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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
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 kine-
matic 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 sys-
tem 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 a more detailed observa-
tion of ionizing radiation in the final state than was previously possible. This development,
in turn, 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 of a variety of different final state topologies for an array of dif-
ferent nuclei are needed to support the development of neutrino interaction models [5]. These
models must address both in-medium nuclear modification of the fundamental neutrino inter-
actions 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
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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 [9] of 2p2h production in neutrino
scattering and the implementation [10] thereof. Correct modeling of 2p2h interactions is of vital
importance to neutrino energy reconstruction and precision measurements of neutrino oscilla-
tions, but their production cross section has never been measured directly in neutrino scattering.

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 [11]. 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) [12].

2. Detector and Samples

The MicroBooNE experiment uses an 85 metric ton fiducial volume LArTPC detector located
at Fermi National Accelerator Laboratory [12]. The detector is situated on-axis to the Booster
Neutrino Beam (BNB) which has an average energy of ⟨Eν⟩ = 0.8 GeV [13] 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
data (EXT data), is recorded outside of the BNB spill. This sample provides a measure of the
electronic noise and large cosmic muon background caused by the surface location of the Micro-
BooNE 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 [14] to create two samples of simu-
lated neutrino interactions: (1) overlay Monte Carlo (overlay MC) which addresses signal events
and beam-related backgrounds, (2) dirt Monte Carlo (dirt MC) which addresses backgrounds
from neutrino interactions in the material surrounding the cryostat. 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 [15]. Fur-
thermore, MicroBooNE utilizes another sample of simulated events generated using the NuWro
neutrino event generator [16] for additional studies.

The physics in both the Overlay MC and Dirt MC samples is given by the GENIE Micro-
BooNE Tune, a version of the GENIE v3.0.6 G18 10a 02 11a model set in which four parame-
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ters are tuned to νµ CC0π data from the T2K experiment [17]. The four parameters are: the CC
quasi-elastic axial mass [18], the strength of the random phase approximation (RPA) corrections
in the Nieves CCQE cross section calculation [19], the absolute normalization of the CC2p2h
cross section [20], the shape of the CC2p2h cross-section. The shape of the CC2p2h cross sec-
tion is represented by a parameter that linearly interpolates between two models: the Valencia
prediction [20] and the Dytman model [21].

3. Event Selection

The signal consists of charged-current muon-neutrino interactions within the fiducial volume
with the final state particles consisting of exactly one muon with momentum 0.1 ≤ Pµ ≤ 1.2 GeV/c
and two protons with momentum 0.3 ≤ Pp ≤ 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
1.2 GeV/c, any number of neutrons and charged pions with momentum below 65 MeV/c.

The BNB data, EXT data, overlay MC, and dirt MC samples are processed by the Pandora
reconstruction framework [22] 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
inside any TPC face, (2) there are exactly three tracks, and no showers as determined by Pandora
[23], (3) the three tracks start within 4 cm of the reconstructed neutrino vertex. Particle iden-
tification techniques described in Ref. [24] are then used to identify events with a single muon
candidate and two proton candidates.

The final event selection requires one muon with momentum in the range 0.1 ≤ Pµ ≤ 1.2 GeV/c
and two protons, both with momentum in the range 0.3 ≤ Pp ≤ 1.0 GeV/c. The limits on mo-
mentum are driven by the resolution effects as well as phase space regions which have non-zero
efficiencies and well understood systematic uncertainties. To benchmark the performance of the
selection, the number of simulated CC1µ2p0π events that pass all selection requirements is com-
pared 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. More
details of the event selection can be found in Ref. [25].

In addition to studying theoretical predictions of 2p2h processes using the GENIE Micro-
BooNE Tune, we consider predictions from three additional GENIE model sets [18]: GENIE
v3.0.6 G18 02a 00 000 (GENIE Empirical), GENIE v3.0.6 G18 10a 02 11a (GENIE Nieves),
and GENIE v3.2.0 G21 11b 00 000 (GENIE SuSAv2). All three model sets utilize the same
models for CC coherent pion production (CCCOH) [26], CC resonant pion production (CCRES),
which is based on the Rein-Sehgal prediction, but uses updated form factors [27] and includes
lepton mass effects and additional pion production diagrams [28, 29, 30], and CC deep inelastic
scattering (CCDIS) [31, 32]. Further, the GENIE Empirical and GENIE Nieves model sets both
utilize the hA2018 FSI model [33], while the GENIE SuSAv2 model set utilizes the hN2018 FSI
model [34]. Note that the GENIE MicroBooNE Tune is identical to the GENIE Nieves model
except for the four tuned parameters mentioned previously.

