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Abstract

We present the first measurement of differential cross sections for charged-current muon neutrino
interactions on argon with one muon, two protons, and no pions in the final state. These final
states are dominated by two-nucleon knockout interactions, which are complicated to model and
for which there is currently limited information about the characteristics of these interactions in
existing neutrino-nucleus scattering data. Detailed investigations of two-nucleon knockout are
vital to support upcoming experiments exploring the nature of the neutrino. Among the different
kinematic quantities measured, the opening angle between the two protons, the angle between
the total proton momentum and the muon, and the total transverse momentum of the final state
system are most sensitive to the underlying physics processes as embodied in various theoretical
models.
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1. Introduction

The introduction of the liquid argon time projection chamber (LArTPC) [1, 2, 3, 4] has rev-
olutionized the field of accelerator-based neutrino physics, allowing more detailed observations
of ionizing radiation emitted from final state particles than was previously possible. This de-
velopment has highlighted the need for advanced modeling of neutrino-nucleus interactions, es-
pecially neutrino-argon interactions, and detailed measurements to benchmark those models.
Cross-section measurements for various nuclei and final state topologies are needed to support
the development of neutrino interaction models [5]. These models must address both in-medium
nuclear modification of the fundamental neutrino interactions and also final-state interactions
(FSI) involving the reaction products as they exit the nucleus [6].

One process that probes both neutrino interactions and nuclear effects is the production of
two-particle two-hole (2p2h) states in which two nucleons are removed from the nucleus. These
states are primarily produced by neutrino interactions where the momentum transfer is shared
between two nucleons via the exchange of a virtual meson, known as a meson exchange current
(MEC) [6]. In addition, 2p2h states can be produced by nuclear effects, such as short-range
nucleon-nucleon correlations (SRC) [7, 8] and FSI. In the case of SRCs, the neutrino interacts
with a nucleon that is part of a correlated nucleon-nucleon pair. The momentum is transferred to
a single nucleon but, because this nucleon is part of a correlated pair, both nucleons are knocked
out of the nucleus. In the case of FSI, it is possible for a single nucleon to knock out a second
nucleon as it exits the nucleus thereby leading to a 2p2h final state. Observation of 2p2h states
in electron scattering has been used to develop the models of 2p2h production in neutrino scat-
tering [9, 10]. Correct modeling of 2p2h interactions is of vital importance to neutrino energy
reconstruction and precision measurements of neutrino oscillations. Difficulty in measuring this
production mode has required large variations to models to agree with data [11, 12] and has the
potential to bias energy reconstruction if the prediction of the 2p2h production cross section is
incorrect [13, 14].

A final state topology consistent with the production of a 2p2h state is a charged-current (CC)
muon neutrino (νµ) interaction that results in one muon, two protons, and no charged or neutral
pions (CC1µ2p0π). While there is an existing measurement of CC1µ2p0π events on argon, no
cross sections were extracted [15]. In this letter, we present the first differential cross section
measurements of CC1µ2p0π topologies on argon using data collected from the Micro Booster
Neutrino Experiment (MicroBooNE) [16].

2. Detector and Samples

The MicroBooNE experiment uses an 85 metric ton active volume LArTPC detector located
at Fermi National Accelerator Laboratory [16]. The detector is situated on-axis to the Booster
Neutrino Beam (BNB) which has an average energy of ⟨Eν⟩ = 0.8 GeV [17] and is located
approximately 470 m from the neutrino production target. The detector consists of two compo-
nents: a TPC, 10.36 m long in the beam direction, 2.56 m wide in the drift direction, and 2.32 m
tall; and an optical system comprised of 32 eight-inch photomultiplier tubes (PMTs). The TPC
consists of three wire planes, two induction planes and one collection plane. The collection plane
is oriented vertically and the induction plane wires are oriented at angles ±60◦ with respect to the
vertical direction. Electronic signals from the TPC wire planes and the PMTs are recorded and
subdivided into two distinct data samples. The first sample, known as on-beam data (BNB data),
is collected coincident to a 1.6 µs BNB neutrino spill. The second sample, known as off-beam
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data (EXT data), is recorded in anti-coincidence with the beam. This sample provides a measure
of the electronic noise and large cosmic muon background caused by the surface location of the
MicroBooNE detector. The BNB data and a portion of the EXT data samples are then filtered
based on a required minimum amount of activity measured in the PMTs. This study uses data
from the three-year period 2016-2018, corresponding to 6.85 × 1020 protons on target.

