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We report the measurement of the triple-di�erential cross section d3�_dEvisd cos(✓�)dP� for inclusive muon-
neutrino charged-current scattering on argon. This measurement utilizes data from 6.4ù1020 protons on target 
of exposure collected using the MicroBooNE liquid argon time projection chamber located along the Fermilab 
Booster Neutrino Beam with a mean neutrino energy of approximately 0.8GeV. The mapping from reconstructed 
kinematics to truth quantities is validated within uncertainties by comparing the distribution of reconstructed 
hadronic energy in data to that of the model prediction in di�erent muon scattering angle bins after applying 
a conditional constraint from the muon momentum distribution in data. The success of this validation provides 
con�dence that the energy transfer in the MicroBooNE detector is well-modeled within simulation uncertainties, 
enabling a reliable unfolding to a triple-di�erential cross section de�ned at the nominal neutrino �ux over muon 
momentum, muon scattering angle, and visible neutrino energy. This validation not only supports accurate cross-
section extraction, but also establishes a critical foundation for tuning interaction models used in future neutrino 
oscillation measurements. The unfolded measurement covers an extensive phase space, providing a wealth of 
information useful for future liquid argon time projection chamber experiments measuring neutrino oscillations. 
Comparisons against a number of commonly used model predictions are included and their performance in 
di�erent parts of the available phase-space is discussed.

Precision modeling of neutrino-nucleus interactions is necessary to 
achieve the goals of future accelerator neutrino oscillation experiments. 
Neutrino cross-section modeling is one of the dominant sources of un-
certainty in the current generation of oscillation experiments [1,2] and 
could in principle limit the search for leptonic charge-parity violation 
[3–5]. In the energy range of 0.1–5GeV, the dominant modes of neutrino 
interactions, such as quasi-elastic (QE) scattering and resonance produc-
tion, are di�cult to model because of various nuclear e�ects. Typical 
examples include nuclear ground state modeling, nucleon-nucleon cor-
relations, and �nal state interactions [6,7]. E�orts to simulate these in-
teractions accurately would bene�t from dedicated measurements that 
probe the combined phase space of leptonic and hadronic kinematics. 
For inclusive muon neutrino (⌫�) charged current (CC) scattering, there 
are three degrees of freedom determining the principle interaction kine-
matics: the scattering muon momentum (P�) and angle (✓�) that are 
directly measured, and the neutrino energy (E⌫) that is deduced with 
the measurement of the hadronic energy. The accurate reconstruction 
of the neutrino energy is of particular importance to upcoming precision 
long-baseline neutrino oscillation measurements [8,9].

There have been continuous advancements in the �eld of inclusive 
and exclusive neutrino-nucleus scattering (see Refs. [10–15] among oth-
ers for recent progress). Of particular interest to the measurement pre-

1 Authors are listed at the end of this paper.

sented in this article is a recent triple-di�erential cross section mea-
sured on carbon at MINER⌫A, where the independent variables are the 
muon kinematics and the total observed proton energy [16]. On an ar-
gon target, single- and double-di�erential ⌫� CC inclusive cross sec-
tions have been reported [17–20]. The measurement presented here 
expands upon the work measuring energy-dependent cross sections in 
Ref. [20]. Speci�cally, we report the �rst measurement of the nominal-
�ux-averaged inclusive ⌫� CC triple-di�erential cross section on argon 
d3�_dEvisd cos(✓�)dP� . The visible neutrino energy, Evis, is de�ned as 
the truth level sum of reconstructable energy deposited, which includes 
all �nal state particles, besides neutrons, with no thresholds. Particle 
masses are included, except for protons which are assigned a binding 
energy of 8.6MeV. Neutrino events are selected using the ⌫� selection 
described in [21], with E⌫ À [0.2, 4.0]GeV and P� À [0, 2.5]GeV/c, giv-
ing an overall selection e�ciency of 68% and purity of 92%. The same 
event selection is used to measure the three-dimensional cross section 
d2�(E⌫)_d cos(✓�)dP� , replacing Evis with E⌫ , which is used to demon-
strate the success of the model validation. The estimation of the visi-
ble neutrino energy uses the measurements of the reconstructed visi-
ble hadronic energy, Erec

had, and reconstructed muon momentum, P rec
� . 