In addition to the two different FSI models, each GENIE model set uses distinct models for QE
and MEC neutrino interaction modes. These distinctions in QE, MEC, and FSI models are criti-
cal as these components all have an impact on 2p2h processes. The GENIE Empirical model set
uses the relativistic Fermi gas (RFG) nuclear model [35], the Llewellyn Smith QE model [36],
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and an empirically derived prediction for MEC interactions [21]. The GENIE Nieves model
set uses the local Fermi gas (LFG) nuclear model [37], which is similar to the RFG model but
includes considerations for the nuclear density. The Nieves QE [38] model is similar to the
Llewellyn Smith QE model, but includes contributions from long range nucleon-nucleon corre-
lations and Coulombic effects. The Nieves MEC model is based on a macroscopic calculation
[20]. The original SuSAv2 model set utilizes the relativistic mean field (RMF) approximation
nuclear model [39, 40], 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 [41] and SuSAv2 MEC [42] predictions by using scaling functions, derived from relativistic
assumptions, to scale the cross sections at high momentum transfers. Although GENIE lacks the
option to use an RMF nuclear model directly, it achieves approximate consistency with the RMF-
based results by choosing the nucleon initial momentum from an LFG distribution. In addition,
the default nucleon binding energy used in GENIE for the LFG model is replaced for SuSAv2
with an effective value tuned to most closely duplicate the RMF distribution [10, 43].

Beyond the GENIE generator predictions, the GiBUU 2023 [44], NuWro 19.02 [45], and
NEUT 5.4.0 [46] model sets are also considered. The GiBUU model set uses similar models
to GENIE, but they are consistently implemented to solve the Boltzmann-Uehling-Uhlenbeck
transport equation [47]. It is based on an LFG model [48], using a standard CCQE expression
[49] and an empirical MEC model. A spin-dependent resonance amplitude calculation is per-
formed following [47]. The FSI treatment transports the hadrons through the residual nucleus
in a potential consistent with the initial state. The NuWro model set is built on the same LFG
model [48], using the Llewellyn Smith QE model [36], the Adler-Rarita-Schwinger [50] formal-
ism to calculate the ∆ resonance, and the Berger Sehgal CCCOH [26] scattering model. The FSI
treatment uses an intranuclear cascade [51] to transport the hadrons through the nucleus, along
with a coupling to PYTHIA for hadronization [52]. The NEUT model set utilizes an LFG model
[48], with Nieves CCQE [38] and MEC [20] scattering model, the Berger Sehgal RES [28] and
CCCOH [26] prescriptions and treats FSI with medium corrections for pions [14].

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.
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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 [53]. 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. 1. The

colored bands in each histogram represent events selected from the overlay MC subdivided into
different final state topologies (Fig. 1(a)) and different interaction modes based on the GENIE
MicroBooNE Tune prediction [Fig. 1(b)]. The error bars on the data points are the data statistical
uncertainty while the dashed lines represent the uncertainty on the combination of the Overlay
MC, Dirt MC, and EXT data (also known as the prediction). This uncertainty includes both
the statistical uncertainty of the prediction and systematic uncertainty, which dominates over the
data statistical uncertainty for this measurement. Contributions from flux modeling and protons-
on-target (POT) counting [54], cross section modeling [17], re-interaction modeling [55], and
detector modeling [56] are considered in the calculation of the systematic uncertainties, which
was performed using the multiverse techniques described in Section V of Ref. [17]. Uncertainty
on the modeling of dirt events is also considered in the systematic uncertainty [57]. We find that
our CC1µ2p0π signal, represented by the blue-green bands in Fig. 1(a), constitutes the majority
of events selected from the overlay MC sample. We also find that the CCMEC process, rep-
resented by the blue-green band in Fig. 1(b), has fewer events in the region of cos(θP⃗L·P⃗R

) ≃ 0
compared to the signal. This is expected as MEC is not the only contributor to CC1µ2p0π topolo-
gies. The comparison of the data points to the prediction shows reasonable shape agreement as
well as normalization agreement.

