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Fig. 1: Neutrino oscillations and energy spectra measurements | (Left) Neutrino energy spectra
reconstruction depends on our ability to model the interaction of neutrinos with atomic nuclei and the propagation
of particles through the atomic nucleus. This flow chart shows the process, starting with the oscillated far-detector

⌫e incident-energy spectrum (green), di↵erentiating the physical neutrino interactions (green arrows) from the
experimental analysis (blue arrows), and ending up with the inferred incident-energy spectrum (blue). The blue

curve is obtained from simulating the neutrino-nucleus interactions with the CLAS data-derived smearing matrices
and reconstructing the flux using the model-derived smearing matrices instead. The input incident-energy spectrum

is shown for reference as the thin green.

f�i(E,Erec) is a smearing matrix relating the real (E)
and reconstructed (Erec) neutrino energies. Erec di↵ers
from E due to both experimental e↵ects (e.g. detector
resolutions, ine�ciencies, backgrounds) and nuclear in-
teraction e↵ects (e.g. nucleon motion, meson currents,
nucleon reinteraction). While experimental e↵ects are
generally understood and can be minimized using im-
proved detectors, nuclear e↵ects are irreducible and must
be accounted for using theoretical models, typically im-
plemented in neutrino event generators.

The precision to which oscillation parameters can be
determined experimentally therefore depends on our abil-
ity to extract �↵(E,L) fromN↵(Erec, L), see Fig. 1. This
is largely determined by the accuracy of the theoretical
models used to calculate �i(E) and f�i(E,Erec). Cur-
rent oscillation experiments report significant systematic
uncertainties due to these interaction models [7–10] and
simulations show that energy reconstruction errors can
lead to significant biases in extracting �CP at DUNE [11].
There is a robust theoretical e↵ort to improve these mod-
els [12–14].

Because there are no mono-energetic high-energy neu-
trino beams, these models cannot be tested for individual
neutrino energies. Instead, experiments tune models of

�i(E) and f�i(E,Erec) to reproduce their near-detector
data, where the unoscillated flux �(E, 0) is relatively well
known from hadronic calculations [15–17].

While highly informative, such integrated constraints
are insu�cient to ensure that the models are correct for
each value of E. Therefore, even if the models are tuned
to reproduce the near-detector data, there is no guaran-
tee that they are suitable for analyzing far-detector data,
where the neutrino flux can be very di↵erent due to os-
cillations.

Here we report the first measurement of f�i(E,Erec)
for mono-energetic electron-nucleus scattering, and use
it to test interaction models used by neutrino oscilla-
tion analyses. Both types of leptons, e and ⌫, interact
similarly with nuclei. Both particles interact with nu-
clei via a vector current, while neutrinos have an addi-
tional axial-vector current. The nuclear ground state is
the same in both cases and many of the nuclear reac-
tion e↵ects are similar. See Methods for details. There-
fore, any model of neutrino interactions (vector+axial-
vector) should also be able to reproduce electron (vec-
tor) interactions. The data presented here can therefore
test and constrain neutrino-nucleus interaction models
to be used in analysis of neutrino oscillation measure-
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The nuclear challenge in precision measurements 
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Neutrino event generators simulating νA interaction

and more

Lepton-Nucleus Interaction Modelling 
Why Are Neutrino Cross Sections Hard?

13/07/2023 4

● In principle, if the target is a free, stationary nucleon, the energy of 

the neutrino can be determined exactly.

● Nuclear effects introduce lots of quantities we can’t directly 

observe into the energy balance.

● We can’t always observe all the final state particles.NEUT
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for mono-energetic flux
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Resonance
Deep Inelastic Scattering

Meson Exchange

Quasi Elastic

El - El’

ν Experiments Fluxes Challenge our Understanding  
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Welcome to Fermilab
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MicroBooNE @ the Short Baseline
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MicroBooNE @ the Short Baseline

Booster Neutrino Beam (BNB)

8 GeV protons <Eνμ> ~ 0.8 GeV

Neutrinos from Main Injector (NUMI)

120 GeV protons <Eνe> ~1 GeV

463m

680 m 8o off-axis



11

680 m 8o off-axis

Booster Neutrino Beam (BNB)
8 GeV protons <Eνμ> ~ 0.8 GeV

Neutrinos from Main Injector (NUMI)
120 GeV protons <Eνe> ~1 GeV

MicroBooNE’s Beams 

(93.6%)
(5.86%)
(0.52%)
(0.05%)
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LAr Time Projection Chamber   Active mass : 85 tons 
Triggered by PMTs, 3 wire planes with 3 mm spacing
impeccable spatial resolution, calorimetric measurement
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4π acceptance, impeccable spatial resolution, sub-cm order tracking 
Calorimetric measurement for PID

                    Detector Performance 
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C. Electron-photon separation

A key requirement of any analysis searching for electron
neutrinos is the ability to differentiate electrons originating
from νe CC interactions from photons originating from any
backgrounds. The two main features that separate inter-
actions containing electrons from those with photons are
the dE/dx at the start of the shower and the distance
between the shower and the interaction vertex. The latter is
only well defined when another charged particle is present
at the interaction vertex. Electron-photon separation in a
LArTPC has previously been demonstrated using a semi-
automated reconstruction chain [35] and only leveraging
the dE/dx.
In this measurement, we demonstrate for the first time

both of the electron-photon separation techniques that the
LArTPC technology offers using a fully automated analy-
sis chain.
The distribution of the dE/dx at the start of the shower, at

the stage listed in Table I, is shown in Fig. 11. In this figure,
a notable feature is the large population of leading showers
with a dE/dx of nearly 0 MeV=cm. This population is
caused by tracks and showers that are nearly perpendicular
to the z axis of the TPC (60° < θ < 120°) where it is
challenging to measure dE/dx. In future analyses, this effect
can be mitigated with the use of all three wire planes to
measure dE/dx. The use of calorimetry on both collection
and induction planes is enabled by using methods such as
2D deconvolution as laid out in Refs. [32,33].
To examine the performance of the electron-photon

