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ABSTRACT

This dissertation presents a measurement of charged—current (CC) muon-neutrino interactions
with exactly two protons and no pions in the final state (CC 2p 07), using data collected by the
MINERVA detector in the NuMI medium-energy beam at Fermilab. Such two—proton topologies
are a sensitive probe of nuclear dynamics in the few—GeV regime, including multi-nucleon correla-
tions (npnh, notably 2p2/) and intranuclear final-state interactions (FSI) such as pion absorption
and nucleon rescattering. A precise experimental characterization of these processes is essential both
for neutrino-interaction theory and for reducing systematic uncertainties in oscillation experiments
that rely on accurate modeling of neutrino—nucleus interactions.

Events are selected by requiring a », CC interaction with a reconstructed #~ and two proton
tracks originating from a common vertex in MINERVA’s finely segmented scintillator tracker, with
no reconstructed mesons. Muon charge and momentum are constrained by matching to the MI-
NOS Near Detector, while proton identification exploits energy—loss profiles and stopping—proton
features. Backgrounds from pion—producing channels that enter the signal region through FSI or
reconstruction effects are constrained with data—driven sidebands (Michel-electron and isolated-
cluster “blob” samples) and tuned via a simultaneous fit across signal and sideband regions.

To correct detector resolution and acceptance eftects, the analysis employs iterative Bayesian un-

folding with extensive validation: statistical pseudo—experiments, and robustness checks against
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generator systematic “universes” and additional strong shape warps. Single—difterential cross sec-
tions are reported for three observables tailored to the two—proton final state: the opening—angle
cosine COS (ﬁpp) , the leading—proton momentum, and the subleading—proton momentum. System-
atic uncertainties include contributions from neutrino flux, interaction modeling (e.g., npnh and
resonance parameters, pion FSI), and detector response (calibration, reconstruction efficiencies).
The resulting distributions provide targeted constraints on the interplay of multi-nucleon
dynamics and FSI that shape CC 2p 07 final states on hydrocarbon. Comparisons to modern
GENIE-based simulations highlight kinematic regions where model components require refine-
ment. These measurements thus inform generator tuning and improve the reliability of neutrino—

energy reconstruction strategies for current and future long—baseline oscillation programs.
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Sciences nourish the young,
Give joy to the old,

Adorn our lives in prosperity,
Shelter us in adversity;
Comfort in domestic labors,

No burden in distant travels.

Sciences serve everywhere:
Among nations and in solitude,
Amid city damor and in silence,

Sweet in rest, pleasing in toil.

M. V. Lomonosov, 1747

Introduction

1.1 BACKGROUND AND MOTIVATION

All human experience - sights, sounds, biology, and chemistry — is composed of a relatively small
number of particles. Photons constitute the visible light, while electrons, protons, and neutrons
build up the matter around us. However, beyond the limits of everyday experience — in the in-

teriors of stars, in high-energy accelerators, and at minuscule timescales — there exists a diverse



spectrum of particles not commonly encountered in daily life. Among these elusive particles are
neutrinos.

Neutrinos are among the most abundant particles in the universe, second only to photons. Pro-
duced abundantly in nuclear processes within stars and during cosmic events, neutrinos possess a
unique characteristic: they interact extremely weakly with matter. Despite about 65 billion neu-
trinos passing through every square centimeter of your body each second, throughout an entire
human lifetime, on average, only one neutrino interaction might occur within the human body.

Due to their elusive nature, neutrinos are studied with detectors of enormous size, located deep
underground or embedded in polar ice, providing shielding against background radiation. Such
experiments illustrate the complexity of neutrino detection—stopping a neutrino reliably would
require about one light-year thickness of solid lead.

The theoretical framework that successfully explains the interactions and particles observed so far
is the Standard Model (SM) of particle physics. While this model accurately describes an extensive
range of phenomena from terrestrial to cosmic scales, it remains incomplete. The SM does not ad-
dress critical questions about gravity, dark matter, dark energy, or the observed dominance of matter
over antimatter in the universe.

One significant shortcoming of the original SM formulation was the assumption that neutrinos
are massless particles. Experimental evidence, notably the phenomenon of neutrino oscillations—
where neutrinos change types (or flavors) as they propagate—has demonstrated that neutrinos in-
deed have mass. This discovery necessitated extensions to the Standard Model, deepening our un-
derstanding of particle physics and opening doors to new physics beyond current theories.

Neutrino oscillations imply profound consequences. They hint at new physics and offer poten-
tial insights into fundamental puzzles, such as the matter-antimatter asymmetry of the universe.

18,1,2.

Addressing these mysteries has become a global research effort 7. Accelerator-based neutrino

experiments, for instance, send intense neutrino beams through Earth from near to far detectors



to measure neutrino oscillation probabilities. Accurate interpretation of these oscillation measure-
ments depends critically on understanding neutrino interactions and precise modeling of both neu-
trino fluxes and interaction cross-sections.

This thesis addresses a specific aspect of neutrino interaction physics, focusing on charged-
current neutrino interactions producing exactly two protons and no pions in the final state, de-
tected in the MINER»A experiment exposed to the NuMI medium-energy neutrino beam. The
chosen event topology—characterized by one lepton and two protons—probes processes such as
two-particle-two-hole (2p2h) interactions and pion absorption phenomena, both of which remain
poorly understood.

We present single-difterential cross-section measurements for events containing exactly two pro-
tons in the final state. The measurements are made as a function of several critical kinematic ob-
servables: the cosine of the angle between the two most energetic protons, the leading proton mo-
mentum, and the subleading proton momentum. These observables provide unique sensitivity to
nuclear effects, helping to advance theoretical modeling and contributing valuable data for future
neutrino oscillation experiments, such as the Deep Underground Neutrino Experiment (DUNE)”.

The structure of this thesis is as follows: rest of Chapter 1 provides theoretical background and
motivation, including the current state of neutrino interaction physics and neutrino oscillations.
Chapters 2 and 3 detail the experimental setup and the reconstruction methods used in MINER»A.
Chapter 4 presents the measurement end-to-end: event selection, background tuning, unfolding,
efficiency and flux corrections, systematic-uncertainty evaluation, and the resulting differential cross

sections. Chapter s then summarizes the main findings and implications for neutrino physics.



1.2 THE STANDARD MODEL

The Standard Model (SM) of particle physics is a well-established theoretical framework describing
the fundamental particles that constitute matter and the interactions between them. Developed
throughout the 20th century, the SM successfully explains a vast array of experimental results, mak-
ing it one of the most tested and reliable theories in modern physics.

According to the Standard Model, all known matter is composed of fundamental particles called
fermions, which possess half-integer spin and follow the Pauli exclusion principle. Fermions are
divided into two main categories: quarks and leptons.

Quarks are the building blocks of protons and neutrons and carry fractional electric charges of
either —I—% or —% of the elementary charge. They come in six “flavors”: up (#), down (d), charm
(c), strange (s), top (¢), and bottom (&). Quarks are never found isolated in nature due to a property
known as confinement; instead, they form composite particles called hadrons, such as protons (#xd)
and neutrons (zdd).

Leptons, the other type of fermion, include the electron (¢), muon (¢), tau (7), and their corre-
sponding neutrinos (v, v, 7). Unlike quarks, leptons do not participate in strong interactions.

Interactions between these fundamental particles are mediated by force-carrying particles called

gauge bosons, which have integer spins. There are four primary gauge bosons:

* The photon (y), mediating the electromagnetic force, which is responsible for electricity,

magnetism, and light.

* The W and Z bosons (77+, Z°), which mediate the weak force responsible for radioactive

decay and neutrino interactions.

* The gluon (g), mediating the strong force that holds quarks together inside protons and

neutrons.



A special particle, the Higgs boson (H), was predicted by the Standard Model to explain how
particles acquire mass through interactions with the Higgs field. Its discovery at the Large Hadron
Collider (LHC) in 2012 confirmed a crucial component of the Standard Model.

Figure 1.1 summarizes the fundamental particles and forces described by the Standard Model.

Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
| Il n | 1l 1l
mass | =2.2 MeV/c* =1.28 GeV/c* =173.1 GeV/c* =2.2 MeVic* =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c*
charge | % % % % - % = % T 0 0
spin | % u Yo C Yo t Yo u Y c Ve t 1 y 0 H
up charm top antiup anticharm antitop gluon higgs
et
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c* =4.7 MeVic? =96 MeV/c? =4.18 GeV/c? 0
=% % % % 3 % = ¥ L 0
down strange bottom antidown | antistrange| antibottom photon
——
=0.511 MeV/c* =105.66 MeV/c* =1.7768 GeV/c* =0.511 MeV/c* =105.66 MeV/c? =1.7768 GeV/c* =91.19 GeV/c*
-1 -1 -1 1 - 1 = 1 = 0
% e % IJ- % T % e % lJ. % T 1 b
electron muon tau positron antimuon antitau Z° boson
e
<2.2eVic? <0.17 MeV/c? <18.2 MeV/c? <22eVic? <0.17 MeV/c? <18.2 MeVi/c? =80.360 GeV/c? =80.360 GeV/c?
0 0 0 0 T 0 T 0 7 1 -1
% Ve % VP« % Vz % Ve % VH % Vr 1 \w 1 W
electr.on muon tat! e!ectrop muon i tau . W' boson W boson
neutrino neutrino neutrino antineutrino | | antineutrino | | antineutrino

Figure 1.1: A visual representation of the fundamental particles and forces in the Standard Model. Figure from 2°.

Despite its successes, the Standard Model has known limitations. It does not include a descrip-
tion of gravity, nor can it fully explain dark matter, dark energy, or the observed matter-antimatter
asymmetry in the universe. These unresolved questions motivate ongoing experimental and theoret-

ical research, aiming to explore phenomena beyond the Standard Model.

1.3 NEUTRINO OSCILLATIONS

One of the most fascinating discoveries in modern particle physics has been the phenomenon of
neutrino oscillations. Originally proposed theoretically by Bruno Pontecorvo and further devel-

oped by Ziro Maki, Masami Nakagawa, and Shoichi Sakata, neutrino oscillation is the process by



which neutrinos can change their flavor states (v, v,, v;) as they propagate through space. This phe-
nomenon provides definitive evidence that neutrinos have non-zero masses, which is one of the few

observations not predicted by the original formulation of the Standard Model.

1.3.1  HistoricarL CONTEXT

Initially, neutrinos were considered massless particles within the SM framework. However, experi-
mental results over the last several decades revealed significant discrepancies with this assumption.
The first hints of neutrino oscillations came from solar neutrino experiments, notably the Homes-
take experiment*?, which detected significantly fewer electron neutrinos from the Sun than theoret-
ically expected.

The decisive evidence emerged in 1998 from the Super-Kamiokande experiment *°, which stud-
ied atmospheric neutrinos produced when cosmic rays interact with the Earth’s atmosphere. The
experiment observed a clear deficit of muon neutrinos (»,) traveling long distances through the
Earth compared to those traveling shorter distances, conclusively demonstrating neutrino oscilla-

tions. This groundbreaking discovery was recognized with the 2015 Nobel Prize in Physics.

1.3.2 NEUTRINO OSCILLATION FORMALISM

Neutrino oscillations arise because neutrinos exist in quantum states of definite mass (mass eigen-
states), labeled as »1, v, and »3, which differ from their flavor eigenstates (v, v, 7). The relation-
ship between the flavor eigenstates and mass eigenstates is described by the Pontecorvo—Maki—

Nakagawa—Sakata (PMNS) matrix, a unitary matrix U:

Ve Uos Un Us 2
Vu = U/A U[uz U/t3 123 (I'I)
Ve Un Up Ug V3



The PMNS matrix can be parameterized as follows:

12631 512613 sp3e” P

idcp idcp

U= | —s12c23 — cizs23513¢ 12623 — $12523513€ €23513 (1.2)

2] 2]
512523 — €12023513€°°P —s12603 — 512023513¢°T 23013

where s;; = sin 0, ¢;; = cos by, and dcp is the CP-violating phase, responsible for differences in the
oscillation behaviors between neutrinos and antineutrinos.
The probability of a neutrino originally produced in flavor & being detected later in flavor f after

traveling distance L (measured in k) is given by:

., Amka
P(vy — vg) =048 — 42 Re(U,,;UgUnUp) sin 1.27T +
J>k
Am;/e[,
+2)  Im(U,UpUn Uy, sin 2.54? ,
J>k
where Amfk = mf — m are mass squared differences in /% /¢*, and E is the neutrino energy in

GeV. Non-integer factors 1.27 and 2.54 appear because of omitted ¢ /1 and a conversion of units.
The oscillation probability depends explicitly on neutrino energy and the distance traveled, high-
lighting the necessity of precise energy measurements and source-to-detector baselines in neutrino

experiments.

1.3.3 NEUTRINO OSCILLATION PARAMETERS

Oscillation experiments primarily measure the differences in squared masses of neutrino mass eigen-

states, rather than their absolute masses.
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Figure 1.2: Visual illustration of two possible scenarios of neutrino mass hierarchy: normal and inverted. Figure from 2,

Currently known oscillation parameters from global fits are summarized in Table 1.1.

Table 1.1: Best-fit values for neutrino oscillation parameters as of 2024 °°.

Parameter Value
o 75377 X 10 o7
Am3, (Normal Hierarchy) (2.455T0088) 5 1073 V2
Am3, (Inverted Hierarchy) — (—2.52970033) x 1073 eV?
sin® 6y, 0-3077_L8:8§

sin” 6,3 (Normal Hierarchy) 0.5581005

sin® 6,3 (Inverted Hierarchy) 0.553 10016

e 0.021 7318

ol L1570




1.3.4 LONG-BASELINE NEUTRINO OSCILLATION EXPERIMENTS

Current and future neutrino oscillation experiments, such as T2K, NO»A, and DUNE, aim to de-
termine the neutrino mass hierarchy (the ordering of neutrino mass eigenstates), precisely measure
the CP-violating phase dcp, and resolve the octant ambiguity of £»3. These experiments use intense,
accelerator-produced neutrino beams and measure oscillation probabilities by comparing neutrino

interaction rates at near and far detectors placed at varying distances.
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Figure 1.3: Scheme of the Deep Underground Neutrino Experiment (DUNE) — prospective long-baseline neutrino
experimentg.