MicroBooNE utilizes the GENIE neutrino event generator [18] to create two samples of sim-
ulated neutrino interactions: Monte Carlo which addresses signal events and beam-related back-
grounds (Beam MC), and Monte Carlo which addresses backgrounds from neutrino interactions
in the material surrounding the cryostat (Dirt MC). The simulated events from both samples are
then combined with events from an unbiased EXT sample (which is not filtered based on PMT
activity) in order to simulate MicroBooNE’s cosmic ray background [19]. Furthermore, Micro-
BooNE utilizes another sample of simulated events generated using the NuWro neutrino event
generator [20] for additional studies.

The neutrino-argon scattering model in both the Beam MC and Dirt MC samples is given by
the GENIE MicroBooNE Tune [12]; a version of the GENIE v3.0.6 G18 10a 02 11a model set
in which four parameters are tuned to νµ CC0π data from the T2K experiment. The four param-
eters are: the CC quasi-elastic axial mass [21], the strength of the random phase approximation
(RPA) corrections in the Nieves CCQE cross section calculation [22], the absolute normalization
of the CC2p2h cross section [23], and the shape of the CC2p2h cross-section. The shape of
the CC2p2h cross section is represented by a parameter that linearly interpolates between two
models: the Valencia prediction [23] and the Dytman model [24].

3. Signal and Event Selection

The CC1µ2p0π definition, or ‘signal’, of the true phase-space targeted in this analysis is as
follows. Signal events comprise CC νµ interactions within the fiducial volume with final-state
particles consisting of exactly one muon with momentum 0.1 ≤ Ptrue

µ ≤ 1.2 GeV/c and two protons
with momentum 0.3 ≤ Ptrue

p ≤ 1.0 GeV/c. Events with any number of neutral pions are excluded.
Signal events may also contain protons with momentum below 0.3 GeV/c or above 1.0 GeV/c,
any number of neutrons, and charged pions with momentum below 65 MeV/c. The momentum
range requirement applied to the muon, pions, and protons follows that defined in Ref. [25] and
correlates to phase-space which has a non-zero efficiency for selecting these particles.

The BNB data, EXT data, Beam MC, and Dirt MC samples are processed by the Pandora
reconstruction framework [26] to identify and reconstruct tracks from the ionized signal. The
track’s energy deposition and length are used to reconstruct momentum and particle identifica-
tion. From the reconstructed products, a series of selection requirements are applied to identify
CC1µ2p0π events. The initial selection retains events that meet three criteria: (1) the recon-
structed neutrino vertex is located within a fiducial volume (FV) defined to be at least 10 cm in-
side any TPC face, (2) there are exactly three tracks, and no showers as determined by Pandora,
(3) the three tracks start within 4 cm of the reconstructed neutrino vertex. Calorimetry-based par-
ticle identification techniques described in Ref. [27] are then used to identify events with a single
muon candidate and two proton candidates. This utilizes a log-likelihood particle identification
score calculated from the measured dE/dx deposition within the detector.

The final event selection requires one muon with momentum in the range 0.1 ≤ Preco
µ ≤

1.2 GeV/c and two protons, both with momentum in the range 0.3 ≤ Preco
p ≤ 1.0 GeV/c, to match

the signal definition. The limits on momentum follow those defined in Ref. [25] and are driven
by the resolution effects as well as phase-space regions which have non-zero efficiencies and
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well-understood systematic uncertainties. To benchmark the performance of the selection, the
number of simulated CC1µ2p0π events that pass all selection requirements is compared to the
number of events generated using the GENIE MicroBooNE tune; the event selection described
above achieves an efficiency and purity of ≃14% and ≃65%, respectively. Figure 1 illustrates a
CC1µ2p0π candidate event matching the event selection described above.

Figure 1: Event display of a candidate νµ CC2p interaction.

