the interaction probabilities for each
step with varied parameters to obtain a new value for the
event probability. The FSI weight is defined as the ratio
between the varied and nominal total event probabilities.
However, the reweighting procedure is not exact due to the
factorization into individual parameter variations, so it was
not used in this work.

III. SUMMARY OF EXTERNAL
SCATTERING DATA

Although T2K analyses are predominantly interested in
light nuclear targets (carbon and oxygen), there are many
heavier targets in the T2K detectors [24,25]. As such, this
work includes external data taken with carbon, oxygen,
aluminium, iron, copper, and lead targets.
We used data from πþ and π− beams over a momentum

range from 60–2000 MeV=c. The interaction channels are
defined exclusively from the number of pions in the final
state, with any number of nucleons. This allows for direct
comparisons between the external measurements of cross
sections and the NEUT predicted cross sections. The
following interaction channels were used:

(i) Absorption (ABS): the incident pion is absorbed by
the nucleus, and thus no pions are observed in the
final state.

(ii) Quasielastic scattering (QE): only one pion is
observed in the final state, and it has the same
charge as the incident beam. The interaction is with a
nucleon within the nucleus which differentiates QE
from elastic scattering, where the interaction is with
the nucleus as a whole. There is no requirement for
the struck nucleon to be observed in the final state,
as it may undergo FSI itself and not be observable.

(iii) Single charge exchange (CX): the charged pion
interacts with the nucleus and a single π0 is observed
in the final state.

µ- 

+ µ 
+ 

FIG. 2. Cartoon illustrating the effect of FSI in the intranuclear
cascade model.

TABLE I. Description of the NEUT pion FSI parameters used
in the fits described in this work. The overlap in the momentum
regions is due to blending of the high and low energy models in
NEUT as described in the text.

Parameter Description Momentum region [MeV=c]

fABS Absorption < 500
fQE Quasielastic scatter < 500
fCX Single charge exchange < 500
fQEH Quasielastic scatter > 400
fCXH Single charge exchange > 400
fINEL Hadron (Nþ nπ)

production
> 400

USING WORLD π!-NUCLEUS SCATTERING DATA… PHYS. REV. D 99, 052007 (2019)

052007-3

https://arxiv.org/abs/1102.2777
https://arxiv.org/abs/0709.4378
https://arxiv.org/abs/1012.0261
http://doi.org/10.1063/1.3274190
https://arxiv.org/abs/1102.2777
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Custom adjustment to 
NOvA ND data.

Fit to external pion 
scattering data.

Neutrino interactions
• Neutrino interactions are simulated using the GENIE v3.0.6�
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arXiv:1102.2777

Resonance (RES) 
Berger-Sehgal 

arXiv:0709.4378

Deep Inelastic 
Scattering (DIS) 

Bodek-Yang 
arXiv:1012.0261

Final State 
Interactions (FSI) 
hN Semi Classical 

Cascade 
doi.org/10.1063/1.3274190

Meson Exchange 
Current (MEC/2p2h) 

Valencia 2p2h 
arXiv:1102.2777

 - free nucleon interactionsν
Interactions with the 
nuclear environment 

Multinucleon interactions

https://arxiv.org/abs/1102.2777
https://arxiv.org/abs/0709.4378
https://arxiv.org/abs/1012.0261
http://doi.org/10.1063/1.3274190
https://arxiv.org/abs/1102.2777
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µ-
n

p
π+

π0

νµ

π+

π0 π+

9

• Nucleons and pions reinteract when 
propagated through the nucleus. 

• For 2020 oscillation results, we used the 
hN2018 semi-classical cascade FSI model in 
GENIE 3.0.6.

Final State Interactions
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• Pion scattering data is categorized into 
the topological channels based on the 
outgoing particles. 

• Agreement with 12C data is poor.