separation variables, we isolate the dE/dx and shower
vertex distance selection steps on the leading shower by
moving them to the end of the analysis chain; this ensures
that the upstream part of the selection chain identifies
neutrino interactions with a well-defined leading shower.
Additionally, we highlight the dE/dx separation power
performance by selecting the angular phase space which
boosts good reconstructed showers on the collection plane
alone; i.e., for this study, we require the leading shower θ to
be between 0° and 60°. This choice allows us to focus on
topologies unaffected by the absence of dynamically
induced charge in our simulation chain and with dE/dx
best reconstructed on the collection plane wires.
Figure 15 shows the stacked data versus MC prediction

where θ is between 0° and 60°. This slice of θ is the
most populated region and has considerably higher purity
than the rest of the phase space. As the dE/dx distribution
at this angular slice includes showers running roughly
perpendicular to the collection plane wires, a very small
fraction of showers have an unphysically low dE/dx, which
demonstrates the angular dependence of the dE/dx calcu-
lation in this analysis. The very good agreement between
the data and MC samples allows us to utilize the MC
sample, which provides true information about the nature
of the leading shower, to determine the power of the two
separation methods.

After applying the νe þ ν̄e CC selection without the dE/
dx and shower vertex distance selection steps, we obtain a
sample of 1995 simulated neutrino events. In this sample,
the true particle responsible for the leading shower is
an electron in 48% of cases and a photon in 39% of cases
with 13% remaining for other particles. We then examine
the individual and combined effect of applying the dE/dx
and the shower to vertex distance selection requirements
on these three groups. The value of dE/dx is required to
be between 1.4 and 3 MeV=cm and the distance between
the shower and the vertex to be less than 4 cm apart. The
combination of these two requirements selects 59% of
electron-neutrino events and rejects 81% of photon back-
grounds and over 61% of other backgrounds. When
applying the requirements individually, the dE/dx is the
significantly more powerful method of rejecting events
with photons removing 73% of those backgrounds by itself
compared to 28% for the shower distance to vertex. It is
also responsible for the bigger drop in our efficiency to
select electrons: 35% compared to 11%. We also inves-
tigate the effect of the shower to vertex distance selection
requirement on a subset of events with at least one
candidate track present. For this sample, the selection
requirement has an improved performance in rejecting
photon backgrounds with 47% rejected compared to
28% for events where we do not require the presence of
a reconstructed track. The summary of the performance for
each selection requirement applied individually and com-
bined can be found in Table II.
We find that the dE/dx variable is more effective in

removing photon-induced backgrounds. Figure 15 illus-
trates its separation power in rejecting the photonlike
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FIG. 15. dE/dx of leading showers for neutrino candidates
broken down by particle type. This plot is made for leading
shower θ between 0° and 60° where the reconstruction of showers
is good. Electrons are gathered in the MIP peak, while most
photons are around 4 MeV=cm.

P. ABRATENKO et al. PHYS. REV. D 104, 052002 (2021)

052002-12

Leading shower dE/dx [MeV/cm]  
Collection plane        0o < θ < 60o 

Particle Identification 
μ, π, K, p tracks 
e, γ shower 

with impressive separation based on:
Distance to vertex
dE/dx 

Particle Signatures and Selections

13/07/2023

Shower

Track

Tracks = μ, π±, K±, pShowers = e, Ɣ

Track

Shower

Shower

Track

● Basic approach is to search for these elements, then apply 

PID/quality/kinematic criteria.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
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• Comparing to various event generators

Including a self-developed tune in  

CCQE and CCMEC tuned to T2K νμCC0π data Phys.Rev.D 105 (2022) 7, 072001

                    Cross Section Analyses 

Eur.Phys.J.C 82 (2022) 5, 454

• A novel approach to estimate detector related systematic 
uncertainties 

• GEANT4 based beam and target simulation, constrained with NA49 data 

• Using off-beam data to estimate background  - overlay method 

• Exploring various reconstruction chains 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001
https://epjc.epj.org/articles/epjc/abs/2022/05/10052_2022_Article_10270/10052_2022_Article_10270.html
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                    Cross Section Analyses 

1D & 2D νμ CC inclusive @ BNB 
Phys. Rev. Lett. 123, 131801 (2019) 

1D νμCC Eν @ BNB 
Phys. Rev. Lett. 128, 151801 (2022)

3D CC Eν @ BNB 
arXiv:2307.06413 , submitted to PRL 

1D νe CC inclusive @ NuMI 
Phys. Rev. D105, L051102 (2022) 
Phys. Rev. D104, 052002 (2021) 

 νμNCπ0 @ BNB 
Phys. Rev. D 107, 012004 (2023) 

1D ν e CCNp0π @ BNB 
Phys. Rev. D 106, L051102 (2022)

1D & 2D ν μ CC1p0π Kinematic Imbalance @ BNB 
arXiv:2301.03700 (accepted to PRL) 
arXiv:2301.03706 (accepted to PRD) 

1D ν μ CC1p0π @ BNB 
Phys. Rev. Lett. 125, 201803 (2020) 

1D ν μ CC2p @ BNB 
arXiv:2211.03734, submitted to PRL 

1D ν μ CCNp0π @ BNB 
Phys. Rev. D102, 112013 (2020)