Figure 1.4 shows recent data from the NOvA experiment*. The left panel shows unoscillated
data as collected by the Near Detector, and the right two panels, for », and », CC interactions in the
Far Detector, show evidence of oscillations through the disappearance of muon neutrinos (middle

panel) and the appearance of electron neutrinos (right panel).
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Figure 1.4: Neutrino energy spectra from the NOVA experiment: Yy CC events in the Near Detector (left), Yy CC events
in the Far Detector (middle), and », CC events in the Far Detector for four different (right). .



1.3.5 RELEVANCE TO NEUTRINO INTERACTION STUDIES

Accurate measurements of neutrino oscillation parameters critically depend on precise understand-
ing and modeling of neutrino interactions with nuclei. Since detectors measure neutrino flavor indi-
rectly through interaction products, uncertainties in neutrino-nucleus interaction cross sections can
significantly bias oscillation parameter extraction. This necessitates detailed study and measurement
of neutrino cross sections and nuclear effects, forming the core motivation of this thesis.

Thus, comprehensive characterization of neutrino interactions, particularly in complex nuclear
environments, is an essential component of the experimental neutrino physics program aimed at

unveiling fundamental neutrino properties.

1.4 CHARGED CURRENT NEUTRINO-NUCLEUS INTERACTIONS

Neutrino interactions with atomic nuclei form the cornerstone of accelerator-based neutrino ex-
periments. Precise measurements of these interactions are essential for accurate interpretation of
neutrino oscillation data and thus for answering fundamental questions about neutrino properties
and the structure of the Standard Model itself. Among the various types of neutrino-nucleus inter-
actions, Charged Current (CC) interactions play a central role due to their distinct experimental
signatures.

In CC interactions, an incoming neutrino interacts with a nucleon within the nucleus via the ex-
change of a charged 77-boson. This interaction changes the neutrino into its corresponding charged
lepton partner (e.g., a muon neutrino transforms into a muon). The presence of the charged lep-
ton in the final state provides a clear experimental signature, facilitating event reconstruction and
classification.

However, interpreting CC neutrino-nucleus interactions is complicated by the nuclear environ-

ment. Nuclei are complex, dense systems of strongly interacting nucleons, and this internal com-
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plexity significantly affects how neutrino interactions occur and how resulting particles propagate.

Various phenomena such as nuclear binding energies, nucleon momentum distributions, multi-

nucleon correlations, resonance excitation, and final state interactions (FSIs) modify the observed

outcomes of neutrino interactions. These nuclear eftects need to be carefully understood and mod-

eled to reduce systematic uncertainties in neutrino experiments.

In the following subsections, we discuss in detail the primary categories of CC neutrino-nucleus

interactions relevant to accelerator neutrino experiments:

Quasi-Elastic (QE) and Deep Inelastic Scattering (DIS): Interactions characterized by low
(QE) and high (DIS) hadronic energy transfer, respectively, and their importance in event

reconstruction.

Resonance Pion Production: Neutrino interactions exciting nucleons into resonance

states, resulting in pion emission.

Coherent Pion Production: Interactions in which neutrinos produce pions without alter-

ing the nucleus, resulting in distinct event topologies.

Modifications to Nuclear Medium: Including the Relativistic Fermi Gas (RFG) model
and multi-nucleon correlations (Random Phase Approximation (RPA) and two-particle
two-hole (2p2h) processes), capturing nuclear dynamics that alter neutrino interaction signa-

tures.

Nuclear Final State Interactions (FSI): Processes that particles undergo within the nuclear
medium after the initial neutrino interaction, significantly complicating the reconstruction

of interaction dynamics.

An understanding of each of these components is crucial, since each type of interaction, each

nuclear modification, and each FSI mechanism introduces unique challenges and uncertainties that
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must be properly addressed. The brief analysis of CC neutrino-nucleus interactions, introduced in

this chapter, provides the theoretical background and the experimental context.

w=
wt s
- - d > £ > u
d 7 +
n q > d P
u > uw
(a) Pion decay (b) Neutron decay

(¢) Neutrino quasi-elastic scattering

Figure 1.5: Feynman diagrams illustrating several charged-current weak processes: (a) charged pion decay, (b) neutron
beta decay, and (c) neutrino-nucleon quasielastic scattering. Adapted from*”.

1.4.1 Quasi-ELasTic (QE) AND DEEP INELASTIC SCATTERING (DIS)

Quasi-Elastic (QE) neutrino scattering oft a nucleon is a fundamental process characterized by rel-
atively low momentum transfer. In these interactions, the incoming neutrino transforms into its

corresponding charged lepton, and the outgoing hadronic system consists of a single nucleon con-
sistent with charge conservation. Due to the simplicity of the QE process, neutrino energies can be

reconstructed relatively accurately using only the final-state lepton kinematics. However, precise
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modeling must carefully account for nuclear effects such as nucleon binding energies, momentum
distributions, and final state interactions (FSI)*>#4,

The theoretical description of QE neutrino scattering is given by the Llewellyn—Smith for-
malism **. A key component of this formalism is the axial-vector form factor G4(Q?), typically

parametrized as:

Ga(Q?) = —24 (1.3)

where g4 ~ 1.27 is the axial coupling constant and #24 is the axial mass parameter, determined
experimentally and typically around 1 GeV/c? 3. Precise measurement of 72, is essential for accu-
rate neutrino cross-section modeling, directly impacting neutrino oscillation analyses 46 Alternative
parametrizations provide more flexibility to describe the Q2 dependence, and the calculation of the
axial form factor using lattice QCD is an area of active research .

In contrast, Deep Inelastic Scattering (DIS) occurs at higher energies with substantial energy
transfer to the hadronic system. During DIS, neutrinos scatter off individual quarks within nucle-
ons, resulting in nucleon fragmentation and the production of multiple hadrons. DIS processes,
characterized by large invariant masses of the final-state hadronic system, provide valuable insights
into the nucleon’s partonic (quark and gluon) structure *>*4. However, accurate neutrino energy
reconstruction from DIS events remains challenging due to the complexity and multiplicity of final-
state hadrons.

Both QE and DIS processes are actively studied, as precise modeling of these interactions signifi-

cantly enhances the interpretation of experimental neutrino data 333248,

1.4.2 REsSONANCE P1oN PRODUCTION

In resonance pion production, a neutrino interaction excites the struck nucleon to a higher-energy

resonance state. These resonance states are unstable, rapidly decaying into nucleons accompanied
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by mesons, most commonly pions. The resonance production mechanism dominates neutrino
interactions at energies between the quasi-elastic (QE) and deep inelastic scattering (DIS) regimes,
roughly in the invariant hadronic mass region 1.2 GeV < W S 1.8 GeV.

The interaction proceeds primarily through the charged-current (CC) channel, as described in
the following example:

v+ N— £+ ATHHO (1.4)

where A represents a spin 3/2 baryon resonance excited by the neutrino interaction, vy is the incom-
ing neutrino, N is the target nucleon, and £~ is the outgoing charged lepton.

The resonance baryon subsequently decays predominantly via:

A— N +7, (1.5)

resulting in an observable final state of a charged lepton, nucleon, and pion.

Experimentally, resonance pion production is highly relevant because the produced pions signif-
icantly affect the energy reconstruction of neutrino events and hence the measurement of neutrino
oscillation parameters.

The most widely used theoretical model for resonance production in neutrino event generators
is the Rein-Sehgal (RS) model*S. The RS model is based on a relativistic quark model and includes
contributions from 18 resonances with invariant masses 7~ < 2.0 GeV. The original RS model
formulation includes interference between resonances that share identical spin and orbital angular
momentum. However, implementations of the RS model vary among neutrino event generators.
For example, the GENIE 2.X series, which the present simulation is based on, does not incorporate
such interference terms. Thus, while the common final state Iu’mﬁ receives contributions primar-
ily from resonances such as A(1232), A(1920), and N(1720), these contributions are combined

incoherently in GENIE 2.X.
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Direct non-resonant contributions (non-resonant inelastic processes) can also lead to pion pro-
duction and complicate resonance production modeling. To achieve improved agreement with
experimental data, the Rein-Sehgal model includes an incoherently added non-resonant isospin-1/2
contribution. However, this treatment does not accurately capture interference effects between res-
onant and non-resonant contributions, potentially shifting the apparent resonance peak positions.

Modern neutrino interaction event generators using the RS model for resonance production
must carefully avoid double-counting, particularly in transition regions where DIS contributions
become relevant. Standard DIS hadronization models do not perform well at lower invariant mass
regions (below 17~ 2 GeV), emphasizing the importance of robust resonance modeling.

Recent extensions to the original RS model, such as the work by Kabirnezhad *?, aim to explicitly
incorporate interference effects between resonant and non-resonant terms, potentially providing
more accurate modeling of resonance pion production processes. Experimental tests of these ad-

vanced theoretical frameworks remain a priority for contemporary neutrino scattering experiments.

Figure 1.6: Feynman diagram showing charged-current neutrino-nucleon scattering proceeding via A7 resonance
excitation and subsequent pion emission. The AT can decay into either nat orp7ro final states, while the analogous
reaction on a proton yields a 7t and a p. Adapted from*’.
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1.4.3 MODIFICATIONS DUE TO THE NUCLEAR MEDIUM

In neutrino-nucleus interactions, the internal nuclear environment plays a crucial role in modify-

ing the initial neutrino-nucleon interaction. These nuclear eftects significantly aftect the observed
kinematics and final state particle content, thus complicating experimental interpretations. An ac-
curate representation of these nuclear medium modifications is essential for interpreting neutrino

experimental results and for precise neutrino oscillation measurements.

REerLaTIVISTIC FERMI GAS MODEL

A common theoretical model to describe the initial state nucleon within the nuclear medium is the
Relativistic Fermi Gas (RFG) model, introduced by Smith and Moniz*?. In this model, nucleons
are treated as quasi-free particles confined within a nuclear potential well, characterized by a uni-
form distribution of nucleon momentum up to a maximum Fermi momentum kr ~ 250 MeV//c.
Additionally, a constant nuclear binding energy (approximately 30 MeV) is assumed.

While the RFG model provides a convenient baseline, it is known to oversimplify nuclear dy-
namics, particularly missing important details such as short-range nucleon correlations and nuclear
structure effects. Therefore, more sophisticated models, including local Fermi gas " and spectral
function approaches*°, have been developed to better match experimental observations. A spectral
function describes the probability of finding a nucleon within the nucleus with a given momentum
and removal energy, thus providing a more realistic representation of nuclear structure and correla-

tions.

MULTI-NUCLEON CORRELATIONS: NPNH PROCESSES

Neutrino interactions can also involve correlated nucleon pairs or groups, leading to so-called multi-

nucleon knockout processes or npnh (z-particle #-hole) interactions. These interactions occur
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when a neutrino interacts with nucleons correlated within the nucleus, causing the simultaneous
ejection of multiple nucleons and leaving multiple holes in the nuclear medium.

The simplest type of npnh interaction is the one-particle one-hole (1prh) interaction. Ina 1p1h
interaction, the neutrino interacts primarily with a single nucleon, knocking it out of the nuclear
medium and leaving one hole behind. Such interactions typically correspond to quasi-elastic (QE)
events and form the simplest and most commonly studied neutrino-nucleus interactions.

However, more complex multi-nucleon processes can also occur, notably the two-particle two-
hole (2p2h) interactions. In 2p2h interactions, the neutrino interacts simultaneously with a corre-
lated nucleon pair, typically a proton-neutron (pn) pair##5". This interaction leads to the emission
of two nucleons and the creation of two holes within the nucleus, significantly affecting recon-
structed event kinematics. The presence of 2p2h interactions can substantially increase measured
cross-sections in the quasi-elastic region and in the kinematic “dip” between the quasi-elastic and

resonance production regions’’.

Genuine CCQE (1p-1h) Two particles-two holes (2p-2h)
H ' H N N
R N o Q
O
W+ D W+ - H
\ O
N v N N

Figure 1.7: lllustration of nuclear multi-nucleon correlations (npnh processes). Shown are examples of 1p1h (left) and (b)
2p2h (right) interactions. Adapted from“°.

2p2h processes can be explained theoretically using meson-exchange current (MEC) models, in
which correlated nucleon pairs interact through the exchange of virtual mesons (primarily pions).
MEC diagrams involve multiple interaction vertices and significantly increase interaction rates at

low to moderate momentum transfers (Q%) 54,
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RaNDOM PHASE APPROXIMATION (RPA)

An additional nuclear effect arises from the collective behavior of nucleons within the nuclear
medium, described by the Random Phase Approximation (RPA). The RPA formalism attempts
to incorporate the long-range correlations and polarization effects within the nucleus. When in-
cluded in neutrino-nucleus interaction models, RPA corrections generally reduce the interaction
rates at low momentum transfers, reflecting suppression due to coherent nuclear responses.

The combined effect of RPA corrections and npnh processes results in a complex interplay. The
RPA tends to suppress event rates at lower momentum transfers, while npnh (especially 2p2h) inter-
actions increase these rates, requiring careful modeling and interpretation in neutrino experiments.

Accurately modeling these nuclear medium modifications is critical for reducing uncertainties
and achieving the precision needed for neutrino physics research, especially for neutrino oscillation

experiments.

1.4.4 NUCLEAR FINAL STATE INTERACTIONS (FSI)

After the initial neutrino interaction within the nucleus, the produced particles must propagate
through the dense nuclear medium. During this propagation, these particles can undergo further
interactions — known collectively as Final State Interactions (FSIs) — which significantly alter the
observed event topologies and complicate event reconstruction. Understanding FSIs is crucial for
correctly interpreting neutrino-nucleus interactions and accurately extracting underlying neutrino
interaction physics from experimental data.

The key processes involved in FSIs include:

* Elastic scattering: Produced hadrons scatter elastically off nucleons within the nucleus,

resulting in changes to their trajectories without altering their identities.

18



* Inelastic scattering: Hadrons lose energy or excite nucleons through inelastic collisions,

producing secondary particles or resonances.

* Charge exchange reactions: Hadrons can exchange charge with nucleons (e.g., a charged

pion converting to a neutral pion or vice versa).

* Absorption: Produced particles (especially pions) may be absorbed by nucleon pairs or

clusters within the nucleus, leading to their disappearance from the final state.

* Particle emission and secondary production: Secondary particles can be emitted as a con-

sequence of interactions, increasing multiplicities and complicating event signatures.

