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Abstract

The Deep Underground Neutrino Experiment (DUNE) utilizes Liquid Argon Time Pro-
jection Chamber (LArTPC) technology in its pursuit of uncovering the origins of matter.
As a crucial prototype for the DUNE far detector (FD) module, ProtoDUNE-SP at CERN
Neutrino Platform Facility employs a hadron test beam with a momentum range of 0.3 to
7 GeV /¢ to study the detector response to particles that could be produced in the neutrino
interactions at the DUNE FD. Furthermore, ProtoDUNE-SP is dedicated to testing event
reconstruction and performing detector calibration under controlled conditions. Neutral
pion reconstruction performance is an important benchmark of the calorimetric and track-
ing capability of LArTPC, and understanding neutral pion in LArTPC is crucial to char-
acterize backgrounds to oscillation measurements and rare searches. To improve neutral
pion reconstruction in LArTPC, a kinematic fitting algorithm is developed, achieving a
12% resolution in neutral pion energy in ProtoDUNE-SP. This enhancement enables the
first measurements of the pion-argon charge exchange differential cross-section. By com-
paring these results with the current model, valuable constraints can be made to improve

generator simulations in the future DUNE experiment.
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Introduction

Neutrinos, the most abundant constituents of our universe, are gaining significant atten-
tion at the forefront of particle physics. The way they act, as revealed through neutrino
oscillation, challenges our conventional understanding of neutrinos and their properties.
Even more intriguingly, the study of neutrino oscillation could hold the key to under-
standing why our universe is filled with matter rather than equal amounts of matter and

antimatter. This puzzle, termed CP-violation, is a mystery physicists are eager to unravel.

The field of neutrino oscillation research is now in a phase that demands precise mea-
surements. Achieving such precision necessitates great efforts to minimize systematic
uncertainties. This pursuit of precision has led the DUNE experiment to embark on the
prototyping of its far detector with ProtoDUNE-SP. With a capacity of 0.77 kt of liquid
argon, ProtoDUNE-SP not only serves as a platform for testing DUNE’s detector compo-
nents and refining event reconstruction but also acts as the starting point for the detector
calibration. Moreover, ProtoDUNE-SP collects valuable physics measurements by utiliz-

ing its charged particle beamline, providing essential inputs for simulations in DUNE.

Among the particles provided by this beamline, the 7" holds particular significance for
investigation due to its frequent occurrence in the final state of neutrino interactions. Its
presence can impact the accurate reconstruction of the incoming neutrino’s energy or its
flavour identification. For instance, when a 7" emerges from a neutral current interaction
involving v, it might undergo charge exchange with nearby argon, transforming into a 7°.
This 7° decays into two photons, generating showers in the detector. These showers could
mimic an electron shower, potentially leading to the misidentification of a v/, neutral cur-
rent interaction as a v, charged current interaction. DUNE’s oscillation analyses address
these errors by employing Monte Carlo simulations to model events in its far detector.
Nevertheless, if the rate of pion charge exchange interactions is miscalculated, it could
introduce biases in DUNE’s neutrino oscillation measurements. This thesis presents the

first measurement of 7 -Ar charge exchange differential cross-section, aiming to reduce

these systematic uncertainties within oscillation analyses in DUNE.



Introduction

This thesis is structured as follows:

Chapter 1 presents a comprehensive review of neutrino oscillation, neutrino production,
and detection methods. Additionally, it explores various nuclear effects that have the

potential to complicate neutrino measurements.

Chapter 2 provides an overview of the DUNE detector design and its physics program,

along with the motivation for the analysis conducted in this thesis.

Chapter 3 describes the ProtoDUNE-SP detector employed in this study, including its

design, calibration, and the methodology used to extract cross-section information.

Chapter 4 introduces a novel kinematic variable called transverse kinematic imbalance

and explores its application to DUNE and ProtoDUNE-SP using Monte Carlo simulations.

Chapter 5 delves into the kinematic fitting technique used in this analysis to enhance the

accuracy of neutral pion energy measurements.

Chapter 6 focuses on the development of the pion beam and final state particle selection

criteria in ProtoDUNE-SP.

Chapter 7 discusses the process of shower energy correction and neutral pion reconstruc-
tion, highlighting improvements in neutral pion energy measurement achieved through

kinematic fitting.

Chapter 8 presents the results, including both integrated and differential 7+-Ar charge

exchange cross-section measurements, and addresses potential systematic uncertainties.

Chapter 9 summarizes the key aspects and conclusions drawn from this thesis.



1| Neutrino Physics

1.1 The Standard Model

The Standard Model is a theoretical framework in particle physics that provides a de-
scription of the fundamental constituents of matter and their interactions. It is based
on the principles of quantum field theory and incorporates the gauge symmetry group
SU3) x SU®2), x U(1)y, which encompasses the strong and electroweak forces. The
Standard Model, while successful in explaining various experimental results, remains in-
complete, lacking an explanation for gravity and the presence of dark matter. Ongoing
efforts, such as those at the Large Hadron Collider (LHC) at CERN [1], aim to extend the

Standard Model and search for new particles and interactions.

The particles in the Standard Model are divided into two main categories, fermions and
bosons, as shown in Fig. 1.1. Fermions are the building blocks of matter and include
the quarks and leptons, which are divided into three generations. Bosons are the force
carriers that mediate the interactions between fermions. These include the photon, which
is responsible for the electromagnetic force, the W and Z bosons that govern the weak
force, and the eight gluons that mediate the strong force. The Higgs boson, which was
found by the ATLAS and CMS experiments at the LHC in 2012 [2], is the last piece of
the Standard Model. It plays a unique role and holds significant importance within the
Standard Model. Specifically, it provides the mechanism through which all other particles

obtain their mass.

The twelve fundamental fermions can be classified according to the interactions they un-
dergo, as outlined in Table 1.1. Neutrinos, along with electrons, muons, and tau leptons,
are fundamental particles of the lepton family, which do not experience the strong force.
Being electrically neutral, neutrinos also do not interact via the electromagnetic force.
Consequently, neutrinos only participate in the weak interaction, which makes their de-
tection and study challenging. In the Standard Model, there are three flavours of neutrinos:

electron neutrinos (v,), muon neutrinos (v,), and tau neutrinos (v,). Initially, neutrinos



1.2 A Brief History of Neutrinos

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge - 2/3 u 2/3 C 2/3 0 0 H
spin » 112 - 4 112 4 112 L 1 O 0
Higgs
up charm top gluon boson
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
-1/3 -1/13 S -1/3 0
112 112 4 112 g 1 a
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
-1 e -1 -1 T 0
12 112 -I']' 12 1 : (7))
2
electron muon tau Z boson o
7))
u-) <2.2 eVlic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeVic? 8
2 0 0 0 +1
* 1T]
E 1/2 De 1/2 .I)]'l 1/2 .I)-l'- 1 w U
o =
electron muon tau g
4 neutrino neutrino neutrino W boson O

Figure 1.1: Elementary particles of the Standard Model. These particles are divided into
quarks, leptons and gauge bosons. The mass, charge and spin of each particle are denoted
on the left-hand side of each box. Taken from [3].

were assumed to be massless to explain the observed parity violation in weak interac-
tions. However, this simplistic view of neutrinos was challenged by the solar neutrino
problem. Observations showed that only one-third of the expected number of neutrinos
from the Sun were detected [4], conflicting with predictions based on the solar model.

This discrepancy indicated the existence of new physics beyond the Standard Model.

1.2 A Brief History of Neutrinos

Over the past few decades, our understanding of neutrino physics with the Standard Model
has undergone a remarkable revolution. The origins of neutrino research can be traced
back to 1930 when Wolfgang Pauli proposed the existence of a new particle with specific

properties to explain the conservation of momentum and energy in beta decays [5]. It was



1.2 A Brief History of Neutrinos

Table 1.1: A summary of forces experienced by twelve different fermions in the Standard
Model, where the gravity force has been neglected.

Strong Electromagnetic Weak

up-type quarks u ¢t v v v
down-typequarks d s b v v v
charged leptons e pu 7 v v
neutrinos Ve Vy Vs v

Enrico Fermi who coined the term "neutrino", derived from the Italian word meaning "lit-
tle neutral one", to capture the essential physical properties of this particle. Neutrinos have
an almost negligible mass and carry no electric charge. Consequently, their interactions
with other particles are solely mediated by the weak force, making them exceptionally

challenging to detect using conventional particle detectors.

In 1933, Fermi successfully incorporated neutrinos into his theory of beta decay [6], pro-
viding a comprehensive framework for understanding this fundamental process. However,
despite theoretical advancements, the direct detection of neutrinos remained an elusive
task. Pauli himself expressed concerns about postulating a particle that seemed beyond
the reach of experimental detection. Fortunately, a breakthrough came with the discovery
of a copious source of antineutrinos produced through nuclear fission. In 1953, Frederick
Reines and Clyde Cowan [7] successfully detected neutrinos using a liquid scintillator

detector, capturing neutrino interactions through the inverse beta decay process,

Ue+p—et +n (1.1)

The interaction yields an immediate burst of light as the positron annihilates with an elec-
tron, generating two high-energy gamma () rays. Subsequently, the neutron moves about

a few microseconds before being captured by an atomic nucleus, resulting in the emission



1.3 Neutrino Oscillation

of another gamma-ray due to the release of excess energy. The distinctive "delayed" coin-
cidence of both occurrences, positron annihilation and neutron capture, provides a unique

signature of an antineutrino interaction.

1.3 Neutrino Oscillation

Neutrino oscillations are phenomena that have revolutionized the field of neutrino physics.
In the Standard Model, neutrinos are assumed to be massless particles, and therefore, it
was initially believed that they did not undergo mixing or oscillations. However, experi-
ments conducted in the late 20th century provided evidence that neutrinos do, in fact, have
mass. Neutrino oscillation is a quantum mechanical phenomenon that arises due to the
fact that neutrinos have slightly different masses and travel at slightly different energies,

leading to a change in their flavour as they propagate through space.

The neutrino oscillation is described by the mixing of the three known neutrino flavours:
electron neutrinos, muon neutrinos, and tau neutrinos. Neutrino mixing is described
by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [8], which relates the three

flavour eigenstates (v, v/, and v;) to the three mass eigenstates (11, V2, and v3) as,

Ve 2 Ua  Ue Ue 21
Vy | — UPMNS Vo | — U,u,l UHQ ng vy | - (12)
Vr V3 U U Ug V3

This matrix contains three mixing angles, 15, f23, 613, and one complex phase dcp,
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1 0 0 C13 0 slge_i‘SCP C12 S12 0
UPMNS =10 Co3 So3 0 1 0 —S12 Cq9 0
0 —S93 Co3 —Slgeidcp 0 C13 0 0 1
C12€C13 $12€13 size o
= | —S12Ca3 — 128238136 C1aCa3 — S12823813€ $23C13 | > (1.3)
$12893 — C12C238136 % —C1a893 — $12C23813€7°  Co3€13

where ¢;; and s;; represents the cos;; and sin,;, respectively. The matrix element describes
the amount of mixing between the different weak eigenstates and is experimentally deter-

mined.

Several key aspects of neutrino oscillation can be derived in the approximation of only
two neutrino flavour mixing [9]. In the two-flavour treatment, the mixing matrix between

mass eigenstates and weak eigenstates can be expressed with a single mixing angle ¢ as,

Vg, cosf) sin6 I
= . (1.4)

Vg —sinf cos@ Vs

Suppose at time t = 0, a neutrino is produced with flavour . The wavefunction of this

flavour state v, is the coherent linear superposition of two mass state, vy and v5,

[1(0)) = Vo) = cosB |v1) + sin b |1s) . (1.5)

The state subsequently evolves with the time dependence of the mass state. If the neutrino
interacts at a space-time point with time T and distance L along its travel, then the neutrino

state is
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[W(L,T)) = cos @ ) e " EAT=PIE) tgin g |1y) e 70 (E2T—P2L) (1.6)

where £; and p; correspond to the energy and momentum of the mass eigenstate v;. Eq.

1.6 can be expressed in terms of the flavour eigenstates as,

[Wh(L, T)) = cosB(cos B |vg) — sin B |vg))e B T—PiL)

+sin O(sin 0 |v,) + cos 0 |vg))e P2 —p2L), (1.7)

The relative sizes of two flavour components of the wavefunction can be obtained as,

[W(L,T)) = calva) + cslve) , (1.8)
Co = (Vo)) = e " ET—P1D) [cos 6 + e (E1=E2)T—(p1=p2)L} giy2 0], (1.9)
cg = (val) = e ETPL) [(HE=E)T=(1=p2)L 1) cos Osin 6], (1.10)

where one could assume that the momenta of the two mass eigenstates are equal, p; =

p2 = p, then the phase difference can be expressed as,

(1.11)
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Then, writing p = E,,, the probability of a neutrino oscillating into a different flavour is,

. : (m? —m3)L
Passpazs = cacly = sin®(20) sin® <% (1.12)
Am2L [eV?] [k
— sin?(20) sin? (1.27 g‘y [e\[/GL[V]m ]) , (1.13)

where o and 3 are two generic neutrino flavour states, Am? is the mass square difference
of these two states, L and F,, are the oscillation distance and the neutrino energy, respec-
tively. Eq. 1.13 is formulated using units that are well-adapted to the practical length and
energy scales encountered, with L measured in km, Am? in eV?, and the neutrino energy
in GeV. Therefore, the probability of finding the neutrino changing its flavour depends on

the distance it has travelled and the neutrino energy.

Neutrino oscillations in matter refer to when neutrinos propagate through a dense medium,
such as the Sun, where the electron density is high. In this case, the neutrinos can interact
with the medium and undergo a phenomenon called the Mikheyev-Smirnov-Wolfenstein
(MSW) effect [10], which can cause the oscillation parameters to be modified. The elec-
trons can change the energy of the neutrinos through a process called coherent forward
scattering. This process can cause the effective mass of the neutrinos to change, which
modifies the neutrino mixing angles and can lead to enhanced or suppressed oscillations.
The MSW effect depends on the density and profile of the medium through which the
neutrinos are propagating. If the electron density is high, as in the core of the Sun, the
MSW effect can lead to a resonant enhancement of the neutrino oscillations. The MSW
effect has important implications for solar neutrino detection and has been experimentally

verified by the Kamiokande [11] and SNO [12] experiments.

1.4 CP-Violation and Mass Hierarchy

The violation of parity was first proposed by Lee and Yang in 1956 [13], and it was
followed by the famous Wu’s experiment [14], which studied the nuclear S-decay of

polarized cobalt-60,
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0Co — ONi* + e + 7. (1.14)

In the experimental setup, cobalt-60 nuclei were aligned in a strong magnetic field, and
the emitted electrons were detected at two different hemispheres relative to this axis.
Since the magnetic field and spin are axial vectors that remain unchanged under a parity
transformation (where spatial coordinates are reversed), only the momentum vector of the
electrons is affected. According to the conservation of parity, the rate of electron emission
should be the same before and after the parity transformation. However, experimental
observations revealed that more electrons were emitted in the hemisphere opposite the
direction of the magnetic field. This violation of parity indicates that the weak interaction
does not conserve parity, and the V-A chiral structure of the weak charged current implies
maximal parity violation. Furthermore, this violation of parity also implies a maximal
violation of charge-conjugation symmetry, which involves replacing particles with their

antiparticles.

Neutrino oscillations can also exhibit the charge parity (CP) violation, which refers to
a violation of the combined symmetry of charge conjugation (C) and parity (P). In the
case of neutrino oscillations, CP violation can arise due to a complex phase in the PMNS
mixing matrix. The discovery of CP violation in the neutrino sector is of great interest
to particle physicists, as it may help to explain the observed matter-antimatter asymmetry
in the universe. However, the measurement of CP violation in neutrino oscillations is
challenging due to the small size of the effect and the need for precise measurements of

the neutrino mixing parameters.

Another important aspect of neutrino oscillations is the determination of the neutrino
mass hierarchy, which refers to the ordering of the three neutrino mass eigenstates. There
are two possible hierarchies as shown in Fig. 1.2, the normal hierarchy, in which the
lightest mass eigenstate is v, the next lightest is 1», and the heaviest is v3, or the inverted

hierarchy, in which v3 is the lightest and 5 is the heaviest.
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Figure 1.2: A schematic sketch of two possible neutrino mass orderings. Different colours
indicate different flavour components in the mass eigenstate. Taken from [15].

The study of CP violation and mass hierarchy in neutrino oscillations is a topic of active
research in particle physics and has important implications for our understanding of fun-
damental physics. The current world average values of the three mixing angles and the
differences in the squares of the masses are summarized in Table 1.2 under the normal

mass ordering assumption.

1.5 Neutrino Interactions and Nuclear Effects

The study of neutrinos poses unique challenges. In the GeV regime, the energy of neu-
trino beams is never monotonic. Even using the off-axis configuration where the detector
is placed several degrees away from the beamline, the energy spectrum still has a sig-
nificant spread. Understanding neutrino oscillations necessitates knowledge of both the
interaction cross-sections and the initial neutrino energy. In principle, one could recon-
struct the neutrino energy from the final state products in an exclusive measurement on an
event-by-event basis. However, the lack of knowledge of nuclear physics is restricting us

from reconstructing the initial neutrino energy precisely.

11
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Table 1.2: A summary of the best-fit values for the three flavours of neutrino oscillation
parameters obtained from various global analyses of neutrino data assuming the normal
mass ordering [16].

Parameters Best-Fit Value 30 Range
012]°] 33.827078  31.61 — 36.27
03[°] 48.3112 40.8 — 51.3
015[°] 8.617013 8.22 — 8.99
dcpl°] 22273% 141 — 370

AmZ[107%V?]  7.3970% 6.79 — 8.01
AmZ[1073eV?] 244970052 2.358 — 2.544

Neutrino interactions can occur through different processes, including charged-current
(CC) interactions and neutral-current (NC) interactions. In CC interactions, the neutrino
interacts with a nucleon in the target nucleus, changing the identity of the nucleon and
producing a charged lepton (an electron or muon). The interaction is mediated by the
exchange of a W boson, and the cross section for this process is approximately propor-
tional to the neutrino energy. Additionally, the detected lepton enables the determination
of the neutrino’s flavour. In NC interactions, the neutrino interacts with a nucleon in the
target nucleus, transferring energy and momentum to the nucleus, while the neutrino it-
self remains unchanged. The interaction is mediated by the exchange of a Z boson. In

experimental measurements, the observable is the recoil or break-up of the target nucleus.

In accelerator neutrino physics, where neutrinos have energies on the order of a few GeV,
the primary focus lies in CC interactions, where the neutrino transforms into its charged
lepton partner. Nevertheless, NC interactions, where the neutrino remains unchanged,
also play a significant role. One area of interest is understanding how NC interactions gen-
erate background events in CC processes. Depending on the initial energy, neutrinos can
interact with matters in several ways. At energy less than ~ 1 GeV, the charged-current

quasi-elastic interaction (CCQE) is the dominant process. Neutrino (anti-neutrino) scat-

12
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ters from a neutron (proton) which will convert to a proton (neutron). This nucleon will
be ejected along with the charged lepton partner in the final state. As energy increases,
the neutrino is allowed to produce a A baryon, which will decay to a nucleon and pro-
duce extra pions. This process is referred to as resonant production (RES). Neutrinos with
even higher energy could break up the nucleon and produce additional hadrons in the final
state, known as deep inelastic scattering (DIS). These processes are relatively well studied
on an isolated and static nucleon. However, most accelerator neutrino experiments used

heavy nuclear targets (atomic number Z > 6), which complicates the situation.

In general, when considering a nuclear target, individual nucleons are not free and static
except for hydrogen. Consequently, several nuclear effects introduce uncertainties in de-
termining the initial neutrino energy spectrum and the interaction cross sections. Four
main effects can modify the basic neutrino-nucleon interaction, as illustrated in Fig. 1.3.
Firstly, it is well known that nucleons within the nucleus are not stationary. Nucleons
suffer from the isotropic Fermi motion (FM), and their momentum is peaked at ~ 0.2
GeV/c. Secondly, as nucleons are bound inside the nucleus, the energy required to re-
lease one of them needs to be considered in the calculation, which further complexes the
kinematics. Thirdly, the electron-proton scattering experiment has revealed that approx-
imately ~ 20% of nucleons are correlated [17]. These correlated nucleons, primarily
proton-neutron pairs, arise due to the presence of meson-exchanging currents (MEC) and
short-range correlations (SRC). When a neutrino scatters from one nucleon in these pairs,
the momentum transfer is shared between them. Consequently, two correlated nucleons
might be knocked out, leading to a 2p2h process. Finally, the final-state interactions (FSIs)
are present when final-state hadrons propagate out through the nuclear medium. FSIs can
affect not only the neutrino energy spectrum but also the event topology. There is a finite
probability that a pion produced in the RES process can be absorbed inside the nucleus,
which mimics a CCQE event signal. Therefore, it is convenient to group the neutrino in-
teractions according to the number of pions in the final state. The CCOr event is defined
as one muon, any number of protons and zero pion in the final state and includes all types

of interactions discussed above due to the pion absorption inside the nuclear medium.
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Figure 1.3: A cartoon diagram showing several nuclear effects - Fermi motion, initial state
correlations, and final state interaction - that could modify the simple neutrino-nucleon
interaction.