Therefore, these quantities are investigated before being combined to 
form Erec

vis  in our model validation tests. Leveraging high statistics and
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extensive three-dimensional phase-space coverage, we extend the val-
idation procedure [22] initially introduced in [20] to probe the mod-
eling of kinematics in multiple dimensions. This method employs �2

goodness-of-�t tests to compare reconstructed data distributions with 
model predictions, ensuring that model uncertainties adequately encom-
pass the observed discrepancies. Additionally, by incorporating muon 
kinematics as a constraint, the procedure enhances sensitivity to the 
modeling of missing hadronic energy, providing a more stringent and 
reliable validation.

The MicroBooNE liquid argon time projeciton chamber (LArTPC) 
measures 2.56m along the drift direction, 10.36m along the beam di-
rection, and 2.32m along the vertical direction. It has an active mass of 
85 tonnes of LAr and is capable of mm-level position resolution, as well 
as calorimetry with MeV-level detection threshold [23]. Ionization elec-
trons drift in a 273V/cm electric �eld towards an anode consisting of 3 
detection planes of wires at 60˝ angles to each other with a wire pitch of 
3mm. Thirty-two photomultiplier tubes (PMTs) are used to detect the 
scintillation light from the interaction to provide a prompt timing sig-
nal. The Booster Neutrino Beam (BNB) at Fermilab produces neutrinos 
at a target 470m upstream of the MicroBooNE detector, with 93.6% 
estimated to be ⌫� at a mean E⌫ of 0.8GeV [24].

The event selection used in this analysis is the same as the ⌫� CC 
selection used in the MicroBooNE inclusive ⌫e low-energy excess search 
[21], and was performed on a data set collected from 2016–2018 using 
an exposure of 6.4 ù 1020 protons on target (POT), an order of magnitude 
larger than the single-di�erential energy-dependent cross section mea-
surement presented in [20]. The Wire-Cell reconstruction chain lever-
ages the detector information through the use of tomography, match-
ing of TPC-charge clusters to PMT-light �ashes, and trajectory �tting 
for particle identi�cation and cosmic-ray removal [25,26]. Higher-level 
algorithms perform pattern recognition, neutrino vertex identi�cation, 
topology classi�cation, and particle identi�cation to produce a particle 
�ow within an event [27]. The boosted-decision-tree library XGBoost 
[28] is then used to further reduce backgrounds to achieve the ⌫� CC 
selection.

Energy reconstruction is crucial for the extraction of energy-
dependent cross sections [20] as well as for the search for new physics 
beyond the Standard Model [21]. Generally, energy reconstruction is 
separated into the reconstruction of particle tracks and of electromag-
netic (EM) showers. By default, particle tracks have their energy esti-
mated from their propagation length using a tabulation of the Bethe-
Bloch formula from the NIST PSTAR database [29]. This method is sub-
stituted with a calorimetry-based approach in cases where the range-
based estimation is poor, including short tracks (< 4 cm), tracks exiting 
the detector, tracks that frequently change directions, and muon tracks 
with identi�ed � rays [27]. The calorimetry-based approach uses a re-
combination model [30] to convert the measured dQ_dx to the energy 
loss per unit length dE_dx, which is then integrated. The estimation of 
EM shower energy also follows a calorimetry-based approach, but uses 
the total measured charge and a di�erent scale factor [31] that includes 
the overall mean recombination e�ect as well as contributions for clus-
tering e�ciency and detection threshold. This scaling factor is validated 
through the reconstructed invariant mass of the neutral pion [32]. Re-
constructed muons, charged pions, and electron candidates have their 
mass added to their energy reconstruction, and proton candidates are 
assigned an average binding energy of 8.6MeV [33]. The reconstructed 
visible neutrino energy is constructed as the sum of the muon and 
hadronic energies. Energy resolutions are estimated from Monte Carlo 
simulation [34]. For ⌫� CC events with their main TPC cluster fully con-
tained within the �ducial volume (fully contained events), the estimated 
kinematic resolutions are ̆ 10% on muon energy, ̆ 30–50% on energy 
transfer, de�ned as E⌫ * E� , resulting from imperfect reconstruction and 
missing hadronic energy Emissing

had , and ̆ 20% on Evis. The angular resolu-
tion reaches 5˝ in ✓� at forward angles, but is less accurate at backwards 
angles.