Charge 
exchange (CX)

Quasi-Elastic 
Scattering (QE)

Absorption (ABS)

Pion Production

Adapted from T. Golan
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• Total “reactive” cross 
section  

• REAC = ABS + CX + QE + 
other processes 

• Adjustments: 

• “fate fractions” for these 
3 channels  

• Mean Free Path (MFP), 
which scales inversely 
with cross section.
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Adjusted FSI and uncertainties

• After the tuning, four 
uncorrelated uncertainties 
are constructed.  

• Three uncorrelated 
uncertainties of the “fate 
fractions”. 

• The MFP uncertainty is 
constructed with the 
values of this parameter 
that bracket the external 
data.

11
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Multi-nucleon interactions
• Binding between a nucleon pair can occur via 

exchange of virtual mesons. Nucleons inside the 
nuclei form correlated pairs.  scattering knocks 
out the pair. 

• This interaction type is not fully understood and 
no model correctly predicts the observed data at 
the Near Detector 

• We adjust Valencia MEC to NOvA ND data 

• Adjustment reshapes MEC kinematics to match 
data, effectively adding missing processes (like 
short range correlations between nucleons), so 
we call it NOvA 2p2h. 
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Adjustment of 2p2h 
interactions

• Projections on the 
reconstructed q0 and |q| axes 
before MEC adjustment. 

• Colors represent the 
interaction types.

νµ

Nucleus

µ

Hadrons

!" = !$,!⃗

0 0.1 0.2 0.3 0.4

 (GeV)had, visReco E

0

10

20

30

40

50

 E
ve

nt
s

4
10

Antineutrino Beam
 CC selectionµν+µν

NOvA Preliminary

MEC
QE
RES
DIS
Other

No NOvA weights

0 0.5 1 1.5 2

| (GeV)qReco |

0

5

10

15

 E
ve

nt
s

4
10

Antineutrino Beam
 CC selectionµν+µν

NOvA Preliminary

MEC
QE
RES
DIS
Other

No NOvA weights

0 0.1 0.2 0.3 0.4 0.5 0.6

 (GeV)had, visReco E

0

10

20

30

40

 E
ve

nt
s

4
10

Neutrino Beam
 CC selectionµν+µν

NOvA Preliminary

MEC
QE
RES
DIS
Other

No NOvA weights

0 0.5 1 1.5 2

| (GeV)qReco |

0

10

20

30

 E
ve

nt
s

4
10

Neutrino Beam
 CC selectionµν+µν

NOvA Preliminary

MEC
QE
RES
DIS
Other

No NOvA weights

νμ

ν̄μ

νμ

ν̄μ



M.Martinez-Casales CIPANP 2022 

Adjustment of 2p2h interactions
• Weights are parametrized as two 2D gaussians and normalization of 

the base model. 

• 13 parameters fitted by minimizing of neutrino data and 
simulation. 

• The same weights are used for neutrino and antineutrino beam 
simulation resulting in good agreement with data for both.

χ2
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• Projections on the 
reconstructed q0 and |q| 
axes after  MEC adjustment. 

• Agreement considerably 
better, but this tuning is 
unable to correct all of the 
phase space. 
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• The NOvA 2p2h tune 
assumes that this is the only 
piece of the model that is 
deficient. 

• It is absorbing the 
possibility that other cross 
section parameters in the 
model need adjustment. 

• The uncertainties take this 
into account by performing 
two alternate versions of the 
2p2h weights.
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2p2h tune systematics
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• The NOvA 2p2h tune 
assumes that this is the only 
piece of the model that is 
deficient. 

• It is absorbing the 
possibility that other cross 
section parameters in the 
model need adjustment. 