η production @ BNB 
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Λ production @ NuMI 
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In particular, the difference between the data and the model
prediction in the first three bins of Erec

had is significantly
reduced after applying the constraints. This test further
validates that the modeling of the missing hadronic energy
can describe data within its associated uncertainty. We note
the conditional covariance matrix formalism, which is used
to update the MC predictions and their uncertainties given
the data constraints (more details can be found in Ref. [35]),
is only used in validating the overall model and is not used
in extracting cross sections through the unfolding pro-
cedure. With fake data, we show that the χ2=NDF has a
significant increase with a shift of ∼15% in the hadronic
energy fraction allocated to protons (mimicking a variation
of the proton-inelastic cross section), and this procedure is
also able to distinguish between two GENIE models (see
Supplemental Material [56]). In addition, the model val-
idation procedure is shown to be much more sensitive to
detect an insufficient input model compared to the extracted
cross sections.
With the overall model validated, the total and differ-

ential cross sections per nucleon are extracted. The binning
of the unfolded results is chosen by considering the energy
resolution and the number of samples in the true space.
Considering both FC and PC samples, the total cross
section divided by the bin-center neutrino energy is shown
as a function of neutrino energy in Fig. 3(a), where the bin
center is calculated as the flux-weighted average neutrino
energy. Excluding the PC sample does not change the
overall behavior of the cross sections, but increases their
uncertainties for neutrino energy above 1.2 GeV modestly.
Besides the nominal cross section model used in the
“MicroBooNE MC” [18], predictions from GENIE v3.0.6

[19,44], NuWro 19.02.01 [77], NEUT 5.4.0.1 [78], and GiBUU

2019.08 [79] after applying the Wiener filter are quantita-
tively compared with the measurement through calculating

χ2=NDF with the uncertainty covariance matrix obtained
from the unfolding procedure. Note that these comparisons
only incorporate the central predictions from various
generators without their theoretical uncertainties, which
are particularly important in constructing predictions in
analysis. The central predictions of GENIE v3 and NuWro are
disfavored compared to the other three. Particularly, the
MicroBooNE MC (tuned GENIE-v3 model [18]) has better
agreement than GENIE v3.0.6, given the tuned GENIE-v3
model is constructed by fitting T2K data [80] in a similar
energy range.
Figures 3(b) and 3(c) show the flux-averaged differential

cross sections as a function of muon energy (dσ=dEμ) and
energy transfer to the argon nucleus (dσ=dν). The same set
of model predictions are compared to these measurements.
The model comparison of dσ=dEμ shows a shape agree-
ment with most models, although the normalization pre-
dictions differ. The central predictions of GENIE v3 and
NuWro are more disfavored. The model predictions in dσ=dν
show large variations, particularly in the low-energy trans-
fer (ν) region, where the shape difference contributes
considerably to the χ2=NDF given the correlations in the
uncertainty covariance matrix. The central prediction from
GiBUU has the best agreement with data in the low-ν region,
but is systematically lower than data at the high-ν region,
which could be originated from an underestimation of the
cross sections in the nucleon resonance region beyond Δ.
Considering all three cross section results, the GiBUU

prediction has the best agreement with acceptable
χ2=NDF values, while the performance of the NEUT

prediction is comparable. The central predictions of the
other three models show larger disagreement.
In summary, we present a measurement of cross section

as a function of the neutrino energy based on data
from a broadband neutrino beam. We report the

(a) (b) (c)

FIG. 3. (a) The extracted νμCC inclusive scattering cross section per nucleon divided by the bin-center neutrino energy, as a function of
neutrino energy. (b) The measured νμCC differential cross section per nucleon as a function of muon energy dσ=dEμ. (c) The measured
νμCC differential cross section per nucleon as a function of energy transfer dσ=dν. Various model predictions are compared to all three
measurements (see text for details).
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FIG. 2. Unfolded inclusive ⌫µ CC di↵erential cross section on argon measurement and NuWro prediction, chosen for having the
lowest �2, are shown within each angle slice and with each E⌫ measurement overlaid and o↵set to visually separate them. A
comparison to the MicroBooNE model is given in the supplemental material [40]. The magnitude of the o↵set �, given in the
same units of 10�36cm2/GeV/Ar, is listed in the bottom right of each plot. Uncertainties are shown through the shaded bands
that accompany the data.

tainties, computed using the combined Neyman-Pearson
method [43], as well as systematic uncertainties for signal
and background events. The bias introduced in unfolding
and regularization is captured in an additional smearing
matrix AC that is applied to every theoretical prediction
reported in this work and included in the data release in
the supplemental material [40].

The unfolded cross section consists of 138 bins span-
ning 4 E⌫ slices, 9 cos(✓µ) slices, and 3–6 Pµ bins within
each {E⌫ , cos(✓µ)} slice based on the detector resolution
and statistics available. The full di↵erential cross section
is shown in Fig. 2, where the 9 windows correspond to
increasingly forward-angle slices. Within each window
the Pµ distribution is plotted for each of the four E⌫

slices, o↵set by an arbitrary shift (�) for visual clarity.
The data is plotted against the NuWro 19.02.01 predic-
tion [44], which among the considered generators has the
best agreement with the data, as measured by the �2

listed in Table I and described in more detail in the sup-
plemental material [40].

Table I presents comparisons with model predictions
for GENIE v2.12.10 [45] (GENIE v2), the MicroBooNE
model, GENIE v3.0.6 G18 10a 02 11a [46] (GENIE v3
untuned), GiBUU 2021 [47] (GiBUU), NEUT 5.4.0.1 [48]

TABLE I. Comparisons between various models and the un-
folded triple-di↵erential measurement.