1.6 Neutrino Sources

Neutrinos are generated from various natural and artificial sources, such as nuclear reac-
tions in stars like the sun, radioactive decay, and particle accelerators. The fundamental
principles governing neutrino production sources, as outlined by Fred Reines in a 1960 re-
view article [18], have remained largely unchanged. These principles can be summarized

as follows:
* Fission reactors are an optimal source for generating low-energy v,.

* The production of v, (,) involves allowing 7" (7~) to decay in flight while stop-

ping the other products with a dense absorber.

* The Sun is a rich source of v,.. However, the detectability is limited to high-energy
solar neutrinos produced from the fusion side chains of boron (*B) and beryllium

("Be).

* Significant fluxes of neutrinos from charged pion decay are expected as a result of

cosmic rays colliding with the Earth’s atmosphere.

* High-energy neutrinos emitted by astrophysical objects provide unique information
which is not obtainable from cosmic rays or photons due to their deflection by the

Galaxy’s magnetic field and absorption by dense matter, respectively.
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1.6.1 Artificial Neutrino Sources

Artificial neutrinos can be produced through two main principles [19]. Fission reactors
produce 7, via the beta decay of fission fragments, while the high-energy protons colliding

with a fixed target leads to the production of v, (7,) through the decay of pions in flight.

Neutrinos are produced in fission reactors when heavy nuclei, like U-235, fragment and
create unstable fission fragments with an excess of neutrons. These fragments undergo
beta decay, resulting in the release of approximately 200 MeV of energy and about 6
electron-type antineutrinos per fission event. Understanding the neutrino energy spec-
trum is crucial, but it poses a challenge due to the complex nature of nuclear fission.
The interaction probability of neutrinos and the phenomenon of neutrino oscillation both

depend on the energy of the neutrinos. There are two methods to calculate the spectrum:

* The neutrino energy spectrum can be determined through fundamental calculations,
utilizing the data collected over the past several decades on fission products and

their associated beta-decay spectra.

* Electrons and neutrinos produced through beta decay have correlated energy spec-
tra. The neutrino spectrum can be deduced from the measured electron spectrum,

along with prior knowledge about the underlying beta decay process.

Therefore, modern reactor neutrino experiments often consist of a near detector (ND)
located in close proximity to the reactor and a far detector (FD) placed at a carefully
chosen distance. This configuration allows for the examination of the beam’s properties
as they evolve with distance. Analyzing the ratios between the measurements obtained
from the near and far detectors provides numerous benefits, including the cancellation of

uncertainties associated with the reactor neutrino flux.

The production of accelerator neutrinos is illustrated in Fig. 1.4. Initially, the high-energy
proton beam is extracted from the synchrotron accelerator. These protons are then di-
rected towards a secondary target, leading to collisions that generate charged pions and

kaons as secondary particles. Magnetic horns are employed to manipulate and focus these
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Figure 1.4: A schematic sketch of a typical neutrino beam production procedure. Both
neutrino and anti-neutrino beams can be produced by switching modes of the focusing
horns to select pions of the preferred charge. Taken from [15].

secondary particles into a lengthy decay pipe, where they can decay while in flight. Neu-
trinos are produced as decay products, following the Lorentz boost, in a direction similar
to that of the focused charged meson beam. To separate the neutrinos from other particles,
including remaining protons and other decay products, a dense absorber is positioned at
the end of the decay pipe. This absorber stops all particles except the neutrinos. The fi-
nal neutrino beam, which has a relatively wide energy spectrum, is collimated and points
toward the detector. Production of beyond-the-Standard-Model neutrinos at conventional

accelerator neutrino beamline is also being considered [20].

1.6.2 Astrophysical Neutrino Sources

One of the most striking phenomena in neutrino physics, neutrino oscillations, was first
observed and subsequently discovered through the study of neutrinos originating from the

Sun and the Earth’s atmosphere.

The Sun serves as an abundant source of neutrinos. The emission of neutrinos arises from
the conversion of protons to neutrons during the fusion process. Although the flux of
solar neutrinos is enormous, the majority of them originate from the initial production of
deuterium, known as pp neutrinos, which have very low energy and are challenging to
detect. Therefore, most experiments focus on detecting the rarer *B and "Be neutrinos
produced in side fusion chains, which have higher energies but are less common. The

detection of solar neutrinos by Ray Davis’s pioneering experiment initially observed only
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about one-third of the predicted number, leading to the famous Solar Neutrino Problem
[4]. It took many years and subsequent experiments to confirm that neutrino oscillation

was responsible for this discrepancy.

The Earth experiences a constant influx of cosmic-ray particles from outer space, pri-
marily composed of protons. When these high-energy protons collide with the Earth’s
atmosphere, they interact with air molecules, resulting in the production of secondary pi-
ons. These pions subsequently decay, giving rise to muons and muon neutrinos. While
some of these muons reach the Earth’s surface and are detected as cosmic rays, others
decay during their flight, generating additional muon-neutrinos and electron-neutrinos.
This process closely resembles the mechanism used to generate neutrino beams in parti-
cle accelerators, as discussed in Sec. 1.6.1. Early observations of atmospheric neutrinos
yielded contradictory results, with some experiments detecting significantly fewer muon
neutrinos than anticipated. This inconsistency was known as the Atmospheric Neutrino
Anomaly. After a long period of debate, the data collected from the Super-Kamiokande
experiment ultimately convinced the community that the observed deficit was indeed real

and a consequence of neutrino oscillations [11].

Neutrinos are also produced during the core collapse of supernovae. According to simu-
lations, these neutrinos play a critical role in the explosion process, as the star would not
explode without their presence. In fact, approximately 99% of the released energy during
a supernova is carried away by neutrinos within a time frame of 10 seconds. Since neutri-
nos rarely interact with matter, which allows them to quickly escape from the dense core
of the supernova, providing initial information about the supernova explosion. Super-
nova neutrinos serve as valuable sources for studying neutrino properties, including their
behaviour over long distances and the determination of their maximum possible mass.
Additionally, the detection and analysis of supernova neutrinos offer opportunities to ex-
plore the life cycles of stars and shed light on the formation processes of neutron stars and

black holes [21].
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1.7 Neutrino Detection Methods

Neutrinos can interact with matter through two different types of interactions as described
in Sec. 1.5. The first is the CC interaction, in which the neutrino transforms into its corre-
sponding charged lepton. In experimental detectors, it is actually the charged lepton that
is detected. The second is the NC interaction, where the neutrino remains as a neutrino but
transfers energy and momentum to the particle it interacts with. This energy transfer can
be detected either through the recoil or breakup of the target particle. In general, the CC
interaction is easier to detect as the presence of the charged lepton leaves clear signatures
in the detector. Over the years, a variety of detector technologies have been employed in

neutrino experiments, chosen based on the specific requirements of each study [19].

1.7.1 Liquid Scintillator Detector

The liquid scintillator detector has played an important role in understanding neutrinos
since neutrinos were discovered using this type of detector [7]. The scintillator detector
focuses on the detection of 7, CC interaction (Eq. 1.1). The signature of this kind of
event is a prompt signal (positron-electron annihilation produces two photons) followed
by a delayed signal (neutron capture releases a photon with an energy of a few MeV)

detected by the photomultiplier tubes (PMTs).

1.7.2 Cherenkov Detector

The Cherenkov detector operates based on the principle of the Cherenkov effect, which
occurs when charged particles move through a medium at a speed greater than the speed
of light in that medium. In such a scenario, Cherenkov radiation is emitted, which can be

detected by PMTs in the form of a Cherenkov ring.

This type of detector is capable of detecting both CC and NC interactions as long as the
final-state particles possess sufficient energy to generate Cherenkov radiation. The NC
current interaction refers to the neutrino scattering off an atomic electron, transferring

energy to it and causing it to emit Cherenkov light. In the case of CC interactions, neu-
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trinos manifest themselves as leptons, producing distinctive types of Cherenkov rings, a
fuzzy ring for electrons and a sharp ring for muons, allowing for easy identification of
the incoming neutrino type. Moreover, by reconstructing the Cherenkov ring, directional
information about the neutrino event can be obtained. However, it is worth noting that the
discrimination between electron signals and background signals originating from photons
is challenging, as both produce a similar signature in the detector. This limitation affects
the ability of the detector to accurately distinguish between electron signals and photon

backgrounds [22].

1.7.3 Liquid Argon Time Projection Chamber

The concept of using liquid argon (LAr) as a target for neutrino experiments was proposed
in 1977 by Carlo Rubbia [23], driven by several key advantages. Firstly, LAr possesses
a high density, enabling the design of compact detector configurations. Secondly, LAr
exhibits low electron attachment, which permits the utilization of long drift volumes,
thereby enhancing the efficiency of charge collection. Thirdly, LAr demonstrates high
electron mobility, facilitating efficient charge transport within the medium. Additionally,
LAr is relatively inexpensive, making it a cost-effective option for experimental setups.
Moreover, its easy purification ensures high purity conditions. Lastly, LAr is chemically
inert and readily liquefied. One potential challenge is the requirement for a cryostat to

maintain the liquid argon at a low temperature ~ 83K.

The liquid argon time projection chamber (LArTPC) serves as a neutrino detector due
to its numerous advantages, particularly its unprecedented spatial resolution. As charged
particles traverse the detector, they ionize atomic electrons along their trajectory and gen-
erate prompt vacuum ultraviolet (VUV) scintillation photons. These electrons are then
drifted by a constant electric field and ultimately collected by wire planes on the anode.
By placing wire planes with different orientations, a two-dimensional image of the in-
teraction can be reconstructed. Additionally, the VUV photons can serve as the starting
time of the event, as the scintillation light is collected within a few nanoseconds, while

the drift time for electrons is on the scale of microseconds. Consequently, by knowing the
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drift velocity of electrons, it becomes feasible to acquire three-dimensional information,

allowing for the reconstruction of charged particle tracks on an event-by-event basis.

One significant advantage of this type of detector is its ability to discriminate against
photon backgrounds. Utilizing the track information is a more powerful method than
analyzing the Cherenkov ring, as mentioned in 1.7.2. The energy loss per unit distance
(dE/dz) in the initial part of the track can be used to distinguish between photons and
electrons. This background discrimination is crucial for experiments focused on detecting

electrons as signals, such as the 1, appearance signal in neutrino oscillation experiments.

1.8 Ionisation Energy Loss of Charged Particles

As a relativistic charged particle traverses a material, such as LAr, it undergoes electro-
magnetic interactions with the atomic electrons. This leads to the particle losing energy
through the process of ionizing the atoms in the medium. Specifically, for a particle carry-
ing a single charge with velocity v = (¢, passing through a medium with atomic number
Z and material density p, the ionization energy loss per unit length is described by the
Bethe-Bloch equation [9],

A F222 242,2
dE  —4nh*c*a’pZ {ln<2mecﬂ’y)_62}’ (1.15)

dz mymev: A 1.

where A is the atomic mass number, m, = 1.66 x 10727 kg is the unified atomic mass
unit. m, is the electron mass, « is the fine-structure constant, and + is the Lorentz factor.

I, = (10 eV)Z is the mean excitation energy of atoms averaged over all atomic electrons.

All charged particles lose energy by ionization when propagating through a medium. In
the case of non-relativistic particles, the terms within the brackets of Eq. 1.15 do not
change much. For a given medium, the rate at which a charged particle loses ionization
energy depends on its velocity. Due to the presence of the 1/v? term in the Behte-Block

equation, the energy loss per unit distance is highest for particles with lower velocities.

The rate of energy loss due to ionization is not significantly dependent on the material,
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Figure 1.5: The energy loss curves due to ionization for a singly charged particle passing
through various materials, including lead, iron, carbon, and gaseous helium. Taken from

[9].

only proportional to the material density. Figure 1.5 shows the ionisation energy loss

(in units of MeV g~'cm?) as a function of (3~ for single charged particles in various

materials, such as carbon, iron and lead. The minimum point on the ionization curve is

found at 5+ ~ 3, and particles with this specific Sy value are referred to as minimum

ionizing particles (MIPs). The d£/dz for a MIP in LAr is ~ 2.1 MeV/cm.
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2| The Deep Underground Neutrino Experiment

The Deep Underground Neutrino Experiment (DUNE) is an upcoming long-baseline neu-
trino oscillation experiment hosted by the Fermi National Accelerator Laboratory (Fer-
milab) [24]. The experiment is located at the Sanford Underground Research Facility in
Lead, South Dakota, USA and will utilize the world’s most intense neutrino beam from
Fermilab in Chicago. The construction of the neutrino source and its associated facilities

will be carried out as part of the Long-Baseline Neutrino Facility (LBNF) project.

2.1 Experiment Overview

A schematic illustration of the DUNE experiment setup is shown in Fig. 2.1. The ex-
periment will consist of a far detector located about 1.5 km underground at the Sanford
Underground Research Facility (SURF), situated 1,300 kilometres downstream from the
neutrino source. The far detector comprises four FD modules based on the LArTPC tech-
nology. Each module holds 17 kt of liquid argon (at least 10 kt fiducial mass), and the
total mass of liquid argon will be almost 70 kt in the FD complex. The near detector will
be positioned roughly 574 meters away from the neutrino source. The ND will comprise
a range of components, including a highly flexible LArTPC, a magnetized TPC using

gaseous argon, and a large, magnetized beam monitor.
The primary goals are to:

* Measure the neutrino oscillation by looking for the appearance of v.(7,) from a
pure v,(7,) beam from Fermilab, including measurements of charge-parity phase

and the determination of neutrino mass hierarchy.
* Search for proton decay.

* Observe the core-collapse supernova v, neutrinos.
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Figure 2.1: A visual representation of the DUNE experiment configuration. Neutrinos
generated at Fermilab will pass through a near detector and travel a distance of 1300 km
to reach the far detector located at Sanford Underground Research Facility. Taken from
[25].

2.1.1 Beam

Neutrinos cannot be accelerated or guided by themselves due to their lack of electric
charge. Therefore, they are generated as secondary particles from a manipulated particle
beam. The Fermilab Accelerator Complex [26] accelerates proton beams to high energies,
which are extracted for experiments with various objectives. In the high-energy neutrino
experiment, the energy of the proton beam can be selected within the range of 60 to 120
GeV, corresponding to a beam power ranging from 1.0 to 1.2 MW [27]. The proton beam
is directed towards a graphite target, resulting in collisions that produce charged pions
and kaons. These secondary particles are then focused with the help of magnetic horns
and allowed to travel through a long decay pipe filled with helium. During their journey
through the decay pipe, the pions and kaons decay into neutrinos and charged by-products.
Other secondary particles and remaining protons are captured while the neutrinos pass
through a beam absorber at the end of the decay pipe. The entire apparatus is angled into
the earth at 101 milliradians (5.8°), pointing toward the far detector to account for the

earth’s curvature.

The produced neutrino beam will have a well-defined direction and intensity, which will
be measured by a near detector located at Fermilab. This information will be used to
improve the understanding of the neutrino beam and to reduce the systematic uncertainties

in the measurement of the neutrino oscillation parameters. The predicted unoscillated v,
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Figure 2.2: The predicted unoscillated neutrino fluxes at the DUNE far detector module
for neutrino mode (left) and anti-neutrino mode (right). The 1.1 x 10! POT corresponds
to the integrated protons-on-target per year at a proton energy of 120 GeV. Taken from
[28].

and v, fluxes at the far detector are shown in Fig. 2.2. The beam will have a wide energy
spectrum, spanning from 1 to 3 GeV [28], with the aim of maximizing the probability of

neutrino oscillation, which depends on the L/E ratio (Eq. 1.13).

2.1.2 Near Detector

The near detector serves as an initial measurement of the beam, enabling a reliable as-
sessment of the initial state of the neutrinos. The primary goal of the near detector is to

provide a comprehensive understanding of the neutrino beam’s composition and spread.

The DUNE ND comprises three main detector components, two of which can move off
the beam axis. Each of these components performs essential functions that are unique yet
complementary to the overall goals of the ND. Since each component has distinct features,
the DUNE ND is commonly regarded as a detector suite or complex with varying capabil-
ities. Figure 2.3 shows the DUNE ND components in the ND hall, with both on-axis and
off-axis settings. It consists of three detector components: ND-LAr (Liquid Argon), ND-
GAr (Gaseous Argon), and SAND (System for on-Axis Neutrino Detection). ND-LAr is

a LATrTPC constructed using ArgonCube technology, which has the same target nucleus
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2.1 Experiment Overview

Figure 2.3: One view of the DUNE near detector complex in the ND hall, featuring both
on-axis and off-axis configurations. The neutrino beam is depicted by the yellow arrow.
Taken from [29].

and detection principles as the FD. However, it loses acceptance for muons above 0.7
GeV/c due to the lack of containment, which is accomplished by the ND-GAr detector.
The ND-GAr detector consists of a high-pressure gaseous argon TPC surrounded by an
ECAL and a muon system in a 0.5 T magnetic field. It provides a lower-density medium
with excellent tracking resolution to momentum analyze the muons from ND-LAr. It also
offers an independent sample of v/-Ar interactions that can be studied with a low momen-
tum threshold and excellent tracking resolution. Finally, SAND is a magnetized beam
monitor that stays on-axis to monitor the flux of neutrinos going to the FD. It is much
more sensitive to variations in the neutrino beam and provides an excellent on-axis neu-
trino flux determination. ND-LAr and ND-GAr can move off-axis, while SAND remains
on-axis to serve as a dedicated neutrino spectrum monitor. By varying the position of
the detectors sideways, the neutrino beam can be measured at different off-axis config-
urations, resulting in various neutrino energy spectra. This off-axis effect concentrates
the neutrino energy spectrum into a narrower range due to the relativistic kinematics of
two-body decay, leading to a more monoenergetic neutrino source but with reduced in-
tensity. By linearly combining these spectra, it becomes possible to replicate oscillated
far detector measurements, enabling the determination of neutrino oscillation parameters

in a model-independent approach.
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Experiment Overview

2.1.3 Far Detector

The DUNE FD will consist of four LArTPC modules, as shown in Fig. 2.4, each with a

LAr mass in the active region of the cryostat (fiducial mass) of at least 10 k¢, installed ap-

proximately 1.5 km underground. This technology offers excellent tracking and calorime-

try performance, making it an ideal choice.

DUNE is planning for and currently developing two LArTPC technologies:

* Single-Phase (SP) technology: In this technology, all the detector elements inside

the cryostat are immersed in liquid. Ionization charges drift horizontally in the LAr
under the influence of an electric field towards a vertical anode, where they are read
out. This design requires very low-noise electronics to achieve readout with a good
signal-to-noise ratio because no signal amplification occurs inside the cryostat. This
technology was pioneered in the ICARUS project and is now mature. It is the
technology used for Fermilab’s currently operating MicroBooNE detector, as well

as the SBND (Short-Baseline Near Detector) detector, which is under construction.

Dual-Phase (DP) technology: In this technology, some components operate in a
layer of gaseous argon above the liquid. Ionization charges drift vertically upward
in LAr and are transferred into a layer of argon gas above the liquid. Devices
called Large Electron Multipliers (LEMs) amplify the signal charges in the gas
phase before they reach a horizontal anode. The gain achieved in the gas reduces
the stringent requirements on the electronics noise, and the overall design increases
the possible drift length, which, in turn, requires a correspondingly higher voltage.
This technology was pioneered by the WA105 DP demonstrator collaboration [30]

at CERN and is less mature than SP technology, but it offers several advantages.

Each LArTPC fits inside a cryostat of internal dimensions 15.1 m (width) x 14.0 m

(height) x 62.0 m (length), containing a total LAr mass of about 17.5 kt. However, The

ProtoDUNE-SP at the CERN neutrino platform (Chapter 3) achieved a remarkable signal-

to-noise ratio thanks to the high liquid argon purity, enabling the realization of a substan-

tial 6.5 m drift distance [32]. This superior performance rendered the gaseous phase of
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Figure 2.4: The layout of the DUNE far detector underground caverns comprises four
detector module caverns and a central service cavern in the middle. Taken from [31].

the dual-phase technology unnecessary, leading to a shift away from Dual-Phase as the
baseline technology. Based on the experience gained from the ProtoDUNE, a novel verti-
cal drift technology was developed for the second DUNE FD. This technology leverages
the advantages of the ProtoDUNE dual-phase design while simplifying the system by

eliminating the challenges associated with the liquid-gas interface.

