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Abstract. The neutrino remains an enigma within the Standard Model. The
Short-Baseline Near Detector (SBND) at Fermilab probes these particles by
examining essential regions of research such as oscillation measurement and
searches for sterile neutrinos. This research intends to further our understand-
ing of neutrino properties by establishing selection criteria for the one muon
two proton final state (µ2p) at SBND. Using Monte Carlo simulation data,
various kinematic variables are analyzed to optimize detection efficiency and
purity. These findings will be compared with data collected by SBND to study
how our models compare to experimental results.

1. Introduction

The Standard Model of particle physics conveys our fundamental understand-
ing of matter and its interactions in the universe. However, it does not account
for phenomena such as matter-antimatter asymmetry, dark matter, dark energy,
gravity, or the origin of neutrino mass.

The neutrino is the host of a multitude of enigmas: origin of mass, mass hierar-
chy, flavor oscillation & mixing parameters. The open questions of the neutrino
may be hints at fundamental properties of the universe we have yet to understand.
Thus, further insight into the neutrino may result in resolutions to quandaries of
the Standard Model. For this reason, neutrino research is becoming increasingly
relevant, with various strategies being developed to detect these elusive parti-
cles. Liquid Argon (LAr) detectors are emerging for neutrino experiments, as
they offer powerful resolution and detailed imaging capabilities. Understanding
neutrino interactions within LAr detectors, particularly neutrino-nucleon inter-
actions, is essential to reduce uncertainties and improve the accuracy of neutrino
measurements.

This research intends to probe the neutrino interaction signature of one muon
and two protons through SBND. Previous studies at ArgoNeuT1, MicroBooNE2,
and ICARUS3 have examined the µ-2p final state, but more research is necessary
to achieve a sufficient understanding of this signature. The dense LAr nuclei in
SBND enable numerous neutrino interactions, resulting in sufficient µ-2p statis-
tics, demonstrating strong protential to examine this final state. This capability
additionally allows SBND to observe a range of interactions from quasi-elastic pro-
duction (QE), meson exchange current (MEC), resonant pion production (RES),
neutral current (NC), deep inelastic scattering (DIS), & cosmic muons.
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Figure 1. The design of the Time Projection Chambers (TPC) of
the Short-Baseline Near Detector

µ-2p events should be produced by QE & MEC processes; however, RES may
produce a similar topology with a µ-p-π final state. Consequently, the pion
tracks may often be misidentified as protons. This source of uncertainty exhibits
the importance of studying the µ-2p final state. To accurately identify the µ-2p
signature, it is necessary to develop precise selection criteria, sensitive cuts, and a
detailed analysis of kinematic variables. Ultimately, this study aims to minimize
misidentification & further the precision of neutrino analyses.

2. Detector

The Short-Baseline Neutrino Program studies the neutrino through their inter-
actions with charged particles. This analysis focuses on the Short-Baseline Near
Detector (SBND) (Figure 1). The detector is situated just over 100 meters away
from the Booster Neutrino Beam (BNB) neutrino source. Liquid Argon Time
Projection Chambers (LArTPC) among other components allow SBND to detect
charged decay products, perform comprehensive LAr neutrino studies, and in-
form future neutrino experiments such as DUNE. The detector compares yields
of neutrino flavors with other detectors on the beamline to measure oscillation
parameters and identify potential discrepancies.

3. Analysis

Throughout this analysis, the µ-2p final state is selected, as generated by Monte
Carlo simulation and reconstructed using Pandora. This final state was examined
with multiple variables. By comparing the contributions of certain production
methods, namely RES, QE, and MEC, one can determine essential information
about neutrino-nucleon interaction modeling.

The µ-2p event selection was adapted from Jack Smedley from ICARUS4 to the
following criteria, informed by Figure 2. The following cuts were used in this
analysis:

• Fiducial: the vertex of this interaction is contained within the detector
• Muon selection µ: χ2

µ > 30 ; χ2
p < 60 ; Track length > 50 cm

• Proton selection µ-(2)p: χ2
µ ̸= 0 ; χ2

p < 65 (pleading as longest track)
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Figure 2. Event tracks as a function of χ2 values created by
Shweta Yadav5 for muon (right) & proton (left) hypotheses. The
legend distinguishes the yields of each particle relative to each χ2.

Figure 3. Event yields of δpT (upper left), reco. cos θµ,p (lower
left), reco. cos γp,p (upper right), and N Tracks (lower right) fol-
lowing the µ-2p selection

• Pion Cut: χ2
µ ̸= 0 ; χ2

p < 50 ; χ2
π < 30 ; Track length < 10 cm

The selection criteria listed above are applied sequentially. Following this selec-
tion, it was a common finding in each variable for QE processes to dominate
until the second proton cut. At this point, RES production dominates, hinting
that an additional cut to eliminate pions may be essential to optimize accurate
event selection. Figure 4 demonstrates the results of such a cut. Prior to the
pion cut attempt, it is quite difficult to distinguish µ-2p processes (i.e. quasi-
elastic & meson exchange current) from contributing background (i.e. resonant
pion production). The pion cut attempt decreases the background contribution
and demonstrates the Number of Tracks as a distinguishing observable for the
production modes.
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Figure 4. Event yield progression in the N Track variable. The
MEC & QE contribution in the fourth bin is favorable once the π
cut is applied.

An interesting feature among the cut progression in Figure 5 is the improved ratio
of (QE+MEC)/RES following the added pion cut. This ratio goes from 0.886 with
the µ-2p selection to 1.17 with the additional cut on pions. Despite improved
purity, one must acknowledge the significant decrease in statistics following the
pion cut. The future of µ-2p analysis will focus on examining real SBND data
and comparing the results to our simulation.
Additionally as data collection commenced, I have scanned several µ-2p candidate
events with SBND such as Figure 6.

4. Conclusion

The µ-2p final state is a promising site to study neutrino interactions within LAr
detectors. The selected sample for one year shows around 144000 events in the
muon and two proton final state. Within simulation, the µ-2p final state demon-
strates a surplus of resonant pion events, implying the need for further cuts to
improve data purity. Refining µ-2p criteria will increase precision of neutrino
studies from oscillation measurements to sterile neutrino searches.
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Figure 5. MC simulated progression of event yields after each cut
in True Eν

Figure 6. Event displays of µ-2p and µ-p candidates among the
first data collected by SBND
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