Model Name �2/ndf
GENIE v2 741.1/138
MicroBooNE model 326.1/138
GENIE v3 untuned 322.2/138
GiBUU 269.9/138
NEUT 243.4/138
NuWro 212.1/138

(NEUT), and NuWro 19.02.01 [44] (NuWro). A compari-
son of the underlying physics models in these event gen-
erators can be found in Ref. [49]. The unfolded triple-
di↵erential measurement is found to be in tension with
all model CV predictions. NEUT and NuWro show the
best agreement, followed by GiBUU, broadly similar to
the hierarchy of agreement found previously in the single-
di↵erential analysis [15]. Owing to the improved level of
detail available across the three-dimensional phase space,
the power of these results in di↵erentiating models is
significantly improved compared to the previous single-
di↵erential analysis. To illustrate this point, the di↵er-
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Different event generators yield disagreement in different part of phase-space 
GiBUU and NEUT favored at low energies, NuWro at higher
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FIG. 11. The flux-integrated single-di↵erential cross sections as a function of cos✓µ. (a) Generator and (b) GENIE configuration
predictions are compared to data. Inner and outer error bars show the statistical and total (statistical and shape systematic)
uncertainty at the 1�, or 68%, confidence level. The gray band shows the normalization systematic uncertainty. The numbers
in parentheses show the �2/bins calculation for each one of the predictions.

0.8GeV/c. This behavior is indicative of the presence of
FSI and multi-nucleon e↵ects that smear the �pT distri-
bution to higher values. Future multi-di↵erential results
can help further disentangle the contributions from these
e↵ects. Figure 12 shows the comparisons to a number
of available neutrino event generators with NuWro and
G18 showing the best agreement over all events. Fig-
ure 13 shows the same results compared to a number of
GENIE configurations illustrating that Gv2 is disfavored,
an observation that is driven by the Gv2 low �pT behav-
ior. Furthermore, Untuned shows a good �2/bins per-
formance across all slices but predicts lower values than
data. Additionally, Fig. 14 shows the e↵ect of final state
interactions (FSI) on the CC1p0⇡ selection using the G18
configuration of GENIE. The addition of FSI allows for
more non-QE events to satisfy the CC1p0⇡ signal defini-
tion that smear the �pT distribution to higher values.

Figure 15 shows the double-di↵erential results as a
function of �pT in cos✓µ bins. In a factorized nuclear
model such as the LFG, the Fermi motion part of �pT
should stay constant in terms of the shape as a function
of the outgoing lepton kinematics, since in such models
the initial state nucleon momentum is a property of the
nucleus that cannot be a↵ected by the interaction mo-
mentum or energy transfer. That is indeed the observed
behavior in the reported results across all event genera-
tors and configurations, where no evidence of the inad-
equacy of the factorization approach is observed. Fig-
ure 15 shows the comparisons to a number of available
neutrino event generators, where the G18 prediction is
favored based on the �2/ndf results. Apart from the
factorization, a better separation between QE and non-
QE can be gained depending on the cos✓µ region. As
can be seen in Fig. 16 for G18, MEC events play a more
pronounced role for forward muon scattering and in the
high �pT tail, as opposed to backward scattering angles,

which are much more strongly populated by QE events.
Furthermore, the G18 cross section prediction falls be-
low the data in the -1 < cos✓µ < 0.5 region, as seen in
Fig. 16a and Fig. 16b. That could indicate that addi-
tional contribution from the QE part of the G18 predic-
tion is needed beyond the MicroBooNE tune. Figure 17
shows the same interaction breakdown for GiBUU. Unlike
G18, GiBUU illustrates a peak shift to the right, which be-
comes more pronounced in the backward direction. This
shift is driven by the enhanced MEC contribution in
higher �pT values and the reduced QE contribution at
smaller values. In the backward direction, GiBUU further
shows a cross section excess driven by the MEC contri-
bution. Figure 18 shows the same results compared to a
number of GENIE configurations illustrating that Gv2 is
disfavored due to the low �pT bin behavior.
Figures 19 and 20 show the double-di↵erential cross

section as a function of �pT in cos✓p bins. The factoriza-
tion of the nuclear motion is mostly preserved in cos✓p
bins, analogously to the previous result in cos✓µ. Fig-
ure 19 shows the comparisons to a number of available
neutrino event generators. The GiBUU prediction is sig-
nificantly lower than the data in the backward proton
angle for low �pT values, as shown in Fig. 19a. Fig-
ure 20 shows the same results compared to a number of
GENIE configurations illustrating that Gv2 is disfavored
across all cos✓p bins. As can be seen in Fig. 21, this
particularly poor performance is driven by the QE con-
tribution. For backward scattering events (panel a), the
QE contribution predicted by Llewellyn Smith is signifi-
cantly overestimated. For intermediate angles (0 < cos✓p
< 0.5), the same QE model results in an unphysical dou-
ble peak. For forward scattering (0.5 < cos✓p < 1), the
Gv2 QE prediction yields a pronounced contribution at
lower values of �pT compared to the data.

Figures 22 and 23 show the single-di↵erential cross sec-

https://arxiv.org/pdf/2301.03700.pdf
https://arxiv.org/abs/2301.03706
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FIG. 2. (Top) the proton candidate LLR PID score distri-
bution, illustrating the fitness of a cut at LLR PID < 0.05 to
reject cosmic and non-CC1p0⇡ background events. (Bottom)
the muon candidate LLR PID score distribution, illustrating
a peak close to one. Only statistical uncertainties are shown
on the data. The bottom panel shows the ratio of data to
prediction.

with any number of protons in the final state [37, 38].
The di↵erent target nuclei across T2K and MicroBooNE
might result in particle reinteraction di↵erences that can
a↵ect the reconstructed final state topologies, such as
di↵erent absorption e↵ects. Yet, the T2K data sets used
for tuning are dominated by CCQE and CCMEC inter-
action processes, which are the main contributors to the
CC1p0⇡ topology presented in this work. Predictions
for more complex interactions, such as RES, remain un-
altered and no additional MC constraints are applied.
We refer to the corresponding tuned prediction as G18.
All the final state particles following the primary neu-
trino interaction are generated by GENIE. They are fur-
ther propagated in GENIE through the nucleus to account
for FSI. The propagation of the particles outside the nu-
cleus is simulated using GEANT4 [39]. The MicroBooNE
detector response is modeled using the LArSoft frame-
work [40, 41]. Based on this MC prediction, we obtain a
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FIG. 3. Muon momentum reconstruction (top) before and
(bottom) after the application of the muon momentum quality
cut using contained muon tracks.

purity of ⇡ 70% and an e�ciency for selecting CC1p0⇡
events of ⇡ 10%. The final e�ciency is primarily driven
by the demand for exactly two fully contained track-like
candidates.