2.2 DUNE’s Research Goal

The primary objective of the DUNE experiment is to study neutrino oscillation by detect-
ing the appearance of electron neutrinos from a beam of pure muon neutrinos from Fer-
milab. DUNE’s significant advantage lies in its 1300 km baseline and the high-intensity
neutrino beam from LBNF, which provides sensitivity to the matter effect. This effect
introduces a distinct asymmetry in the probabilities of v, — v, versus v, — v, oscilla-
tions, with the sign determined by the currently unknown mass hierarchy. The observed
neutrino asymmetry serves as a valuable metric, representing the normalized difference

between the appearance of neutrinos and antineutrinos as,
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This will enable the measurement of various parameters such as the charge-parity phase
and the determination of neutrino mass hierarchy [33]. In practice, the energy spectra of
neutrinos and antineutrinos measured by the far detector are fitted simultaneously, allow-

ing for the determination of all neutrino oscillation parameters simultaneously.

The sensitivity studies conducted in DUNE’s physics program demonstrate great poten-
tial. After 10 years of its nominal run plan, DUNE can identify the presence of CP viola-
tion at a 5o significance level for half of the range of the possible true dcp values. If dcp
= -7/2, indicating maximum CP-violating effect, CP violation can be discovered in just
seven years of operating. The determination of the mass hierarchy can be achieved within

two years for any value of dcp, or less than one year if the CP violation is maximum [33].

The resolution on dcp measurement improves to approximately 10 degrees for CP-conserving
values and 20 degrees for maximum CP-violating values after 8 and 12 years of nominal
running, respectively. Furthermore, increased exposure leads to a measurement preci-
sion of sin?(26;3) that approaches that of reactor experiments, which are currently the
main constraints on this angle. However, the sensitivity varies significantly with the value
of other oscillation parameters, such as sin2(2923) [33]. Table 2.1 provides a concise
overview of significant sensitivity milestones related to neutrino mass ordering and CP-
violation discovery, along with precision measurements for dcp and sin?(26,3). The as-
sumptions made in the table are based on the normal mass ordering and equal running

time in both neutrino and antineutrino modes.

DUNE has broader scientific objectives beyond studying neutrino oscillation. It seeks to
investigate proton decay in various significant decay modes, which, if observed, would
revolutionize our understanding of physics and offer insights into the Grand Unification
of forces. Additionally, DUNE aims to capture the v, flux emitted during core-collapse

supernovae throughout its lifespan. This observation has the potential to provide valuable
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Table 2.1: An overview of major milestones in sensitivity regarding neutrino mass order-
ing and CP-violation discovery, as well as precision measurements for dcp and sin® (2613).
The quoted values are highly dependent on the input sin®(26y3) = 0.580. Taken from

[33].
Physics Milestones Exposure Years
So Mass Ordering
(bcp = —7/2) 1
So Mass Ordering
(100% of dcp values) 2
30 CP Violation
(Ocp = —7/2) 3
30 CP Violation
(50% of dcp values) 5
5o CP Violation
(bcp = —7/2) 7
5o CP Violation
(50% of dcp values) 10
30 CP Violation
(75% of dcp values) 13
dcp Resolution of 10 degrees
(0cp = 0) 8
dcp Resolution of 20 degrees
(0cp = —7/2) 12
sin?(26,3) Resolution of 0.004
(nominal analysis) 15

knowledge about the processes involved in stellar explosions. Through these scientific

goals, DUNE aims to expand our understanding of the fundamental properties of neutri-

nos and the universe.

2.3 Significance of Secondary Pion Interactions

DUNE’s objective is to accurately determine the oscillation parameters by distinguish-

ing the flavour and energy of interacting neutrinos within the detector. The significance
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of this determination is highlighted in Eq. 1.13 for oscillation measurements. Incorrect
identification of the flavour will alter the overall interaction rates of different neutrino
flavours, impacting the extracted oscillation probability. Similarly, inaccurately estimat-
ing the energy will distort the energy spectrum of events and further affect the appearance
oscillation probability. Both the flavour and energy of neutrinos are deduced from the
particles produced in the final state of interactions. As previously discussed in Sec. 1.5,

the final state resulting from neutrino interactions can be highly intricate and complex.

To identify the flavour of neutrinos, the focus is on detecting the outgoing leptons in CC
interactions. In the case of v, CC events, the presence of an e~ that forms an electromag-
netic shower in the detector indicates the neutrino flavour. However, there is a background
to this interaction caused by v, NC interactions, where the neutrino transfers additional
energy that can produce a final state 7. If this 7 interacts with a nearby Ar nucleus,
a charge exchange scattering can produce a 7, which promptly decays into two pho-
tons. These photons exhibit a shower pattern similar to the e™, potentially leading to the
incorrect identification of the event as a v, CC event. Corrections for such background
are obtained from simulations, and uncertainties in the rate of 71-Ar charge exchange
interactions introduce uncertainties in determining the true number of v, events, thereby

affecting the precision of oscillation measurements.

This example highlights one aspect where uncertainty in secondary pion interaction rates
contributes to DUNE’s systematic uncertainty budget. Additional examples can be found
in Ref. [34]. Although not an exhaustive list, it illustrates the objective of the analysis pre-
sented in this thesis. By measuring these pion charge exchange interaction cross-sections
with argon, constraints can be placed within DUNE’s oscillation analyses, reducing sys-
tematic uncertainty. The T2K (Tokai-to-Kamiokande) experiment has illustrated the prac-
ticality of using pion scattering data in neutrino experiments [35], where they employ
global 7" scattering data to constrain the nuclear model used in their simulations of neu-
trino interactions. This task is crucial, as DUNE aims to limit its systematic uncertainty

to 2% [33] in order to achieve the physics goals outlined in Table 2.1.
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3| ProtoDUNE-SP Detector

Thorough testing and evaluation of the production and installation of detector components
are essential prerequisites before the final construction of the DUNE far detector of this
scale. The ProtoDUNE-SP detector is the prototype of the DUNE far detector modules
located in the CERN North Area. ProtoDUNE-SP contains a total liquid argon mass of
0.77 kt. The installation of the ProtoDUNE-SP was completed in July 2018. The full
data-taking started on October 10, 2018, and the beam data-taking ended on November
11, 2018, due to upgrades in the LHC accelerator complex. Subsequently, the detector
remained operational until July 19, 2020, serving the purpose of testing and validating
technologies for the DUNE FD modules [24]. In addition to verifying the production and
installation processes, ProtoDUNE-SP aimed to test event reconstruction and conduct

detector calibration under controlled conditions.

A charged particle test beam is produced by the Super Proton Synchrotron (SPS) at CERN
and delivered to the ProtoDUNE-SP. This test beam simulates the charged particles result-
ing from neutrino interactions at DUNE FD in the closest way possible, with a momentum
range from 0.3 to 7 GeV/c. The test beam consists of protons, pions, muons, kaons and
positrons. The primary physics objective of ProtoDUNE-SP is to measure the interaction
cross-sections for these different charged particle species with an argon nucleus. These
measurements hold significant value in the accurate modelling of neutrino interactions at

DUNE.

3.1 Beamline

The H4 Very Low Energy (VLE) beamline at CERN is an additional branch of the H4
beamline specifically designed to produce lower energy beam particles for ProtoDUNE-
SP. A conceptual layout of the H4-VLE beamline is shown in Fig. 3.1. It functions as
an extension of the primary H4 beamline, which utilizes 400 GeV /¢ primary protons

extracted from the CERN SPS. These protons are directed towards a beryllium target, re-
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Figure 3.1: A conceptual layout of the H4-VLE beamline, which leads to the ProtoDUNE-
SP detector. High-energy protons strike the primary target, generating a mixed secondary
hadron beam. This secondary beam subsequently interacts with a secondary target, re-
sulting in a tertiary very low-energy beam. Reproduced from [37]

sulting in a mixed hadron beam with a reduced momentum of 80 GeV /c. The secondary
beam is then directed onto a secondary target, generating the tertiary VLE beam consist-
ing of positrons, pions, muons, kaons, and protons with momenta ranging from 0.3 to 7
GeV /c with a resolution of Ap/p < 3% [36]. The polarity of the beam-focusing magnets
can be adjusted to generate a beam consisting of either positively or negatively charged
particles. However, all test-beam data collected in 2018 was obtained in the positive po-

larity configuration, resulting in all beam particles having a positive charge.

The choice of secondary target material depends on the desired VLE beam particle com-
positions. Tungsten is used for beam momenta below 4 GeV /¢, as it increases the hadron
content of the beam. Copper, on the other hand, is employed for momenta ranging from
4 GeV/cto 7 GeV/c. As a result, the composition of the beam varies depending on its
momentum. At the lower end of the momentum range, the beam is primarily composed
of positrons. As the momentum increases, pions become the dominant particles in the

higher momentum beams. The detailed design of the beamline is documented in [37].

Dedicated beamline instrumentation is positioned between the beam production point and
the front face of the cryostat to facilitate the guidance of the VLE beam towards the
ProtoDUNE-SP detector. This instrumentation includes various components and devices
that aid in monitoring and controlling the beam, ensuring its proper injection through

the beam plug (described in the next section). The beam instrumentation (BI) also plays a
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Figure 3.2: A schematic illustration displaying the spatial arrangement of various compo-
nents in the H4-VLE beamline: trigger counters (XBTFs), bending magnets (triangles),
profile monitors (XBPFs), and Cherenkov detectors (XCETs). Integrating data from these
instruments enables triggering, momentum reconstruction, and TOF measurement. Taken
from [24]

crucial role in the measurement and identification of particles within the beamline. It con-
sists of several components strategically positioned to provide trigger capabilities, particle

identification (PID), and momentum measurement on an individual particle basis.

The BI setup includes eight profile monitors called "XBPF" used for profiling, tracking,
and momentum reconstruction, three trigger counters referred to as "XBTF" for trigger-
ing and time-of-flight (TOF) measurements and two threshold Cherenkov counters known
as "XCET" used in the PID process. The arrangement of these different instrumentation
components can be visualized in Fig. 3.2. There are also three bending magnets (indi-
cated by the green triangle in the figure) that direct the beam towards the ProtoDUNE-SP
detector. The second magnet serves a dual purpose, acting as part of both the beam guid-
ing system and the momentum spectrometer. The in-depth information regarding these

components can be found in [38].

The XBPFs are scintillating fibre detectors consisting of 192 square fibres arranged in a
planar configuration. They cover an area of approximately 20 x 20 cm? and measure one
spatial coordinate per device. Multiple pairs of these detectors, rotated by 90 degrees,
are placed along the beamline to track the beam position on a particle-by-particle basis.
The XBPF data is used for reconstructing the momentum of particles and measuring their
trajectories, particularly for the last two sets of XBPF devices, which are extrapolated to

the face of the ProtoDUNE-SP TPC to give the reconstructed beam position.
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Table 3.1: A summary of beamline instrumentation logic used in the identification of
particle types for 1 GeV/c. The TOF value is given for the value of the lower and upper
cuts. Only the low-pressure XCET is used to distinguish particles in 1 GeV/c beam
momentum, where zero and one represent the absence and presence of the Cherenkov
counter’s signal, respectively. Taken from [24].

1 GeV/c e w/u K P

TOF(ns) 0,105 0,110 - 110,160
XCET-LowP 1 0 - 0
XCET-highP - . )

The XBTFs operate similarly to the XBPFs but with a different readout approach. Instead
of individual fibre readout, the fibres are grouped into two bundles, resulting in no position
resolution. The signals from upstream and downstream planes are connected to a time-
to-digital converter for TOF measurements. The resolution of the TOF measurement is
approximately 900 ps [38]. Coincident signals from the middle and downstream XBTFs
serve as a general trigger, which is used as a condition for high-level triggers (HLTs). The
measured efficiencies of the XBPFs with respect to these triggers are consistently above

95% for all chambers during data acquisition across the desired momentum range.

The two Cherenkov counters (XCETs) in the H4-VLE have a similar design, with one able
to handle higher radiator gas (CO,) pressure. These counters are adjusted with different
internal pressures to identify particle species at various momenta. Combining the TOF
information with signals from both the high and low-pressure Cherenkov counters enables

PID across the entire momentum range.

At momenta below 3 GeV /¢, the Cherenkov counter distinguishes electrons (e) from other
particles, while TOF distinguishes muons (1) and pions (7) from protons (p). However,
it cannot further differentiate between muons and pions. A summary of beamline instru-
mentation logic used in the identification of particle types is shown in Table 3.1 and Fig.
3.3 for 1 GeV/c beam momentum. The signals from these counters are used to generate

HLTs for different beam particle species during the beam run.
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Figure 3.3: Nominal beam momentum = 1 GeV/c. Vertical dashed lines represent the
upper value of the TOF cuts used for electrons (blue), and muons/pions (red). Taken from
[24]

3.2 Detector Design and Construction

The ProtoDUNE-SP detector is one of the two largest LArTPC that serves as a proto-
type for the DUNE far detector. The design and construction of ProtoDUNE-SP will be

discussed in the following sections.

The liquid argon based technology was first developed for and used in the ICARUS ex-
periment [39]. Figure 3.4 shows a view of the ProtoDUNE-SP’s TPC [24]. The active
volume is 6 m (height) x 6.9 m (length) x 7.2 m (width), which is at 1:20 of the size of
one DUNE FD module. The ProtoDUNE-SP uses a right-handed Cartesian coordinate,
as illustrated at the bottom of Fig. 3.4. The TPC is divided in half by the Cathode Plane
Assembly (CPA) at x = 0 in the y-z plane and comprises two drift volumes with a maxi-
mum drift distance of 3.6 m. There are six Anode Plane Assemblies (APAs) in total and
three on each side. A homogeneous electric field is created within the liquid argon of

500 V/cm. The beam enters the TPC through the beam plug, as shown in Fig. 3.4. To
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Figure 3.4: One view of the ProtoDUNE-SP LArTPC with coordinates and major com-

ponents labelled. The right-handed Cartesian coordinate is labelled at the bottom of the
figure. Taken from [24].

minimize the upstream energy loss of beam particles before they enter the TPC, a portion
of the beam path, initially filled with LA, is replaced with dry nitrogen gas, which has a
lower density. This nitrogen gas is contained within the beam plug, which is constructed
from alternating fibreglass and stainless steel rings, forming a cylindrical structure in-
stalled in front of the TPC. The beam direction is closely aligned with the z-axis, which

is approximately 10° downward and 11° towards the anode plane.

The drift volume of a LArTPC is constrained by electron lifetime, which will be discussed

in Sec. 3.3.3. In ProtoDUNE-SP, with a drift length of 3.6m, the maximum drift time is
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around 2.25 ms, with a transverse diffusion of 2 mm perpendicular to their travel direction.
In comparison, in a high-pressure gaseous argon TPC, which is a proposed upgrade for
one of the DUNE ND, electrons experience significantly faster drift and less diffusion.
In this type of chamber, the electron drift velocity is about ten times higher, and the

transverse diffusion is reduced to approximately 0.6 mm [40].

While using a LArTPC for particle detection in a large volume provides excellent track
resolution, determining the precise position of a detected particle can be challenging.
This is because the arrival time of external particles and electron travel time to the anode
is unknown in a significant number of events, leading to ambiguity in the starting timing
(tp) of the interactions. As a result, the structure of any connected track can be identified,
but its exact position in the drift direction cannot be determined. However, liquid argon
can solve this problem by using its scintillation properties. When energy is deposited,
argon produces a flash of 128 nm photons [41]. These scintillation photons travel nearly
instantaneously compared to the drift electrons, enabling the precise time of track creation

to be determined.

3.2.1 Cryostat

The cryostat is a standalone structure that is electrically insulated and has outer dimen-
sions of 11.4 m x 11.4 m x 10.8 m (width x length x height). Its inner dimensions
measure 8.5 m x 8.5 m x 7.9 m [42]. The design of the inner vessel is based on the tech-
nology developed by GTT (Gaztransport & Technigaz) for the transportation and storage
of liquefied natural gas (LNG). A cross-sectional view of the insulation and membrane
layers can be seen in Fig. 3.5. The inner membrane, which is made of 1.2 mm thick 304L
stainless steel, can expand or contract in two dimensions as a function of the temperature
due to its corrugated configuration, acting as a two-dimensional spring and preserving the

integrity of the detector structure during filling and operation.

The insulation layer, located just inside the inner membrane, consists of two 390 mm
thick layers of expanded polyurethane foam with a density of 90 kg/m3. It is supported

by plywood plates of varying thicknesses. The outer insulation layer is attached to the
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Figure 3.5: The cross-sectional view of the membrane cryostat inner vessel layout, de-
signed to keep the liquid argon contained and stable with low temperature. Taken from
[43].

tertiary membrane by rods and mastic. Between the two insulation layers is a secondary
LAr containment layer made of GTT-proprietary Triplex, a composite material consisting
of a thin sheet of aluminium laminated with glass cloth and resin [43]. The purpose of
using multiple layers of thermally insulating material is to ensure that the argon inside the

cryostat is maintained at a stable and low temperature.

ProtoDUNE-SP’s operation requires the drift of electrons through liquid argon for a dis-
tance of 3.6 m. The argon received from the supplier contains water, oxygen, and nitrogen
at parts per million level, with water and oxygen capable of capturing drifting electrons.
Therefore, the concentration of these contaminants needs to be reduced by at least a fac-
tor of 10 and maintained at this level to enable proper operation of the TPC. The current
system for purifying the liquid argon in ProtoDUNE-SP is an extension of purification
systems previously developed for ICARUS and Fermilab. The system utilizes the same
filter materials and is designed to achieve a low concentration of contaminants. Due to the
high rate of recirculation and the prevention of leaks, the level of oxygen contamination in
the liquid argon is reduced to a few parts per trillion, which results in near-optimal signal

strength from all areas of the TPC, including the furthest regions.
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3.2.2 Time Projection Chamber

ProtoDUNE-SP is equipped with a TPC that detects the ionisation signal of particles as
they move through the detector volume. The electric field is generated by a set of anode
and cathode plane assemblies. The CPA is held at a voltage of -180 kV, which creates
an electric field of 500 V/cm throughout the detector volume. It divides the TPC volume
into two drift volumes, with each located on either side of the CPA. The electric field is
confined to the drift volumes by ground planes at the top and bottom of the TPC, ensuring

its uniformity. The APAs at either side of the detector complete the drift volumes.

Figure 3.6 shows the front view of an APA, turned on its side, in ProtoDUNE-SP. The
APA consists of a rectangular stainless steel frame that is 6.1 m high, 2.3 m wide, and
76 mm thick. On each side of the frame, there are four planes of wires that are bonded
to the surface. The wire planes are arranged in the following order (from the outermost
plane inwards): the Grid (G) plane, which is vertical; the U plane, which is inclined
at +35.7° from the vertical direction; the V plane, which is inclined at -35.7° from the

vertical direction; and the X plane, which is again vertical.

Each wire plane within the APA is positioned 4.75 mm above the previous layer, account-
ing for the wire mesh. Wire termination is carried out on wire boards at the short ends of
the APA. The G and X layers have an identical wire pitch of 4.79 mm, but their positions
are staggered by half a wire pitch. On the other hand, the U and V wires have a wire pitch
of 4.67 mm and are helically wrapped around the frame to save the cost of electronics.
The wire planes are biased at different potentials to allow primary ionization electrons to
pass through the G, U, and V planes without being captured and finally collected on the X
wires. As aresult, the X plane wires are also known as the collection wires, and the U and
V plane wires as the first and second induction plane wires. The G plane wires function
as an electrostatic discharge (ESD) protective shield and are not read out. To ensure the
collection of electrons only on the collection-plane wires, the nominal wire-plane bias

voltages are Vi =-665 V, Vi; =-370V, Vi, =0V, and Vx = +820V.
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Figure 3.6: Sketch of the ProtoDUNE-SP anode plane assembly turned on its side, high-
lighting the U, V, and X wires and their angular relationships to the frame. The blue boxes
on the right indicate the location of the cold electronics. Taken from [43].

A typical LArTPC is shown in Fig. 3.7 with its operating principle [44]. As charge
particles traverse through the LArTPC, electrons will be ionised along their trajectories,
and the VUV scintillation photons will be produced as well. The constant electric field
will drift these electrons towards the anode plane. These signals will be collected by
three wire planes with different orientations on the anode. As electrons pass through the
first two induction planes, a bipolar waveform will be produced since electrons will alter
the measured electric field. The collection plane will finally collect these electrons and
produce a unipolar waveform. From the coincidence of signals collected by these three
wire planes, the y-z position of the charged particle can be identified. Whereas the VUV
photons are collected by the photo-multiplier tubes (PMTs) embedded in the detector’s
APAs, providing the so-called ¢, information to measure the time of interaction. The x
position can be determined from the drift electron’s arrival time if the electron drift speed

is precisely known.