These FSI processes introduce significant complexity. For instance, a neutrino-induced pion
might be absorbed, resulting in a final state indistinguishable from a quasi-elastic-like interaction.
Similarly, elastic or inelastic scattering of outgoing nucleons can distort energy reconstruction and
angular distributions, challenging the precise measurement of neutrino energy.

Accurate modeling of FSIs is a non-trivial challenge due to the complexity of nuclear dynamics.
Theoretical descriptions generally rely on approaches such as intranuclear cascade models, in which
particles are propagated step-by-step through the nucleus, using interaction probabilities informed
by empirical hadron-nucleus scattering data and nuclear theory calculations®®.

Modern neutrino event generators, including GENIE, NEUT, and NuWro, implement sophis-
ticated FSI models based on these cascade approaches, often calibrated against experimental data
from pion- and proton-nucleus scattering experiments. However, considerable uncertainties re-
main, underscoring the importance of dedicated measurements of FSIs and continuous refinement
of theoretical models.

The precise treatment of FSIs remains essential for neutrino physics, particularly in precision
neutrino oscillation experiments, where accurate event reconstruction is critical. Further experi-

mental and theoretical advancements in our understanding of nuclear FSIs will continue to play a

19



significant role in refining neutrino interaction models and in the accurate interpretation of neu-

trino experiment results.

1.5 PREVIOUS MEASUREMENTS

Understanding neutrino-nucleus interactions and their associated cross sections is critical to cur-
rent and future neutrino oscillation experiments. Charged-current (CC) interactions involving
two protons and no pions (CC2p0) in the final state provide a particularly valuable window into
multi-nucleon correlations and nuclear medium effects, such as two-particle two-hole (2p2h) pro-
cesses. However, until recently, measurements specifically targeting these final states were scarce,
and comprehensive experimental data remains limited.

An early significant effort to measure neutrino-argon interactions came from the ArgoNeuT
collaboration®, utilizing the NuMI antineutrino beam at Fermilab. ArgoNeuT measured inclu-
sive muon neutrino and antineutrino CC differential cross sections on argon, providing critical
early data that demonstrated the feasibility of detailed cross-section measurements in liquid argon
time projection chambers (LArTPCs). Although this measurement did not specifically focus on
CC2p07 events, the reported inclusive data set a foundation for understanding neutrino-argon in-
teractions and paved the way for more exclusive measurements.

A major step toward explicitly measuring CC interactions with exactly two protons in the fi-
nal state was accomplished by the MicroBooNE collaboration . Using a LArTPC detector in the
Booster Neutrino Beamline at Fermilab, MicroBooNE provided the first measurement of difter-
ential cross sections for muon neutrino CC interactions on argon with precisely two protons and
no pions in the final state. This analysis explicitly targeted multi-nucleon correlation events, offer-
ing a direct experimental handle on npnh interactions, particularly the 2p2h processes. The results

from MicroBooNE provided critical benchmarks for theoretical neutrino interaction models and
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highlighted the significance of detailed nuclear modeling in interpreting neutrino data.

Prior experimental efforts have established foundational knowledge and valuable experimental
benchmarks for neutrino-argon interactions, with the most recent MicroBooNE measurements
explicitly addressing the CC2p07 final state. These measurements have significantly informed neu-
trino interaction modeling and provided necessary context for more specialized analyses, such as the

one described in this thesis.
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If I have seen further, it is by standing on the shoulders of

grants.

Isaac Newton

MINERVA Experiment

2.1  NuMI BEam

The Neutrinos at the Main Injector (NuMI) beamline at Fermilab was specifically designed to pro-
duce a high-intensity muon neutrino (»,) beam, with the ability to adjust the neutrino energy spec-
trum and to produce either neutrinos or antineutrinos. MINERVA used NuMI to study neutrino—

nucleus interactions with fine granularity, while long-baseline oscillation experiments such as MI-
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NOS and NOVA exploited the same beam for precision oscillation measurements* 2.
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Figure 2.1: The Fermilab accelerator complex, including the 400 MeV linac, 8 GeV Booster, 120 GeV Main Injector, and
associated beamlines. The NuMI beamline, used by MINERVA, receives protons from this chain. Future facilities (dashed
lines) include PIP-1l and the LBNF beamline. Figure adapted from>S.

The beam is created in four steps. First, protons with energy 120 GeV are extracted from the
Main Injector and steered onto a graphite target. Second, that collision produces many short-lived
charged mesons, mainly pions (7zF) and kaons (K*). Third, a pair of pulsed magnetic horns focuses
mesons of one electric charge into the forward direction; flipping the horn polarity selects the op-
posite charge. Because positively charged mesons decay to neutrinos and negatively charged mesons
decay to antineutrinos, this focusing step determines whether the beam is predominantly », or ,.
Finally, the focused mesons fly down a decay pipe approximately 675 m in length where they decay
via weak processes such as
+

T —>1u+—|-7//¢, T et
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and

K+—>‘u++v/“ K™ —=p +v,.

Muons and remaining undecayed hadrons were stopped by an absorber composed of steel and
concrete at the end of the decay pipe, while neutrinos continued through unimpeded, forming the

final neutrino beam.
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Figure 2.2: Schematic overview *° of the NuMI beamline at Fermilab.

The energy profile and flux composition of the NuMI neutrino beam depended significantly on
the beamline configuration, including horn currents and target positions. During the MINERvVA
experiment’s run period, the NuMI beam operated primarily in the medium-energy mode, yield-
ing neutrino energies predominantly in the 2—10 GeV range. This energy range was optimized for
studying neutrino interactions and neutrino oscillations relevant to experiments like NOvA.

The MINERVA experiment concluded data collection in 2019, although the NuMI beamline
continues to operate, providing neutrino beams for the ongoing NOVA experiment, prototype
DUNE detectors, and prototyping for other future neutrino research and applications planned at
Fermilab.

MINERVA accumulated substantial integrated exposures in both the earlier Jow-energy (LE) and

the later ME running:

* LE running (2009—2012): about 4.0 x 10** POT in FHC (v,—enhanced) and 1.7 x

102° POT in RHC (7,—enhanced).
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* ME running (2013-2019): approximately 1.2 x 10*! POT in each horn polarity (FHC and

RHC).

Within this thesis, the analysis sample corresponds to the ME FHC exposure (see Chapter 4 for the

exact POT used).

ME000z200i at MINERVA
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Figure 2.3: Neutrino flux spectrum 5 of the NuMI beam during MINERVA's medium-energy run period.

Figure 2.4 shows the total number of protons on target (POT) delivered to the NuMI medium
energy beamline as a function of time. The data analyzed in this thesis are from the forward horn
current (neutrino mode) running of the beamline. Also shown are the livetime of the MINERVA

and MINOS detectors during beam operations, for a combined efficiency of 92.7%.
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MINERVA Medium Energy Data
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Figure 2.4: Total number of Protons on Target (POT) delivered to the NuMI beamline in medium energy configuration as
a function of time.

2.2 MINERVA DETECTOR

The MINERVA (Main Injector Experiment for v-A) detector was specifically designed to perform
precision measurements of neutrino interactions across a range of energies provided by the NuMI
beamline at Fermilab. Its primary goal was to study neutrino-nucleus interactions with high gran-
ularity and excellent tracking capabilities, enabling detailed reconstruction of final-state particles
produced in neutrino interactions.

The detector was positioned approximately 1 kilometer downstream from the NuMI target,
located directly upstream of the MINOS Near Detector, which provided complementary muon
energy and charge measurements. MINERVA collected data between 2009 and 2019, spanning both

low-energy (LE) and medium-energy (ME) NuMI beam configurations.
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Figure 2.5: Photograph of the MINERVA detector in the NuMI beamline hall at Fermilab. Image adapted from Ref. 2.
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2.2.1 DETECTOR DESIGN
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(a) MINERvA detector side view. The beam enters from the left.

(b) MINERvVA tracking plane front

view.

Figure 2.6: Side and tracking plane views of MINERVA detector®.

MINERVA was constructed as a fine-grained tracking calorimeter composed primarily of plastic
scintillator modules interspersed with passive nuclear targets.

The active planes have a hexagonal outline, but the individual scintillator strips have a triangular
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cross section and are assembled into planes oriented in three stereo views (X, U, V" at 0°, +60°, and
p

—60°). This geometry provides precise 3D tracking and vertexing by combining the complementary
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Figure 2.7: Diagram illustrating the three scintillator plane orientations (X, U, and V) used in MINERVA's active tracking
region. This configuration provides three-dimensional reconstruction capability by combining hits from multiple views.

views.

Figure from Ref. 4.

Lt

Figure 2.8: Schematic of the triangular scintillator strips and interleaved plane geometry used in the active tracking re-
gion of the MINERVA detector. This design provides fine spatial resolution for charged particle tracking. Figure adapted
from Ref. 2.

The active material is co—extruded polystyrene scintillator. Each strip carries an external TiO,
reflective layer (co—extruded) that improves light trapping, and a central, extruded hole into which
a wavelength-shifting (WLS) fiber is glued (the fiber is not doped into the plastic). The WLS fiber

absorbs blue scintillation photons and re-emits green light, which is transported along the fiber
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with an attenuation length of order a few meters. The fiber is optically coupled via clear fiber to
multi-anode photomultiplier tubes (PMTs). Attenuation and position-dependent response are
corrected using per-strip calibration maps derived from through-going muons and dedicated light-
injection data. The resulting light yield in the tracker is at the level of several photoelectrons per
MeV at normal incidence (position dependent along the strip); quantitative performance metrics
and stability versus time are documented in the MINERvA NIM paper *>.

The active region of MINERvVA was segmented into the following regions:

* Tracker Region: The core of the detector, composed solely of plastic scintillator, provided
high-resolution tracking of charged particles and precise vertex reconstruction. The typical
hit position resolution was about 3 mm, with vertex resolution of 2—3 mm transversely and
~s mm longitudinally. Muon angular resolution was better than 9 mrad, and the momen-
tum resolution for stopping protons measured by range was better than 5% '3. The tracker
region has been central to a broad range of MINERVA analyses, including charged-current

quasi-elastic scattering>* and proton kinematics studies 63,

* Electromagnetic and Hadronic Calorimeters: Downstream of the tracker, electromag-
netic calorimeter (ECAL) modules alternated layers of scintillator and lead, providing en-
hanced photon and electron identification. The ECAL achieved an electron energy resolu-
tion of about 11.5% at 0.4-0.5 GeV in the EH (ECAL+HCAL, test-beam configuration)
and 9.1% in TE (Tracker+ECAL), validated using the dedicated test-beam program 4. Fur-
ther downstream, hadronic calorimeter (HCAL) modules alternated scintillator with steel
layers to contain and measure hadronic showers, with hadronic (recoil) energy resolution of
7/E = 0.134 © 0.290//E(GeV) '*. These calorimeters were essential for analyses such as

coherent pion production *” and single-pion production cross sections’>*.
* Nuclear Target Region: Positioned upstream of the tracker, this region included passive
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targets composed of different nuclear materials (carbon, iron, lead, water, and helium) inter-
leaved with tracking modules. This design enabled comparative measurements of neutrino
interactions across different nuclear media while maintaining vertex resolution of a few mil-
limeters for events in the target region, ensuring reliable association of interactions with the
correct target material *>. Analyses using this region include A-dependent cross-section ra-

tios*' and studies of nuclear effects in pion production'”.

2.2.2  CALIBRATION AND MONITORING

Ensuring high data quality and precision required meticulous calibration and continuous mon-
itoring of the MINERVA detector. Calibration procedures corrected variations in scintillator
response, PMT gains, and electronics over time. A key external constraint on the calorimetric re-
sponse came from the dedicated MINERVA test-beam program, which exposed a small replica de-
tector to charged hadrons and electrons to calibrate and validate the electromagnetic and hadronic
energy scales and to tune the GEANT 4-based simulation of shower development *>.

Key tasks. (i) Energy-scale calibration with cosmic-ray and neutrino-induced muons; (ii) time
calibration for inter-module synchronization; (iii) PMT/electronics gain monitoring and correc-
tions.

Stability. Time-dependent calibration constants tracked modest drifts (e.g., PMT gains) and
occasional channel outages; stability was validated with throughgoing muons and periodic repro-
cessing’.

Performance benchmarks. For hadronic recoil energy in CC interactions, the effective calori-
metric resolution follows o/E = 0.134 @ 0.290//E(GeV) 2. In the electromagnetic sector, the
test-beam program found electron energy resolutions of about 11.5% at £ = 400-500 MeV in the

full detector simulation and 9.1% in the replica detector *4.
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1t is the mark of an educated mind to rest satisfied with
the degree of precision that the nature of the subject
admits and not to seek exactness where only an approxi-

mation is possible.

Aristotle

Neutrino event reconstruction and

simulations

3.1  EVENT RECONSTRUCTION

Event reconstruction algorithms processed raw data to identify neutrino interaction vertices and

determine the kinematics of outgoing particles. The reconstruction pipeline involved several metic-

32



ulously executed steps:

* Hit Reconstruction: The initial step involved translating raw electronic signals from PMTs
into individual "hits”, representing localized energy deposits in scintillator strips. This step
included corrections for PMT gain variations and electronics response to ensure accurate

energy calibration.

¢ Cluster Formation: Within each scintillator view (X, U, or V), adjacent hits in neighbor-
ing strips and consistent in time were grouped into clusters, representing localized energy
deposits likely originating from single particles. These two-dimensional clusters formed the

basis for subsequent cross-plane matching and three-dimensional track building.

* Track Reconstruction: Clusters were combined to reconstruct particle tracks. Tracking
algorithms utilized pattern recognition and trajectory fitting methods, including Kalman
filters, to determine particle momenta and directions. Multiple Coulomb scattering and

energy loss were systematically accounted for to enhance tracking precision '3

* Vertex Reconstruction: Reconstructed tracks were extrapolated backward to determine a
common interaction vertex. Vertex algorithms handled multiple-track interactions, employ-

ing iterative fitting procedures to optimize vertex position accuracy and resolve ambiguities.

* MINOS Muon Matching: Tracks exiting the downstream end of MINERVA were geo-
metrically and temporally matched to tracks reconstructed in the MINOS Near Detector,
located directly behind MINERVA. This procedure provided an extended muon lever arm,
significantly improving momentum resolution via curvature in the magnetic field, and en-
abled charge identification. MINOS matching was therefore an essential ingredient in reli-

able muon reconstruction.
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* Particle Identification (PID): Identification relied on distinguishing characteristics in
energy deposition profiles, timing, and track topology. Muons were identified primarily
through MINOS matching, while protons and pions were distinguished by their energy loss
patterns (dE/dx), track curvature, and stopping behavior. Electrons and photons were identi-

fied via calorimetric showers in the ECAL region.