IV. OBSERVABLES

In neutrino-nucleus scattering events, there is an im-
balance between the true initial neutrino momentum and
the true sum of final-state lepton and hadron momenta
as a result of nuclear e↵ects [14]. A schematic represen-
tation of the kinematic imbalance variables of interest in
this work is shown in Fig. 4.
Using the CC1p0⇡ candidate muon-proton pair kine-

matics, the missing momentum in the plane transverse
to the beam direction is defined as

�pT = |~pT µ + ~pT p|, (1)

where ~pT µ and ~pT p are the projections of the momenta ofSensitive to 
hit nucleon momentum 
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FIG. 12. The flux-integrated (a) single- and (b-e) double- (in �↵T bins) di↵erential cross sections as a function of �pT . Inner
and outer error bars show the statistical and total (statistical and shape systematic) uncertainty at the 1�, or 68%, confidence
level. The gray band shows the normalization systematic uncertainty. Colored lines show the results of theoretical cross
section calculations using the G18 GENIE (blue), GiBUU (green), NEUT (pink), and NuWro (red) event generators. The numbers
in parentheses show the �2/bins calculation for each one of the predictions.

tions as a function of �↵T using all the events (panel
a), as well as the double-di↵erential results in the same
kinematic variable in �pT bins (panels b-d). The single-

di↵erential results shown in panel a yield some interesting
observations when compared to the relevant T2K and
MINERvA results [15, 16, 73]. Our distribution illus-
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FIG. 12. The flux-integrated (a) single- and (b-e) double- (in �↵T bins) di↵erential cross sections as a function of �pT . Inner
and outer error bars show the statistical and total (statistical and shape systematic) uncertainty at the 1�, or 68%, confidence
level. The gray band shows the normalization systematic uncertainty. Colored lines show the results of theoretical cross
section calculations using the G18 GENIE (blue), GiBUU (green), NEUT (pink), and NuWro (red) event generators. The numbers
in parentheses show the �2/bins calculation for each one of the predictions.

tions as a function of �↵T using all the events (panel
a), as well as the double-di↵erential results in the same
kinematic variable in �pT bins (panels b-d). The single-

di↵erential results shown in panel a yield some interesting
observations when compared to the relevant T2K and
MINERvA results [15, 16, 73]. Our distribution illus-

Double differential 
cross section study the 
impact of nuclear 
effects 

For events with high 
αT, the various 
predictions differ due 
to FSI effect 

https://arxiv.org/pdf/2301.03700.pdf
https://arxiv.org/abs/2301.03706


28

Double differential 
cross section study the 
impact of nuclear 
effects on energy 
reconstruction  

With increasing 
transverse momentum 
the various predictions 
differ  

νµCC 1p0π

 many more in arXiv:2301.03700 , arXiv:2301.03706 

ν
μ 
CC 1P0π Kinematic Imbalance

13/07/2023 18

● Double differential 

cross sections in terms 

of total visible energy 

and TKI variables.

● Study the impact of 

nuclear effects on 

energy estimation.

 arXiv:2301.03700 and arXiv:2301.03706

https://arxiv.org/pdf/2301.03700.pdf
https://arxiv.org/abs/2301.03706


29

ν
μ 
CC 1P0π Kinematic Imbalance

13/07/2023 18

● Double differential 

cross sections in terms 

of total visible energy 

and TKI variables.

● Study the impact of 

nuclear effects on 

energy estimation.

 arXiv:2301.03700 and arXiv:2301.03706

Double differential 
cross section study the 
impact of nuclear 
effects on energy 
reconstruction  

With increasing 
transverse momentum 
the various predictions 
differ  

νµCC 1p0π

 many more in arXiv:2301.03700 , arXiv:2301.03706 

https://arxiv.org/pdf/2301.03700.pdf
https://arxiv.org/abs/2301.03706


30

νµCC 2p0π
ν

μ 
CC 2P0π

13/07/2023 21 arXiv:2211.03734

● Look at transverse momentum of final state particles and their opening 

angles.

●  First high statistics analysis of its kind. 

First high statistics analysis of its kind  

Dominated by MEC events  
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ν
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● Study the influence of multi-nucleon effects, eg. meson exchange 

current, short range correlations etc. 

purity of 65.4%

efficiency 13%

* D’Agositini * D’Agositini 

NuWro prediction differs due to back to back nucleon orientation 
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NC π0

Extensively studied as background to LEE 
Identify neutral pions by their invariant mass 

NC π0  
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● Extensively studied as background to LEE.

● Identify neutral pions through their invariant mass.

Same channel with Wire-cell reconstruction in MicroBooNE Public Note 1111, 
and deep learning in Phys. Rev. D 105, 112003.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004
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NC π0

Measured cross section in 1p2γ and 0p2γ chanels  
Good agreement,  justifying its use as a constraint  
NEUT model is favored  

NC π0  
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● Measure 0p and 1p channels (and their combination).