3.2.3 Photon Detector System

The photon system is a crucial component of ProtoDUNE-SP for accurately measuring
interaction times and obtaining independent measurements of deposited energy. It plays
an integral role in addressing the issue of ¢, ambiguity, which arises due to the unknown

arrival time of charged particles and electron travel time to the anode. To overcome this
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Figure 3.7: The operating principle of the LArTPC and an example signal that is obtained
on the anode wire planes. Charged particles resulting from a neutrino interaction generate
a track of ionized electrons, which are then drifted towards the anode planes by a constant
electric field. Taken from [45].

challenge, the scintillation properties of liquid argon are utilized, and the photon detectors
are embedded within the APAs, as the field cage blocks the scintillation light. The ten bar-
shaped photon detectors have dimensions of 8.6 cm (height) x 2.2 m (length) x 0.6 cm
(thickness) and contain horizontally oriented bars made of waveguide and wavelength-
shifting material. To enable detection by the silicon photomultipliers (SiPMs), the scin-
tillation light created in liquid argon, with a wavelength of 128 nm, is converted to visible
light using a wavelength shifter. Within the size constraint of the detector, various de-
signs of photon-detector technologies are employed in ProtoDUNE-SP, utilizing SiPMs
to convert scintillation light into electrical signals, which are then transmitted out of the
cryostat on copper cables. While most of the photon detectors are designed to sense the
light that reaches the ends of the bars, the ARAPUCA design, adopted by the DUNE FD
module, collects light at multiple positions along the bar. The ARAPUCA design uses
reflective internal walls to trap photons and then detects them with SiPMs in the com-

partment walls. This ARAPUCA photon detection system (PDS) has been successfully
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3.2 Detector Design and Construction

installed and tested in ProtoDUNE-SP. The integration of the PDS into the APAs results
in a compact and efficient design that maximizes the detection of scintillation light within

the detector volume.

3.2.4 Cosmic Ray Tagger

The ProtoDUNE-SP detector is situated on the surface, leading to a high rate of incident
cosmic muons. To address this issue, the Cosmic Ray Tagger (CRT) is incorporated into
the detector. The CRT system is comprised of scintillation counters that cover nearly
the entire upstream and downstream faces of the TPC. To construct the CRT, scintilla-
tion counters from the outer veto of the Double Chooz experiment [46] are repurposed.
The CRT is constructed using four large assemblies, with two mounted upstream and two
downstream of the cryostat. Its primary function is to trigger a set of cosmic-ray muons
that move in a direction parallel to the TPC readout planes with known timing and direc-
tion. Due to most muons entering the TPC being untagged, the CRT tags both untagged
and tagged (if muons cross the cathode plane) cosmic muons to provide crucial calibration

data and performance indicators.

3.2.5 Data Acquisition, Timing and Trigger System

The data acquisition (DAQ) system in ProtoDUNE-SP is responsible for collecting and
processing the raw data produced by the detector. The DAQ system is composed of
custom-built electronics, software, and computing infrastructure that operate together to
store data from the detector. The transfer of physics data from the detector front-end to
storage servers is regulated by two DAQ systems in ProtoDUNE-SP: Front-End LInk eX-
change (FELIX) and Reconfigurable Cluster Element (RCE). The former manages data
from only one APA, while the latter handles data from five of the six APAs of the TPC.
The TPC contains 2560 wires per APA that are read at 2 MHz, resulting in a total data
flow of approximately 90 GB/s for the entire TPC of ProtoDUNE-SP. The main objective
of the data acquisition system is to record data created by test beam particles or cosmic

rays within a time window of 3 ms.
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The timing system in ProtoDUNE-SP distributes a 50 MHz clock on an 8b/10b encoded
data stream to all endpoints. It is responsible for switching between data-taking modes
with and without the beam, and the system can be partitioned, allowing different parts of
the experiment to operate independently. Additionally, the timing system provides trigger
distribution, and the clock is synchronized with the global positioning system, which
provides 64-bit timestamps used to mark the trigger and data times, independent of the

file name, run, or trigger record numbers.

The hardware triggering system in ProtoDUNE-SP is used for event selection, with the
Central Trigger Board (CTB) being the main element of the system. The CTB is a custom
printed circuit board (PCB) that processes the status of the auxiliary detectors (PDS, BI,
and CRT) to facilitate prompt readout decisions. The CTB houses a commercial PCB
called MicroZed, which serves as an interface between the auxiliary detectors and the
DAQ through the timing system. The CTB has 32 individual CRT pixel inputs, 24 opti-
cal inputs for the PDS, and seven inputs for BI signals, which are translated into digital
pulses and forwarded to the Programmable Logic (PL) for further processing. The CTB
triggering firmware is organized into a two-level hierarchy of low-level and high-level
triggers (LLTs and HLTs), which are configurable in real time by the DAQ system. A

typical physics run usually spans several hours.

3.3 Detector Calibration

The calibration of the ProtoDUNE-SP detector is accomplished through data-driven tech-
niques. The data-driven calibration involves analyzing the signals produced by cosmic
ray muons that pass through the detector. By measuring the track and energy deposition
of these muons, one can determine the response of the detector to known particles and
energies. In addition to these techniques, ProtoDUNE-II plans to use dedicated calibra-
tion devices, such as a laser-based system that produces known patterns of light in the
detector. These devices are used to provide additional data for calibration and validation

in the next run.
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Figure 3.8: The left and right panels show projections of reconstructed and ¢,-tagged
cosmic-ray track endpoints in the xy plane and zx plane, respectively, using ProtoDUNE-
SP data. The selected tracks are t(-tagged by requiring that they cross the cathode plane
(x = 0). The dashed lines indicate the boundary of the TPC active volume where track
endpoints should be reconstructed in the absence of space charge effects. The vertical
streaks in the middle of the zx plane projection correspond to gaps between the APAs.
Taken from [43].

3.3.1 Space Charge Effect

Space charge is a phenomenon that arises from the accumulation of charged ions in a
detector. This accumulation occurs due to the presence of cosmic muons and can result
in distortions in reconstructed signals and ultimately impact detector performance. In
the case of ProtoDUNE-SP, the space charge effect (SCE) is primarily caused by the
ionization of argon atoms by cosmic muons and charged beam particles, as the detector is
situated at the surface. The cloud of ions produced by the SCE causes a non-continuous
distortion of the electric field, which varies over time and depends on the duration of the
run and the nominal field strength of the detector. The effects of significant space charge
in ProtoDUNE-SP can be observed in Fig. 3.8, which shows the ¢,-tagged cosmic-ray
tracks from early ProtoDUNE-SP data. However, it is important to note that DUNE,

being located underground, will not be affected by this phenomenon.

To mitigate the impact of the SCE, the ProtoDUNE-SP collaboration developed a set of

calibration and correction techniques. To address the inadequacy of simulation in repro-
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ducing the observed SCE in data, a data-driven simulation of space charge is introduced.
This approach involves developing a set of spatial and electric field distortion maps to al-
ter the nominal simulations. The maps created in this way can be used to correct the SCE
in both data and simulation by recovering the original positions and accounting for the

modified electric field. The process of creating these maps involves the following steps:

1. A 2D map of scale factors at each of the relevant faces of the detector is produced

by taking the ratio of the data to the simulated map on a pixel-by-pixel basis.

2. In order to adjust the simulated three-dimensional spatial distortion map, the scale
factor maps are applied by conducting linear interpolations between the top and bot-
tom faces of the detector for spatial distortions in the y-direction, between the up-
stream and downstream faces for spatial distortions in the z-direction, and by taking
the average of the linear interpolations in these two directions for spatial distortions
in the x-direction. This generates a voxel-by-voxel scale factor that can be used
to rescale the spatial distortion magnitude in the corresponding three-dimensional

voxel, where a voxel denotes a volumetric pixel.

3. The resulting distortions in each 3D map are reversed to create maps that can be
utilized to correct the spatial distortions in both data and simulation. This correc-
tion involves repositioning the reconstructed ionization charge depositions to their

original locations.

4. Using the reversed maps and the known drift velocity, 3D electric field distortion
maps are formed based on the gradient of the spatial distortion along the local drift

direction.

The data-driven maps have been utilized to modify the reconstructed position of ionization
charge in simulation, as well as to enhance the prediction of prompt recombination effects.
Through the implementation of these maps, the data-driven simulation of space charge in
ProtoDUNE-SP has been able to effectively correct for the notable distortions caused by

space charge, thereby improving the accuracy of the reconstructed events.
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3.3.2 Recombination

Charged particles passing through the TPC generate a cloud of ions and ionized electrons.
However, before these electrons are drifted to the anode plane by an electric field, there is
a possibility for them to recombine with positive Ar ions created by the charged particle
or other impurities. This recombination effect alters the charge observed by the wires,
requiring precise calibration to accurately measure the energy deposited by charged parti-
cles. The recombination factor, denoted as R, represents the fraction of electrons that do
not recombine and is used to relate the observed charge to the integrated charge created.
Several theoretical models exist to describe electron recombination, such as the Jaffe-
Birks model [47] and the Box model [48]. In the Box model, the recombination factor is

expressed as,

B(dE/dz)

P (3.1

R:%In(oﬂrf), and { =

where « and f3 are fitted parameters, p is the material density, and £ is the electric field

strength. The energy deposition can be related to the charge deposition as,

dE  (dQ/dz)Wig
dz R 3-2)

where Wi, is the energy required for the ionisation per electron. Substituting Eq. 3.1 into

Eq. 3.2 gives,

dE [ (dQ W) | (6E
ar {"’Xp(a o ) O‘} (6) o

The canonical version of the model assumes o = 1, but this performs poorly at low
dE/dz. To address this issue, a modified Box model allows a < 1, resulting in bet-
ter agreement with experimental data, as demonstrated by previous experiments like Ar-
goNeuT [48]. ProtoDUNE-SP also adopted this modified Box model to account for re-

combination effects.
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3.3.3 Drift Electron Lifetime

Electron lifetime is a crucial parameter for the performance of LArTPCs. The electron
lifetime is defined as the average distance that an ionization electron travels before being
captured by an impurity in the LAr. The electron lifetime is directly related to the atten-
uation of the ionization signal, and a lower electron lifetime leads to a degraded energy
resolution and tracking performance. This effect is modelled as an exponential decay with

respect to time:

Ql0) = Qulvexp | ==, (3.4)

T

where () is the measured charge at the APA wire plane and () is the initial charge created
by the charged particle, while ¢, indicates the time when the ionization took place and p;
is the arrival time of the drifting charge measured by the APA wire planes and 7 is the
so-called electron lifetime. A higher electron lifetime implies a higher argon purity in the

TPC, leading to fewer electrons getting captured by impurities.

Accurately determining the ionization electrons that survive their journey across the drift
volume is important for particle detection and reconstruction. In the ProtoDUNE-SP, the
electron lifetime (7) is measured using long cosmic ray muons tracks. To measure the
electron lifetime, the charge deposition of long muon tracks that cross both the cathode
and anode planes is compared between the cathode and anode. The ratio of the charge
collected near the anode (()4) to that near the cathode (()c) is calculated to determine
the fraction of ionization electrons that reach the anode, which is directly related to the

electron lifetime as,

QC o _tmax
@—exp< . ), 3.5

where %, 1s the fixed full drift time of electrons from the cathode to the anode plane. in

Fig. 3.9, the ratio of Q)c/(Q) is presented for the data-taking period in November 2018.
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Figure 3.9: The ratio of charge measured at the cathode (()c) to the charge measured at
the anode () ) in ProtoDUNE-SP during November 2018. Toward the end of data-taking,
higher argon purity was achieved, resulting in an increased electron lifetime. Taken from
[43].

With an electron drift velocity of approximately 1.6 m/ms in ProtoDUNE-SP and a drift
distance of 3.6 m, the maximum drift time is calculated to be 2.25 ms. Consequently, the

lower bound of the electron lifetime is set at 3 ms, as indicated by the dashed blue line.

The electron lifetime can be influenced by various factors, including impurities in the
liquid argon, the presence of electronegative contaminants, and temperature variations.
Throughout the data-taking period, efforts are made to maintain a stable and high electron
lifetime. Figure 3.9 illustrates that at the beginning of data-taking, the argon purity is
relatively low, resulting in an electron lifetime of 10 ms. However, towards the end of the
data-taking, high argon purity is achieved, significantly increasing the electron lifetime

value to nearly 100 ms, far surpassing the baseline value.
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3.3.4 Charge and Energy Calibration

Energy calibration is a crucial process in the ProtoDUNE-SP experiment, which estab-
lishes the relationship between the recorded signal in the detector and the corresponding
deposited energy by a particle. The LArTPC can measure the deposited energy per unit
length, but it is important to correct and calibrate the extracted information to ensure that
the measured quantity is free from any detector effects. The goal of the calibration is
to convert the measured analogue-to-digital converter (ADC) signals to energy in MeV,
enabling particle identification and precise energy measurements for the reconstructed
particle. The accuracy of energy calibration is essential for achieving the desired physics

goals of the ProtoDUNE-SP experiment.

To obtain reliable calorimetric information, a two-stage calibration process is utilized,
based on the approach developed by the MicroBooNE collaboration [49]. The first stage
involves equalizing the detector response by making use of throughgoing cosmic-ray
muons, while the second stage entails determining the absolute energy scale by stopping
cosmic-ray muons. Cosmic muons that cross the cathode are employed in both stages

since their ¢y can be reconstructed.

During the equalization step, variations in the charge deposition due to different factors
that depend on the position of the hit in the x and y-z planes are taken into considera-
tion. In order to correct these non-uniformities, two correction factors are employed: YZ

correction factors and X correction factors.

* YZ correction factors take into account the factors affecting the d@)/dz values in
the yz plane, such as non-uniform wire response, electron diverters, and transverse
diffusion. The correction is done by dividing the yz plane into a number of 5x5
cm? bins and calculating the median (dQ/dx)\%%! value in each bin. The global
median (dQ/dz)¥%" value is then calculated considering the hits throughout the

whole drift volume. The YZ correction factor is defined as,
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(dQ/dx)y7

(wQ/ans” "

Cly,z) =

* X correction factors correct for the non-uniformities affecting the d@)/dz values
along the drift direction caused by factors such as attenuation due to impurities and
longitudinal diffusion. The correction is done by dividing the total drift volume into
5 cm bins in the x coordinate and applying YZ correction factors to correct for the
effects depending on y and z coordinates. Then, the median (dQ/dz)'¢ value is
then calculated for each bin, and the global median (dQ/dz)4™™ value is calculated

for the whole TPC. The X correction factor is defined as,

d d local
O(a) = L9Q/DR (3.7)
(dQ/dx)
Finally, the corrected d@) /dx after the equalization is defined as,
dQ/dxz = NgC(y, 2)C(x)(dQ/dz) eco., (3.8)

where N is a normalization factor that normalizes the d@)/dz to the average value at the

two anodes to equalize the two halves of the detector.

The calibration process for the absolute energy scale involves selecting cathode-crossing
stopping muons, where the calibrated d)/dz (in ADC/cm) needs to be converted into
the particle’s energy loss per unit length d¥/dx (in MeV/cm). To calculate dE£/dz, the
calibrated d@) /dx values along the muon track within its minimum ionizing region (120
to 200 cm from the track endpoint) are used in Eq. 3.9 from the modified Box model
[48]. This equation corrects for the recombination effect as described in Sec. 3.3.2, and
the resulting dE£/dz values are fitted to the predictions of the Landau-Vavilov theory
[50] as a function of the residual range for stopping muon tracks. The residual range
refers to the distance measured to the particle’s end-point. During this fitting process, the

charge calibration constant C, is a free parameter in the y? minimization. C,, serves
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Table 3.2: The parameter used in Eq. 3.9 from the Modified Box Model for the calibrated
dE /dx calculation.

Wien  23.6 x107°% MeV/electron (work function of argon)

& Local electric field based on the measured SCE map

1.38 g/cm? (liquid argon density at a pressure of 124.106 kPa)
0.93

0.212 (kV/cm)(g/cm?)/MeV.

as a scaling factor, taking into consideration electronics gain, ADC conversion, and other

residual effects that have not been directly calibrated.

dE (((ii_Q) lib: tdﬁlvvion (p5>
R = ex T / calibrate — = (39)
( dx )calibrated { P [ C'cal pg B

The calibrated dE'/dz calculation uses the parameter Wi,,, which represents the energy

required to ionize one atomic electron in argon. The &£ corresponds to the measured
electric field from the SCE map, while p represents the density of liquid argon at the
operating temperature. The parameters o and 3 are the Modified Box Model parameters
measured by the ArgoNeuT experiment [48]. The specific values of each parameter used

in the Eq. 3.9 are provided in Table 3.2.

3.4 Simulation and Reconstruction Chain

The simulation of test beam events in the ProtoDUNE-SP TPC begins with a dedicated
Geant4 [51] simulation of the beamline that transports particles from their production
point toward the TPC. The rest of the simulation chain is based on the Liquid Argon
Software (LArSoft) analysis framework. An event generator module creates particles to
be simulated by Geant4 when a primary particle travels through two triggering planes and
reaches the outside of the ProtoDUNE-SP cryostat structure. Each event created by the

event generator is assigned a primary particle, and other particles in time with the beam

51



3.4 Simulation and Reconstruction Chain

are passed on to the next stage of the simulation. Cosmic-ray particles, as simulated by
CORSIKA [52], are overlaid on the event as well. All particles are then given to Geant4
to simulate their transport through the detector, including interactions of hadrons with
the detector material. The ionization created by charged particles as they travel through
the LAr portion of the detector is passed to the drift simulation step of the simulation,
which transports the ionization electrons produced during the Geant4 simulation stage
along field lines toward the wire planes. The full electronics response to the ionization
drift and collection onto the wires is simulated, creating waveforms that are then passed

to the reconstruction chain, as discussed in the following sections.

3.4.1 TPC Signal Processing and Hit Finding

The signal processing and hit reconstruction in ProtoDUNE-SP involve several steps that
transform the raw detector data into meaningful physical quantities for analysis. Initially,
the signals from the TPC wires are amplified, shaped, and then converted into digital form
using an ADC. The induction plane produces a bipolar waveform, while the collection
plane generates a unipolar waveform. To signal deconvolution technique, first introduced
by ArgoNeuT [53] and further developed by the MicroBooNE collaboration [54, 55], is
applied to filter out the noise and eliminate detector effects. During the deconvolution
process, the bipolar signals from the induction plane are transformed into unipolar wave-
forms. Ideally, after the deconvolution, the waveforms in both the induction and collection

plane will contain potentially overlapping peaks.

The subsequent step is hit finding, where the detector regions containing particle charge
deposits are identified. This involves searching for peaks in the wire waveforms that ex-
ceed a specified threshold and fitting them with Gaussian shapes to create hits. A hit
represents the charge deposition on a wire at a specific time, and its peak time, maximum
amplitude, and area under the fitted Gaussian are recorded. Given that two induction
planes consist of wires wrapped around the APA, disambiguation procedures are neces-
sary to determine which segment of the wrapped wire actually recorded the signal. For a

collection plane hit, a narrow time window of 1.25 us is considered. If only a single pair
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of induction wires is matched within this window, there are no ambiguities in the hits.
However, if more than one candidate induction wire is matched, a x? test is performed on
the difference of charge collected between the collection wire and the potential induction
wires to identify the correct match. Based on simulation studies, less than 1% of hits are
incorrectly assigned to their wire segments [24]. Ultimately, each wire plane provides
a 2D view of particle interactions, and these views are fed into the pattern recognition

algorithms discussed in the following section.

3.4.2 Pandora

The Pandora Software Development Kit (SDK) [56] is an integral part of the LArSoft
framework, which is a widely utilized tool in various LArTPC experiments. Pandora
was originally designed for event reconstruction in future linear et e~ colliders [57, 58].
It has since demonstrated its effectiveness in various LArTPC experiments, including
MicroBooNE [59], and is currently being used in ProtoDUNE-SP. Pandora adopts a multi-
algorithm approach for pattern recognition and incorporates experiment-specific content

libraries to enrich its capabilities.

Pandora takes hits as input to perform pattern recognition and particle reconstruction. The
input hits are categorized into three groups, each corresponding to the three wire planes.
Within each group, a 2D cluster is formed when a continuous and unambiguous line of
hits is present. However, if any bifurcation or ambiguity arises, the cluster creation stops,
and a new cluster is initiated to continue the clustering process. This results in several
small clusters with high purity but limited completeness, as depicted in Fig. 3.10 (a).
Subsequently, clusters that are close or pointing towards each other are merged into one
cluster, as illustrated in Fig. 3.10 (b). The following step involves reconstructing 3D
tracks using the merged 2D clusters from the three wire planes. Clusters from any two
planes are used to predict the view of the same cluster on the third plane. If the prediction
matches, a 3D track is generated using the three 2D clusters. In addition, there are a

variety of algorithms in Pandora to deal with cases where some ambiguities are found.
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Figure 3.10: Example outputs from two algorithms utilized in Pandora for cluster re-
construction. (a) Clusters produced by the Cluster-Creation algorithm. (b) Completed
clusters produced by the Cluster-merge algorithm. Taken from [59].