* Energy Reconstruction: Particle energies were reconstructed using calibrated measure-
ments of deposited energy, correcting for detector response and containment. Hadronic and
electromagnetic showers underwent tailored reconstruction methods to accurately measure

shower energy and shape.

Rigorous validation of these reconstruction algorithms included systematic comparisons between
data and Monte Carlo simulations. Iterative improvements were guided by performance metrics,

including reconstruction efficiency, resolution, and systematic uncertainty minimization.

3.1.1  HIiT RECONSTRUCTION

Data acquisition records integrated charge and timing for each readout channel within the beam

spill window. Reconstruction begins with:

1. Pedestal/gain corrections: Channel-by-channel pedestals are subtracted and PMT gains

applied to convert ADC counts to photoelectrons (PE).

2. Light attenuation corrections: Position-dependent corrections along each scintillator strip
are applied (based on in situ through-going muons and bench measurements of the WLS
fiber attenuation), yielding a uniform PE response versus longitudinal hit position. The
attenuation length of the wavelength-shifting fibers is approximately 7—8 m '?, consistent

with the strip length, so the correction is essential for uniform response.
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3. PE — energy calibration: A global PE-to-MeV factor anchored to minimum-ionizing
muons establishes the absolute visible energy scale (with time-dependent monitoring), pro-

ducing calibrated hit energies E,;; and associated times zp,.

Hits are then grouped into #ime slices using nearest-neighbor logic in time (tight windows around
the beam spill microstructure plus out-of-time cosmic veto windows). This suppresses pile-up and
isolates single interaction candidates. The resulting time slices achieve high performance, with a

typical purity exceeding 95% and completeness above 90% for contained neutrino interactions *>.

3.1.2 CLUSTER FORMATION AND 3D SEEDING

MINERVA planes are organized in three views (X, U, V), rotated by 60° with respect to one another
(see Fig. 2.2.1). Within a time slice, spatially adjacent hits in a given view are grouped into c/usters.

Each cluster is characterized by:
* acentroid (Syiews 2),
* atotal visible energy £ = ) Eqirs
* and a time 7 (energy-weighted).

Pairs/triplets of 2D clusters that are geometrically and temporally consistent are combined to

form 3D seeds. Seeds provide starting parameters for track and shower pattern recognition.

3.1.3 TRACK RECONSTRUCTION

Charged particle trajectories are first identified separately in each of MINERVA’s 2D views. A line-
finding algorithm, based on the Hough transform **, searches for sets of clusters that line up approx-
imately straight within a view. The idea is that each possible straight line is represented by a point

in a “parameter space,” and clusters that fall along the same line cause the algorithm to accumulate
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votes at that point. In this way, even with noise or missing hits, the straight-line paths of charged
particles can be recognized.

Once candidate straight tracks are found in the X, U, and V views, they are combined to form 3D
track candidates. These are then refined with a Kalman filter **, which follows the particle plane by
plane through the detector. At each step the filter keeps a compact description, called the staze vec-
tor, containing the particle’s position, direction, and momentum. The state vector is updated when-
ever new measurements are added, while also accounting for the physical effects that can change the
trajectory, such as multiple Coulomb scattering (small random deflections from nuclei) and gradual
energy loss.

The optimal track parameters are those that minimize the difference between the measured clus-

ters and the predicted track positions, weighted by the expected measurement uncertainties.

DIRECTION DISAMBIGUATION. The track’s forward direction is determined either by (i) match-
ing a through-going muon track into the downstream MINOS Near Detector (Sec. 3.1.5), or (ii)
identifying the Bragg peak in dE/dx (the rise in energy loss at the end of a stopping proton track).
Correct direction assignment is essential for proton identification and for measuring the opening

angle in two-proton events.

TRACK QUALITY AND “NODES”. A node is a detector plane that contributes a cluster to a recon-
structed track. A minimum number of nodes per track is required (analysis-dependent) to ensure
robust momentum and dE/dx estimates. Additional constraints on the continuity of nodes (few or

no large gaps) suppress false tracks from noise or accidental hit combinations.
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Figure 3.1: lllustration of view-space clustering and 3D track building with node assignments, adapted from®®. This
display corresponds to a full NuMI spill rather than a single interaction. The top-right panel highlights the time-slicing
stage: multiple slices (distinct in-time clusters within the spill) are visible in this view, from which individual slices are
then promoted to 3D event candidates for subsequent reconstruction.

3.1.4 VERTEX RECONSTRUCTION
Reconstructed tracks within a time slice are extrapolated upstream to find a common point of clos-

est approach. A robust, iterative vertex fit minimizes the sum of transverse distance significances:

min
Iy

)

dﬁ_,i(r’/)

7 J—7
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with outlier down-weighting to handle secondaries and spurious stubs. The vertex covariance is
propagated from the track covariances, enabling vertex-based quality selections and fiducial volume

enforcement.

3.1.5 MUON RECONSTRUCTION AND MINOS MATCHING

Muon candidates are long, minimally ionizing tracks exiting downstream. For such tracks, a geo-

metrical and timing match is attempted to a MINOS-ND track:

* Spatial: The extrapolated endpoint from MINERVA to the MINOS front face must fall
within ~20 cm of the matched MINOS track projection in the transverse plane; 3D angular

consistency within ~s° is also required.

e Timing: The time difference |z —t must be less than ~20 ns, ensuring correct
14 MINOS — !IMINERvA g

bunch identification and rejecting accidental coincidences.

A successful match provides charge sign and momentum via curvature in the MINOS magnetic
field. For un-matched muons, alternative strategies are applied: fully contained muons use range
in MINERVA, while exiting but un-matched muons rely on calorimetric energy estimation with
multiple Coulomb scattering (MCS) constraints.

The overall track-to-track matching efficiency for muons exiting MINERVA into MINOS is
approximately 98% for tracks above 1 GeV/c, with residual inefficiencies dominated by geometric

acceptance and occasional detector dead channels .

3.1.6 CALORIMETRIC OBJECTS: EM AND HADRONIC SHOWERS

Clusters not associated with tracks are grouped into topological showers using nearest-neighbor and

directionality criteria. EM showers are identified by compact, rapidly growing longitudinal profiles

38



and view-coherent transverse spreads; hadronic showers are more diftuse. Calorimetric energies are

reconstructed by applying view- and region-dependent sampling fractions:

Evis = Z Ecb Ecal = Cregion Evisa

clusters

with Cregion derived from through-going muons, test-beam calibration, and simulation. For 70 —
yy candidates, two EM clusters with a common vertex are used to compute an invariant mass hy-
pothesis. The calorimetric reconstruction, including determination of sampling fractions and vali-

dation with test-beam data, is described in detail in Refs. *3>4.

3.1.7 HADRON dE/dx AND PROTON IDENTIFICATION (PID)

For each track, the per-plane (or per-node) dE/dx is compared to expected Bethe-Bloch profiles for
proton, pion, and muon hypotheses. We construct a log-likelihood ratio (LLR ) using truncated-

mean dE/dx to reduce Landau tails:

p((dE/dx)n | 7, ﬁn)
LLR,/, = ne%{es n P((dE/dx)n | 7, ﬂ%z) |

Tracks with LLR /- above an analysis-tuned threshold are identified as protons. A separate LLR,,
can be used to suppress misidentification of minimum-ionizing tracks.

Figure 3.2 illustrates LLR /. distributions for leading (left) and subleading (right) protons.
Higher scores correspond to tracks with energy-loss profiles consistent with protons, while lower

scores correspond to pion-like hypotheses.
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Figure 3.2: Example of LLR],/,f distributions for leading (left) and subleading (right) proton candidates. The distribu-
tions are separated into components by endpoint kinetic energy. Higher LLR values indicate proton-like behavior.

ADDITIONAL PID VARIABLES AND SELECTION USAGE. The LLR method described above pro-

vides the most detailed dE/dx-based proton identification and is explicitly used in the CCQENULLR

cut to suppress pion contamination. Earlier cuts in the selection chain (CCQENuSingleProton,
CCQENuExtraProtons, and CCQENuExtraTracksProtons) employ a simpler scalar PID variable known

as the proton score, developed within the CCQENu framework. Both approaches rely on the same

physical principle—comparison of measured energy loss to expectations for different particle hypotheses—
but the LLR provides a higher-fidelity, spline-based likelihood comparison using per-node informa-

tion.

MOMENTUM BY RANGE AND THE ESC sELECTION.  Contained protons use range to estimate
kinetic energy 7}, via a range—energy map R(7}) obtained from simulation and test-beam tuning.
To improve momentum resolution and suppress inelastic scatters, we apply Elastically Scattering
Contained (ESC) criteria: the terminal segment must show a rising Bragg peak and no evidence for
inelastic interactions (e.g., sudden kinks or anomalous energy deposition). ESC-selected protons
have superior momentum-by-range performance; tuned ESC cuts used in this analysis are docu-

mented in Sec. 4.2.
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Figure 3.3: Typical dE/dx profile for a clearly identified proton candidate in the data (Fig. 44 in 13),

3.1.8 MICHEL ELECTRON TAGGING AND “BLoB” COUNTING

Delayed electrons from 75 — p* — ¢* decays (Michel electrons) are a powerful handle on pion
contamination in CC 0z-like selections. We search for delayed clusters within a spatial cone around
the primary vertex (or the downstream end of a short track) and in a delayed time window (e.g.
O(us) after the main event). A positive tag sets the Michel cut used to define sidebands and suppress
pion-containing backgrounds.

We also count blobs: isolated, track-detached energy clusters near the vertex beyond what is ex-
pected from two protons and a muon. A high number of blobs often indicates additional hadronic

activity (e.g. 7 production or FSI). The Number of Blobs cut and its sideband usage are described in

Sec. 4.3.
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3.1.9 Fipuciar, CONTAINMENT, AND GEOMETRY EFFECTS

FipuciaL voLuME.  Throughout this work, the fiducial volume for reconstructed vertices is the
MINERVA scintillator tracker, defined by 5980 < z < 8422 mm along the beam axis and a regular
hexagon of apothem 850 mm transversely. Vertices must lie inside this region; periods with known
readout issues are removed by standard dead-time/data-quality flags. The same geometric bound-
aries are used to define the Monte Carlo truth region employed later for efficiencies and acceptances

(see Chapter 4).

CONTAINMENT AND TRACKING CONSIDERATIONS.  Accurate momentum-by-range estimates
for protons rely on tracks that range out within the tracker. In practice, containment and mini-
mum hit/plane multiplicity are the dominant geometric factors controlling whether a reconstructed
track achieves good resolution. The precise selection criteria and their efficiencies are presented in

Secs. 4.1—4.2.

ANGULAR ACCEPTANCE FEATURES.  Because the active planes are oriented in X, U, and V'stereo
views (0°, £60°), the per-plane hit pattern depends on track polar angle. Tracks emitted roughly
70°-110° to the beam tend to leave fewer hits per plane and exhibit more frequent pattern ambigu-
ities, which reduces reconstruction efficiency and resolution in that band. This geometric effect is

accounted for in the analysis via phase-space limits and efficiency corrections (see Chapter 4).

3.1.10 TIMING, CosMIiC REJECTION, AND DEAD TIME

Tight intra-slice timing and topology vetoes reduce out-of-time backgrounds. Dedicated cosmic
tags (external muon counters when available, plus topology/timing templates) suppress cosmics
during the spill. A dead-time cut removes periods of abnormal readout or known DAQ inefficiency,

as tracked by standard run quality flags.
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3.1.11 RECONSTRUCTION SYSTEMATICS AND VALIDATION
Reconstruction contributes a set of analysis-level systematics:

* Energy scale and response: Uncertainties in the PE — MeV calibration, time dependence,

and non-linearity propagate to hadronic and proton energies.

* Tracking/vertexing: Alignment, hit efficiency, cluster merging/splitting, and MCS model-

ing impact angular variables and vertex position.

* PID and model dependence: The dE/dx PDFs used in the LLR depend on material and
step size; truncation choices introduce small biases. ESC criteria trade efficiency for purity

and induce kinematic-dependent acceptance effects.

* Containment/acceptance: Geometric edge effects and the 6-dependent hit density affect

node counts and pattern recognition performance.

We validate reconstruction with control samples: through-going muons for energy scale and align-
ment; stopping muons and protons for range—energy checks; photon conversions and EM showers
for EM scale; and sidebands (Michel, blob) for background topology modeling. The simulation
chain (Sec. 3.2) mirrors the full reconstruction to enable response-matrix construction and data—

MC closure tests used later in unfolding.

The definitions above connect directly to the analysis selections used later:
* MINOS-matched events (Sec. 3.1.5),
* Reconstructed proton multiplicity > 2 with node and ESC quality cuts (Sec. 3.1.7),
* Proton PID cuts using LLR, /- (Sec. 3.1.7),

* Michel cut and Number of Blobs cut (Sec. 3.1.8),

43



* Signal cut (truth-level definition) applied in MC only, used for efficiency and migration

matrices (defined later),
* Dead time cut (Sec. 3.1.10),
* Helicity cut selecting the correct beam polarity spill,
* LLR score and track-vertex distance cuts (Sec. 3.1.7, 3.1.4).

These pieces together deliver the two-proton, no-pion signal topology with high purity and stable
kinematic reconstruction, forming the basis for background tuning, unfolding, and cross-section

extraction in subsequent chapters.

3.2 DETECTOR SIMULATION

A faithful detector simulation is essential for interpreting MINERvA measurements, deriving detec-
tor efficiencies and acceptances, and propagating systematic uncertainties. The MINERVA simula-
tion chain integrates (i) a detailed geometry and materials model of the detector, (ii) particle trans-

12,16

port and interactions in matter using GEANT4 >, (iii) an optical photon and readout digitization

model tuned to data, and (iv) time-dependent overlays and calibrations to reproduce the detector’s
evolving conditions during data taking. The simulation is validated with in situ control samples and

with dedicated test-beam measurements, and the full chain is documented in the MINERvA NIM
paper >,
3.2.1 OVERVIEW OF THE SIMULATION CHAIN

The end-to-end workflow proceeds as follows:

1. Neutrino flux & interaction generation: The on-axis NuMI flux is modeled using the

beamline simulation (G4NUMI) constrained by hadron production data'>"S. Neutrino inter-
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actions with detector materials are generated with a neutrino event generator (e.g., GENIE),

producing a list of final-state particles entering the detector volume.