The neutrino �ux prediction is derived from the MiniBooNE �ux sim-
ulation [24] updated to the MicroBooNE detector location, with muon 
neutrino �ux prediction uncertainties ranging from 5–15% over the �ux 
range of ̆ 0.1–4.0GeV. Neutrino-argon (⌫-Ar) interactions are modeled 
using GENIE v3.0.6 G18_10a_02_11a tuned to T2K data [34,35], referred 
to as the MicroBooNE model. In particular, hadronic interactions con-
tributing to missing energy are conservatively estimated, with proton-
to-neutron conversion and proton knockout having 50% and 20% un-
certainties respectively [36]. The model also includes a conservative 
50% uncertainty on the 2p2h normalization. Overall, there is a ̆ 20% 
⌫-Ar interaction uncertainty on the measurement. Measurement uncer-
tainties on �ux, cross section, and secondary interactions of protons and 
charged pions outside the target nucleus (0.6% of the reported cross sec-
tion, simulated with GEANT4 [37]) are each modeled using a multisim 
technique to calculate a covariance matrix [38]. Additionally, uncer-
tainties are included for the model simulation statistics that are esti-
mated using the Poisson likelihood method [39] (10%), the modeling of 
“dirt” events originating outside the cryostat [21] (below 1%), the POT 
(2%) based on measurements of the originating proton �ux [24], and 
the number of target nuclei (1%). Additional plots showing the break-
down of total uncertainties by type and the total fractional uncertainties 
can be found in the supplemental material [40].

The detector response uncertainty considers the same e�ects as in 
previous work [20,41] and takes into account the impact of variations 
in TPC waveform, light yield and propagation, the space charge e�ect, 
and ionization recombination [30,42,43]. A �xed set of MC interactions 
are simulated multiple times, �rst using parameter central values (CV) 
and then individually applying a 1� variation to each parameter. To 
compensate for limited simulation statistics, re-sampling of events is 
performed through a bootstrapping procedure, as discussed in Ref. [21]. 
For each parameter, we compute the average di�erence vector between 
the CV and 1� variation, íV nominal

D , as well as its estimated covariance 
MR. These are used to construct a normal distribution of variations that 
is repeatedly sampled in the formation of the overall detector response 
covariance matrix MD.

Because simulating events and propagating them through the detec-
tor is computationally expensive, there is a limited quantity of simu-
lated events available. The large number of bins involved in a three-
dimensional analysis leads to a small number of events per bin, causing 
large statistical �uctuations in íV nominal

D , and an over-estimation of the 
covariance in MR and subsequently MD. Furthermore, measured corre-
lations between bins cause the over-estimated covariance MR to impact 
all bins in the measurement, not just those with large statistical �uctua-
tions. To address this, a Gaussian Processes Regression (GPR) smoothing 
algorithm [44–46] is applied to the distribution in íV nominal

D , smoothing 
the statistical �uctuations introduced by the bootstrapping procedure. 
GPR uses a Bayesian approach to model the data with a joint Gaussian 
distribution and an uninformed prior. A smoothed posterior is computed 
from the simulated values of íV nominal

D , as well as a kernel matrix ⌃K that 
asserts our intuition of smoothness between nearby bin centers x1, x2
through a radial basis kernel function K(x1, x2) = e*(íx1*íx2)�ís2_2. Based 
on reconstruction resolutions [27], length scales Li were chosen to be 
0.1 in cos(✓rec� ) and 20% for each of Erec

vis  and P rec
�  to calculate si = 1_Li. 

The supplemental material [40] provides additional details on the im-
plementation of GPR smoothing in this work. The central value and co-
variance of the posterior prediction are used in place of the original 
íV nominal
D  and MR. Because of GPR smoothing, statistical �uctuations are 
controlled and become less impactful in MD, reducing the overall detec-
tor systematics covariance by an order of magnitude to ̆ 20%. The va-
lidity of this reduction is tested through the data/simulation goodness-
of-�t (GoF) tests.