There are two main reconstruction paths to analyse ProtoDUNE-SP data as shown in
Fig. 3.11: PandoraCosmic, focused on identifying cosmic muons and delta rays (track-
oriented), and PandoraTestBeam, designed to reconstruct charged beam particles (inter-
action vertex-oriented). The PandoraCosmic algorithm initially processes the input hits to
find any obvious cosmic rays. Once cosmic-tagged hits are identified, they are removed
from the initial hit collections. The remaining hits are then subjected to a 3D slicing al-
gorithm that divides the 3D space into distinct regions. Each slice is subsequently passed
through both PandoraCosmic and PandoraTestBeam to determine whether it corresponds
to a cosmic ray or a beam particle. Finally, a hierarchical relationship is established among
particles, involving mother-daughter associations. For instance, a primary track may give
rise to two daughter showers and one daughter track, and the daughter track might, in turn,
generate a granddaughter track. Following the completion of the particle reconstruction
chain, particle identification and selection can be carried out during the physics analysis
stage. A detailed description of Pandora reconstruction in ProtoDUNE-SP can be found

in Ref. [60].
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Figure 3.11: A simplified Pandora reconstruction chain in ProtoDUNE-SP. Taken from
[61].

3.5 Event Display

This section provides some examples of the event display of charged pion beam inter-
actions. The displayed events are based on data collected in October 2018. Figure 3.12
showcases two candidates for pion quasi-elastic scattering. The y-axis represents the elec-
tron drift time in microseconds, while the x-axis corresponds to the wire number, with a
wire pitch of 4.7 mm. The vertical track crossing the selected TPC region corresponds to

cosmic muons that are not successfully removed by Pandora.

The pion beam travels from left to right. The absence of the beam track at the edge of the
TPC is because the beam enters the detector through a beam plug that penetrates inside
the TPC. Additionally, the ProtoDUNE-SP is subject to a large SCE, which is particularly
significant at the detector’s edge. The colour scale in these plots represents the amount
of charge deposited along the trajectory of the particles. In LArTPC, pions behave like

MIPs, while protons tend to lose more energy, especially towards the end of their tracks.

The final state pion can be identified by observing a Michel electron in the decay chain of
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Figure 3.12: Two event displays of 1 GeV /¢ pion quasi-elastic scattering in ProtoDUNE-
SP using data collected in 2018. The beam comes from the left, and the colour represents
the charge deposit inside the detector.

the pion. The decay process involves the pion decaying into a muon, which subsequently
decays into a Michel electron. In the energy range of the pions in ProtoDUNE-SP, the
intermediate muon is not detected inside the detector. Thus, only the Michel electron is
observed from the muon’s decay at rest. As a result, a kink or change in direction can be

seen at the end of the pion track, as demonstrated in the event display.

Figure 3.13 illustrates two candidate pion charge exchange scattering events. In this case,
the pion interacts with argon and undergoes a charge exchange, converting itself into a
neutral pion. The neutral pion then quickly decays into two photons, resulting in the for-

mation of two electromagnetic showers in the detector. The distance between the starting
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Figure 3.13: Two event displays of 1 GeV/c pion charge exchange scattering in
ProtoDUNE-SP using data collected in 2018. The beam comes from the left, and the
colour represents the charge deposit inside the detector.

positions of these showers and the interaction vertex is known as the conversion length.
By combining the information from the two photon showers, it is possible to calculate the
momentum and energy of the neutral pion. However, the reconstruction of two distinct
showers can be challenging if the two photons are produced in close proximity to each
other or if one of the photons has very low energy. In such cases, it becomes more difficult
to accurately separate and identify the individual showers, which can impact the precision

of determining the properties of the neutral pion.
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3.6 Hadronic Cross-Section Measurements in Argon

The growing use of LArTPC neutrino detectors, such as the DUNE and SBN programs,
has renewed interest in hadronic cross sections, particularly those involving argon. These
detectors can track particles with high accuracy, measure their energy, and identify them
based on their interactions. Pions, in particular, are commonly produced in neutrino inter-
actions and can help determine the type of interaction. However, the lack of research on
hadronic interactions of particles produced in neutrino interactions on argon for energies
below 1 GeV creates a data gap that contributes to the uncertainty of pion interactions
on argon. This uncertainty affects the accuracy of neutrino event generators and detector

simulations.

Previous experiments have used pion beams to study pion-nucleus interactions on various
nuclei, including He, Li, C, S, Fe, and Pb [62, 63, 64, 65]. These studies used thin targets
with thicknesses much smaller than the typical interaction length in the material. In these
experiments, a beam of pions with known flux is directed at a thin slab of material, and
the outgoing flux is recorded. From this, the interacting flux can be retrieved, and the

cross-section can be calculated at a given beam energy.

The objective of this thesis is to expand on these previous studies by addressing the data
gap in pion-argon cross-section measurements. The analysis will focus on measuring the
hadronic interactions of charged pions on argon for energies between 450 to 950 MeV,
using data from the ProtoDUNE-SP. By filling this gap, this measurement can reduce
the uncertainty related to pion interactions on argon, which is essential for improving the

accuracy of neutrino oscillation measurements in DUNE.

3.6.1 Thin-Slice Method

Traditionally, the determination of pion hadronic cross sections involved the use of thin
targets, which are targets with a thickness much smaller than the average interaction
length in the material. The typical LArTPC does not satisfy this requirement as a whole,

but its unprecedented tracking capabilities enable the creation of a methodology that uti-
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3.6 Hadronic Cross-Section Measurements in Argon

lizes the conditions of thin target experiments.

The probability of pion interaction, denoted as Py, in an argon target with a thickness of

dx is connected to the interaction cross section o by the following relationship,

P = 1 — 7707, (3.10)

where n = pN, /ma; is the number density of the target, where p is the mass density of the
argon in g/cm?®, N, is the Avogadro constant in 1/mol and m, is the argon atomic mass in
g/mol. The probability of a pion interacting with the target can be estimated statistically
by calculating the ratio of the number of pions that interact with the thin target (known
as the interacting flux, Np,) to the number of incident pions (known as the incident flux,
Nine). This assumption holds true when the interaction length is much greater than the
thickness of the target. This is the so-called thin target approximation. By using this
approximation, it becomes feasible to derive a straightforward proportional correlation
between the cross-section and the interaction probability. This is achieved through the

application of the first term of a Taylor expansion of the exponential function as,

1 NInt
= — 3.11
= oz Npo (.11

by assuming the Ny, < Nyyc.

As the interaction length of pions in liquid argon is around 50 cm, the ProtoDUNE-SP
detector, with ~ 7 m long, cannot be considered a thin target. Nonetheless, the high
granularity of the LArTPC enables the measurement of the kinetic energy of each pion at
intervals of approximately 4.7 mm (wire pitch described in Sec. 3.2.2) along its trajectory
in the detector’s active volume. Therefore, one can view the argon volume as a sequence
of many adjacent thin targets, as shown in Fig. 3.14, and restore the thin target approxi-
mation in each slice of argon [66]. As a result, the cross-section measurement at each thin
slice can be treated as a separate thin target experiment. When the energy of beam pion is
measured as it enters each slice, the energy dependence is incorporated into Eq. 3.11 as

follows,
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Length=6.9m

Height =6.0 m

ﬁdth =72m

Figure 3.14: Cartoon demonstration of the thin-slice method where the slicing width is
4.7mm and the detector is not to scale. Reproduced from [66].
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(3.12)

From this point onward, the energy dependence notation will be omitted and will simply
be represented by the index i. Generally, if the assumption of Ny, < Ny, not holds, the

more accurate formula gives,

(3.13)

MAr NInc
7 ( ) PNA5$ " <NInc - NInt)

where dx represents the thin slice width which is the wire pitch ~ 4.7 mm. The index ¢

)
slice;

represents the slice number.

3.6.2 Energy-Slice Method

The ProtoDUNE-SP detector is affected by spatial distortions caused by strong SCE,
which distort the track pitch more at the boundaries. These effects are difficult to replicate

precisely in simulations, so it is better to avoid using spatial slicing in measurements.
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Figure 3.15: An illustration demonstrating the process of populating the Incident and In-
teracting Histograms for cross-section measurements. Pions enter the TPC with different
initial energy and subsequently lose energy due to ionization until they interact inside the
detector.

Instead, the proposed E-Slice method involves directly slicing the measurement in the
energy phase space, which simplifies the process and eliminates the need for an additional

variable associated with uncertainty in the final cross-section equation.

Figure 3.15 provides an illustrative example of the procedure for calculating the incident
and interacting fluxes in the cross-section formula. To begin, the energy of each pion
beam at the front face of the TPC is measured and recorded in an Initial Histogram. If
a pion interacts or comes to a stop inside the TPC, the energy at that interaction point
is also recorded in a separate histogram called the Beam Interacting Histogram. The
incident flux at each bin can then be determined by computing the difference between
the number of pions in the Initial Histogram and the number of pions that interact in the

Beam Interacting Histogram as,
n n
;nc = Z ani - Z Nﬁeamlm- (314)
i i+l

In this analysis, the signal events are defined as the pion charge exchange events, which

are described in detail in Chap. 8. If a pion beam interacts with the signal event topol-
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3.6 Hadronic Cross-Section Measurements in Argon

ogy, the Interacting Histogram is filled accordingly. The Incident Histogram provides the
number of pions that have traversed without interacting for each energy bin, whereas the
Interacting Histogram records the number of pions that have undergone the pion charge
exchange process for each corresponding energy bin. To compute the cross-section at

each beam energy bin ¢, the following formula is used,

1 NInc
n _—
E; NInc - NInt

where the pre-factors related to argon are defined in Eq. 3.13 and  E represents the energy

M ar dF
;= —
pNAOE dx

, (3.15)

slice;

slicing width and dE/dx is the pion energy loss per unit distance at a specific energy of
E;. The bin content of the Incident and Interacting Histogram at each beam energy bin ¢

is denoted by Ny, and Ny, respectively.

Following Eq. 3.15, the integrated pion charge exchange cross-section as a function of
beam energy can be calculated. In addition, the differential cross-section for a particular

beam interacting energy bin 4, with 7° kinematics can be calculated as,

(3.16)

(da) mar dE 1 Ny

AT ), pNAOE du |g, AT0 Ni’

Inc

where the index j represents the 7° energy bin and the Nfgt is the number of entries at 7°
energy bin j with the beam interacts within the beam energy bin i. The AT 0 is the bin
width of the 7 kinetic energy distribution. In the approximation of Ny, < N, Eq. 3.15

can be simplified to,

. dE| N
o, — —Ar 2| T (3.17)
PNAOE dx 1B N,

By substituting Eq. 3.17 into Eq. 3.16, the differential cross-section formula is,

do 1 NZ,
_ nt 1
(dTﬂo), AT N " ©-18)

v
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3.6 Hadronic Cross-Section Measurements in Argon

where o; is the measured pion CEX integrated cross-section defined in Eq. 3.15.

The main goal when measuring a cross-section is to compare the results to theoretical
models. In this study, the distributions for the Incident and Interacting Histograms are
measured in pion kinetic energy. However, both detector effects, which introduce en-
ergy smearing and reconstruction inefficiency, are corrected through the use of iterative
Bayesian unfolding. The major systematic uncertainties, including uncertainties on beam
momentum measurements, reconstruction resolution, and model-dependent uncertainties,
are evaluated and included in the final result of both the pion integrated and differential

CEX cross-section measurement.
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4| Transverse Kinematic Imbalance

Inclusive and semi-inclusive measurements, such as the integrated cross sections and the
lepton kinematics, have been studied in great detail over the past decades. However, these
observables strongly depend on neutrino energy and are difficult to access the nuclear ef-
fects. In experimental measurements, the various nuclear effects are convoluted together,
making it challenging to study them individually. However, there is a promising approach
to investigate specific nuclear effects using a novel set of kinematic variables known as
transverse kinematic imbalance (TKI). This concept closely resembles the methodology
employed in collider physics to determine neutrino energy through the analysis of missing

energy.

The concept of using TKI to probe nuclear effects in neutrino interactions has been ex-
plored in previous studies [67, 68, 69, 70, 71] and effectively applied in experiments such
as MINERvVA (Main INjector ExpeRiment v-A) [72, 73, 74], T2K [75, 76], and Micro-
BooNE [77]. Benefiting from advanced tracking capabilities, DUNE ND-GAr will lever-
age the TKI to investigate neutrino-argon interactions with remarkable precision [40, 29].
A noteworthy application of this approach is the analysis of TKI between the final state

nucleon and charged lepton in CCO7 events, with minimal dependence on neutrino en-

ergy.

4.1 Definition

This subsection presents a review of TKI definitions [68] and derivations [69]. Suppose
that a muon neutrino scatters from a bound neutron inside the nucleus via the CCQE

interaction, leaving a muon and only one proton in the final state as
Vy+n—pu +p. 4.1)

Once the proton is produced, it starts to propagate through the nuclear medium and un-

dergoes FSIs. The momentum of the final-state proton weakly depends on the neutrino
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X<

b

Figure 4.1: Schematic illustration of transverse kinematic imbalance variables. The TKI
variables are shown in red and defined in a plane perpendicular to the neutrino direction.
Taken from [68].

energy as discussed in Ref. [68]. Suppose the energy-momentum transfer from the pro-
ton to the nuclear medium is (A E, Ap), then the intranuclear momentum transfer (IMT),
Ap, would be an ideal observable to measure the nuclear effects independent of neutrino
energy. However, this is not experimentally accessible since the initial momenta of both
neutron and neutrino are not known in the first place. Instead, as shown in Fig. 4.1, one
could define the following single-transverse kinematic imbalance, the transverse momen-

tum imbalance dpt and the boosting angle dar which are related to Ap;,

opr = Py + Py, (4.2)

—Pr - 0P

4.3
P#CSPT (*+3)

darp = arccos
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4.1 Definition

where p% and p¥ are the transverse momenta projection of the outgoing muon and proton,
respectively. Since the initial neutrino has zero momentum in the transverse direction,
resulting in gr = —p¥, where ¢r is the transverse component of the momentum transfer
q.

Ideally, the sum of the transverse component of muon and proton momenta, §pr, would
vanish if the target nucleon is static and free since there is no initial momentum in the
transverse direction. For a nucleon in a nucleus, if there are no FSIs present, then dpr
and dar would be the transverse momentum of the struck neutron and the transverse
projection of the angle between the neutron momentum p,, and momentum transfer ¢
respectively as shown in Fig. 4.1. In the first approximation, the distribution of dpr is
independent of the neutrino energy [68]. Since the isotropic property of the Fermi motion,
the value of dat would be uniformly distributed. With FSIs switched on, the outgoing
proton could be boosted or dragged as it propagates through the nuclear medium, making

dar — 0° or 180°.

The transverse momentum imbalance, dpr, can also be interpreted as the sum of the trans-
verse component of the Fermi motion (associated with initial neutron) and IMT, Ap’ (as-
sociated with final state proton) as defined above. Thus, the momentum imbalance, dp’

which includes the longitudinal component, in a neutrino-nucleus interaction is

0P = Prm — Pimr, (4.4)

For a pure QE interaction (zero IMT contribution), the neutron momentum is

Pn = 0p. (4.5)

Therefore, in the basic interaction (Eq. 4.1), the energy and momentum conservation laws

give,

E,+My=E,+E,+ Es_, (4.6)
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E, =p!+pl —op., 4.7)

0 =py +pf — opr, (4.8)

where p*(®) and §p are the muon (proton) momentum and the momentum imbalance,
respectively. My is the mass of the target nucleus, E,, E, ) and E,_; are the energy
of the initial neutrino, the final state muon (proton) and the remnant nucleus [69]. If the

initial nucleus is at rest, one could assume,

5ﬁ: ﬁA*h (49)

Then substitute Eq. 4.7 into Eq. 4.6 to eliminate the F,,

1 M3, +0p;
opp=-R— ———
PL 9 2R )
(4.10)
R=Ma+pl'+pl — E*— E".
If the final state proton and muon momenta are measured, then the initial neutron momen-

tum is calculated as

o= 0p = 1\/0pZ + Op?, 4.11)

providing the binding energy is taken into account when calculating the mass of nucleus

M a(a—1). The p, is referred to as the emulated neutron momentum.
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4.2 Longitudinal Momentum Imbalance

It is intriguing to investigate which part of the momentum imbalance dominates the cal-
culation of p,. The Giessen Boltzmann-Uehling-Uhlenback (GiBUU) Project [78] is em-
ployed as the event generator in this study. The GiBUU 2019 version is used to produce

Monte Carlo (MC) simulations of v, Ar CCOm events with the DUNE neutrino flux.

The ratio of the longitudinal momentum imbalance dp; and the transverse momentum
imbalance dpr is studied as shown in Fig. 4.2 (a). It can be seen that dpy is only a small
correction in dpr as the ratio is peaked around the origin. Consider a Cartesian coordinate
system with the x-axis to be dpr and the y-axis to be dpp as shown in Fig. 4.3. Then
in the polar coordinate, neutron momentum p, as defined in Eq. 4.11 is the polar radius.
One could also calculate the polar angle f;, as shown in Fig. 4.2 (b). The depleted region
around ¢ = 90° also confirms that dp; is small compared with dpr. Therefore, p, can be

considered as dpr in the first order with an O(20%) correction.

To demonstrate the relation between the transverse momentum imbalance dpr and the
neutron momentum p,, also the true Fermi motion of the initial neutron, the distributions
of these three variables in the QE mode are plotted in Fig. 4.4. There is a cut-off mo-
mentum piyy = 0.3 GeV/c in the true Fermi motion distribution. This is a simplified case
since the momentum distribution in heavy nuclei is commonly simulated using a Fermi
Gas model. There are nucleons with momentum much larger than pg due to the short-
range correlations [79] which is not included in the model. If there are no FSIs, then the
neutron momentum would correspond to the true Fermi motion. However, a small tail is
found in the distribution of p,, which indicates the presence of FSIs in a QE mode. The
pn distribution is shifted towards a larger momentum relative to the dpy distribution due

to the correction made by dp .
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Figure 4.2: (a) The ratio of the longitudinal momentum imbalance dp; and the transverse
momentum imbalance dpr in a stack histogram. In the region where the majority of
events occur (with a ratio < 0.6), the mean value of dp; /dpr is 0.24, with a RMS of 0.16.
(b) The distribution of the polar angle 6, = arctan(dp;./dpr) as defined in Fig. 4.3. Each
component in the stack histogram is area normalised.
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5 e
pPr
Figure 4.3: Geometric illustration of the relation between dpt, dpp. and p, in Cartesian

and polar coordinates.
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Figure 4.4: The distributions of the true Fermi motion pgy, transverse momentum imbal-
ance dpr and neutron momentum p,.
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4.3 Predictions in DUNE ND-GAr

This section aims to demonstrate nuclear effects via the TKI variables p, and dat in
DUNE ND-GAr. The signal channel used in this study is the v,-Ar CCO7 interaction,
where there are no momentum thresholds imposed on pions. The MINERVA results [72]
serve as a reference in this context and are compared to those of ND-GAr, with different
neutrino beam flux, detector response, and nuclear target. This comparison illustrates the

advantage of the ND-GAr detector in probing nuclear effects using the TKI technique.

MINERVA is the pioneering experiment that investigates neutrino interactions with vari-
ous nuclei within the 1-10 GeV neutrino energy range. The detector employs the scintillator-
based active target tracker to measure the products of neutrino interactions. In this study,
the carbon nucleus target is used for the TKI analysis. The signal phase space of MINERVA

experiment is defined as [72],

1.5GeV/c < p, <10GeV/c,0, < 20°,
(4.12)

0.45 GeV/c < py < 1.2GeV/c , 6, < 70°,

where p,, ) and 0, are the muon (proton) momentum in the lab frame and polar angle

relative to the direction of the neutrino beam, respectively.

ND-GAr is proposed to be employed as one of the near detectors in the DUNE experi-
ment. The detector is filled with an Argon-CH, (90%- 10%) gas mixture at 10 bar [40].
It can provide an unprecedented resolution on neutrino-argon scattering and detect both
muons and protons with kinetic energy larger than 3 MeV in the full angle acceptance.

This leads to the signal phase space of DUNE ND-GAr to be

pu > 0.0254 GeV /c, 47 full angle,
4.13)

pp > 0.0751 GeV/c, , 4 full angle.
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Figure 4.5: Differential cross sections per nucleon as a function of the boosting angle
dar, for (a) carbon target, MINERVA v, flux and detector acceptance, (b) carbon target,
DUNE v, flux and ND-GAr detector acceptance and (¢) argon target, DUNE v, flux and
ND-GAr detector acceptance. The GiBUU (version 2019) model is used to generate these
neutrino events.
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Figure 4.5 shows the differential cross sections as the transverse boosting angle, dc for
(a) carbon target, MINERVA v, flux and detector acceptance (Eq. 4.12),
(b) carbon target, DUNE v, flux and ND-GAr detector acceptance (Eq. 4.13),
(c) argon target, DUNE v, flux and ND-GAr detector acceptance (Eq. 4.13).

It should be noted that the scale of the y-axis in plots (b) and (c) is one order of magnitude
larger than plot (a) due to a higher event rate thanks to the lower threshold in ND-GAr.
Using carbon as the nuclear target in DUNE ND-GAr serves as a hypothetical experimen-
tal configuration to showcase the enhanced detection capability for low-energy particles

in ND-GAr.