2. Geanty transport: Final-state particles and all secondaries are tracked through a detailed
Geant4 model of MINERVA "'®"3 including electromagnetic and hadronic processes,

multiple scattering, energy loss, and hadronic cascades in passive and active media.

3. Optical response and digitization: Energy deposits in scintillator are converted to scintil-
lation light with quenching (dL/dx vs. dE/dx), transported via wavelength-shifting (WLS)
fibers with realistic attenuation and reflections, converted to photoelectrons at the multi-
anode PMTs, and then processed through a model of the front-end electronics (gain, shap-

ing, thresholds, cross talk, and channel-to-channel variations).

4. Time-dependent overlays: Random-trigger data (out-of-time activity and on-spill back-
grounds) are overlaid to emulate pile-up, dark noise, and accidental activity, reproducing

data-taking conditions run-by-run.

5. Reconstruction and analysis: The simulated hits undergo the same reconstruction chain
as data (see 4) to enable direct, like-for-like comparisons and to derive migration matrices,

efficiencies, and detector systematics.

3.2.2 GEOMETRY AND MATERIALS MODEL

The Geant4 geometry follows the as-built survey of the detector '3, including:

* Active planes: Triangular polystyrene scintillator strips with co-extruded TiO, reflective

coating, arranged in X, U, V'stereo planes (60° rotations).

* Passive media: Precise maps of nuclear targets (C, Fe, Pb, water, He), lead (ECAL), steel

(HCAL), structural supports, readout frames, and upstream/downstream shielding.
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* Services and dead material: PMT boxes, light guides, optical connectors, and electronics,

all modeled at the level needed to reproduce shower containment and energy losses.

Material densities and thicknesses are varied within survey uncertainties to define geometry system-

atics (Sec. 3.2.6).

3.2.3 OprTICAL PHOTON AND DIGITIZATION MODEL

Energy deposits in scintillator are converted to visible light with a non-linear response at high spe-

cific ionization. The simulation implements:

1. Scintillation yield and quenching: Light yield is modeled as a function of dE/dx (Birks-
like quenching), with parameters tuned to through-going muons and proton stopping

power. A generic form is

dL dE/dx

dx "1+ kgdE/dx’

where S is the intrinsic scintillation yield and k3 is the Birks parameter (both tuned within

the ranges reported in *3).

2. WLS transport and attenuation: Scintillation photons are captured by the WLS fiber em-
bedded in each strip and transported to the optical connector. Attenuation is modeled with
a double-exponential profile (short/long components) with reflectivity at the mirrored far

end; parameters are constrained by bench measurements and in situ muon scans *>.

3. Photo-statistics and MAPMT response: The mean number of photoelectrons (PE) at the
photocathode is converted to a charge signal with Poisson statistics, channel-dependent gain,
and cross talk. Non-linearity and saturation effects are included where relevant. Channel

equalization and absolute PE scale are anchored to muon MIP peaks in data 3.
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4. Electronics shaping and thresholds: Pulse shaping, digitization, zero suppression, and
time-stamping are simulated to reproduce time and charge spectra, including per-channel

thresholds and noise.

3.2.4 TIME DEPENDENCE, PILE-UP, AND CONDITIONS

Detector conditions (gain, light yield, channel health) evolve over long data-taking periods. The

simulation incorporates:

* Run-dependent calibrations: Time-binned gain and channel-status maps from data qual-
ity monitoring are applied to MC, reproducing the slow drifts and discrete interventions

documented in *3.

* Random-trigger overlays: To emulate out-of-time activity, accidental hits, and on-spill pile-
up, zero-bias data are overlaid onto MC hits with the same spill structure as data, matching
the occupancy and noise spectra '>.

3.2.5 VALIDATION AND TUNING

The detector simulation is validated using a hierarchy of benchmarks:

1. Minimum-ionizing muons: Data/MC agreement of MIP peak position and width across

planes and angles is used to validate absolute light yield and strip-by-strip equalization 3.

2. Michel electrons: The Michel electron energy spectrum and spatial distributions validate

the low-energy EM response and timing.

3. Stopping protons: Range—energy and dE/dx profiles for stopping protons validate quench-

ing and hadronic ionization modeling.
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4. Electromagnetic & hadronic showers: The response and resolution to electrons/pions are
cross-checked against the MINERVA test-beam program and in situ samples; calorimetric

constants and sampling fractions are tuned within uncertainties 3.

3.2.6 DETECTOR SYSTEMATIC VARIATIONS

To propagate detector modeling uncertainties into unfolded cross sections, we evaluate a set of alter-

native simulations (“universes”) varying:

* Optical model: global light yield, Birks constant £z, WLS attenuation lengths and mirror

reflectivity, and MAPMT gains and cross talk.

* Geometry/materials: strip dimensions, passive material densities, target thicknesses, and

small plane-to-plane alignment shifts within survey bounds.
* Electronics: thresholds, noise spectra, and zero-suppression parameters.
* Time dependence: alternative time-binning and drifts in gain/light yield.

Each universe is reconstructed identically to nominal MC and data, and its effect is carried through
background constraints, unfolding, and efficiency/acceptance corrections (cf. Ch. 4). The covari-
ance from these variations is combined with flux and interaction-model systematics to form the total

uncertainty budget.

In summary, the MINERVA detector simulation combines a detailed geometry and materials
description with a tuned optical/digitization model and time-dependent overlays. Validation against
control samples and test-beam benchmarks > underpins the reliability of detector corrections used

throughout this analysis.
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The secret of success in research is constancy to purpose.

Peter Kropotkin

Analysis

THE a1M oF THE MINERVA EXPERIMENT is to produce measurements that advance our under-
standing of interactions between neutrinos and nuclei. Much of this understanding comes from
comparisons with results of other experiments and/or predictions of available theoretical models.
Thus, it is vital to ensure that measurements are as free from detector or simulation artifacts as possi-

ble to facilitate these comparisons while preserving valuable information about the studied phenom-
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ena.
It is standard practice to report measurement results in the form of a differential cross-section as a
function of an observable kinematic variable:

o - Z] (sz ( ]\]j(neasured . ]vbackground)

— = / (4.1)
dX; e:(TD,)AX;

where ]\Z]‘»‘leasmd — N]b ackground represents the number of signal events in detector bin 7, after sub-
tracting the estimated background contribution. The unfolding matrix Uj; corrects for detector
smearing effects and maps the reconstructed distribution into the “true” distribution. The effi-
ciency factor €; accounts for detection efficiency and acceptance corrections, while 7"represents the
number of target nucleons in the fiducial volume of the detector. The flux ®; corresponds to the

incident neutrino flux, and AX; is the bin width of the chosen observable variable.

CROSS-SECTION MEASUREMENTS in neutrino experiments generally proceed through a sequence
of steps designed to extract the true underlying interaction rates while accounting for detector ef-
fects and systematic uncertainties. This analysis follows a well-established methodology consisting of

the following key stages:

1. Event Selection: The dataset is subjected to a set of selection criteria to isolate neutrino in-
teractions of interest while minimizing contamination from background processes. These
selection cuts are optimized to balance signal efficiency and purity, reduce systematic un-
certainties, and improve kinematic reconstruction accuracy. The selected events are then

organized into kinematic bins, forming the basis for further analysis.

2. Background Subtraction: After applying selection cuts, background events—interactions
that pass the selection criteria but are not true signal events—must be removed. This is ac-

complished using Monte Carlo (MC) simulations, which provide an estimate of the ex-
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pected background contribution. Since the accuracy of the MC-based background estima-
tion is limited by model uncertainties, additional constraints are applied using sideband sam-
ples. These sidebands are selected to be kinematically close to the signal region but enriched
in specific background processes, allowing us to derive data-driven corrections to the back-
ground prediction. In particular, sidebands are used to tune the normalization of different
background components before subtraction, reducing systematic biases and improving the

reliability of the extracted signal.

3. Unfolding: Due to limitations in detector resolution and event reconstruction, measured
kinematic variables may differ from their true values. This smearing effect is corrected us-
ing an unfolding procedure, which applies an unfolding matrix derived from simulation to

transform the reconstructed distribution into the true interaction distribution.

4. Efficiency and Acceptance Corrections: Not all neutrino interactions in the fiducial vol-
ume are detected due to geometric constraints and detector inefficiencies. The efficiency-
corrected cross-section is obtained by applying a correction factor, computed as the ratio
of selected signal events to the total simulated signal events, ensuring that the measurement

accurately represents the full set of interactions.

5. Normalization: The final step involves normalizing the cross-section by the total neutrino
flux and the number of target nucleons within the fiducial volume. Additionally, bin widths
are accounted for to produce a properly scaled differential cross-section measurement with

units of [em? /target nucleon] / [variable unit].

A dedicated software framework*® was developed by MINERVA collaboration to process the
data through each stage of this analysis. Its final output is a set of three single-differential cross-section

distributions as functions of key kinematic observables (listed in 4.1).
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Parallel to the data cross-section extraction, a Monte Carlo (MC) simulation is processed through
the same analysis pipeline. The MC simulation plays a dual role: first, it provides the necessary cor-
rections for background estimation, unfolding, efficiency, and acceptance adjustments; second, it
serves as a benchmark for data-Monte Carlo comparisons at each stage of the analysis.

The MC-generated distributions undergo the same selection cuts, binning, and cross-section
extraction as the experimental data, ensuring consistency in event processing. By applying identical
analysis procedures to both data and MC, we validate the impact of detector effects and modeling
assumptions. This approach ensures that the final extracted differential cross sections are directly
comparable to theoretical predictions and results from other experiments, providing a meaningful

context for interpretation.

4.1 SIGNAL DEFINITION

The signal definition serves two purposes: it specifies the underlying physics final state we intend
to measure (at truth level), and it limits the measurement to a region of phase space where the de-
tector and reconstruction perform reliably. The latter balances statistical reach against systematic
uncertainties from acceptance and reconstruction.
TRUTH-LEVEL SIGNAL (PHYSICS DEFINITION)
An event is part of the signal if, at generator truth level, it satisfies:

* charged-current muon-neutrino interaction: », + 4 — ¢~ + X (CC),

* exactly two final-state protons exiting the nucleus: 7, = 2,

* no final-state pions exiting the nucleus: 7, = 0.
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This definition is independent of detector response and reconstruction and is meant to be compara-

ble across experiments and generators.

PHASE-SPACE (ANALYSIS) CONSTRAINTS

To ensure robust reconstruction and well-controlled systematics, we further restrict the signal to the

following truth-level kinematic region:
* muon polar angle with respect to the beam: 9# < 20°,
* for each proton counted in the measurement: b, <70° or G, > 110°,

* proton energy threshold: £, > 1063.27 MeV, corresponding to a kinetic energy 7, >

125 MeV or momentum p, > 0.48 GeV /c.

These are the same phase-space limits used to define the fiducial “visible” region for the unfolding
and efficiency corrections. They ensure that the muon can be MINOS-matched and that selected

protons have sufficient range and light yield to be reconstructed with good efficiency.

IMPLEMENTATION NOTE (SELECTION VS. DEFINITION)

The truth-level items above define the signal. Practical event selection also applies detector/reconstruction
requirements (e.g., a negative, through-going muon and successful MINOS matching). These are
not part of the signal definition, but rather of the evenz selection used to isolate the signal sample
and to compute efficiencies. The analysis is performed on three-track events (z~ + 2p candidates)
passing the selection, and then corrected to the truth-level definition via background subtraction,
unfolding, and efficiency/acceptance corrections.

When more than two protons are reconstructed, the two most energetic ones are selected for

analysis. The more energetic of the two is designated as the leading proton, and the less energetic as
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the subleading proton.

MEASURED OBSERVABLES

We report single-differential cross sections for:
1. cos(0) — the lab-frame measured opening angle between the two protons,
2. Pleading — the momentum of the higher-momentum (leading) proton,
3. Psubleading — the momentum of the lower-momentum (subleading) proton.

The “leading” and “subleading” labels are assigned using reconstructed proton momenta, with mi-

grations corrected by the unfolding procedure (see 4.4).

4.2 EVENT SELECTION

At this stage of the analysis, a series of reconstructed-level cuts are applied to select events consis-
tent with the truth-level signal definition (Sec. 4.1). The selection procedure follows the structure
of the CCQENu analysis package, later integrated into the MINERvVA Analysis Toolkit (MAT),
which provides a validated framework for event filtering and quality control. Most of the algorithms
were originally developed by the MINERVA collaboration, while the elastically scattering contained
(ESC) proton selection was tuned specifically for this analysis.

Two optimized selections were implemented: one used for the measurement of the proton—
proton opening angle cos(6,), and another for the proton momentum spectra. The latter applies

additional cuts to ensure the accurate reconstruction of proton momenta.

SUMMARY OF CUTS

The following list describes each selection requirement in the order it is applied:
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AnaTool (preselection). A general event-quality requirement ensuring that each event is
successfully reconstructed within the standard analysis framework and passes all basic detec-

tor integrity and timing checks.

Muon angular cut. Require the reconstructed muon polar angle relative to the beam to
satisfy 4, < 20°. This ensures that the muon exits toward the downstream MINOS Near

Detector, enabling reliable charge-sign and momentum reconstruction.

MINOS match. The reconstructed MINERVA muon candidate must be geometrically
and temporally matched to a corresponding track in MINOS, providing an independent
measurement of the muon’s momentum and charge. This suppresses misreconstructed or

misidentified muons.

Deadtime removal. Events recorded during brief periods when the detector was not fully
responsive (e.g., during electronics readout or synchronization gaps in the data acquisition

system) are removed. This ensures consistent detector performance over the entire dataset.

Muon charge sign. Only events with a reconstructed negatively charged muon (¢ ™) are
retained, isolating Yy charged-current interactions and removing the small antineutrino com-

ponent.

Two reconstructed proton candidates. Events must contain at least two reconstructed pro-
ton tracks emerging from the interaction vertex, each with valid fits and particle-identification
(PID) information. When more than two proton-like tracks are reconstructed, the two with
the highest reconstructed kinetic energies are selected for analysis and referred to as the lead-
ing and subleading protons. This convention, following earlier MINERvA CCQE-like anal-
yses >4, preserves efficiency against reconstruction-induced extra tracks while maintaining

consistency with the truth-level definition of the exclusive x~ + 2p topology.
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* Single-proton PID threshold (CCQENuSingleProton). The leading proton candidate
must have a PID (proton score, defined in Sec. 3.1.7 and originally introduced in ) above a
Qz—dependent threshold, typically between o.1 and 0.2 in the medium-energy configuration.