4. Cross Section Extraction

Due to detector resolution, efficiency, and smearing effects, our reconstructed kinematic vari-
ables require unfolding. We use the Wiener-SVD technique [58] as implemented in [59]. In
this technique, any bias due to regularization introduced by the unfolding is encoded in a reg-
ularization matrix AC . To compare a theoretical prediction to the measurements, the prediction
should first be multiplied by AC; this transforms the prediction into the “regularized space” of
the data so that a proper comparison can be made. Unfolded distributions are then normalized by
the number of target nuclei and the total integrated neutrino flux to produce a cross section. We
validate the Wiener-SVD unfolding technique by performing fake data studies before unfolding
the selected BNB data events.

Fig. 2 shows the single differential cross sections as functions of cosine of θP⃗L·P⃗R
[Fig. 2(a)]

and cosine of θP⃗µ·P⃗sum
[Fig. 2(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 repre-
senting the systematic uncertainty. Although MEC modeling uncertainties enter predominantly
only through the efficiency, they are still the dominant cross-section uncertainties in some bins
due to the large uncertainties assigned to this model which is itself due to the lack of previous
measurements.

5



1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
)

R
P•LP

θreco cos(
0

100

200

300

400

500

600

700

800

900

E
ve

nt
s

EXT Other OOFV  CCOthµCC1 πNµCC1 0pµCC1

1pµCC1 (M>2)pµCC1 2p OtherµCC1 2p QEµCC1 2p RESµCC1 2p MECµCC1

 POT Preliminary20MicroBooNE 6.85x10

(a)

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
)

RP • LP
θreco cos(

0

100

200

300

400

500

600

700

800E
ve

nt
s

EXT CCQE CCMEC CCRES
CCDIS eν NC Data

 POT Preliminary20MicroBooNE 6.85x10

(b)

Figure 1: 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
[17] truth information. The error on the data represents the data statistical uncertainty and the hatched region represents
the statistical plus systematic uncertainty on the prediction.

When extracting the cross section from data, we find that the GiBUU, GENIE MicroBooNE
Tune, and GENIE Nieves models have the best agreement 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
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Figure 2: 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.

degree of freedom (χ2/dof) is calculated between the data and each model set curve. The num-
ber of degrees of freedom is equal to the number of histogram bins minus one. Both systematic
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and statistical uncertainties on the data are considered in this calculation. The GENIE Micro-
BooNE Tune and GENIE Empirical models tend to predict higher cross sections than indicated
by our data in regions of low cos(θP⃗L·P⃗R

) and high cos(θP⃗µ·P⃗sum
). Although the GENIE Micro-

BooNE Tune uses all the same model elements as the GENIE Nieves sample, we find an overall
difference in shape and normalization between these two curves. This is most likely caused by
the increased CC2p2h cross section normalization and interpolated CC2p2h cross section shape
that are utilized in the GENIE MicroBooNE Tune. Additionally, the GENIE SuSAv2 model is
overpredicted in both distributions which is likely caused by the increased CC2p2h cross section
normalization.

We further show the single differential cross sections for the data and the models as functions
of δPT in Fig. 3. In this variable, the NuWro prediction is higher than the data and other models
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 [21]. The momentum of each nucleon is then
randomly sampled from a distribution of the initial state nucleon momentum [20] formed from
the LFG nuclear model [37]. In NuWro, the selection of the two nucleons and their momenta
is similar to the GENIE implementation of GENIE Nieves, but the two nucleons are required to
have back-to-back momenta in the initial state [60]. The over-prediction of NuWro at low δPT

has also been observed in Ref. [61], which also finds this over-prediction in the absence of FSI,
indicating that the excess is an initial state effect. Our data indicates that there is a preference for
the NEUT and GiBUU model descriptions.

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

formation of 2p2h pairs through MEC processes. We compare our extracted cross sections to
those predicted by the GENIE, GiBUU, NEUT, and NuWro generators, including four different
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 over-
all shape agreement in the kinematic variables describing opening angles. The δPT variable is
sensitive to the different initial hadronic states, and we find that NEUT gives the best overall
description of the production of CC1µ2p0π final states. This is the first differential cross-section
measurement of two-proton final states, and therefore the first time that these models can be
directly compared to data. 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 existing experiments that cannot distinguish 2p2h final states
from other CC interaction mechanisms.

This document was prepared by the MicroBooNE collaboration using the resources of the
Fermi National Accelerator Laboratory (Fermilab), a U.S. Department of Energy, Office of Sci-
ence, HEP User Facility. Fermilab is managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359. MicroBooNE is supported by the following: the
U.S. Department of Energy, Office of Science, Offices of High Energy Physics and Nuclear
Physics; the U.S. National Science Foundation; the Swiss National Science Foundation; the
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Figure 3: 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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