Several theoretical predictions of neutrino interactions are compared to data within this work
and a detailed summary of each prediction is provided in the supplemental material. Four GENIE
model [21] sets are considered: GENIE v3.0.6 G18 02a 00 000 (GENIE Empirical), GENIE
v3.0.6 G18 10a 02 11a (GENIE Nieves), GENIE v3.2.0 G21 11b 00 000 (GENIE SuSAv2),
and the GENIE MicroBooNE Tune. Each of these GENIE models uses different models for QE,
MEC, and FSI. The GENIE Empirical model set uses the relativistic Fermi gas (RFG) nuclear
model [28], the Llewellyn Smith QE model [29], and an empirically derived prediction for MEC
interactions [24]. The GENIE Nieves model set uses the local Fermi gas (LFG) nuclear model
[30], which is similar to the RFG model but includes considerations for the nuclear density. The
Nieves QE [31] model is similar to the Llewellyn Smith QE model, but includes contributions
from long-range nucleon-nucleon correlations and Coulombic effects. The Nieves MEC model
is based on a macroscopic calculation [23]. The SuSAv2 model set utilizes the relativistic mean
field (RMF) approximation nuclear model [32, 33], which considers relativistic effects in the
calculation of the motion of the nucleons in the nucleus. Relativistic effects are also considered
in the calculation of the SuSAv2 QE [10] and SuSAv2 MEC [34] predictions by using scaling
functions, derived from relativistic assumptions, to scale the cross sections at high momentum
transfers. The GENIE MicroBooNE Tune [12] is identical to the GENIE Nieves model except
that two CCQE and two CC2p2h parameters are tuned to T2K data, as described previously.

Beyond the GENIE generator predictions, the GiBUU 2023 [35], NuWro 19.02 [36], and
NEUT 5.4.0 [37] model sets are also considered. The GiBUU model set uses an LFG model [30],
a standard CCQE expression [38], and an empirical MEC model. These models are consistently
implemented to solve the Boltzmann-Uehling-Uhlenbeck transport equation [39]. The NuWro
model set is built on the same LFG model [40], using the Llewellyn Smith QE model [29]. The
FSI treatment in NuWro uses an intranuclear cascade [41] to transport the hadrons through the
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nucleus, along with a coupling to PYTHIA for hadronization [42]. The NEUT model set utilizes
an LFG model [40], with Nieves CCQE [31] and MEC [23] scattering models, and treats FSI
with medium corrections for pions [18].

Using samples of simulated νµ CC interactions from each model set, a study was conducted to
identify variables sensitive to physics differences between the model sets. One such variable is
the opening angle between the protons in the lab frame, θP⃗L·P⃗R

, defined as:

cos(θP⃗L·P⃗R
) =

P⃗L · P⃗R∣∣∣∣P⃗L

∣∣∣∣ ∣∣∣∣P⃗R

∣∣∣∣ (1)

where P⃗L is the momentum of the leading proton, the proton with the highest momentum, and
P⃗R is the momentum of the recoil proton, the second proton in the event. A second physics-
sensitive variable is the opening angle between the muon and total proton momentum vector,
θP⃗µ·P⃗sum

, defined as:

cos(θP⃗µ·P⃗sum
) =

P⃗µ · P⃗sum∣∣∣∣P⃗µ∣∣∣∣ ∣∣∣∣P⃗sum

∣∣∣∣ (2)

where P⃗µ is the momentum of the muon and P⃗sum is the vector addition of the leading and recoil
proton momenta. The opening angle between the protons in the lab frame provides information
on the effect of the QE and MEC modeling on the proton momentum, while the opening angle
between the muon and total proton momentum vectors provides information on the treatment of
the outgoing muon momentum in relation to the 2p2h system.

In addition to these two angles, we also identify the magnitude of the momentum transverse to
the neutrino beam direction of the final state system, δPT [43]. The transverse momentum vector
of the CC1µ2p0π system (δP⃗T ) is defined as:

δP⃗T = P⃗µT + P⃗L
T + P⃗R

T (3)

where P⃗µT , P⃗L
T , and P⃗R

T are the transverse momentum vectors of the muon, leading proton, and re-
coil proton respectively. The magnitude δPT is sensitive to nuclear effects, final state interactions,
or below threshold undetected particles.

Distributions of selected events as a function of the cosine of θP⃗L·P⃗R
can be found in Fig. 2.

The colored bands in each histogram represent events selected from the MC subdivided into
different final state topologies [Fig. 2(a)] and different interaction modes based on the GENIE
MicroBooNE Tune prediction [Fig. 2(b)]. The error bars on the data points are the data statistical
uncertainty while the dashed lines represent the uncertainty of the prediction. This uncertainty
includes both the statistical uncertainty of the prediction and systematic uncertainty, which dom-
inates over the data statistical uncertainty for this measurement.

Contributions from flux modeling and protons-on-target (POT) counting [44], cross section
modeling [12], re-interaction modeling [45], and detector modeling [46] are considered in the
calculation of the systematic uncertainties, which was performed using the alternate-universe
techniques described in Section V of Ref. [12]. Uncertainty on the modeling of dirt events is
also considered in the systematic uncertainty [47]. Each source of systematic uncertainty is in-
dividually considered to produce a covariance matrix describing the uncertainty of the predicted
event rate. Statistical uncertainty is described via a Poisson likelihood term. Uncertainties on
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the signal enter through the response matrix, which describes the bin-to-bin smearing of the
reconstructed-to-true quantities.