Since the MicroBooNE model is used to estimate the selection e�-
ciency and unfold the reconstructed variables, such as Erec

vis , to truth 
quantities, it is important to validate its accuracy. Furthermore, this 
mapping is important to compare with model predictions, which can 
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Fig. 1. Distribution of data and prediction over the 2D reconstructed binning of {Erec
had, cos(✓

rec
� )} for fully contained events (partially contained event distributions 

are shown in the supplemental material [40]). The MicroBooNE model prediction, including before (red) and after (blue) applying the measurement of the data 
distribution over {P rec

� , cos(✓rec� )} as a constraint, is compared to data. (For interpretation of the references to colour in this �gure legend, the reader is referred to the 
web version of this article.)

only be made in the nominal �ux. If this model (including its uncertain-
ties) is unable to describe the distribution in data, it may introduce sig-
ni�cant bias beyond the uncertainties into the extracted cross sections. 
Therefore, a comprehensive set of data/simulation comparisons using 
the reconstructed kinematic variables P rec

� , cos(✓rec� ), and Erec
had are inves-

tigated and discussed below, demonstrating the validity of the model. 
Since Erec

had represents the reconstruction of the visible component of the 
energy transfer, it is the ideal distribution to study in complement with 
the muon kinematics, which together account for Erec

vis .
Because theoretical predictions are de�ned under the nominal �ux 

assumption, measured cross sections must be translated from the real 
�ux exposure to the nominal one, which can also serve as a common ba-
sis for model comparisons. Therefore, the mapping from reconstructed 
to true E⌫ needs special attention. Model dependence from this mapping 
is inherent to neutrino cross-section measurements, whether analyzed 
as a function of neutrino energy or visible quantities [22], although 
the level of dependence varies between measurements. For neutrino en-
ergy, this dependence emerges during the unfolding from reconstructed 
to true energy, whereas for muon kinematics, it arises from mapping 
cross-sections to the nominal neutrino spectrum — an essential basis for 
comparing measurements to model predictions. This mapping is tested 
through the combination of GoF tests over the muon kinematics and 

GoF tests over Erec
had, and the model is only considered to be validated if 

all tests show �2_ndf consistent within a 2� level of agreement. These 
�rst tests investigate the modeling of the muon kinematics as a pre-
requisite for their use as a constraint on the Erec

had prediction, and are 
performed over the two-dimensional (2D) {P rec

� , cos(✓rec� )} distribution 
and are shown in the supplemental material [40]. They give �2_ndf
of 105/144 and 103/144 for the fully and partially contained events 
respectively, demonstrating that the model is able to describe the dis-
tribution of muon kinematics seen in data well within the model uncer-
tainties.

Next, a GoF test is performed over the 2D {Erec
had, cos(✓

rec
� )} distribu-

tion, shown in Fig. 1, and is constrained by the muon kinematics mea-
surement using the conditional constraint formalism [47], described in 
more detail in the supplemental material [40]. It demonstrates a �2_ndf
of 136_144 after applying the constraint, again indicating that the model 
describes the relationship between {P rec

� , cos(✓rec� )} and {Erec
had, cos(✓

rec
� )}

in data within uncertainties. The constraint highly suppresses the com-
mon uncertainties between these distributions, causing the posterior 
prediction to have much lower uncertainties and leading to a more strin-
gent examination of the model. Through the demonstration of accurate 
muon kinematics modeling, combined with accurate modeling of Erec

had
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Fig. 2. Unfolded measurement of the inclusive ⌫� CC double-di�erential cross section on argon as a function of neutrino energy and nominal and tuned
MicroBooNE model predictions are shown across the {P� , cos(✓�)} binning within each E⌫ slice. Angle slices are labeled and separated by gray lines, with bin 
edges {*1,*0.5, 0, 0.27, 0.45, 0.62, 0.76, 0.86, 0.94, 1}. A complete description of the phase space location of each analysis bin is given in the supplemental material [40]. 
Uncertainties on the measurement as well as the MicroBooNE model are combined as error bars on the measurement and both included in the �2 computation.

in relation to {P rec
� , cos(✓rec� )}, the GoF tests validate the modeling of the 

missing hadronic energy to describe the data within uncertainties. This 
builds con�dence that the use of the MicroBooNE model in this analysis 
does not introduce bias beyond the quoted uncertainties.