Phys. Rev. D 107, 012004 

σ = 

Based on 1130 events 

purity: 52.9% for 0p1π0 , 63.5% for 1p1π0

efficiency: 6% for 0p1π0  and 10.7% for 1p1π0
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We report the first measurement of π0 production in neutral current (NC) interactions on argon
with average neutrino energy of ≲1 GeV. We use data from the MicroBooNE detector’s 85 metric tons
active volume liquid argon time projection chamber situated in Fermilab’s Booster Neutrino Beam and
exposed to 5.89 × 1020 protons on target for this measurement. Measurements of NC π0 events are reported
for two exclusive event topologies without charged pions. Those include a topology with two photons from
the decay of the π0 and one proton and a topology with two photons and zero protons. Flux-averaged cross
sections for each exclusive topology and for their semi-inclusive combination are extracted (efficiency
correcting for two-plus proton final states), and the results are compared to predictions from the GENIE, NEUT,
and NUWRO neutrino event generators. We measure cross sections of 1.243! 0.185ðsystÞ ! 0.076ðstatÞ,
0.444! 0.098! 0.047, and 0.624! 0.131! 0.075 ½10−38 cm2=Ar% for the semi-inclusive NC π0,
exclusive NC π0 þ 1p, and exclusive NC π0 þ 0p processes, respectively.
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I. INTRODUCTION

Neutrino-nucleus cross sections have been the subject of
intense study both experimentally and within the theory
community in recent years due to their role in interpreting
neutrino oscillation measurements and searches for other
rare processes in neutrino scattering [1]. While neutrino
oscillation experiments primarily rely on measuring the rate
of charged current (CC) interactions, it is also important
that we build a solid understanding of inclusive and
exclusive neutral current (NC) neutrino interactions.
NC neutrino interactions are of particular importance

to νe and ν̄e measurements in the energy range of a
few hundred MeV. This is especially true for detectors
that cannot perfectly differentiate between photon- and
electron-induced electromagnetic showers, and therefore
where NC π0 production followed by the subsequent
decay π0 → γγ can be misidentified as νe or ν̄e CC

scattering. Misidentification of photons as electrons com-
plicates the interpretation of νe appearance measurements
aiming to measure subtle signals. These include sterile
neutrino oscillation searches with the upcoming Short
Baseline Neutrino (SBN) experimental program [2] and
CP violation measurements and mass hierarchy determi-
nation with the future Deep Underground Neutrino
Experiment (DUNE) [3].
Furthermore, NC π0 events can contribute as background

to searches for rare neutrino scattering processes such as NC
Δ resonance production followed by Δ radiative decay, or
NC coherent single-photon production at energies below
1 GeV [4]. This is primarily a consequence of the limited
geometric acceptance of some detectors, whereby one of
the photons from a π0 decay can escape the active volume of
the detector. Depending on a detector’s ability to resolve
electromagnetic shower substructure, NC π0 events can
further contribute as background to searches for new physics
beyond the Standard Model (BSM), such as eþe− produc-
tion predicted by a number of BSM models [5–9].
Finally, NC measurements themselves can provide a

unique channel for probing new physics. For example,
searches for nonunitarity in the three-neutrino paradigm
or searches for active to sterile neutrino oscillations are
possible via NC rate disappearance measurements [10,11].

*microboone_info@fnal.gov

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

P. ABRATENKO et al. PHYS. REV. D 107, 012004 (2023)

012004-2

24University of Oxford, Oxford OX1 3RH, United Kingdom
25University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA

26Rutgers University, Piscataway, New Jersey 08854, USA
27SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

28South Dakota School of Mines and Technology (SDSMT), Rapid City, South Dakota 57701, USA
29University of Southern Maine, Portland, Maine 04104, USA

30Syracuse University, Syracuse, New York 13244, USA
31Tel Aviv University, Tel Aviv 69978, Israel

32University of Tennessee, Knoxville, Tennessee 37996, USA
33University of Texas, Arlington, Texas 76019, USA

34Tufts University, Medford, Massachusetts 02155, USA
35Center for Neutrino Physics, Virginia Tech, Blacksburg, Virginia 24061, USA

36University of Warwick, Coventry CV4 7AL, United Kingdom
37Wright Laboratory, Department of Physics, Yale University, New Haven, Connecticut 06520, USA

(Received 19 May 2022; accepted 12 December 2022; published 25 January 2023)

We report the first measurement of π0 production in neutral current (NC) interactions on argon
with average neutrino energy of ≲1 GeV. We use data from the MicroBooNE detector’s 85 metric tons
active volume liquid argon time projection chamber situated in Fermilab’s Booster Neutrino Beam and
exposed to 5.89 × 1020 protons on target for this measurement. Measurements of NC π0 events are reported
for two exclusive event topologies without charged pions. Those include a topology with two photons from
the decay of the π0 and one proton and a topology with two photons and zero protons. Flux-averaged cross
sections for each exclusive topology and for their semi-inclusive combination are extracted (efficiency
correcting for two-plus proton final states), and the results are compared to predictions from the GENIE, NEUT,
and NUWRO neutrino event generators. We measure cross sections of 1.243! 0.185ðsystÞ ! 0.076ðstatÞ,
0.444! 0.098! 0.047, and 0.624! 0.131! 0.075 ½10−38 cm2=Ar% for the semi-inclusive NC π0,
exclusive NC π0 þ 1p, and exclusive NC π0 þ 0p processes, respectively.