The QE mode in MINERVA (Fig. 4.5 (a)) is rather flat. By comparing plots (a) and
(b), the increased acceptance in ND-GAr allows more low energy protons to be detected,
which are not available in MINERvA. These protons are decelerated as they propagate
out through the nuclear medium. Hence, there is an increase in the QE mode at the higher

value of darr in plot (b).

When the target nucleus is switched to argon (Fig. 4.5 (c)), as it should be in ND-GAr,
by comparing with the plot (b), an additional enhancement is found in all modes except
for the region where dar is close to zero. Since the argon nucleus has a larger radius
than carbon, the final state hadrons will propagate for a longer distance inside the nuclear
medium that are more likely to be decelerated, making dar tend to 180°. Many pions
produced in the non-QE processes are more easily absorbed inside the nucleus, which
increases the contribution from the RES and DIS modes to the CCO7 events category. In
addition, the carbon nucleus has the same number of protons and neutrons, which leads
carbon to be an isospin-0 nucleus. However, as for the argon nucleus, there are 4 more
neutrons than protons, making the argon nucleus have an isospin-2. As suggested in [80],
the GiBUU production of the 2p2h process is proportional to the isospin (7°) of the nucleus
by ~ (T'+1). Therefore, the predicted cross sections of argon are about three times larger

than carbon in the 2p2h mode.
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bon target, DUNE v, flux and ND-GAr detector acceptance and (¢) argon target, DUNE
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detector acceptance.
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The differential cross sections as a function of the emulated neutron momentum (Eq.
4.11) are shown in Fig. 4.6. Clearly, the first peak shows the Fermi motion of the struck
neutron ~ 0.2 GeV. The DUNE carbon has a higher p, tail than that in MINERVA in
the QE mode. This tail is filled with the low-momentum protons in the transition region,
which is below the detection threshold for MINERvA. The stronger FSIs move more QE
events from the peak to the tail by comparing the carbon (Fig. 4.6 (b)) and argon (Fig. 4.6

(c)). Again, the 2p2h enhancement can be seen for argon due to the isospin-2 nucleus.

In conclusion, DUNE ND-GAr offers a larger phase space with full 47 angular accep-
tance. This capability enables the assessment of the strength of FSI by observing devia-
tions from a uniform distribution of dc in the QE mode. Additionally, it is more sensitive
to the transition region (p, ~ 0.35 GeV/c) within the emulated neutron momentum dis-
tribution, an area where MINERVA data has already indicated discrepancies in generator
predictions [72]. Furthermore, the direct measurement of Fermi motion in argon can be
obtained, and DUNE ND-GAr provides an opportunity to observe the 2p2h ~ (7" + 1)

enhancement in argon (7" = 2).

4.3.1 Understanding the Resonant Production

In a CCOr event, there are contributions not only from the QE mode but also from RES
and DIS modes at the generator-level prediction. This arises due to the effects of FSI,
where additional pions may be absorbed and not propagate out of the nuclear medium.
The momentum carried by these pions is not accounted for in the TKI calculations, result-
ing in a large transverse boosting angle dcr. Interestingly, there are some RES events with
smaller dar values (Fig. 4.5 (a)), indicating that the proton momentum in the transverse
plane (see Fig. 4.1) increases, leading to smaller d«t values. In such cases, it appears that

the protons are accelerated rather than decelerated by FSI.

This can be understood by considering the decay kinematics of the A™ baryon in an RES
interaction. Here in the lab frame, a new TKI variable is introduced, defined as the angle
between the proton and neutral pion in the transverse plane resulting from the A™ baryon

decay. This angle is denoted as 6¢%. Fig. 4.7 presents the same plot as in Fig. 4.5 (a), but
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Figure 4.7: Differential cross sections per nucleon as a function of the boosting angle davt
for the carbon target with MINERVA v, flux. The RES mode is now decomposed into
two sub-modes. One with the J¢% < 90° (blue) and populate at a large o value. The
other with the §¢2 > 90° (purple), where the protons appear to be "accelerated” since it
pushes an unobserved 7 to the opposite direction.

with the RES mode further subdivided based on d¢%, with §¢2 < 90° and §¢5 > 90°.

It becomes clear that only the component with §¢5 > 90° contributes to the small Jory
values. In this scenario, the momentum vectors of the proton and 7° point in opposite
hemispheres, while the original A™ baryon is situated in the same hemisphere as the
proton. Consequently, the proton appears to be "accelerated" as it recoils from the un-
observed 7. Conversely, when the A* baryon is in the same hemisphere as the 7°, the
momentum of the proton would be smaller, resulting in the larger darr values as seen in
Fig. 4.7. When §¢2 < 90°, no such effect of the "accelerated" proton is observed, and

the expected large dar contribution is observed.
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4.4 Predictions in ProtoDUNE-SP

The TKI introduced in Sec. 4.1, provides a direct measure of nuclear effects as demon-
strated in Sec. 4.2. Recently, the MicroBooNE collaboration measured the double dif-
ferential cross-section as a function of TKI variables off an argon target using a neutrino
beam [77]. They demonstrated that the measured cross-section is sensitive to specific
nuclear effects in different phase-space regions. While ProtoDUNE-SP presents an op-
portunity to measure the same nuclear effect in argon through hadronic interactions, as
nuclear effects are independent of the beam, it remains crucial to corroborate this mea-

surement with different fundamental interactions to ensure their agreement.

Within ProtoDUNE-SP, two interaction channels allow for the study of nuclear effects in

argon using a pion beam. The first channel is the pion quasi-elastic scattering as,

at+p— 7t +p, (4.14)

while the second channel focuses on pion charge exchange scattering as,

7t 4+n— 7’ +p, (4.15)

and the initial nucleon is in an argon nucleus. Since TKI variables are calculated based on
all measured final state particles, it necessitates an exclusive measurement where every
final state particle is reconstructed. The simplest signal for such an interaction is when
only one nucleon is produced in the final state, along with a 7/7° for each channel.
In these specific interactions, the momentum of the struck neutron can be reconstructed,
enabling direct measurement of the magnitude of the Fermi motion. The strength of the
FSI in argon can also be measured via the transverse boosting angle, dat. However,
the statistics for these interactions are relatively limited, considering the available data
sets in ProtoDUNE-SP. Consequently, in this context, only predictions based on MC true
information within the ProtoDUNE-SP acceptance are presented, awaiting future data for

comparison.
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Figure 4.8: Schematic illustration of the TKI variable definition in the pion charge ex-
change channel. The incoming pion beam is depicted by the black arrow, and the TKI
variables are defined between the final state 7° and proton vectors, shown in red.

The TKI definition in ProtoDUNE-SP closely resembles the one previously defined for
the neutrino beam case. The only modification required is to replace the final state lep-
ton momentum vector with that of one of the mesons (7°/7"). Figure 4.8 illustrates the

definition of the TKI variables in the context of the pion charge exchange channel.

The first TKI variable of interest is the transverse boosting angle, dar, as defined in
Fig. 4.8. In the presence of only Fermi motion, the Fermi motion being isotropic, the
distribution of dar should be flat. Therefore, any deviation from a constant distribution

of dart can indicate the presence and strength of FSIs and other nuclear effects.

Figure 4.9 illustrates the distribution of dar in the pion charge exchange interaction,
where the MC is decomposed by the number of nucleons. In ProtoDUNE-SP, the momen-
tum reconstruction threshold for protons is set to be between 0.45 GeV/c and 1 GeV/c.
The lower bound is determined conservatively by the Pandora reconstruction threshold,
while the upper bound is limited by the reliability of the momentum-by-range method.
The considered events involve a leading proton with momentum lying within this mo-

mentum range, and a subleading proton with momentum below the detection threshold.
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4.4 Predictions in ProtoDUNE-SP

Therefore, only one proton is visible in the detector, but there might be many invisible
low-momentum protons, as indicated by the legend in Fig. 4.9. Most events involve more
than one nucleon in the final state, and the cleanest events, shown in green, represent a
scenario where only one proton is produced. The significant upward tilt observed in the
high dar region indicates the presence of substantial missing momentum due to the unac-
counted final state nucleons, especially neutrons. The distribution of signal events appears
relatively flat, suggesting a small presence of FSIs. However, it is important to note that
this pattern is influenced by the high proton momentum reconstruction threshold. As the
outgoing protons undergo FSIs, they tend to lose energy and fall below the reconstruction

threshold.

The second variable of interest is the emulated neutron momentum p,, as defined in Sec.
4.1. Figure 4.10 displays the distribution of p,, representing the momentum of the struck
neutron in the absence of FSI. The green histogram depicts events with a single proton
in the final state, revealing a distinct peak observed around 150 MeV/c. This peak cor-
responds to the magnitude of the Fermi motion of the struck neutron in argon. However,
there is a large amount of missing momentum originating from other undetectable final
state nucleons, causing the p, distribution to peak at higher values, around 400 MeV /c.
The influence of these undetected particles contributes significantly to the overall missing

momentum in the event, leading to the observed higher peak in the p, distribution.
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Figure 4.9: The distribution of the transverse boosting angle dat of true pion charge
exchange events, categorized based on different numbers of protons (p) and neutrons (n)
in the final state, where N and M are > 1. The phase space selections for the leading and
subleading (s.l.) protons are shown. Only one proton is visible, but there can be many
invisible low-momentum protons. The broad peak observed at high dar is attributed to
the missing momentum resulting from unmeasured neutrons.
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Figure 4.10: The emulated neutron momentum p,, as defined in Eq. 4.11, categorized
based on different numbers of nucleons in the final state, where N and M are > 1. Only
one proton is visible, but there can be many invisible low-momentum protons. The Fermi
motion peak can be observed as the peak in the 1pOn category around 150 MeV /c.
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In the field of particle physics experiments, measurements inherently involve numerous
uncertainties, encompassing both statistical and systematic uncertainties. However, the
energy resolution of reconstructed particles has the potential to surpass the limitations im-
posed by detector resolution through the application of a mathematical technique known
as kinematic fitting. At its core, kinematic fitting revolves around identifying and integrat-
ing the physical kinematic constraints intrinsic to the experimental system. By iteratively
adjusting the measured energies and directions of particles, the fitting process aims to pre-
cisely satisfy these constraints, thereby rectifying the experimentally measured quantities
and bringing them closer to their true values. It is noteworthy that the extent to which
each parameter can deviate from its initial value during the kinematic fitting procedure is
modulated by its corresponding measurement uncertainty, which serves as a crucial input.
Consequently, parameters with larger uncertainties are more susceptible to substantial
changes, whereas those with smaller uncertainties exhibit minimal deviations from their
initial values. The routine incorporation of kinematic fitting in high-energy physics has
been prevalent for several decades, with these fitting routines integrated into data analysis

programs [81, 82].

This chapter explores the fundamental concept of kinematic fitting and its potential appli-
cations in enhancing the energy resolution of neutral pions in LArTPC detectors. Kine-
matic fitting finds practical utility in experiments involving the production and decay of
unstable particles, such as the top quark and W bosons. Neutral pions, being unstable
particles that decay into two photons, represent a significant physics signal in both the
ProtoDUNE-SP and DUNE experiments. However, since the neutral pion itself cannot be
directly observed, its energy and momentum must be inferred from the observed proper-
ties of its decay products, specifically the photons. One effective approach is to employ
kinematic fitting with an invariant mass constraint for the 7° particle. This fitting proce-
dure entails adjusting the measured photon energies and opening angles between the two

photons resulting from the neutral pion decay. By minimizing a constrained y? function
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5.1 Method of Lagrange Multiplier

that compares the invariant mass of the two photons to the expected mass of the neutral
pion, the kinematic fit enables a more accurate determination of the neutral pion’s energy
and momentum. This technique has been effectively employed to enhance 7° reconstruc-

tion in MINER~A experiment [83, 74], which serves as an inspiration for this study.

5.1 Method of Lagrange Multiplier

The Method of Lagrange Multipliers is a calculus technique used to find the maximum
or minimum values of a function under a constraint or set of constraints. It involves
introducing a new function known as the Lagrangian, which is the sum of the original
function and a scalar multiple of the constraint function(s). This scalar multiple is referred

to as the Lagrange multiplier [84].

In kinematic fitting, the Method of Lagrange Multipliers is employed to perform the fit-
ting process. It is a commonly used approach for solving constrained optimization prob-
lems. For instance, consider an optimization problem where the objective is to optimize
the function f(z,y) while satisfying the constraint equation g(x,y) = 0. It is assumed
that both functions have continuous first partial derivatives. To tackle this problem, the

Lagrangian is constructed as follows,

£(l’,y,/\):f(l’7y)—)\g(l’,y), (51)

The optimized value is obtained at the point where the gradients of the functions f(x,y)

and g(x,y) are tangent. This can be mathematically represented as follows,

Vw,yf<x7 y) = )\v%yg(x7 y)a (52)

where A represents the proportionality constant as the magnitude of gradient vectors is not
necessarily equal. In addition, the constraint equation must also be satisfied, g(z,y) = 0.

To incorporate all these conditions, one needs to solve
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Figure 5.1: The visualization of the one text-book problem of minimising function
f(z,y) = 8x* — 2y, subjected to the unit circle constraint, g(x,y) = 2% + y* — 1.
The black lines are the contour line of the function f(x,y) and the unit circle constraint
is shown as the green circle.

VaeyrL(z,y,A) =0. (5.3)

Note that V,\L(z,y,A\) = 0 leads to g(z,y) = 0 and V,,L(x,y,\) = 0 implies Eq.
5.2. Therefore, by solving a set of linear equations, one can optimise a function f(z,y)

subjected to a constraint g(x,y) = 0.

Figure 5.1 depicts an example illustrating the minimization of the function f(x,y) =
8z% — 2y subject to the constraint of the unit circle, g(z,y) = 22 + y? — 1. The contour
lines of the function f(z,y) at various values are represented by black curves, while the

unit circle constraint is illustrated as a green circle centred at the origin with a radius of



5.1 Method of Lagrange Multiplier

one. The red arrow denotes the minimization point of the function f(z,y) under the unit
circle constraint, as indicated in Eq. 5.2. This point corresponds to the scenario where the
gradients of the two functions are parallel, with the Lagrange Multiplier A acting as the
proportionality constant. The construction of the Lagrangian for this problem follows Eq.

5.1, yielding the following expression,

L(z,y,\) =8z — 2y — Az + 9% — 1), (5.4)

By setting all the partial derivatives with respect to x, y, and A equal to zero, one can

obtain the following equations,

%:16:10—2)@:0,

dz

d’

—=-2-2\y=0, (5.5)
dy

handuu — 1=

a 74y 0,

By solving these three equations with three unknowns, one can determine the optimized

point that satisfies the constraint equation.

5.1.1 Double Minimisation

The Lagrangian function serves as a tool to find the optimized point using both the ap-
proaches discussed in the previous section and numerical methods. Numerically, an itera-
tive optimization algorithm is employed to determine the values of variables and Lagrange
multipliers that satisfy the conditions posed by the problem. The process iteratively ad-
justs these values in pursuit of a solution that not only optimizes the objective function

but also respects the imposed constraints.

The Lagrangian (Eq. 5.1) depends on three variables: x, y and \. As stated in Eq. 5.2, the
optimised values of = and y should minimize the Lagrangian for all values of A. The opti-

mised value of A should be the one that minimises the Lagrangian, and the corresponding
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Variables in red are varying in the process
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Figure 5.2: The logic of the double minimization process derived from a general Lagrange
Multipliers example. The first minimization is performed with respect to the entire La-
grangian for a specific A value, while the second minimization is conducted with respect
to the magnitude of the constraint function.

x and y values of this A also satisfy the constraint equation. Consequently, a double mini-
mization approach, as illustrated in Fig. 5.2, is implemented. For a given A, the optimized
values of = and y are obtained by minimizing the Lagrangian. Subsequently, another A
value is selected based on user-defined boundaries and step size, and the iterative process
continues. This results in a list of A values, each corresponding to an optimized pair of
x and y values. The optimized ) value is determined by minimizing the absolute value
of g(x,y), ensuring the associated = and y values satisfy the constraint equation. The

absolute value is used to guarantee that the minimized value of g(x, y) approaches zero.

The optimization in this study is performed using the TMinuit class [85] in ROOT [86],
and the "MIGRAD" algorithm is employed. The code for this analysis is developed
based on solving basic examples of Lagrange multipliers. In this double minimization
approach, an initial value of \ is assigned to the first TMinuit object. Before invoking the
"MIGRAD" algorithm for minimization, another TMinuit object is introduced to find the
optimized values of x and y for the given \ value (minimized with respect to the entire
Lagrangian). Subsequently, the values of x and y are updated for the first minimization,
and the minimization process continues (minimized with respect to the constraint equa-
tion). This double minimization ensures the Lagrangian is minimized for a set of z, v,

and )\ values while simultaneously satisfying the constraint equation g(z,y) = 0.
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Figure 5.3: The fitting process for optimizing f(x,y) = = + y subjected to the unit circle
constraint g(z,y) = #?+y?—1 = 0. (a) The absolute value of the constraint as a function
of lambda. The absolute value is used to guarantee that the minimized value of g(z, y)
approaches zero. (b) The computed value of the Lagrangian as a function of lambda. In
both plots, the minimum is reached when lambda hits the desired value (A = 0.707).
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To illustrate, one can consider an example where the function f(x,y) = x+y is minimized
under the unit circle constraint g(z,y) = 22 +y* — 1 = 0. Figure 5.3 (a) demonstrates the
absolute value of the constraint equation g(z, y) as a function of A. Notably, a significant
drop in this value occurs when A reaches the desired value during the first minimization
process. Additionally, Figure 5.3 (b) presents the value of the entire Lagrangian as a
function of A\, which is minimized at A = 0.707 during the second minimization process.
The code has been tested on several constrained minimization problems and successfully

provides the desired solutions for z, ¥, and \.

5.2 Theory of Kinematic Fitting

Consider a column vector a that represents a set of true parameters, such as the true energy
and angles of the measured particles. Let ap be another column vector representing the
corresponding measured quantities. By calculating the x? as follows, it is possible to
quantify the extent to which the measured kinematics align with their true values, taking

into account the experimental resolution [87]:

Y(a) = (o —ag)'VHa — ap), (5.6)

where V! is the inverse of the covariance matrix of the true kinematics with respect to

the measured ones, as defined in the latter part of this section.

In kinematic fitting, the objective is to minimize the y? by adjusting quantities in & while
satisfying the constraint equation. The measured quantities in g serve as the input for the
fit and remain unchanged, whereas the quantities in « are varied and represent the best-fit

reconstructed values after the kinematic fitting.

For instance, according to the law of energy conservation, the sum of all particles in the

final state must remain constant. This constraint equation can be defined as follows,

H(a) =Ya; —c =0, (5.7)
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where «; is the fitting quantities in the vector & and c is a constant. Therefore, in this

case, the Lagrangian will be the constrained 2,

(@) = (@ — o)V o — ag) — AH (). (5.8)

The measurement uncertainty plays a vital role in kinematic fitting and is considered an
important input. The covariance matrix V' is calculated for different kinematic phase
spaces, taking into account the varying experimental resolutions for particles with differ-
ent energies. The calculation of the covariance matrix element between any two measure-

ments is given by,

‘/ij — Zl]fV:l<Oéllf/IC — O‘OIK/IX[)@'(O‘{\C/IC B aOIK/IC)j’ (59)

where g, and ok are the measured (reconstructed) kinematics and their corresponding
true values for the k-th element. The values of agy- and ok are both obtained from a
Monte Carlo (MC) test sample. The quantity /N is the total number of events in this

sample.

5.2.1 Monte-Carlo Example

Consider a toy model where the energies of three particles are being measured in an ex-
periment. It is assumed that the true energies of the particles are (4, 9, 16) MeV, and the
experimental resolutions are (0.5, 1.0, 1.0) MeV, respectively. For the measurement of
10,000 events, the distribution of measured energy is simulated using a Gaussian func-
tion. The mean value of the Gaussian function corresponds to the true energy, and the
standard deviation, o, represents the experimental resolution. The resulting distribution

of measured energy is shown in Fig. 5.4 using the grey histograms.

To improve the resolution of the energy measurements, kinematic fitting can be employed
by utilizing a constraint equation. In this hypothetical scenario, a constraint equation

reflecting the energy conservation law is chosen as given by,
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Figure 5.4: Comparison of the measured energy distribution in a toy model before and
after kinematic fitting. The initial energy distribution is simulated using Gaussian func-
tions with mean values of (4, 9, 16) MeV and ¢ values of (0.5, 1.0, 1.0) MeV. After the
kinematic fitting, the distribution is fit to the sum of three Gaussian functions, depicted by
the blue curve. The fitted o values are (0.49, 0.72, 0.72) MeV.