• The uncertainties take this 
into account by performing 
two alternate versions of the 
2p2h weights.
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Additional MEC uncertainties

18
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Figure 21: Reconstructed kinematic variables for the alternate shifted QE-like non-MEC components for
FHC (top) and RHC (bottom)

4.6.3 Composition of initial state - struck nucleon pair

Similar to the other systematic uncertainties constructed for MEC, we followed a similar method as the 2018
procedure to establish the uncertainty band. Based on the fraction of nn(pp) and np pairs for neutrinos
(antineutrinos) in the tuned numu selection, we use the following for neutrinos:

np

np+ nn
= 0.69

(
+0.15�

�0.05�
, (3)

and
np

np+ pp
= 0.66

(
+0.15�

�0.05�
(4)

for antineutrinos. The uncertainty is asymmetric as the intrinsic ratios in the Valencia model (0.69 and 0.66)
are much smaller than the assumed ratio in empirical MEC (0.8), and is at the lower end of the range of
model assumptions. Figure 27 shows the size of the uncertainty band for MEC interactions only.
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• Neutrino energy dependent normalization 
uncertainty. 

• Parametrized as two functions that 
encapsulate the difference between 
Valencia MEC and alternate models. • A function to take into account the 

ratio of struck nucleons pairs.

ν

ν̄

• Theory based uncertainties
n

n

n

n
p

n

p

p

n
p

n

p

νµ
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• Central value agreement is 
good after FSI and MEC 
adjustments. 

• Cross section uncertainties 
include custom MEC, FSI in 
addition GENIE uncertainties.  

• These are adequate to take 
into account remaining 
differences. 
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Future plans

Inclusive selection

Topology 1 
QE/MEC 

enhanced 
1 track

Topology 2 
QE/MEC 

enhanced 
2 tracks

Topology 3 
RES enhanced 
π in final state

Topology 4 
RES/DIS 

enhanced  
No vis. π

Topology 5 
Remaining

• The ND high statistics dataset is rich in 
information potentially useful to 
constrain interaction model 
uncertainties: 

• subdivide into topological categories 
that separate MEC from other pieces 
of the model to expose deficiencies,  

• simultaneously fit of MEC and other 
neutrino interaction parameters using 
5 samples to obtain a more robust 
tuning to our data, 

• fitting framework in progress with both 
frequentist and Bayesian methods. 
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?

• Samples defined by the number and type 
of particles identified in the detector: 

•  muons, protons, charged pions or 
other.

  μ

μ + 1π± + nX

μ + P

μ + P + nX X ≠ π

Future plans
• The ND high statistics dataset is rich in 

information potentially useful to 
constrain interaction model 
uncertainties: 

• subdivide into topological categories 
that separate MEC from other pieces 
of the model to expose deficiencies,  

• simultaneously fit of MEC and other 
neutrino interaction parameters using 
5 samples to obtain a more robust 
tuning to our data, 

• fitting framework in progress with both 
frequentist and Bayesian methods. 



M.Martinez-Casales CIPANP 2022 22

Topology samples for ND fit
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• µ and µ+P samples 
contain mostly 
interactions without 
pions.

• µ+π+X sample has 
a high purity of 
interactions with 
one charged pion.

• µ+P+X contains a large 
fraction of interactions 
with multiple pions 
that are not visible.

• The samples are effective at separating different amounts of true final states and in separating 
different interaction types

  μ

μ + 1π± + nX

μ + P

μ + P + nX
X ≠ π
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Summary
• NOvA uses GENIE 3.0.6 model with custom adjustments. 

• The cross section model needs improvement to describe NOvA data, so 
we adjust central value: 

• FSI is tuned with external data  

• MEC is tuned using our own ND data  

• Uncertainties are constructed to take into account remaining 
discrepancies 

• ND has a rich dataset useful for improvements in constraining neutrino 
interaction modeling. New work in progress toward including all cross 
section systematic uncertainties while adjusting MEC.

23



Thanks for your attention!
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Duluth, MN 
June 2022
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Protons

The NuMI Beam

26

Neutrino beam

Target

NOvA ND

• 120 GeV protons from the Main 
Injector hit a graphite target 
producing a shower of mesons. 

• +(-)Charged pions and kaons 
are focused by a magnetized 
horns and decay into 
(anti)neutrinos. 