We find that our CC1µ2p0π signal, represented by the blue-green bands in Fig. 2(a), constitutes
the majority of the prediction. All other contributions are background events that mimic the
signal topology. These can include events with charged pions that have been misidentified as
protons or events with three true protons which has been misidentified as only two-proton events.
We also find that the CCMEC process, represented by the blue-green band in Fig. 2(b), has fewer
events in the region of cos(θP⃗L·P⃗R

) ≃ 0 compared to the signal.

4. Cross Section Extraction

Due to detector resolution, efficiency, and smearing effects, our reconstructed kinematic vari-
ables require unfolding to obtain the underlying physics quantities. We use the Wiener-SVD
technique [48] as implemented in [49]. This technique utilizes a response matrix that encapsu-
lates the smearing of true-to-reconstructed quantities and conserves the χ2/dof throughout the
unfolding procedure. Any bias due to regularization introduced by the unfolding is encoded in a
regularization matrix AC which is applied to all cross-section predictions included in this work.
The AC matrix should be applied to any independent theoretical prediction compared to the data
reported in this paper. The data release, unfolded covariance matrices, and AC matrices are pro-
vided in the supplemental material. Unfolded distributions are then normalized by the number
of target nuclei and the total integrated neutrino flux to produce a cross section.

Robustness of the unfolding procedure is tested using fake-data studies. These studies utilize
two alternative generator predictions propagated through the standard simulation and reconstruc-
tion chain: using NuWro-generated events, and using the nominal GENIE MC with the weight
for MEC events scaled by a factor of two. Using only the covariance matrices related to neutrino
interaction and statistical uncertainties, the cross-section is extracted from these fake-data pre-
dictions. We found that the differences between the extracted cross section and the alternative
generator prediction are well covered by the neutrino interaction and statistical uncertainties.

Fig. 3 shows the single differential cross sections as functions of cosine of θP⃗L·P⃗R
[Fig. 3(a)]

and cosine of θP⃗µ·P⃗sum
[Fig. 3(b)]. The black points represent the extracted cross section from

data with the inner error bands representing the statistical uncertainty and the outer error bands
representing the systematic uncertainty. The dominant uncertainties on the total event rate pre-
diction are comprised of the systematic uncertainties on modeling MEC interactions (which enter
primarily through their impact on the signal selection efficiency) and uncertainties related to the
space-charge response and recombination effects within the detector modeling. The fractional
uncertainty in each bin ranges between 13% and 24%.

We compare the different generator predictions to our data via a χ2 metric constructed using a
covariance matrix derived from the Wiener SVD unfolding procedure. The covariance matrices
associated with the unfolded cross sections (provided in the supplemental material) have large
off-diagonal elements, such that bin-to-bin correlations cannot be neglected when assessing the
level of generator agreement with our data. Consequently, the ordering of agreement between
different generator predictions can be quite different from the ordering which would be expected
by assuming a diagonal covariance matrix.

When extracting the cross section from data, we find that the GiBUU, GENIE MicroBooNE
Tune, and GENIE Nieves models are compatible with our data in cos(θP⃗L·P⃗R

), and the GiBUU
and NEUT models have the best agreement with our data in cos(θP⃗µ·P⃗sum

). The χ2 per degree
7
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Figure 2: Yield for the cosine of the opening angle between the protons in the lab frame, θP⃗L ·P⃗R
. The selected MC

events are broken down into (a) final-state topologies and (b) ν interaction channels based on the MicroBooNE Tune
[12] truth information. The error on the data represents the data statistical uncertainty, and the hatched region includes
both the MC statistical uncertainty of the prediction and systematic uncertainty. ‘EXT’ refers to cosmic-induced events.
‘OOFV’ refers to interactions outside the fiducial volume. ‘CC1µNπ’ events are charged current (CC) νµ interactions
with any number of pions. ‘CC1µXp’ events are CC νµ interactions with X number of protons above threshold.
‘CC1µOth’ are any CC νµ interactions not included in other samples. ‘Other’ contains any interactions not included in
another sample. ‘QE’ are quasi-elastic interactions, ‘RES’ are resonant νµ interactions and ‘DIS’ are deep inelastic
scattering νµ interactions.
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Figure 3: Single differential cross sections as a function of (a) the cosine of the opening angle between the protons in
the lab frame, cos(θP⃗L ·P⃗R