H=FE +FEy+ FE3—29=0, (5.10)

where F; is the energy of each reconstructed particle, and the number 29 is the sum of the
true momenta of the three particles. The red histograms in Fig. 5.4 illustrate the energy
distributions after applying kinematic fitting. The improved energy distributions are rep-
resented by the blue curves, which are fitted Gaussian distributions with o values of (0.49,
0.72,0.72) MeV. These values indicate a significant enhancement in the experimental res-
olution. In the case of ProtoDUNE-SP, the energy resolution of the reconstructed neutral
pion can be improved by a kinematic fitting using the constraint of the 7° invariant mass.

A detailed discussion is presented in Chap. 7.
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Particle identification is a critical component in accelerator neutrino physics experiments
as it involves the vital task of distinguishing and characterizing individual particles gener-
ated during neutrino interactions. In charge-current interactions of neutrinos, the flavour
of the incoming neutrino is identified by the type of lepton that is produced, while the

species of final state particles define the event topology.

In experiments employing LArTPC technology, such as DUNE and ProtoDUNE-SP (dis-
cussed in Chaps. 2 and 3), the reconstruction process begins with the electrical signals
produced by the anode plane wires. Each wire generates a waveform, which represents the
current signal over time. Subsequently, the waveform is disengaged into individual Gaus-
sian hits after noise removal. Clustering algorithms are then employed to group together
hits that are spatially close, revealing higher-level structures within the detector. These
clusters can be further categorized into two types: tracks, which exhibit long, linear pat-
terns, and showers, which are more diffuse and cloud-like. In ProtoDUNE-SP, to achieve
track/shower separation, a Convolutional Neural Network (CNN) has been developed in
addition to Pandora’s classification of reconstructed particles, utilizing Machine Learn-
ing techniques [88]. The network uses the pixel images created from the wire readout
data to perform pattern recognition. Each hit in the image is assigned three classification
outputs: a track score, a shower score, and a Michel electron score. These scores range
from O to 1. The image of the full reconstructed particle is obtained by averaging the
scores of all hits associated with that particle. A high shower score close to one indicates
an electromagnetic (EM) shower-like topology, suggesting a particle with shower char-
acteristics. Additionally, the Michel score is employed to identify Michel electrons [89]
originating from muon decays, which are a result of charged pion decays. This informa-
tion provides the muon or pion tagging techniques, aiding in the identification of muon
or charged pions (if muon is invisible in the detector) in the event. In this analysis, the
categorization of reconstructed particles relies on the outputs of the CNN rather than the

Pandora classification.
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This chapter covers the 1 GeV /¢ pion beam selection in Sec. 6.1 and the final state particle
selection in Sec. 6.2 within ProtoDUNE-SP. Additionally, the performance of different
particle reconstructions is examined in Sec.6.3. This chapter lays the foundation for the
analysis presented in this thesis by covering general PID and selections in ProtoDUNE-
SP. It includes the pion beam selection, as well as the selection of charged pions and
Michel electrons. This chapter also discusses shower selections, which are essential for
reconstructing neutral pion candidates in Chap. 7. Importantly, the selection of the pion
beam, daughter charged pions, Michel electrons, and neutral pions collectively contributes
to the identification of the pion CEX sample in the cross-section analysis. Additionally,
the selection of daughter protons is also included for completeness, although it is not used

in the pion CEX event selection.

6.1 Beam Pion Selection

Test beam particles, with a momentum range from 0.3 to 7 GeV/c, are delivered to
ProtoDUNE-SP from the CERN’s H4-VEL beamline as described in Chap. 3. The beam-
line instrumentation consists of various devices that provide the beam particle’s momen-
tum and TOF measurements. The beam PID can be achieved by using the measured TOF
and the absence or presence of a Cherenkov signal, as discussed in detail in Sec. 3.1. The
analysis presented in this report uses 1 GeV/c 7% (and p ) data since the beamline PID

can separate 7' from p and e™ at 1 GeV /c, but not from p+.

To extract the primary pion beam candidates, seven sequential cuts are implemented as

follows, and each cut will be described individually.

Beam Cut 1: Require that the beam particle passes the beamline instrumentation 7 and

p trigger logic.
Beam Cut 2: Require that the beam particle is identified as a track-like particle.

Beam Cut 3: Select primary 7" candidates with the reconstructed initial position and

direction consistent with the primary beam.
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Figure 6.1: The end z distribution of selected beam candidates after Beam Cuts 1-2.
Secondary daughter particles can be misidentified as primary beam particles, and these
candidates are denoted as misID:p/w /" /e/~ in the legend.

Beam Cut 4: Require the beam particle candidates to interact within the first APA of the
TPC.

Beam Cut 5: Reduce ;™ background by identifying the Michel electron from muon de-

cays using CNN Michel score output.

Beam Cut 6: Reduce misidentified secondary proton background by checking the parti-

cle’s dE /dx information.
Beam Cut 7: Require the beam particles to be aligned well with the beam plug region.

Beam Cuts 3, 5, and 6 are particularly focused on reducing the number of secondary
daughter particles that are mistakenly identified as primary beam particles during the re-

construction process.

The reconstructed end z position (in the detector Cartesian coordinates) of the beam parti-
cle candidates is chosen to demonstrate the effect of each cut, as it serves as a key factor in

the cross-section extraction method. In MC, each beam particle candidate is categorized
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Figure 6.2: Reconstructed start position (SCE corrected) distribution of selected beam
particle candidates for both data and MC. In the x and y start position, the agreement
of data and simulations is reasonable. The small shift in the mean is due to the beam
modelling in the simulation. A large discrepancy is found in the start z position due to the
SEC is not well simulated at the beam entry region. This issue will be addressed in future
ProtoDUNE simulations.

based on its truth-matched information. The data distribution is overlaid with the simula-
tion to verify the data-MC agreement after each cut. Figure 6.1 shows the end z position
distribution of the selected beam particle candidates after Beam Cuts 1-2. The primary
source of background stems from misidentified secondary daughter particles, which can
originate from various sources, such as cosmic muons or beam particles that interact be-
fore entering the active TPC volume. However, an effective strategy for reducing this

background involves examining the reconstructed initial position and direction informa-
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tion of the beam particle. By studying these characteristics, it becomes feasible to distin-

guish between primary beam particles and misidentified secondary daughter particles.

The reconstructed Cartesian coordinates of the start positions (start xyz-position) of the
beam particles are shown in Fig. 6.2. However, it should be noted that the absolute agree-
ment between the data and MC simulations regarding the start position is not represen-
tative due to factors such as beam mismodelling and the SCE simulation. Consequently,
the cuts implemented do not directly act on the absolute reconstructed start xyz position
values. To address this, each distribution is fitted with a Cauchy-Lorentz function defined

as,

1
flaip o) =~ {m} (6.1)

from which the fitted peak location (1) and half-width at half-maximum (o) are derived.
These values are then employed to determine the beam quality cuts as follows: any re-
constructed beam track that deviates by at least 30 from the mean value is identified as
the misidentified secondary daughter background. Additionally, the cosine of the angle
(cos(c)) between the track direction and the fitted mean angle of all selected tracks are
calculated, and any track with cos(a) < 0.95 is categorized as inconsistent with the pri-

mary beam.

In Figs. 6.3 and 6.4, two of these cut observables are displayed, revealing that most cos-
mic muons and misidentified secondary particles tend to have angles and z coordinates
that are outliers in the distributions. The impact of the beam quality cuts (Beam Cut 3) on
the beam sample is demonstrated in Fig. 6.5. After implementing Beam Cuts 1-3, cos-
mic muon backgrounds are effectively eliminated, and upstream interaction backgrounds

(misidentified secondary daughter) are significantly reduced.

Another major source of background is the beam muons, which come from 7+ decays in
the beamline or before entering the active TPC volume. The beam quality cuts are insuffi-
cient to remove these muons since beam 7+ decays in flight will produce a daughter muon

in a similar direction. However, since muons do not experience hadronic interactions, they
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Figure 6.3: Start z position cut |§—j| < 3 where Az = z — . The disagreement between
data and MC is due to the misestimation of the SCE. The distributions are in the log scale.
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Figure 6.4: Beam direction cut cos(a) > 0.95 where cosa = cos @, - cos jig, + cos 0, -
cos fig, + cos 0 - cos ig, and 0, , . are the angles between each track and the xyz axes and
Mo,,. are mean values of the fitted track xyz angle distributions. The distributions are in
the log scale.
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Figure 6.5: The end z distribution of selected beam candidates after Beam Cuts 1-3. The
upstream interactions that produced secondary daughter particle backgrounds have been
reduced, and cosmic muon backgrounds are eliminated.

will propagate further inside the detector and pass the first APA boundary. Unfortunately,
the grounded electron diverter has distorted the electric field at the APA boundary during
the beam run. This issue causes the reconstructed tracks to prematurely "break" when
they cross one APA boundary to the next (see Fig. 6.5 at ~220 cm). A data-driven sim-
ulation is employed to model the electric field distortions, aiming to replicate this effect
in the MC. However, this effect is not well simulated. The simulations overestimate the
number of broken tracks with respect to data at the APA boundary. Therefore, the MC

distributions are systematically lower than the data points for end z > 228 cm (Fig. 6.5).

A cut is placed at end z = 220 cm (Beam Cut 4) to remove these broken tracks and
reduce the muon background content. Figure 6.6 shows the distribution of the selected
beam particle end z position after Beam Cuts 1-4. Both the beam muons and misidentified
daughter muons components are diminished. For those muons that decay at rest via ™ —
e*v,1,, a Michel electron (positron) can be identified to tag the original muons. With the
assistance of Michel electron tagging, one can further reduce the muon background in the

selected beam candidates. Figure 6.7 shows the Michel score of beam candidates. Beam
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Figure 6.6: The end z distribution of selected beam candidates after Beam Cuts 1-4.
Both the beam muon and misID:x ™ background contents are reduced since muons tend
to propagate further and cross the APA boundary.

muons exhibit a high Michel score at the beam end vertex. Any beam candidates with a

Michel score greater than 0.55 (Beam Cut 5) are rejected to reduce muon background.

For a given momentum, protons, being much heavier than pions, have lower velocity
and lose energy much quicker than pions (Sec. 1.8). Whereas pions behave as MIPs in
the LArTPC. This distinction allows for the implementation of cut observables related
to dE//dz to effectively separate protons from pions and reduce misidentified secondary
proton backgrounds. For each selected beam track candidate, the distribution of d£'/dx is
plotted against its residual range. By assuming a proton hypothesis, a x? test is performed.
The resulting value of x?/NDF provides an indication of whether the candidate is more
proton-like or pion-like. This observable enables the identification and discrimination of
proton candidates from pion candidates, enhancing the ability to reduce the misidentified
secondary protons in the selected beam sample. Figure 6.8 shows the calculated proton
\2/NDF for beam candidates. Notably, secondary protons tend to have small values com-
pared to beam pions. Consequently, a cut is applied at 80 (Beam Cut 6) to reduce the

secondary proton background.
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Figure 6.7: The Michel score distribution of selected beam candidates after applying
Beam Cuts 1-4 in log scale. The majority of beam muons exhibit a high Michel Score.
Candidates with a Michel score greater than 0.55 are rejected to reduce the muon back-
ground.
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Figure 6.8: The proton x?/NDF distribution of selected beam candidates after applying
Beam Cuts 1-5 in log scale. Secondary protons demonstrate a lower y?/NDF value com-
pared to pions. Candidates with a x2/NDF less than 80 are rejected to reduce the proton
background.
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Figure 6.9: The end z distribution of selected beam candidates after Beam Cuts 1-6. Beam
muon and misidentified daughter muon components are further reduced by removing can-
didates with an identified Michel electron at the track end. The misidentified daughter
proton content is less than 1% after Beam Cut 6.

The impact of Michel electron (Beam Cut 5) and proton d¥ /dz (Beam Cut 6) cuts on the
beam sample can be observed in the beam end z position distribution shown in Fig. 6.9.
By applying the Michel electron cut, beam candidates that exhibit an identified Michel
electron at the track end are removed, resulting in a significant decrease in the beam muon
and misidentified daughter muon components. Furthermore, the misidentified secondary
proton background is effectively reduced to less than 1% following the application of the

proton dF /dx cut (see Fig. 6.9 legend).

One irreducible background source arises from pions undergoing elastic scattering with
a small deflection angle within the detector. The reconstruction algorithm is unable to
distinguish this small deflection angle and will reconstruct the daughter pion as part of
the primary pion beam, leading to a misidentification. Another irreducible background
is attributed to beam muons that decay, but their associated Michel electrons are not suc-
cessfully identified. As can be seen in Fig. 6.9, they contribute approximately 4.3% and

5.2%, respectively, to the overall selected beam sample. Despite efforts to reduce these
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Figure 6.10: The front-face energy obtained in truth versus the reconstructed beam kinetic
energy. Ordinary beam events should align along the diagonal line, exhibiting only a few
MeV energy loss. On the other hand, beam scraper events create a second band below the
diagonal line.

backgrounds, they remain as irreducible sources that cannot be completely eliminated due

to inherent limitations in the reconstruction and identification algorithms.

The final cut (Beam Cut 7) is specifically targeted at reducing beam scraper candidates.
These beam candidates are characterized by the deviation of beam particles from the ex-
pected upstream energy loss behaviour, as illustrated in Fig. 6.10. The upstream energy
loss is defined as the energy loss of the beam particle between the beamline spectrom-
eter and the entrance of the front face of the TPC. In an ideal scenario, the majority of
beam particles would align along a diagonal line, with only minor (a few MeV) energy
losses. However, particles that deviate from the proper alignment with the beam plug tend
to experience greater energy losses as they traverse additional materials before entering
the TPC. This results in the observation of a secondary band, indicating the presence of

scraper events.
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Figure 6.11: Inst. X versus inst. Y position at different beam energy. Left: 700 <
E(MeV) < 800. Right: 900 < F(MeV) < 1000. Normal beam events are depicted in
green, while scraper events are indicated in red. The beam scraper cut is defined by the
dashed blue circle.

The distribution of upstream energy loss is plotted within each 100 MeV beam energy
bin and fitted with a Gaussian function. Scraper events are identified as those with an up-
stream energy loss exceeding the 30 region around the fitted mean value (Appendix A).
To heavily reduce these scraper beam candidates, a circular shape cut [90] is developed
and displayed in Fig. 6.11 for two different beam energy ranges. In the figures, scraper
events are shown in red, while normal beam events are indicated in green. The circular
shape of the beam plug is discernible, and it is observed that the majority of these scraper
events do not penetrate the TPC within the beam plug region. This characteristic enables
the effective implementation of a circular cut on the X-Y position of the reconstructed
beam particle, which successfully reduces these scraper events across all beam energies.
By implementing this circular cut, the number of scraper beam candidates is significantly
reduced, resulting in a more accurate estimation of the upstream energy loss for the se-
lected beam sample. It plays a crucial role in determining the initial energy of the beam
when it first enters the TPC. The precise measurement of the beam’s initial energy is

essential for conducting the cross-section measurements in this analysis in Sec. 3.6.2.
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6.1 Beam Pion Selection

Table 6.1: A summary of cumulative purity and efficiency for each Beam Cut.

Beam Cut Purity Efficiency

1. Beamline trigger cut (Beam Cut 1)  48.2% 100%

2. Pandora track-like cut (Beam Cut 2) 56.7% 98.4%
3. Beam quality cut (Beam Cut 3) 74.3% 91.3%
4. APA cut (Beam Cut 4) 85.5% 85.7%
5. Michel electron cut (Beam Cut 5) 86.7% 85.2%
6. Proton dE£/dx cut (Beam Cut 6) 88.5% 82.7%
7. Beam Scraper cut (Beam Cut 7) 90.2% 66.2%

The evaluation of the selected sample involves assessing both its purity and efficiency.
Purity refers to the proportion of the true selected pion beam within the overall selected
sample, while efficiency represents the fraction of the true selected pion beam in the
available true pion beam sample. Notably, the efficiency is defined to be unity following

the selection of the 7% (and p+) beamline trigger.

Table 6.1 provides a comprehensive summary of the cumulative purity and efficiency
achieved throughout the selection process. After implementing all the necessary beam
cuts, the final selected pion sample demonstrates a commendable purity of 90%, rendering
it suitable for subsequent pion cross-section analysis. Furthermore, the resolution of the
measured beam momentum is estimated to be 3%, as shown in Fig. 6.12, indicating a
reliable measurement of the beam momentum. Also, the angular resolution for the 6
angle with respect to the beam direction and ¢ angle in the detector coordinates is found
to be approximately 1.6 and 5.5 degrees (Appendix B), respectively. These results attest

to the excellent reconstruction performance exhibited by the selected beam sample.

At this point, a sample of pion beam events has been selected. The next section will
provide a discussion on the selection and reconstruction of the daughter particles asso-
ciated with each beam event. This step is crucial for the event topology selection in the

cross-section measurements.
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Figure 6.12: The reconstruction fractional bias of the beam momentum after Beam Cuts
1-7 as a function of the true beam momentum. The 2D histogram is column-normalized,
with the highest value within each x bin set to one and all other values within the same
column adjusted relative to this maximum value. The bottom panel shows the 1D dis-
tribution of true beam momentum. The spread of the y-axis distribution represents the
resolution of the reconstructed beam momentum.

6.2 Daughter Particles Identification

The number of hits associated with an object serves as an indication of its physical size
within the detector. In general, objects with a greater number of hits tend to possess higher
energy and are relatively easier for the reconstruction process by Pandora. The quality
of reconstruction performance can be assessed using two parameters: completeness and
purity. Completeness refers to the fraction of hits associated with the true particle that
are correctly assigned to the reconstructed object. On the other hand, purity is defined as
the fraction of hits belonging to the reconstructed object that actually corresponds to its
true particle. These measures help evaluate the accuracy and quality of the reconstructed

particles.
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Figure 6.13: The number of collection plane hits distribution of all pion beam daughters.
The simulation is decomposed into different particle types based on their truth-matched
information. The v component is originated from 7° decays and denoted as primary
daughters. The term 2ry in the legend represents the secondary particles originating from
the primary daughter interactions. For example, a primary neutron daughter can interact
with the nucleus to produce a secondary 7.

Figure 6.13 provides the number of collection plane hits associated with reconstructed
objects, categorized by their true particle type, highlighting the contributions by different
particles [45]. Among the daughter particles, approximately 32% are identified as protons,
and a significant proportion of them have a low number of hits in the TPC. Conversely,
both 7+ and photons are prominently represented in the high number of hits region, sug-
gesting that they tend to have a larger spatial extent within the detector. It is worth noting
that in the 1 GeV /c pion beam event samples, electrons (only secondary e* are shown)
are considerably less abundant compared to photons. The majority of these photons are

primarily produced as decay products of ¥ particles.

To select proton and pion candidates from the beam daughter particles, three sequential

cuts are applied, with each cut individually described in Sec. 6.2.1.
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6.2 Daughter Particles Identification

Track Cut 1: Require that the daughter particle has a track-like characteristic.
Track Cut 2: Require the daughter particle to have enough number of hits.
Proton/Pion Cut 3: Require proton/pion energy loss behaviour in the track candidates.

For the selection of shower candidates, four sequential cuts are implemented, with details

of each to be discussed in Sec. 6.2.2.
Shower Cut 1: Require that the daughter particle has a shower-like characteristic.
Shower Cut 2: Require the daughter particle to have high shower completeness.

Shower Cut 3: Require the distance from the primary vertex to the initial position of the

daughter particle to be consistent with the photon conversion length.

Shower Cut 4: Require a small impact parameter (defined in Sec. 6.2.2) for the daughter

particle.

Finally, the selection of Michel electron candidates is straightforward (Sec. 6.2.1.2), in-

volving only one implemented cut:

Michel Cut 1: Require the daughter particle to have a Michel-like characteristic.

6.2.1 Track Selection

The reconstructed daughter particles of the primary beam candidate are initially divided
into two groups based on the output CNN scores of each particle. The first group con-
sists of particles with track-like characteristics, which can be further analyzed to identify
charged pions and protons. The second group includes particles with shower-like char-
acteristics, allowing for the reconstruction of 70 from two showers. The distribution of
the CNN track score for all beam daughters is shown in Fig. 6.14. Protons, pions, and
muons, which typically have a track-like trajectory in the detector, tend to have higher
track scores. To select track-like daughter particles, a cut is applied to the track score,
with a threshold value set at 0.5 (Track Cut 1). This cut helps to minimize the inclusion

of shower-like particles in the track sample.
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Figure 6.14: The CNN track score distribution of all daughters from the selected pion
beam sample (following Beam Cuts 1-7). The inserted figure displays the bin-normalized
histogram, making it easy to identify the dominant component in each bin. The separation
works well if one places a cut on track score > 0.5 to select proton and pion candidates.
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Figure 6.15: The completeness of the reconstructed tracks plotted against the number of
hits after Track Cut 1. The 2D histogram is column-normalized, with the highest value
within each x bin set to one and all other values within the same column adjusted relative
to this maximum value. The cut on the number of hits is set to 20 to reduce the incomplete
tracks with too few hits.
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6.2 Daughter Particles Identification

The reconstruction process may suffer from inefficiencies, leading to the inability to fully
utilize all collected hits for forming track candidates. To address this issue, additional
selection criteria are implemented to account for incomplete tracks by considering the
number of hits. The completeness (defined in Sec. 6.2) of track candidates as a function
of the number of hits is shown in Fig. 6.15. It is observed that tracks with a very low
number of hits exhibit significantly lower completeness, indicating a substantial bias in
their reconstructed energy. To enhance the quality of the selected track sample, a cut-off

threshold is set, requiring a minimum of 20 hits for each track (Track Cut 2).