This ensures that the leading proton is well identified and reduces pion contamination.

* Extra-proton veto (CCQENuExtraProtons). Any additional reconstructed proton-like
tracks must have sufficiently high proton scores. Tracks failing these criteria are treated as
mesonic or spurious and cause the event to be rejected, removing inelastic events with extra

nucleons or piOIlS.

* Extra-track veto (CCQENuExtraTracksProtons). Events containing extra nonproton

tracks (PID score < 0.25) are removed, further isolating the exclusive = 4+ 2p final state.

* Recoil-energy cut (SignalF). The total visible energy outside reconstructed tracks and the

vertex region,

Erecoil = Enonvtx_iso_blobs + Edis_id7

must satisfy Eecot < 500 MeV for single-track and < 550 MeV for multitrack events. This

suppresses events with excess neutral energy from photons, neutrons, or pion decays.
* Track—vertex distance cut. The reconstructed starting point of the proton track must lie
within 150 mm of the reconstructed interaction vertex:
Arye < 150 mm.
This ensures a consistent vertex topology and rejects tracks produced by secondary interac-
tions.
* Log-likelihood PID (LLR) cut. Both reconstructed protons must have positive log-likelihood
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ratios, LLRP /z > 0,as computed using the spline-based likelihood PID tool. This strongly

reduces pion contamination and ensures both tracks are proton-like.

Elastically Scattering Contained (ESC) selection. Proton tracks are required to exhibit
an energy-deposition pattern consistent with purely elastic scattering—characterized by
asmooth rise in dE/dx toward a Bragg peak at the stopping point and the absence of sec-
ondary interactions along the track. Node-normalized energy variables were examined se-
quentially, beginning with (Ey + Ej), which is sensitive to proper reconstruction of the
track start. Subsequent thresholds were tested on later nodes (£, E3, Ej, Es) to identify
well-contained, smoothly stopping protons. At each step, the cuts were tuned to balance
sample purity and statistical retention, ensuring that the selected events exhibit both con-
sistent energy deposition and reliable momentum reconstruction. The resulting composite

ESC criteria are:

(EO + El)[mdz'ng > 12, Ezlmdz’ng > 6a (EO + El)mblmdz‘ng > 6,

for the leading and subleading protons, respectively. These selections preferentially retain
contained, elastically scattered protons and significantly improve the momentum-by-range

resolution.

Figure 4.1 shows the dependence of fractional momentum bias on node energy for both

leading and subleading protons, illustrating used distributions and results of the ESC tuning.
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Figure 4.1: Effect of the ESC selection on proton momentum reconstruction, shown for the full exposure (Full POT).
Each 2D histogram displays the distribution of (preco /ptme — 1) versus node energy deposition (Ey + F, E,, Es,

E4, Es). The top row corresponds to leading protons and the bottom row to subleading protons. The ESC thresholds
((E0 + El);md,-ng > 12, E2juding > 6, (E0 + El)mblmdz‘ng > 6) were chosen to maximize momentum accuracy
while maintaining acceptable signal efficiency.
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* Michel electron veto. Events containing delayed clusters consistent with Michel electrons

(from 75 — p* — ¢F decays) are rejected.

* Isolated-blob veto (NBlobs). The number of nonvertex isolated clusters downstream of the
vertex must be < 1. Events with two or more such clusters are removed, as these typically

indicate neutral-particle activity inconsistent with the no-pion signal definition.

4.2.1 RESULTS OF EVENT SELECTION

Table 4.1 summarizes the number of data and Monte Carlo events passing each cut at the full ex-
posure of all playlists combined (“Full POT”), along with a detailed breakdown of efficiencies and
purities for one representative playlist (minervamer M), which accounts for approximately 17% of

the total simulated exposure.

Table 4.1: Event yields at each selection stage for the full dataset (Full POT) and for the representative minervame1M
playlist (about 17% of total MC).

DataPOT: 1.0613617e+21 MCPOT: 4.9873209e+21
Cut name Full POT 1M playlist (MC)

Dataevents MC events | MC events %Eff Rel.%Eff Rel.%All
AnaTool (preselection) | 4.671e6 1.844¢7 3.310e6 97.89 97.89 97.67
Muon @ < 20° 4.575e6 1.805e7 3.241e6 97.81 99.92 97.92
Has MINOS match 4.511e6 1.767¢7 3.155¢6 95.91 98.06 97.34
Deadtime 4.398¢6 1.733¢7 3.082¢6 93.72 97.71 97.69
Muon charge sign 4.135e6 1.625¢7 2.891e6 91.24 97.36 93.81
Two reco protons 5.078e5 2.057e6 3.622e5 13.87 15.20 12.53
Single-proton PID 3.787e5 1.526¢6 2.691e5 12.35 89.06 74.30
Extra-proton veto 3.146e5 1.271e6 2.243e5 11.28 91.32 83.36
Extra-track veto 2.739%5 1.092¢6 1.925¢5 11.20 99.25 85.84
Recoil-energy (SignalF) | 1.175e5 4.732e5 8.247e4 10.51 93.86 42.82
Vertex distance 1.031e5 4.124€5 7.173e4 10.01 95.22 86.98
LLR PID 2.534¢4 1.157e5 1.989¢4 7.69 76.82 27.73
ESC selection 1.848e4 8.811e4 1.509%4 6.92 90.05 75.86
Michel veto 1.345¢4 6.845¢4 1.164¢e4 6.40  92.45 77.15
Isolated-blob veto 9.063e3 4.982¢4 8.488e3 6.09 95.11 72.91
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The combined selection across all playlists yields approximately 4.7 million data events and 18.4
million simulated events after the initial preselection. Following all selection requirements, the final
¢~ + 2p no-pion sample with ESC cuts consists of 9063 data events and about 49820 Monte Carlo
events with purity of about 50% and an overall efficiency of roughly 6-7%.

Figures 4.2 and 4.3 show data—-MC comparisons for cos(ﬁpp) and pieading, respectively, after ap-

plying their respective event selections.
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Figure 4.2: Distribution of COS(@PP), separated into true signal and three background categories based on GENIE final-
state data. Note that an additional “Other” component initially appeared in the simulation but was found to be numer-
ically small. Upon inspection of the associated events, all were reclassified into one of the existing categories listed
above. Consequently, the “Other” component was eliminated from the final analysis without loss of completeness.
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Figure 4.3: Distribution of pieading, separated into true signal and three background categories based on GENIE final-
state data. Note that an additional “Other” component initially appeared in the simulation but was found to be numer-
ically small. Upon inspection of the associated events, all were reclassified into one of the existing categories listed
above. Consequently, the “Other” component was eliminated from the final analysis without loss of completeness.

4.3 BACKGROUND SUBTRACTION

Even after applying the series of cuts described in previous sections, Monte Carlo (MC) simulations
predict that a significant number of background events remain in the selected signal sample. The
overall sample purity after the final selection is around 34% for ESC (4.1), and even less for event se-
lection with no ESC cuts, indicating that background subtraction is an essential step of the analysis.
Figure 4.2 illustrates the predicted distribution of cos(6},), separated into true signal and three
background categories based on GENIE final-state data.
Before introducing the tuning procedure, it is important to discuss how background events can

pass the selection and appear signal-like at the reconstructed level. In particular:

* Charged-pion events may pass if the pion is absorbed in the detector material, misidentified
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as a proton, or if its decay electron (Michel) is not reconstructed.

* Events with neutral pions may pass if the photons convert early and the resulting electromag-

netic showers are misidentified as blobs associated with protons.

* Multi-pion events can leak into the sample through combinations of pion absorption,

misidentification, and incomplete reconstruction.

4.3.1 BACKGROUND CLASSIFICATION AND TUNING STRATEGY

The MC sample is categorized into four distinct truth-level components based on GENIE final-state

interactions (FSI):

* Signal: true final state containing 2 protons and 0 pions.
* Charged—pion background: true final state containing exactly 1 7.
* Neutral-pion background: true final state containing exactly 1 z°.

* Multi—pion background: true final state containing more than 1 z-meson of any charge.

An additional “Other” component initially appeared in the simulation but was found to be nu-
merically small. Upon inspection of the associated events, all were reclassified into one of the exist-
ing categories listed above. Consequently, the “Other” component was eliminated from the final
analysis without loss of completeness.

Each background component can contribute differently depending on the presence of Michel
electrons or reconstructed blobs, which in turn reflect different underlying pion topologies. Ac-

cordingly, we introduced three sideband samples, each designed to constrain specific background

tprS:
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1. Michel Sideband: Events that pass all selection criteria except for the Michel electron veto.

This sideband is enriched in events containing charged pions that decay to Michel electrons.

2. Blob Sideband: Events that fail the requirement on the number of reconstructed blobs,

enhancing neutral-pion contamination.

3. Michel-Blob Sideband: Events that fail both the Michel and blob requirements, thus sam-

pling a mix of charged- and neutral-pion backgrounds.

These sidebands, each dominated by different background compositions, provide complemen-

tary constraints for the tuning procedure (Figure 4.4).
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Figure 4.4: Distributions of COS(@PP) in three chosen sidebands, illustrating that they are background-dominated with
minimal true signal contamination.
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4.3.2 ITERATIVE FIT PROCEDURE

To determine optimal scale factors, we employ an iterative fit inspired by Singular Value Decompo-
sition (SVD) unfolding. The fit simultaneously adjusts normalization factors for all four truth-level
components—signal and three background types—across the signal region and the three sidebands

by minimizing a combined ;{2 function:

; (4-2)

where Nyc,; and Ny, ; represent the Monte Carlo and data counts in bin 7, respectively, and &
denotes the corresponding statistical uncertainties.

Unlike a simple three-component background fit, we include an additional scale factor for the
signal normalization. This accounts for small mismatches in the overall normalization between data
and simulation due to beam flux and efficiency uncertainties. The four scale parameters (signal, 7+,

7°, and multi-pion) are updated iteratively until the global * reaches a stable minimum. Negative

scaling factors are truncated to avoid unphysical solutions.
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Figure 4.5: Scaling parameters (CV) for the four truth-level components across COS(@PP) bins.

4.3.3 APPLICATION OF BACKGROUND SCALING FACTORS

Once determined, the fitted scale factors are applied to the corresponding MC components. The
tuned background prediction is then subtracted from the measured data in each bin, producing a
background-subtracted signal distribution.

The post-fit agreement in cos (6, ) is shown in Figure 4.6. Agreement is nearly perfect in well-
populated bins, with residual differences limited to the negative cos(8y,) region, where statistics are

low.

4.3.4 EXTENSION TO PROTON MOMENTUM VARIABLES

Given the robustness of the tuning in cos (&), the same scale factors were initially applied to the

proton momentum distributions (pieading a0d Psubleading)- While this yielded reasonable agreement,
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small systematic trends remained—most notably a linear discrepancy in the leading-proton momen-

tum. This feature is evident in Figure 4.7 (see central region between [placeholder: 0.6-0.9 GeV/c]).
To mitigate this effect, we introduced a small linear correction to the most populated bins of

the leading-proton distribution, re-ran the fit, and propagated the updated scale factors to the

subleading-proton sample (Figure 4.8). The results demonstrate improved data/MC consistency

across both variables.
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observables.

4.3.5 RESULTS OF BACKGROUND SUBTRACTION

The primary goal of the sideband fit is to ensure an accurate description of the background model
rather than to improve data—-MC agreement in the signal region itself. Improved agreement across
the tuned variables is, however, a natural byproduct of a more reliable background constraint.

Figures 4.6—4.8 show the tuned results for angular and momentum variables. After applying the
final scale factors, the scaled background is subtracted from the signal region, yielding the background-

subtracted distributions shown in Figure 4.9.
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tuning.

4.4 UNFOLDING

In particle physics experiments, reconstructed event distributions differ from their true distributions
due to detector resolution and occasional reconstruction failures. These distortions cause events to
migrate between bins, an effect commonly referred to as smearing. To recover the true kinematic
distributions from the smeared measurements, an unfolding procedure is applied. This correction is
essential for meaningful comparisons with theoretical predictions and other experimental results.
Before applying unfolding, background contributions are subtracted from the reconstructed
data. The background-subtracted histograms for each of the three kinematic variables serve as the

input to the unfolding process (see Section 4.3.5).

4.4.1 ITERATIVE BAYESIAN UNFOLDING

To correct for detector resolution eftects, we apply zterative Bayesian unfolding, a technique widely
used in particle physics to recover true distributions from smeared reconstructed data. This method,
introduced by D’Agostini 26 uses Bayes’ theorem to iteratively adjust an initial estimate of the true
distribution based on the measured data and the detector response.

The unfolding procedure relies on the migration matrix, which encodes the probability that an
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event generated in a given true bin is reconstructed in a particular observed bin. Figures 4.10—4.12
show the migration matrices for cos(8y,), leading proton momentum, and subleading proton mo-
mentum. These matrices represent two-dimensional MC event distributions, illustrating how true
events (vertical axis) are reconstructed into measured bins (horizontal axis). Most events lie along
the diagonal, with modest oft-diagonal migration, indicating that detector resolution is sufficient for

these observables and that smearing is moderate.
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Figure 4.10: Detector response migration matrix for cos(ﬁpp) (reconstructed vs. true values). Each element shows
the number of events reconstructed in a given observed bin (horizontal) for a true bin (vertical). Off-diagonal elements
indicate migration due to finite detector resolution.
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Figure 4.11: Detector response migration matrix for leading proton momentum (reconstructed vs. true values). Most
events cluster along the diagonal, demonstrating good reconstruction fidelity.
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Figure 4.12: Detector response migration matrix for subleading proton momentum (reconstructed vs. true values). Small
off-diagonal elements indicate limited smearing.

The algorithm starts with a prior estimate of the true distribution (from MC simulation) and
iteratively refines it based on the observed data.

At each iteration:
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* The current estimate of the true distribution is folded through the migration matrix to pre-

dict the reconstructed distribution.

* The prediction is compared to the observed data, and the discrepancy is used to #pdate the

true distribution estimate.
* This process is repeated until changes in the distribution become small, ensuring stability.