To help demonstrate the sensitivity of this data-driven model vali-
dation approach, a series of fake data studies are performed. One fake 
dataset is generated using the NuWro model prediction, and others are 
generated by varying the reconstructed proton energy of events simu-
lated using the MicroBooNE model, e�ectively modifying the missing 
energy in accordance with energy conservation and its relationship to 
the observable lepton and hadronic energies. Each fake data study com-
pares the sensitivity in the GoF test �2_ndf to the corresponding level 
of bias in the unfolded d2�(E⌫ )_d cos(✓�)dP� measurement when com-
pared to the underlying truth. The unfolding to neutrino energy was 
used here as it has a signi�cant potential for model dependence, making 
it a conservative test study for an unfolding to Evis. In all cases, the GoF 
tests demonstrate higher sensitivity to mismodeling than the extracted 
measurements show bias from unfolding to the three-dimensional bin-
ning used in the analysis. In each of these cases the bias on the unfolded 
measurement is within the total model uncertainties, and furthermore is 
either within the cross section and statistical uncertainties or is detected 
by the GoF test. See the supplemental material [40] for details on the 
three-dimensional fake data studies.

This work extracts the triple-di�erential cross section 
d3�_dEvisd cos(✓�)dP� and the three-dimensional cross section 
d2�(E⌫ )_d cos(✓�)dP� using the Wiener-SVD unfolding technique 
[48]. In each case, a regularization term is constructed from matrices 
that compute the third derivative of the unfolded distribution with 
respect to each of Evis (or E⌫), cos(✓�), and P� by taking di�erences of 
nearby bins, and are further combined in quadrature. The covariance 
matrix includes statistical uncertainties, computed using the combined 
Neyman-Pearson method [49], 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 spanning 4 Evis (or E⌫) 

slices, 9 cos(✓�) slices, and 3–6 P� bins within each slice based on the 
detector resolution and statistics available.

Using this unfolding approach, we demonstrate the utility of data-
driven model validation in enabling robust model tuning—a critical in-
gredient for precision neutrino oscillation measurements. The unfolded 
d2�(E⌫)_d cos(✓�)dP� cross section is compared to a GENIE model pre-
diction that approximates the MicroBooNE model prediction, allowing 
the same four model parameters to vary within their prior uncertainties 
as used in the referenced tune [50]. Note that these parameters were 
originally selected to cover the quasi-elastic-dominated measurement 
used to tune the MicroBooNE model and may not fully cover the inclu-
sive phase space in this measurement, although this does not preclude 
their use in this tuning demonstration. While an unfolding on neutrino 
energy is model-dependent, it is fundamentally implied in any near de-
tector analysis performed in oscillation measurements at long-baseline 
experiments. The sets of validation studies shown in this paper o�er a 
robust approach to validate such measurements. This model tuning is in-
tended as a proof of concept, and is not used to extract model parameter 
best-�t values for any physics use.

The �t attempt, shown in Fig. 2, is achieved following the exten-
sive supporting validations of the MicroBooNE model in comparison 
to the data over relevant kinematic distributions. The �t �2_ndf im-
proves from 184.1_138 to 152.6_138, and is computed using a combined 
covariance matrix of the data and model uncertainties. More details on 
the �t procedure, including parameter best-�t values provided for com-
pleteness, are provided in the supplemental material [40]. The most 
notable change in parameter values is an increase in MA, which is con-
sistent with the higher overall normalization of the cross section across 
the phase space in both data and the post-�t model prediction. Visu-
ally, the �t model prediction shows overall better agreement with the 
data across the 3D measurement space. This is particularly notable given 
the 3D phase space, including the di�cult-to-reconstruct neutrino en-
ergy. We note an absence of any visible Peele’s Pertinent Puzzle [51] 
issues such as in the normalization agreement in the �t, which has 
been observed in the model �tting of previous neutrino-nuclei cross-
section data [52]. The model validation approach underpinning this �t
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Fig. 3. Unfolded measurement of the inclusive ⌫� CC triple-di�erential cross section on argon and various model predictions are shown across the P� , cos(✓�) binning 
within each Evis slice. Angle slices are labeled and separated by gray lines, with bin edges {*1,*0.5, 0, 0.27, 0.45, 0.62, 0.76, 0.86, 0.94, 1}. A complete description of the 
phase space location of each analysis bin and a comparison to the MicroBooNE model is given in the supplemental material [40]. The highest Evis slice is magni�ed 
by a factor of 10 for visibility.