• The NOvA detectors are off-axis 
by 14.6 mrad, which produces a 
spectrum with a peak at ~2GeV, 
near the oscillation maximum.

B. Zamorano - First oscillation results from the NOvA experiment 11

The NOvA experiment
disappearance appearance

•NuMI Off-Axis νe Appearance, the 
leading neutrino oscillation experiment 
in the NuMI beam

•Two highly active scintillator detectors:
- Far Detector: 14 kT, on surface
- Near Detector: 300 T, 105 m 

underground
•14 mrad off-axis narrowly peaked muon 

neutrino flux at 2 GeV, L/E ~ 405 km/
GeV

•νµ disappearance channel: θ23, Δm232

•νe appearance channel: mass hierarchy, 
δCP, θ13, θ23 and octant degeneracy Also: neutrino cross sections at the 

ND, sterile neutrinos, supernovae…

Target
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 interactions in NOvAνμ

=
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Minerba Betancourt

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

Past �⌫ Measurements

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

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

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

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

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

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

14

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

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

antineutrino 

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

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

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

Charged Current Interactions

T2K NOvA
DUNE

8
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Current Knowledge 
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neutrino 

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

antineutrino 

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

NOvA 
T2K 

LBNE !
CNGS 

atmospheric !

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

Charged Current Interactions

T2K NOvA
DUNE

Quasi-elastic (QE)

Resonance (RES)

Deep Inelastic 
Scattering (DIS)

• NOvA’s spectrum peaks at ~2GeV



M.Martinez-Casales CIPANP 2022 

The NOvA detectors

• Extruded PVC cells 
filled with liquid 
scintillator arranged in 
alternating planes. 

• Light is produced when 
charged particles pass 
through the cells. 

• The light is collected by 
a wavelength shifting 
fiber and transported to 
an Avalanche Photo 
Diode (APD), which 
amplifies the signal.

28

Data event in the FD
Incoming 
neutrino

Typical 
charged 

particle path

1 channel

APD 
32 channels
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NOvA - FNAL E929
Run:   10743 / 7
Event: 880 / --

UTC Mon Feb 9, 2015
06:54:56.590908992
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Eµ from length

p

µ
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Ehad  from calorimetry

µ

A prong is a cluster of 
hits in the detector

Eν = Eμ + Ehad



µ

µ

A simulated DIS 
interaction

Eν = Eμ + Ehad
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Near to Far extrapolation

31
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• MFP uncertainty brackets 
external data between the 
values 0.4 and 0.8.

• Three uncorrelated uncertainties of 
the “fate fractions”. 

• For fABS, fCX and fQE, we 
construct a covariance matrix, and 
the resulting eigenvalues and 
eigenvectors provide uncorrelated 
error variations for each parameter.
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Subdividing the ND dataset
• We have developed 10 non-overlapping samples (5 for neutrino and 5 for 

antineutrino), defined by the number and type of prongs visible in the detector.  

• The prongs are classified according to a convolutional neutral network as muons, 
protons, charged pions or other.
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  μ μ + 1π± + nX

μ + nX

Neutrino Antineutrino

μ + P

Neutrino Antineutrino Neutrino Antineutrino

Antineutrino Neutrino Antineutrino

Remainingμ + P + nX

Neutrino

X ≠ π ?X ≠ π
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True final states in ND simulation
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• The samples are effective at separating different amounts of final 
states. 

• µ and µ+P samples contain mostly interactions without pions. 
• Also dominated by Quasi-Elastic and Meson Exchange Current 

interactions. 
• µ+π+X sample has a high purity of interactions with one charged pion.
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  only μ μ + 1π± + nXμ + P
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True final states in ND simulation
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• µ+P+X contains a large fraction of interactions with multiple 
pions. 

• The remaining sample contains a mixture of all the categories. 
• These are also dominated by Resonance and Deep-Inelastic 

Scattering interactions. 

Remainingµ+P+nX

X π≠

Remainingμ + P + nX
X ≠ π
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