The number of iterations must be chosen carefully: too few iterations leave a possibility of de-
tector effects uncorrected, while too many amplify statistical fluctuations. The optimal number of
iterations is determined separately for each analysis variable by monitoring the y* evolution across
100 statistical throws. These statistical throws, also referred to as Poisson throws, are generated by
fluctuating the content of each bin in the reconstructed distribution according to Poisson statistics.
This simulates the effect of statistical uncertainties that arise from the finite event sample size. By
repeating the unfolding process on multiple such fluctuated datasets, we can assess how sensitive the
unfolded result is to statistical noise.

For each iteration step, we compute the ;(2 between the reconstructed data and the re-folded

unfolded prediction:
Ndata o Mefolded)Z

p=y B

where o; combines statistical uncertainties from both distributions. This ;(2 should approach the

number of degrees of freedom when the unfolding has converged. A plateau near y*/d.o.f. ~ 1in-
dicates an optimal number of iterations; beyond that point, additional iterations increase statistical

variance without improving accuracy.
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4.4.2  APPLICATION TO 2-PROTON ANALYSIS

We use the Trans WarpExtraction™" tool (MINERVA internal software) to perform iterative Bayesian
unfolding for each of the three kinematic variables. This framework allows unfolding to be tested
under systematic variations (“warps”) to evaluate robustness and model dependence.

Unfolding is inherently model dependent because the migration matrix and the prior distribu-
tion are derived from simulation. It is therefore important to confirm that the algorithm remains
valid under plausible variations in the interaction model. To probe this, we tested the unfolding
across multiple GENIE systematic universes and additional strong linear warps that exaggerate
data—MC discrepancies observed in Section 4.2.1.

The GENIE systematic universes considered in this study are:

* GENIE_MaRES_o and GENIE_MaRES_1: These systematics explore variations in the
axial mass parameter for resonant pion production. This parameter is crucial in modeling the

interaction dynamics where a pion is produced via resonance.

* GENIE_MFP_pi_o and GENIE_MFP_pi_1: These universes investigate the mean free
path of pions within the nuclear medium. Understanding the pion interaction length is

essential for accurate modeling of pion absorption and scattering processes.

* GENIE_Theta_Delta2Npi_o and GENIE_Theta_DeltazNpi_1: These variations assess
the uncertainties in the angular distribution of pions from Delta baryon decays. Accurate

angular distributions are critical for reconstructing event kinematics.

* Low_Recoil_2p2h_Tune_o, Low_Recoil_2p2h_Tune_1, and Low_Recoil_2p2h_Tune_2:
These tunes are designed to improve the modeling of low-recoil events, particularly the 2p2h
process. The 2p2h interaction is a complex multi-nucleon process that can significantly af-

fect the observed event rates and kinematics.
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To validate the unfolding, for each variable we monitored the /1/2 evolution as a function of itera-
tion count. We generated statistical throws (pseudo-experiments) to check convergence and assessed
when the y* stabilizes and becomes comparable to the number of degrees of freedom (d.o.f.), which

is the number of unfolded bins.

Universe: Low_Recoil_2p2h_Tune_2

E\ . Mean Chi2» 45
L T e
—-— o L e 2x Number of Bins 35
>< w3 jterations 30
30 25
20
20 15
o 10

5

0

5 1 15 20 25 30
(Unfolded Data:True Data) # of Tterations

Figure 4.13: Example of chi-square evolution from 1 to 30 iterations with statistical throws for leading proton momen-
tum. The rapid initial drop followed by stabilization indicates that convergence is achieved after approximately three
iterations.

As seen in Figure 4.13, where the GENIE systematic universe Low_Recoil_2pzh_Tune_z was
used to produce a warped distribution of the leading proton momentum, ;{2 settled around the
number of degrees of freedom after just three iterations. Similar behavior was observed for other
GENIE systematic universes and variables, with Low_Recoil_2p2h_Tune 2 being one of the strongest
warps.

However, since warps based on GENIE systematics alone were not strong enough, as compared
to observed significant data-MC discrepancy (4.2.1), we introduced additional strong linear warps
to ensure the unfolding method was robust against larger variations. The warping functions applied

Wwere:
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* For cos(6,,): The reconstructed distribution was modified by multiplying by a factor of
(14 oS Gpp truc)-

* For leading and subleading proton momenta: The momentum distributions were warped by

Prrue—650 MeVie
a factor of (1 + 7300 Mevie

Even under these strong warps, the unfolding procedure successfully brought the ;(2 within the
desired range after three iterations for all three variables. This confirms that the chosen unfolding
approach is stable and capable of correcting even large distortions in the reconstructed distributions.

Plots illustrating the y* evolution under these linear warps can be seen in Figures 4.14, 4.15, and

4.16.
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Figure 4.14: ;(Z evolution as a function of unfolding iteration count for Cos(é’pp) after applying a strong linear warp of
1 + cos ,,,. across 100 statistical throws.
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Figure 4.15: ;(Z evolution as a function of unfolding iteration count for leading proton momentum after applying a

H Pleading, true —650 MeV/c
strong linear warp of 1 + v
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Figure 4.16: ;(2 evolution as a function of unfolding iteration count for subleading proton momentum after applying a

strong linear warp of 1 4+ e
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4.4.3 UNFOLDED RESULTS

Based on results of the warping studies above, we chose three iterations as the optimal stopping
point for all kinematic variables.

Obtained unfolded distributions provide a measurement of the true kinematic spectra corrected
for detector resolution effects. As shown in Figures 4.17-4.19, the total uncertainties remain well-
controlled across the kinematic range, with statistical contributions dominating over systematic
uncertainties in most bins. The impact of different systematic sources varies between observables,

but all are within reasonable limits for well-populated bins of respective distributions.
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Figure 4.17: (A) Unfolded background-subtracted data distribution of Cos(ﬁpp). Error bars represent the total uncer-
tainty, including statistical and systematic contributions. (B) Fractional uncertainty breakdown for distribution on the
left, showing total uncertainty, as well as contributions from statistical uncertainties, and most significant individual
systematic sources.
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Figure 4.18: (A) Unfolded background-subtracted data distribution of leading proton momentum. Error bars represent
the total uncertainty, including statistical and systematic contributions. (B) Fractional uncertainty breakdown for the
distribution on the left, showing total uncertainty, as well as contributions from statistical uncertainties and the most

significant individual systematic sources.
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Figure 4.19: (A) Unfolded background-subtracted data distribution of subleading proton momentum. Error bars rep-
resent the total uncertainty, including statistical and systematic contributions. (B) Fractional uncertainty breakdown
for the distribution on the left, showing total uncertainty, as well as contributions from statistical uncertainties and the
most significant individual systematic sources.

To further validate the results, a closure test was performed by refolding the unfolded distribu-

tions through the detector response. The agreement between the refolded distributions and the
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background-subtracted reconstructed data confirms the stability of the unfolding procedure and its
reliability in recovering the true distributions.

The final unfolded histograms serve as the input cross-section extraction, where flux normaliza-
tion and efficiency corrections will be applied. The consistency across all three variables and the sta-
bility of uncertainties indicate that the chosen unfolding procedure effectively accounts for detector

smearing while preserving the underlying physics distributions.

4.5 CROSS SECTION EXTRACTION

The final step of the analysis is to extract differential cross-sections by applying efficiency corrections
and normalizing to the number of target nucleons and the incident neutrino flux.

The efficiency correction ensures that the measured event rate is properly adjusted for detector
acceptance effects. The corrected event distributions are then used to compute the difterential cross-

sections for the three chosen kinematic variables.

4.5.1  EFFICIENCY CORRECTIONS

The efficiency correction ensures that the unfolded signal distributions are properly normalized
for detector acceptance and reconstruction effects. The efficiency in each bin 7 is defined using the
Monte Carlo signal sample as:

]\[reco, signal,7

g = o vgna (4.3)
' ]\]true, signal,7 ’

where:

* Nieco, signal, is the number of reconstructed signal events in bin 7

* Nirue, signal,; is the number of true signal events in bin 7.
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These efficiencies, shown in Figures 4.20-4.22, are later applied to the unfolded data distributions
(Figures 4.23-4.25).

Cosine of the Angle Between Protons, cos(6y)

The efficiency for cos(6),) is relatively flat across most of the angular range, remaining around
6-7% for cos(8yy) < 0and gradually increasing to about 8-9% for cos(6,,) > 0 (Figure 4.20). The
first and last bins have noticeably lower efficiency, reflecting reduced acceptance for highly back-
to-back (cos §,, ~ —1) and strongly forward (cos §,, ~ +1) configurations. In these extreme
regions, one or both protons are more likely to exit the detector volume or produce tracks that fail

containment and reconstruction-quality criteria, leading to lower selection efficiency.
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Figure 4.20: (A) Efficiency as a function of COS(@,I,). (B) Fractional uncertainties for the efficiency.

Leading Proton Momentum, Pleading

The efficiency for leading proton momentum increases rapidly from o.5 GeV/c until it peaks
around 0.8-0.9 GeV/c, then decreases at higher momenta (Figure 4.21). The rise at low momen-
tum corresponds to the transition from short, poorly reconstructed tracks to fully contained, well-
measured protons. Efficiency peaks near 0.8—0.9 GeV/c, where protons typically stop within the

tracker and exhibit clear Bragg-like energy-deposition patterns. At higher momenta, efficiency de-

8o



creases because such protons are less likely to stop elastically: their dE/dx profiles no longer show
the characteristic rise toward a Bragg peak, causing them to fail the ESC (Elastically Scattering Con-

tained) selection (see 4.2).
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Figure 4.21: (A) Efficiency as a function of leading proton momentum. (B) Fractional uncertainties for the efficiency.

Subleading Proton Momentum, psybleading

The subleading-proton efficiency follows a similar trend but decreases more steeply beyond its
peak near 0.8 GeV/c (Figure 4.22). This stronger falloft occurs because events with a high-momentum
subleading proton typically have an even more energetic leading proton, making both less likely to

satisfy the ESC containment requirement.
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Figure 4.22: (A) Efficiency as a function of subleading proton momentum. (B) Fractional uncertainties for the efficiency.

4.5.2 ErF1CIENCY-CORRECTED DISTRIBUTIONS

After applying efficiency corrections, we obtain the efficiency-corrected distributions, which serve as
inputs to the final cross-section calculation.

Cosine of the Angle Between Protons, cos(6y)

The efficiency-corrected distribution has a U-shape, rising towards cos(6,,) ~ —1and +1, with

the lowest values near cos(6,,) =~ 0 (Figure 4.23).
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Figure 4.23: (A) Efficiency-corrected distribution of Cos(ﬁpp). (B) Fractional uncertainties for the efficiency-corrected
distribution.

Leading Proton Momentum, pjeading
The efficiency-corrected distribution of pieading shows a sharp decline for larger momenta, rapidly

approaching the horizontal axis (Figure 4.24).
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Figure 4.24: (A) Efficiency-corrected distribution of leading proton momentum. The shape decreases sharply beyond 0.5
GeV/c. (B) Fractional uncertainties for the efficinecy-corrected distribution.

Subleading Proton Momentum, psybleading

83



The subleading proton momentum distribution follows a trend similar to the leading proton

momentum but has a steeper decline after the first populated bin (Figure 4.25).
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Figure 4.25: (A) Efficiency-corrected distribution of subleading proton momentum. (B) Fractional uncertainties for the
efficiency-corrected distribution.

4.5.3 FINAL DIFFERENTIAL CROSS-SECTIONS

The final cross-section is obtained by normalizing the efficiency-corrected event rate to the flux and

number of target nucleons.

do Neorrected
X OTAY (4.4)
where: Norrected is the efficiency-corrected distribution, @ is the total integrated neutrino flux, 7"
is the number of target nucleons in the fiducial volume, AXis the bin width.
Although the two-proton topology originates from nuclear (multi-nucleon) processes, normal-
ization per target nucleon is used following MINERVA convention to facilitate comparison with

other measurements.

The resulting differential cross sections are shown in Figures 4.26-4.28. Negative values at the
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plot edges arise only from error bars in bins with small event counts; a dotted horizontal line at zero

is drawn for reference where applicable.
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Figure 4.26: (A) Differential cross-section for COS(&H,). (B) Fractional uncertainty contributions. Statistical uncertainties
dominate, while systematics from cross-section models and detector effects are largest.
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Figure 4.27: (A) Differential cross-section for leading proton momentum. (B) Fractional uncertainty contributions. Sta-
tistical uncertainties dominate in well-populated bins, while systematics from cross-section models and detector effects
are largest.
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Figure 4.28: (A) Differential cross-section for subleading proton momentum. (B) Fractional uncertainty contributions.

Statistical uncertainties dominate in well-populated bins, while systematics from cross-section models and detector

effects are largest.
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Science is the poetry of reality.

Vladimir Vernadsky

Conclusions

This thesis has presented a measurement of muon-neutrino charged—current (», CC) interactions
producing two protons and no pions in the final state, using the MINERVA detector exposed to
the NuMI beam at Fermilab. These rare, exclusive topologies provide a sensitive probe of nuclear
effects in neutrino interactions—specifically the interplay between quasielastic (QE) dynamics,
multinucleon correlations (2pzh), and final-state interactions (FSI). They also test the predictive

power of neutrino event generators, which play a central role in oscillation analyses for current and
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tuture long-baseline experiments.

5.1 SUMMARY OF RESULTS

The analysis reported single-differential cross sections as functions of three key kinematic variables:
1. the cosine of the opening angle between the two protons, cos(6,,),
2. the momentum of the leading proton,
3. the momentum of the subleading proton.

These results were obtained after careful event selection, background tuning with sideband sam-
ples, iterative Bayesian unfolding, and efficiency corrections. The extracted cross sections represent
the first MINERVA measurement of two-proton final states in », CC interactions. Comparisons to

simulation use GENIE v2.12 with the MINERVA Tune v2 as the baseline model.
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Figure 5.1: Comparison between the measured and simulated differential cross sections for the three analyzed observ-
ables. Left: Cos(ﬁﬁ,) distribution. Middle: Leading-proton momentum distribution. Right: Subleading-proton momen-
tum distribution. The simulated prediction is shown decomposed by interaction type—quasielastic (QE), multinucleon
(MEC/2p2h), resonance (RES), and deep-inelastic scattering (DIS).