Fig. 4. The ratio of the diagonal uncertainty to the measurement value in each bin is shown, including breakdown by source of the uncertainty. Angle slices are 
labeled and separated by gray lines, with bin edges {*1,*0.5, 0, 0.27, 0.45, 0.62, 0.76, 0.86, 0.94, 1}. A complete description of the phase space location of each analysis 
bin is given in the supplemental material.

demonstration has wide applications including supporting neutrino 
cross section and oscillation measurements.

Following the same unfolding approach, but using Evis in-
stead of E⌫ , we report the unfolded triple-di�erential cross sec-
tion d3�_dEvisd cos(✓�)dP� , shown in Fig. 3. The uncertainty contri-
bution from each source as a function of the measured cross sec-
tion is shown in Fig. 4. We report a total cross section of 0.32 ±
0.017 ù 10*36 cm2Ar*1, computed by collapsing the triple-di�erential 
measurement d3�_dEvisd cos(✓�)dP� over E⌫ , cos(✓�), and P� . Also in-
cluded are comparisons with model predictions for the MicroBooNE
model, GENIE v3.0.6 G18_10a_02_11a [53] (GENIE v3 untuned),
GiBUU 2025 patch 1 [54] (GiBUU), NEUT 5.4.0.1 [55] (NEUT), and

NuWro 21.09.02 [56] (NuWro), generated using the NUISANCE package 
[57]. A comparison of the underlying physics models in these event 
generators can be found in Ref. [58]. The unfolded three-dimensional 
measurement is found to be in tension with all model CV predictions, 
with NEUT and the MicroBooNE model showing the best agreement. As 
shown in the supplemental material [40], GiBUU yields the best result 
at describing the data within each individual Evis slice with �2_ndf of 
36.7_28, 58.8_35, 48.9_42, and 45.8_33. However, it struggles to describe 
the correlations between Evis slices, leading to the worst overall agree-
ment with the data, mirroring the trend seen in a MicroBooNE mea-
surement of mesonless ⌫� CC interactions [59]. Owing to the improved 
level of detail available across the three-dimensional phase space, the 
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power of these results in di�erentiating models is signi�cantly improved 
compared to the previous single-di�erential analysis. In general, com-
parisons to model predictions must be made using the full measurement 
and covariance matrix.

Looking forward, this measurement can be enhanced by using the 
increased statistics of the full BNB dataset, as well as by combining Mi-
croBooNE data from the BNB and the Neutrinos at the Main Injector 
beamline [60] to further increase the statistics, while reducing the �ux-
related uncertainties. Furthermore, measurements of the cross section 
in semi-inclusive and exclusive channels will allow for investigation of 
the modeling of the hadronic �nal states.

In summary, building on a comprehensive model validation—
including consistency checks across reconstructed kinematic vari-
ables and the mapping between true neutrino energy and visible 
observables—we report the nominal-�ux-averaged di�erential inclusive 
⌫� CC cross section on argon d3�_dEvisd cos(✓�)dP� , using an exposure 
of 6.4 ù 1020 POT of data from the Booster Neutrino Beam at Fermilab. 
Comparisons with model predictions show the best agreement with NEUT
and the MicroBooNE model, however, no model is able to describe the 
measurement within uncertainties across all energy bins. This work ad-
vances the �eld of cross section physics by providing a triple-di�erential 
measurement over a complete three-dimensional kinematic phase space 
for inclusive ⌫� CC scattering on argon. This allows for a better under-
standing of neutrino event generator performance across a broad phase 
space.
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