DOI: 10.1103/PhysRevD.107.012004

I. INTRODUCTION

Neutrino-nucleus cross sections have been the subject of
intense study both experimentally and within the theory
community in recent years due to their role in interpreting
neutrino oscillation measurements and searches for other
rare processes in neutrino scattering [1]. While neutrino
oscillation experiments primarily rely on measuring the rate
of charged current (CC) interactions, it is also important
that we build a solid understanding of inclusive and
exclusive neutral current (NC) neutrino interactions.
NC neutrino interactions are of particular importance

to νe and ν̄e measurements in the energy range of a
few hundred MeV. This is especially true for detectors
that cannot perfectly differentiate between photon- and
electron-induced electromagnetic showers, and therefore
where NC π0 production followed by the subsequent
decay π0 → γγ can be misidentified as νe or ν̄e CC

scattering. Misidentification of photons as electrons com-
plicates the interpretation of νe appearance measurements
aiming to measure subtle signals. These include sterile
neutrino oscillation searches with the upcoming Short
Baseline Neutrino (SBN) experimental program [2] and
CP violation measurements and mass hierarchy determi-
nation with the future Deep Underground Neutrino
Experiment (DUNE) [3].
Furthermore, NC π0 events can contribute as background

to searches for rare neutrino scattering processes such as NC
Δ resonance production followed by Δ radiative decay, or
NC coherent single-photon production at energies below
1 GeV [4]. This is primarily a consequence of the limited
geometric acceptance of some detectors, whereby one of
the photons from a π0 decay can escape the active volume of
the detector. Depending on a detector’s ability to resolve
electromagnetic shower substructure, NC π0 events can
further contribute as background to searches for new physics
beyond the Standard Model (BSM), such as eþe− produc-
tion predicted by a number of BSM models [5–9].
Finally, NC measurements themselves can provide a

unique channel for probing new physics. For example,
searches for nonunitarity in the three-neutrino paradigm
or searches for active to sterile neutrino oscillations are
possible via NC rate disappearance measurements [10,11].

*microboone_info@fnal.gov

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

P. ABRATENKO et al. PHYS. REV. D 107, 012004 (2023)

012004-2

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004


Rare Production 



35
arXiv:2305.16249 

η  Production 

A unique channel to probe higher- mass 

resonances such as N(1535), N(1650), 

N(1710) 

A Complimentary standard candle to π0  

Identified by mγγ around 548 MeV 
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● Unique probe of higher 

resonances such as N(1535), 

N(1650), and N(1710).

● Complimentary standard 

candle to π0. 

● Identified via decay to 2Ɣ with 

invariant mass of 548 MeV.

 arXiv:2305.16249

σ = 

Based on 93 events 

purity: 49.9%

efficiency: 13.6%

5

FIG. 1. Event display of candidate ⌘ event.

with N and B the selected number of data events and ex-
pected number of background events, respectively, ✏ the
e�ciency for signal events (13.6%), Ntarget the number
of target nucleons (4.057⇥ 1031), and �⌫ the integrated
neutrino flux (5.01⇥1011 ⌫/cm2). Backgrounds from 1⇡0

and multi-⇡0 events are constrained in a data-driven way
to improve the accuracy and to reduce the overall uncer-
tainty on the extracted ⌘ production cross section. The
supplementary material describes how this constraint is
carried out [30].

Figure 2 shows the distribution ofM�� for ⌘ candidates
after applying the full event selection. The simulated
prediction (stacked histogram in Fig. 2) shows a peak for
the signal sample in the 450-550 MeV/c2 bin consistent
with the ⌘ mass of 548 MeV/c2.

Systematic uncertainties for the measurement are as-
sessed by studying the impact of model variations on the
extracted cross section. The constrained uncertainty due
to modeling of the neutrino flux, cross section model, and
particle re-interactions in the detector leads to an uncer-
tainty of 14.2% for 1⇡0 and multi-⇡0 events. This uncer-
tainty to the cross section contributed by non-⇡0 back-
grounds is found to be 10.4% and is left unconstrained.
As detailed in Ref. [31], detector systematic uncertainties
account for discrepancies between data and simulation
in charge and light response. Detector modeling leads
to a 17.7% systematic uncertainty on the extracted cross
section. Additional uncertainties on the extracted cross
section are due to simulation sample statistics (7.6%),
uncertainty on the number of argon targets (1.0%), POT
exposure (2.0%), and selection e�ciency (2.0%). The to-
tal systematic uncertainty is calculated to be 26.3%. The
data statistical uncertainty is 25.6%.

The measured cross section per nucleon for a final-state
with two photons and no ⇡0 in the final state tagged
by the selection is found to be �⌫!1⌘+X!2�+0⇡0+X =
1.27± 0.33 (stat.)± 0.34 (syst.) 10�41cm2/nucleon. Due

FIG. 2. Distribution of M�� for selected ⌘ candidates show-
ing data (data points with statistical uncertainties denoted
by the error bar) and the predicted event rate (stacked his-
togram). Di↵erent colors denote di↵erent topologies, as de-
scribed in the legend. The gray error band denotes the sys-
tematic uncertainty on the predicted event rate.

to its > 10�19 second lifetime, the ⌘ decays almost al-
ways outside of the struck nucleus, and final-state in-
teractions do not, therefore, impact the particular de-
cay mode chosen. The measured cross section can then
be corrected for the well measured ⌘ branching ratio
to two photons of 39.41% ± 0.20% [6]. This leads to
a total cross section for ⌘ production (�⌫!1⌘+X) of
3.22± 0.84 (stat.)± 0.86 (syst.) 10�41cm2/nucleon. The
reported cross section is integrated over all contributions
to the MicroBooNE flux from ⌫µ (93.7%), ⌫̄µ (5.8%), ⌫e
(0.5%), and ⌫̄e (0.05%). In simulation, 98.6% of selected
signal events originate from ⌫µ interactions, 0.9% from
⌫̄µ, and 0.5% from ⌫e.
The extracted cross section (�⌫!1⌘+X) can be com-

pared to that for di↵erent neutrino interaction gener-
ators. For the GENIE generator, a cross section of
4.63 and 4.61 ⇥ 10�41cm2/nucleon is calculated for this
signal definition for the GENIE v2 12 10 and GENIE
v3 00 06 G18 10a 02 11a models respectively. The
NuWro 19.02.1 [32] generator gives a cross section of
5.45⇥ 10�41cm2/nucleon, and NEUT v5.4.0 [33] gives a
cross section of 11.9⇥ 10�41cm2/nucleon. Both versions
of GENIE, as well as NuWro, give a cross section which is
larger than observed but still within 1 � 2� of the mea-
sured value accounting for uncertainties. The NEUT cross
section is found to be significantly larger than what is
observed in data. The supplementary material shows a
figure comparing the data result to various generator pre-
dictions [30].
The sample of ⌘ candidate events is additionally em-

ployed to reconstruct the invariant mass of the hadronic
system to probe the excited resonance. This is calculated
using additional information from the hadronic system
produced in the interaction. If protons are identified
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● Include protons to estimate 

reconstructed invariant mass of 

hadronic system.