SHAPE OF ANGULAR DISTRIBUTION

The measured cos(6,,) distribution does not exhibit the pronounced U-shape seen in the simula-

tion (Fig. 5.1). In GENIE the true cross section peaks near both back-to-back (cos 8y, ~ —1) and
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collinear (cos ¢y, ~ +1) configurations, reflecting multinucleon and FSI dynamics. In contrast,

the data show a smoother pattern: near cos 8y, ~ 0 measurement and simulation agree closely,
while for cos ﬁpp > 0 the data fluctuate about the model without a clear trend. For cos ﬁpp < 0, the
measured cross section consistently trails below the prediction, becoming significantly smaller near
cos 5PP ~ —1. This suggests that GENIE may overpredict strongly back-to-back configurations,
possibly due to excessive pion-absorption strength or insufficient proton attenuation in the nucleus.
Smooth sideband shapes (Fig. 4.4) argue against a detector- or background-model artifact. Truth-
level study (Fig. 5.2), as well as the behavior of components to GENIE prediction (Fig. 5.1) show

how different interaction modes populate angular regions and motivate targeted generator tests.

All events 239,082 71914 422,993 791120 1,599,875
+0-m 226,058 70,783 71,032 36,165 404,038

+u-cuts 214,201 67,617 66,991 32,168 392,977
+MultiP 54,207 56,819 54,159 16,321 181,506
+p-cuts 2,148 6,769 15,621 4,863 29,401

Figure 5.2: Table with counts of events passing cuts from one of the early truth studies. From MINERVA doc-26674.

PROTON-MOMENTUM SPECTRA AND MOMENTUM SHARING

Both leading- and subleading-proton cross sections fall more steeply with momentum in data than
in GENIE (Fig. 5.1), i.e., the data prefer a softer proton spectrum. Three (non-exclusive) mecha-

nisms can drive this:

* 2p2h momentum sharing: If the model assigns too large a share of the available energy afrer
nuclear removal energy to one nucleon, or generically produces harder nucleon spectra, it will

overpopulate the high-p tails.
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* FSI energy loss: An intranuclear cascade that is too transparent (insufficient energy loss and

rescattering) also yields protons that are too hard.

* Pion-absorption mix: The relative rate/kinematics of z production followed by intranu-
clear absorption influences both cos §,, and proton p; mismodeling this balance can harden

the spectra.

* Removal (separation) and missing excitation energy: If the energy required to liberate
nucleons and excite the residual nucleus is underestimated, too much kinetic energy is left

for the outgoing protons (hardening the spectra); overestimation would soften them.

What we can conclude is that the hadronic system in data emerges with less proton kinetic en-
ergy than GENIE predicts. What we cannot yet isolate is which of the above mechanisms dominates:
our current observables are hadron-only, so even if the magnitude of the three-momentum trans-

fer |g| (constrained by the muon) is modeled reasonably on average, the partition of hadronic en-
ergy among protons, neutrons, nuclear removal/excitation, and unobserved channels can still differ
and produce the observed softening. The 2D hadron-lepton observables proposed in Sec. 5.5 (e.g.

d*o/d(cos 6,,) dp';) are designed to break this degeneracy.

BACkGROUND MODELING

The sideband-based background tuning procedure successfully constrained charged- and neutral-
pion contamination (Fig. 4.6).
This tuning reduced the dependence on GENIE’s underlying pion-production model and im-

proved confidence in the extracted signal distributions.
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5.2 2P2H AND PION-ABSORPTION CONTRIBUTIONS

A principal goal was to understand the balance of mechanisms that yield two-proton, no-pion final
states: (1) genuine two-particle—two-hole (2p2h/MEC) interactions driven by two-body nuclear

currents, and (2) pion production followed by intranuclear 7 absorption (an FSI process).

Two-ParTiCLE-Two-HOLE PROCESSES

2p2h interactions arise from two-body nuclear currents, including short-range correlations and
meson-exchange currents. Figure 5.3 schematically illustrates the kinematics in the hadronic rest

frame.

-
Pi1 l

Figure 5.3: Two-particle two-hole interaction in the hadronic rest frame. The initial state is shown on the left, the final
state on the right. The momentum transfer is indicated in yellow, protons in red, and neutrons in green. The angle 9;]]
represents the separation between the two final-state protons in this frame.

In this frame, scattering from a correlated neutron—proton pair produces nearly back-to-back
protons; in the laboratory frame, boosts and rescattering modify this angle. Most generators, includ-

ing GENIE, employ the simplest possible approach and generate an isotropic distribution in this
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frame .

One expectation from nuclear theory is that scattering predominantly occurs from deuteron-like
neutron—proton (7p) pairs inside the nucleus, which possess large relative momentum but small
total momentum °. Electron-scattering measurements confirm that two-nucleon knockout is dom-
inated by such zp short-range—correlated (SRC) pairs, with only about 6% arising from proton-
proton pairs*7. Because neutrinos interact primarily with neutrons, only those 2p2h interactions
that strike the neutron in an zp pair lead to two outgoing protons—one produced at the neutrino—
neutron vertex and the other ejected as its correlated partner.

Theoretical cross sections are calculated from contractions of lepton and hadron tensors®7, using
tabulated hadron tensors derived from effective nuclear models. While this formalism facilitates
implementation and reweighting, it limits the ability to propagate theory uncertainties and requires

an independent prescription for the outgoing-nucleon kinematics.

P1oN ABSORPTION AND FINAL-STATE INTERACTIONS

Pion absorption following an inelastic 1p1h interaction (Fig. 5.4) can mimic a two-proton topology.
These events originate from resonant pion production with subsequent 7 absorption inside the

nucleus.
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Figure 5.4: Pion absorption in the hadronic rest frame. Initial state is on the left, final state on the right. The momentum
transfer is shown in yellow, protons are red, and neutrons are green. The angle (9;}, is the angle between the two final
state protons in the hadronic rest frame. This schematic omits the intermediate pion and depicts only the final state
after intranuclear absorption.

In GENIE, such processes are handled through the intranuclear cascade model. Our sideband
constraints show that this background remains non-negligible but is well controlled after tuning.

Our comparison suggests that the generator’s composition and/or kinematics of these channels
are not yet optimal: data disfavor the most strongly back-to-back topologies, and both proton spec-

tra are softer than predicted.

5.3 UNCERTAINTIES AND THEIR BEHAVIOR

We report both statistical and systematic uncertainties, including flux, cross-section model, intranu-
clear FSI, and detector/GEANT components. A notable feature is the jitter seen in some bins of the

fractional uncertainty (Fig. 4.26). This has a straightforward origin:

* In bins where the signal yield is small and the background is sizeable, the tuned back-

ground subtraction is large, so the denominator of the fractional uncertainty (the unfolded,
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efficiency-corrected signal) is small.

* At the same time, background uncertainties (and their correlations), migration effects

near thresholds, and efficiency variations are comparatively large.

The combination of a large subtraction and a small denominator produces elevated fractional un-
certainties and bin-to-bin structure. This is expected behavior and aligns with where selection effi-

ciency falls, migrations are strongest, and sideband constraints carry the most weight

5.4 COMPARISON TO OTHER MEASUREMENTS

ArgoNeuT first identified “hammer-like” two-proton events in LAr, and MicroBooNE? measured
a broader 2p2h-enhanced sample with significant model spread. Relative to those LArTPC results,
this measurement provides the first cross sections on a hydrocarbon target at higher average energy.

An important kinematic mapping between experiments is the boost of the momentum-transfer
system. MINERvVA’s higher typical neutrino energies and Q* push the hadronic system more for-
ward than in MicroBooNE’s BNB conditions, which can naturally modify the observed cos 5],},
shape. Thus, part of the MINERvA-MicroBooNE difference may be attributable to frame/boost
effects, not solely to model mismodeling. This underlines the value of comparable observables (in-
cluding joint lepton—hadron variables) across targets and energy regimes.

Other MINERVA measurements emphasizing 2p2h-sensitive observables, such as the transverse-
kinematic-imbalance (TKI) analyses 3, also show data—model shape tensions, reinforcing that mult-

inucleon and FST implementations in generators require refinement.
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Figure 5.5: Results from the ArgoNeuT two-proton (“hammer”) analysis”. Left: Event display of a characteristic hammer-
like topology in the ArgoNeuT liquid-argon time projection chamber (LAfTPC), showing two reconstructed proton tracks
back-to-back with respect to the muon direction. Right: Distribution of the cosine of the angle between the two pro-
tons, cos(y), for the selected sample of 30 events. The concentration of events near cos(y) ~ —1 indicates a strong
back-to-back correlation consistent with scattering from short-range correlated zp pairs in the nucleus. This pioneer-
ing measurement established the experimental feasibility of identifying correlated two-proton final states in LAITPC
detectors.
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Figure 5.6: Results from the MicroBooNE measurement of two-proton (2p2h-enhanced) muon-neutrino interactions®.
Left: Reconstructed distribution of Cos(é},p). Data points are shown together with the simulated prediction, which is
divided into contributions from quasielastic scattering, resonant pion production, multinucleon (2p2h/MEC) interac-
tions, deep-inelastic scattering, neutral-current and electron-neutrino events, and a small beam-off (cosmic) background
component. Right: Differential cross section as a function of Cos(ﬁpp), comparing the unfolded MicroBooNE data with
several theoretical and generator predictions: GENIE (Empirical and Nieves implementations), SuSAv2, NEUT, NuWro,
GiBUU, and the tuned GENIE “uB-Tune.” The spread among model curves illustrates the current theoretical uncertainty
in describing multinucleon and FSI dynamics, while the data provide an important benchmark for model validation.
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5.5 FuTure WoRk

For MINERVA

This analysis is the first in MINERVA to isolate two-proton, no-pion final states, so it was intention-
ally limited to three one-dimensional observables to establish a baseline measurement. Its natural

extensions are:

* Double-differential cross sections such as d>c/d(cos 6,p) dp and d*s/ APleading APsubleading

to disentangle angular—-momentum correlations.

* Joint lepton—hadron observables, e.g. 427/ d(cos 8, ) dpfy, to relate momentum sharing

directly to the momentum transfer.

* Transverse kinematic imbalance (TKI) variables (Ap7, d27, d¢,), which are sensitive to
Fermi motion and FSI effects and can be directly compared with previous MINERvVA TKI

measurements’>.
* Hadronic rest-frame studies of ,, to test the isotropic emission assumption.

* Extended topologies, e.g. three-proton events or neutron activity, to separate 2p2h from 7

absorption with higher purity.

A complementary variable is the lepton-plane hemisphere asymmetry, defined as Apem; = 0 when
both protons lie in the same hemisphere relative to the lepton scattering plane and Apemi = 1 when
they are in opposite hemispheres. This asymmetry provides a compact, detector-robust probe of

angular correlations between the two protons.
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FoR THEORY AND GENERATORS

The results presented here provide new constraints on how event generators model the balance
between 2p2h and pion-absorption processes and how momentum is shared between outgoing nu-
cleons. A distinctive strength of this measurement is its focus on the hadronic system: while most
2p2h calculations are validated using lepton kinematics, this analysis probes the nucleon side di-
rectly. Because generator implementations predict both lepton and hadron observables through

the same underlying contraction of lepton and hadron tensors, the two-proton results presented
here offer a unique handle on the hadronic component of the model—particularly on how the avail-
able energy, less the nuclear removal energy, is partitioned between the two ejected nucleons. At the
same time, our data alone do not uniquely determine momentum sharing: a steeper proton spec-
trum in data can also arise from final-state interactions or from the back-to-back component of pion
absorption; joint lepton—hadron observables are needed to break these degeneracies.

These findings motivate several theoretical and generator developments:

* Two-nucleon kinematics: Implement anisotropic emission models consistent with scat-
tering from deuteronlike 7p pairs, as suggested by electron-scattering data, to improve the
description of cos 8, and momentum correlations. Validate such models across flux/energy
regimes by folding predictions to both MINERVA (NuMI ME) and MicroBooNE (BNB)
conditions to separate intrinsic model effects from frame/boost ( |7], Q* ) differences that

can reshape cos (9],1;.

* Final-state interactions: The observed suppression at negative cos 6, and the steeper fall of
the proton-momentum spectra in data indicate that intranuclear cascade parameters (mean
free paths, charge exchange, absorption) should be retuned using proton-based observables.
In particular, test whether the back-to-back component from 7z absorption is overpredicted

in the current cascade.
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* Systematic parameterization: For oscillation analyses, 2p2h and FSI effects should be rep-
resented through a small set of orthogonal “dials” controlling normalization, energy de-
pendence, nucleon-pair composition, and angular anisotropy. The approach developed for

DUNE"? provides a framework for propagating these uncertainties consistently.

* Cross-framework validation: Direct comparisons between GENIE, NuWro, and GiBUU
using identical phase-space and detector conditions would isolate true model differences and

identify the most robust hadronic predictions.

For FUTURE EXPERIMENTS

The findings have immediate relevance for current and next-generation oscillation programs:

* NOVA and T2K: The two-proton results inform cross-section systematics that impact
hadronic energy reconstruction and lepton—hadron kinematic correlations used in energy

estimators.

* DUNE: These hydrocarbon-based measurements provide complementary constraints for
tuning argon-target simulations in the multi-GeV regime, where 2p2h and FSI uncertainties
are among the largest . The DUNE ND-LAr detector can apply the same cos §,,, momen-

tum, and TKI observables at high statistics to validate generator models across targets.

* Liquid-argon detectors (SBN, ND-LAr): The results emphasize the importance of multi-
proton reconstruction with precise angular resolution and neutron tagging. Consistent
analyses on carbon and argon targets will allow direct tests of nuclear dependence in multin-

ucleon dynamics.

A comprehensive multi-model comparison, as well as the proposed additional observables, are

natural pathways for future analyses. They are minimally dependent on detector-specific effects and
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provide high sensitivity to the distinct nuclear processes underlying two-proton final states.

5.6 CONCLUDING REMARKS

This work demonstrates that precision measurements of exclusive two-proton, no-pion final states
are feasible in a segmented scintillator detector such as MINERVA. By isolating and unfolding a
clean sample, this analysis provides new empirical constraints on multinucleon dynamics and in-
tranuclear rescattering. The results bridge inclusive cross-section measurements and the fully recon-
structed topologies accessible to modern LArTPC detectors. They contribute to the global effort to
reduce neutrino-interaction uncertainties and thereby enhance the precision of neutrino-oscillation

physics.
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