), and (b) the cosine of the opening angle between the muon and total proton momentum
vector, cos(θP⃗µ ·P⃗sum

). The inner error bands on the data represent the statistical uncertainty while the outer error bands

represent the systematic uncertainty. A χ2/ndf, considering systematic and statistical uncertainties, is calculated
between the data and each model set curve. Details of the generator predictions are given in section 3.

of freedom (χ2/dof) is calculated between the data and each model set curve. The number of
degrees of freedom is equal to the number of histogram bins. Both systematic and statistical
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uncertainties on the data are considered in this calculation.
The GENIE Empirical model has the worst agreement with the data, exhibiting a χ2/dof =

23.91/8. In terms of the normalisation, we observe an over-prediction in the region of low
cos(θP⃗L·P⃗R

) from the GENIE Empirical model. The GENIE SuSAv2 model is over-predicted
throughout the reported phase space in both opening-angle distributions which is likely caused
by the increased CC2p2h cross-section normalization. Despite the tune of CC2p2h cross-section
parameters, the GENIE MicroBooNE and GENIE Nieves predictions have approximately equal
agreement with data in both opening angle distributions. The GiBUU model set is found to have
the best agreement in both distributions.

We further show the single differential cross sections for the data and the models as functions
of δPT in Fig. 4. In this variable, NuWro has the largest disagreement with the data with a χ2/dof
= 16.33/7. The NuWro distribution has a distinctive shape with a larger normalization than any
other model or the data in the first bin. The reason for this is that Nieves and NuWro form their
initial hadronic states in different ways. In the GENIE implementation of the GENIE Nieves
model set, two nucleons are selected from the Fermi sea of the nucleus [24]. The momentum of
each nucleon is then randomly sampled from a distribution of the initial state nucleon momen-
tum [23] formed from the LFG nuclear model [30]. In NuWro, the selection of the two nucleons
and their momenta is similar to the GENIE implementation of GENIE Nieves, but the two nu-
cleons are required to have back-to-back momenta in the initial state [50]. The over-prediction
of NuWro at low δPT has also been observed in Ref. [51], which also finds this over-prediction
in the absence of FSI, indicating that the excess is an initial state effect. In contrast, the GENIE
SuSAv2 model has an over-predicted normalization in all bins. Our data shows agreement with
the NEUT, GiBUU, GENIE Nieves, and GENIE Empirical model sets. Furthermore, the GENIE
MicroBooNE tune prediction has a larger disagreement with the data than its base model, GENIE
Nieves.

5. Conclusion

In this letter, we present the first measurement of single differential cross sections of
CC1µ2p0π events on argon. Events containing exactly one muon, two protons, and no other
mesons are selected from BNB data. We extract differential cross sections as functions of three
kinematic variables, cos(θP⃗L·P⃗R

), cos(θP⃗µ·P⃗sum
) and δPT , which are found to be sensitive to the for-

mation of 2p2h pairs through MEC and FSI processes. We compare our extracted cross sections
to those predicted by the GENIE, GiBUU, NEUT, and NuWro generators, including four dif-
ferent GENIE model sets. These cross-section models span a range of nuclear models, QE and
MEC models, and hadron transport models. We find that the GiBUU prediction shows the best
overall shape agreement in the kinematic variables describing opening angles. The δPT variable
is sensitive to the different initial hadronic states, and we find that the NEUT prediction gives
the best overall description of the production of CC1µ2p0π final states. This is the first differen-
tial cross-section measurement of two-proton final states, and therefore the first time 2p2h/MEC
models have been compared to data in an analysis dominated by such interactions. This provides
valuable input for future model development toward precision neutrino physics measurements.
In addition, these measured CC1µ2p0π cross sections can be used to reinterpret data from exist-
ing experiments that cannot distinguish 2p2h final states from other CC interaction mechanisms.
However, none of the models used for comparisons in this work include short-range correlations
in the nuclear model; their inclusion could further improve the agreement with our measured
differential cross sections.
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Figure 4: Single differential cross section as a function of the magnitude of the transverse momentum of the final state
system, δPT =

∣∣∣∣P⃗µT + P⃗L
T + P⃗R

T

∣∣∣∣. The inner error bands on the data represent the statistical uncertainty while the outer

error bands represent the systematic uncertainty. A χ2/ndf, considering systematic and statistical uncertainties, is
calculated between the data and each model set curve. Details of the generator predictions are given in section 3.
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