● Observe separate peak at 1.5 

GeV!  
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Λ production using NUMI beam 
First measurement with a modern detector  
Rare interaction analysis based on 5 events  
Identification using invariant mass and separated vertex  

Λ Baryon Production
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● First measurement with a modern detector.

● Very rare interaction – observed 5 candidates.

● Identify Λ baryons through invariant mass and separated vertex.

Phys. Rev. Lett. 130, 231802

Λ Baryon Production
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● First measurement with a modern detector.

● Very rare interaction – observed 5 candidates.

● Identify Λ baryons through invariant mass and separated vertex.

Phys. Rev. Lett. 130, 231802σ = 
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We present the first measurement of the cross section of Cabibbo-suppressed Λ baryon production, using
data collected with the MicroBooNE detector when exposed to the neutrinos from the main injector beam at
the Fermi National Accelerator Laboratory. The data analyzed correspond to 2.2 × 1020 protons on target
running in neutrino mode, and 4.9 × 1020 protons on target running in anti-neutrino mode. An automated
selection is combined with hand scanning, with the former identifying five candidate Λ production events
when the signal was unblinded, consistent with the GENIE prediction of 5.3! 1.1 events. Several scanners
were employed, selecting between three and five events, compared with a prediction from a blinded
Monte Carlo simulation study of 3.7! 1.0 events. Restricting the phase space to only include Λ baryons
that decay above MicroBooNE’s detection thresholds, we obtain a flux averaged cross section of
2.0þ2.2

−1.7 × 10−40 cm2=Ar, where statistical and systematic uncertainties are combined.

DOI: 10.1103/PhysRevLett.130.231802

In this Letter we describe the measurement of the cross
section for Cabibbo-suppressed (direct) Λ-baryon produc-
tion in a restricted phase space using the MicroBooNE
detector. The MicroBooNE detector [1] is a liquid argon
time projection chamber (LArTPC) with several years of
accumulated data using the neutrinos produced by the Main
Injector (NuMI) beam [2,3] at the Fermi National
Accelerator Laboratory. This enables studies of rare proc-
esses such as the direct production of Λ baryons in
interactions between muon antineutrinos and argon in
the detector:

ν̄μ þ Ar → μþ þ Λþ X; ð1Þ

where X denotes additional final state particles with no
strangeness. This process is poorly constrained by existing
measurements [4–9] and is sensitive to the physics of the
underlying neutrino interaction and nuclear effects, includ-
ing nucleon form factors and axial masses, hyperon-nucleus

potentials, and final state interactions [10–12]. Such
a process constitutes a potential source of background in
proton decay experiments, such as DUNE [13,14] and
Hyper-Kamiokande [15]. If the Λ baryon undergoes a
secondary interaction with a nucleon, a kaon can be
produced, mimicking the p → K þ ν signal in these experi-
ments. Additionally, this process is exclusively the result of
antineutrino interactions and therefore could be used to
constrain contamination from antineutrinos in a neutrino
beam.
This Letter describes the measurement of a restricted

phase space cross section for direct Λ production using the
MicroBooNE detector. To maximize statistics, we combine
data collected when the NuMI beam was operating in its
neutrino [forward horn current (FHC)] and antineutrino
[reverse horn current (RHC)] modes.
The selection searches for muon-antineutrino inter-

actions with argon nuclei, contained within the fiducial
volume defined in Ref. [16], in which a Λ is produced
through the strangeness-violating quasielastic process and
subsequently decays to a proton and negatively charged
pion. This decay produces a distinctive V shaped signature
in the detector, an example of which can be seen in Fig. 1.
We employ the GENIE [17] event generator to simulate

neutrino interactions inside the MicroBooNE cryostat and
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Ongoing Analyses 

νμCC inclusive @ NuMI 
νe /νμ ratios @ BNB, NuMI 
3D Eν , Eμ , hadronic energy 

@ NuMI & BNB
anti-νe @ NuMI 

νμCC1π+ @ BNB, NuMI 
νμCCNπ @ NuMI
1D νμCCπ0 @ BNB
2D νμCC/NCπ0 @ BNB 
2D νe,μNCπ0 @ BNB
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2D νμCC1p0π 
Generalized Kinematic Imbalance @ BNB 
νμCC0π inclusive @ BNB
2D νμCCNp0π @ BNB
1D νeCC0πNp @ NuMI 
1D νμNC1p0π @ BNB 

νμCC Kaon @ BNB, NuMI
MeV-scale Physics in MicroBooNE 
Neutrons @ BNB
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Summary 

MicroBooNE is still running a diverse and comprehensive cross section 
program. 

Showcasing different channels, analysis techniques  

By using: 
- an improved cross section model 
- LArTPC simulation with new estimated uncertainties  
- The state of the art beam simulation  

MicroBooNE is sensitive enough to expose inconsistencies between 
models and dive into the unknown of the νAr interaction 

Stay tuned as 40% of our data is still to come! 
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