6.2.1.1 Protons

Due to the difference in mass between protons and pions, their energy deposition within
the detector exhibits distinct characteristics. At a given momentum, protons, owing to
their heavier mass, have a lower velocity, resulting in a smaller 3 term in the Bethe-Bloch
formula (Sec. 1.8). Consequently, they deposit more energy within the detector. As a re-
sult, protons reach the Bragg peak much earlier than pions with the same energy, whereas
pions behave similarly to that of MIPs in LArTPC. Therefore, observable quantities re-
lated to dE//dx can be used to differentiate between protons and pions among the selected

daughter track candidates.

Two metrics are utilized to separate daughter protons from pions. The first observable is
the truncated mean [91] dE /dx (TME), calculated by excluding the first eight hits near the
vertex and the last two hits in track end regions, then computing the mean value of 5% to
60% of the remaining sorted d£//dz. This sorting is done from the smallest to the largest
values, ensuring the exclusion of the Bragg peak in the TME calculation. Figure 6.16
shows the TME distribution of all track candidates. The first peak at zero corresponds to
tracks with only a few hits, for which a properly calculated TME is not available. The
presence of a second peak (~ 1.8 MeV/cm) indicates the MIP behaviour of daughter pi-
ons. Essentially, TME values larger than 2.8 correspond only to proton candidates. The
second observable is the x? per number of degrees of freedom (NDF), which follows the

same definition as previously discussed for the beam selection in Sec. 6.1. Comparatively,
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Figure 6.16: The distribution of the truncated mean dE/dx of all daughter tracks after
Track Cuts 1-2. This quantity is obtained by excluding hits near the vertex and track end
regions and then computing the mean value of d£'/dx for the remaining hits. Notably, no
pions are observed for dF /dx values larger than 2.8 MeV/cm.
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Figure 6.17: The distribution of the fitted proton y/NDF of all daughter tracks after
Track Cuts 1-2, calculated by assuming a proton hypothesis and performing a x? test on
the distribution of dF'/dx against its residual range. Proton candidates generally exhibit
smaller x? values.
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6.2 Daughter Particles Identification

Table 6.2: A summary of cumulative purity and efficiency for each Proton Cut. The
efficiency is set to one after the Beam Cuts listed in Table 6.1.

Proton Cut Purity Efficiency
1. No cut (Beam Cut 1-7) 31.7% 100%
2. Track Score > 0.5 (Track Cut 1) 42.9% 82.4%
3. nHits > 20 (Track Cut 2) 41.0% 71.5%

4. x?> < 70 or TME > 2.8 (Proton Cut 3) 68.1% 60.6%

pion candidates tend to have higher values of x*/NDF when compared to proton candi-
dates, as illustrated in Fig. 6.17. A track candidate is classified as a proton if the y2/NDF
is less than 70 or the TME is greater than 2.8 (Proton Cut 3). These specific thresholds

are selected to optimize the trade-off between selection efficiency and purity.

The selection cuts for daughter protons are summarized in Table 6.2. These cuts serve
two main purposes: distinguishing protons from other particles and improving the quality
of the selected sample by removing incomplete tracks. The table also includes the cumu-
lative purity and efficiency of each cut, with efficiency defined as one when no cuts are
applied. The final selected proton sample has a purity of 68%, with substantial contami-

nation originating from secondary protons.

Figure 6.18 illustrates the reconstructed momentum distribution of the selected protons.
It is worth mentioning that there are secondary protons originating from the interactions
of the daughter particles in the detector. Despite this, the overall purity of the selected
sample remains at a commendable level of approximately 90% (including the secondary
protons). The peak of the reconstructed momentum is observed at around 600 MeV /c.
Notably, proton momentum reconstruction exhibits remarkable resolution, with 2% accu-
racy achieved for protons with momenta greater than 0.55 GeV /¢, as shown in Fig. 6.19.
This highlights the excellent performance of proton momentum reconstruction within the
LArTPC detector. Additionally, the angular resolution for the 6 angle with respect to the

beam direction is approximately 4 degrees (Appendix B).
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Figure 6.18: The reconstructed momentum of selected daughter protons after Track Cuts
1-2 and Proton Cut 3. The component "secondary proton" refers to protons generated
from the secondary interaction of daughter particles within the detector.
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Figure 6.19: The reconstruction fractional bias of the proton momentum after Track Cuts
1-2 and Proton Cut 3 as a function of the true proton momentum (column-normalized).
For the high momentum protons (p, > 0.55 GeV/c), the fractional bias is close to zero
with a 2% resolution.
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6.2 Daughter Particles Identification

Table 6.3: A summary of cumulative purity and efficiency for each Pion Cut. The effi-
ciency is set to one after the Beam Cuts listed in Table 6.1.

Charged Pion Cut Purity  Efficiency
1. No cut (Beam Cut 1-7) 14.3% 100%
2. Track Score > 0.5 (Track Cut 1) 18.3% 78.4%
3. nHits > 20 (Track Cut 2) 19.6% 76.0%

4. 0.5 < TME < 2.8 (Pion Cut 3) 358%  73.5%

6.2.1.2 Charged Pions

The selection process for charged pion candidates relies on the same energy loss variables
in the previous section. As pions exhibit behaviour akin to MIPs within the detector, their
energy loss per unit length significantly differs from that of protons. These distinct energy
deposition characteristics allow for the effective identification of daughter pions. A track
candidate is classified as a pion if the TME is between 0.5 and 2.8 (Pion Cut 3). The

selection cut for daughter pions is presented in Table 6.3.

The momentum distribution of the selected pions is shown in Fig. 6.20. The purity of
the selected pion sample is relatively lower than that of the protons, as both protons and
secondary muons can contribute to the background. The track momentum is determined
based on the range inside the detector. However, this method encounters limitations when
dealing with pion momenta above 300 MeV /¢, as the onset of inelastic scattering causes
a premature end to the range. Consequently, only a portion of the pion track is recon-
structed, leading to an underestimation of its momentum. Notably, for momenta exceed-

ing 700 MeV /¢, the selected sample consists exclusively of muons.

Furthermore, pions decay at rest to muons, which in turn decay into electrons, which are
referred to as Michel electrons. The selection process for Michel electrons is straightfor-
ward, relying on the CNN Michel score output. By setting a threshold value, typically
greater than 0.5 (Michel Cut 1), the Michel score is used to identify potential Michel

electrons originating from pion decay chains, allowing for the tagging of final state pions.
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Figure 6.20: The reconstructed momentum of selected daughter pions after Track Cuts
1-2 and Pion Cut 3. The term "secondary muons" refers to muons produced from the
daughter pion decays within the detector. Owing to the onset of the inelastic interaction,
high-momentum pions cannot be measured precisely using the range-based method.
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Figure 6.21: The CNN EM shower score distribution of all daughters from the se-
lected pion beam sample (following Beam Cuts 1-7). The inserted figure shows the
bin-normalized histogram, making it easy to identify the dominant component in each
bin. The separation is effective if one places a cut on EM shower scores > 0.5 to select
photon candidates while retaining a relatively large sample.
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Figure 6.22: Schematic diagram of shower distance and impact parameter of recon-
structed shower objects. The shower distance is shown in the purple dashed line, and
the impact parameter is shown in the solid red line.

6.2.2 Shower Selection

Photon showers primarily originate from 7 particles. Therefore, accurate reconstruction
of the showers is crucial for subsequent ¥ particle reconstruction. Figure 6.21 depicts the
distribution of the CNN EM shower score for all pion beam daughters. The classification
of photons demonstrates good accuracy. Daughter particles with an EM score greater
than 0.5 (Shower Cut 1) are selected as initial photon shower candidates. Additionally, a
minimum requirement of 80 hits (Shower Cut 2) is imposed to remove low-completeness
showers caused by the shower reconstruction inefficiency, which will be discussed in

detail in Sec. 7.2.

Two cut observables, shower distance and impact parameter (IP), are used to increase the
purity and completeness of the selected photon shower candidates. The schematic defini-
tions of shower distance and the shower IP are shown in Fig. 6.22. The shower distance
is the distance between the interaction vertex and the shower start position. In the sub-
GeV energy range, photons propagate a few centimetres before undergoing interactions
that initiate showers, whereas charged pions and muons begin ionizing electrons as soon
as they are produced. Therefore, the shower distance can be used to reduce the pion and
muon contamination in the photon shower sample, as shown in Fig. 6.23. The predom-
inant background arises from charged pions that are reconstructed as shower objects, as

they tend to have a small distance between the vertex and the start position. Conversely,
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6.2 Daughter Particles Identification

Table 6.4: A summary of cumulative purity and efficiency for each Shower Cut. The
efficiency is set to one after the Beam Cuts listed in Table 6.1.

Shower Cut Purity Efficiency
1. No cut (Beam Cut 1-7) 16.2% 100%
2. Shower Score > 0.5 (Shower Cut 1) 45.6% 86.2%
3. nHits > 80 (Shower Cut 2) 67.3% 56.3%
4. 3cm < dist. < 90cm (Shower Cut 3) 75.2% 51.7%
5. IP < 20cm (Shower Cut 4) 79.3% 45.9%

the muon component originates from pion decays in flight can also satisfy the shower
selection criteria, but it exhibits a significantly larger shower distance. Therefore, only re-
constructed shower objects with a shower distance ranging from 3 cm to 90 cm (Shower

Cut 3) are selected.

A shower object’s IP is defined as the closest distance from the interaction vertex to a
given shower position vector in the lab frame. Due to the Lorentz boost, the energetic
70 particles tend to decay into two photons with a small IP. Therefore, a large shower
IP indicates a photon shower with lower energy. The shower developed by low-energy
photons is more stochastic and segmented, which is difficult to reconstruct. The shower
purity and completeness as a function of the IP is shown in Fig. 6.24, and above 20 cm,
the average completeness of the shower-like object drops below 0.5 due to the stochastic
nature of low-energy showers. Showers with low completeness lead to a large bias in their
energy reconstruction. Consequently, the kinematics of the neutral pion that produced
them cannot be reconstructed correctly. Therefore, only showers with an IP less than 20

cm (Shower Cut 4) are selected.

Table 6.4 provides a summary of the shower selection criteria. If the daughter particle
meets the shower selection criteria described above, it is classified as a 7° photon shower.
The selected shower sample is then used to reconstruct the 7° particle by combining the

first two leading showers, as explained in the next chapter.
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Figure 6.23: The distribution of reconstructed shower distance by true particle type after
Shower Cuts 1-2. The primary contamination is from charged pions (small distance value)
and secondary muons (large distance value).
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Figure 6.24: The distribution of average purity and completeness as a function of impact
parameter after Shower Cuts 1-3. The completeness decreases as the IP increases. The
colour bands signify a 1o spread of the values in each bin.
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6.3 Particle Selection Efficiency

The efficiency of particle reconstruction plays a critical role in determining the final selec-
tion of event topologies. As shown in Fig. 6.25(a), the leading proton selection efficiency
is presented as a function of the true proton momentum. Protons with momenta below 0.3
GeV/c are not efficiently reconstructed by Pandora due to the requirement of at least 20
hits for any tracks, as discussed in Sec. 6.2.1. Notably, the efficiency peaks at approxi-
mately 80% for momenta exceeding 0.6 GeV/c, and then decreases after 0.9 GeV/c due to
the limitations of the momentum-by-range reconstruction methods [72] and rescattering.
When a high-momentum proton undergoes inelastic scattering, its momentum estimate
becomes less accurate, making it challenging to match the true proton particle and lead-
ing to a decrease in selection efficiency. The selection efficiency goes above 40% for

protons with momentum larger than 0.45 GeV/c.

The selection efficiency for charged pions is shown in Fig. 6.25(b), showing a peak effi-
ciency of 60% within the momentum range of 0.2 to 0.7 GeV /¢, followed by a gradual
decrease attributed to the limitations of the momentum reconstruction methods as dis-
cussed in the proton case. The onset of the efficiency is due to the spatial granularity
(wire spacing in Sec. 3.2.2) in ProtoDUNE-SP. Pions with momenta below 0.1 GeV /¢
have low selection efficiency, with a value of less than 5%. The selection efficiency ex-

ceeds 40% for pions with momenta greater than 0.2 GeV /c.

The efficiency of the leading shower reconstruction is shown in Fig. 6.25(c) as a function
of the true energy of the leading photon. A relatively consistent efficiency is achieved
across a broad range of energies, from 0.1 to 1 GeV. Showers with energy below 0.1 GeV
are not included due to the requirement of at least 80 hits for any showers, as discussed in
Sec. 6.2.2. The average efficiency remains around 70%, demonstrating satisfactory per-
formance in reconstructing single showers. Importantly, the efficiency increases with the
shower energy. This is because of the larger size of the ProtoDUNE-SP LArTPC, which
enables it to fully contain high-energy showers, in contrast to the ArgoNeuT experiment

[92].
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Figure 6.25: (a) The selection efficiency of the leading proton as a function of the true
proton momentum. The maximum efficiency is approximately 80% for momenta larger
than 0.6 GeV/c. (b) The selection efficiency of the leading charged pion as a function
of true pion momentum. The efficiency plateaus at a value of 60% for pion momenta
between 0.2 to 0.7 GeV/c. (c) The selection efficiency of the leading shower as a function
of true photon energy. The plot begins with a minimum true photon energy of 100 MeV
with an efficiency of 50%. As the energy increases, the efficiency also rises up to 75%.
The colour bands represent the statistical error in each energy bin.
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7| Neutral Pion Reconstruction

Neutral pion identification and reconstruction will be crucial in DUNE as its estimated
NC background is the second-largest background in oscillation measurements [33]. Neu-
tral pion can be produced via the neutrino NC interaction and decays into two photons,
forming two showers in the detector. If two photon showers from 7¥ decay overlap and
are reconstructed as a single shower, it can be identified as a v, appearance signal event.
In addition, if one of the photon showers is too small or too far away from the decay
vertex, only one shower will be reconstructed in this event. Neutral pion can also be pro-
duced by the secondary interaction of neutrino products. The neutrino energy spectrum
in DUNE has a broad peak of around 2 - 3 GeV, as discussed in Sec. 2.1.1. This energy
range is dominated by neutrino resonance interactions that lead to pion production, and
these charged pions can undergo charge exchange interactions with the surrounding ar-
gon, resulting in the production of 7° particles. Accurately measuring the rate of these
secondary interactions is of utmost importance as it provides valuable constraints on the
event generator and enhances our understanding of the neutrino oscillation measurement

background arising from secondary 7 particles.

This chapter presents the reconstruction of neutral pions in the ProtoDUNE-SP. In Sec.
7.1, the physics properties of neutral pions are introduced, including an exploration of
their energy spectrum using the ProtoDUNE-SP MC events. In Sec. 7.2, the exami-
nation of the shower energy reconstruction algorithm is carried out using a variety of
single gamma MC samples. Sec. 7.3 presents the process of acquiring the energy-
dependent correction function and its subsequent application to enhance the accuracy
of the reconstructed shower energy. The performance of reconstructing of neutral pion
in ProtoDUNE-SP is presented in Sec. 7.4. Finally, the improved 7° energy achieved

through kinematic fitting is presented in Sec. 7.5.
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7.1 Decay Kinematics

7.1 Decay Kinematics

The 7° particle has a mass of 134.9770 4 0.0005 MeV and a lifetime of (8.30 & 0.19)
x107"s. It mainly decays into two photons with a branching fraction of (98.823 +
0.034) % [16]. Other rare decays, such as the Dalitz decay [16], 7° — v + et + e,
with a branching fraction of (1.174 £ 0.035) % will not be discussed in this analysis. In

ProtoDUNE-SP data, the ¥ particle can be produced via the strong interaction as follows,
7t 4+n— 7 +p. (7.1)

This is also known as the pion charge exchange interaction. From the energy and direction

of photons produced from 7° decays, one can calculate the invariant mass of the 7 as,
mio = 2E1E2(1 — COS 00A)7 (72)

where F; and F5 are the energy of leading and sub-leading photon shower energy, re-

spectively, and 6o, is the opening angle between two photon showers.

The energy spectrum of neutral pions and their decay photons provides insights into the
characteristics and challenges associated with their reconstruction. Figure 7.1 shows the
energy spectrum of all neutral pions originating from a 1 GeV/c pion beam, as well as
the energy spectrum of their decay photons. The majority of 7¥ particles have energies
ranging from 200 to 500 MeV. Additionally, the energy distribution of the leading and
sub-leading photons is shown in the same figure, and it can be seen that the majority of
electromagnetic showers relevant to this analysis are concentrated within the energy range

of 50 to 300 MeV.

However, a notable reconstruction challenge arises when considering the subleading pho-
tons (Fig. 7.1), as these photons typically have energies below 100 MeV. Specific shower
selection criteria have been developed, as discussed in Sec. 6.2.2, to reject low-energy

showers that exhibit low completeness.
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Figure 7.1: The true energy spectrum of neutral pions from a 1 GeV/c pion beam. The
energy spectra for leading and sub-leading photons are also displayed. The black spec-
trum represents the energy distribution of both photons.

7.2 Single Gamma Reconstruction Performance

This section presents several MC studies to examine the shower energy reconstruction
algorithm used in ProtoDUNE-SP. It will be shown that this algorithm encounters cer-
tain issues, prompting a detailed investigation using single shower reconstruction into
the origin of the observed bias. The observations motivate an MC-driven shower energy

correction technique in the next section.

In total, four single gamma samples are generated within the ProtoDUNE-SP detector
setup: two isotropic and two along the beam direction; two samples aimed to assess the
reconstruction performance of low-energy showers, with an average energy of 300 MeV
and a 10% Gaussian energy dispersion while the other two had an energy of 1 GeV, also

with a 10% Gaussian energy dispersion.
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7.2 Single Gamma Reconstruction Performance

Table 7.1: A summary of all variables used to examine the single gamma reconstruction
performance.

Variable Definition

True Photon Energy = Photon energy used in the single particle generation
True Energy Deposit Total energy deposit simulated in all detector channels
Rec. All-Hit Energy Sum of reconstructed energy of all hits after calibration

Rec. Leading Sum of reconstructed energy of hits that belong
Shower Energy to leading shower object from Pandora reconstruction

The performance of the shower energy reconstruction is evaluated against four variables
defined in Table 7.1. The first variable is the true photon energy, which represents the en-
ergy used to generate the gamma particle. The second variable is the true energy deposit
inside the detector, determined by summing the simulated energy deposit over each time
slice in each detector channel. The third variable focuses on the reconstructed all-hit en-
ergy. The area under each reconstructed Gaussian-shaped hit corresponds to the deposited
charge. This charge is then converted into energy after applying electron recombination
and lifetime corrections specific to ProtoDUNE-SP, as described in Sec. 3.3. Lastly, the
reconstructed leading shower energy, i.e. the sum of reconstructed energy of hits that be-
long to the leading shower, is obtained directly from Pandora (Fig. 7.2). It is important
to note that Pandora may reconstruct multiple showers even for a single gamma particle,
and therefore, the leading shower energy is selected in this study. The evaluation of each
step’s performance involves calculating the fractional bias, represented as (vy — vq) /vy,
where v; is the general representation of variables defined in Table 7.1. The distribution
of the calculated fractional bias can be fitted with a Gaussian function, where the mean
value g/ FE and spread o /FE correspond to the average bias and resolution in shower

energy reconstruction, respectively.

To begin with, two isotropic single gamma samples with different £, are employed to
evaluate the reconstruction performance of photon showers in each step. Firstly, the true

energy deposit generated by GEANT4 closely aligns with the true photon energy, having
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7.2 Single Gamma Reconstruction Performance

Figure 7.2: Data flow (blue arrows) in the shower energy reconstruction in ProtoDUNE-
SP MC. The biases introduced at each step by GEANT4, detector simulation and Pandora
can be deduced by comparing the energies at both ends of each blue arrow. The red arrow
indicates the overall comparison.

a sharp peak centred around zero (see Appendix C). This indicates that the contribution
of the GEANT4 simulation to the shower energy reconstruction bias is negligible. Sec-
ondly, when comparing the reconstructed all-hit energy to the true energy deposit inside
the detector, the sample is divided into bins of the number of hits, and in each bin, the
distribution of the energy fractional bias is fitted to a Gaussian function to the bias pp/E
and resolution o/ E. It is observed that the reconstructed hits energy has a mean bias of
-3.6%, which remains consistent across two isotropic gamma samples irrespective of the
gamma energy (Fig. 7.3). Since high-energy gammas tend to produce large showers with
a high number of hits, it is possible to study the energy dependence of hits energy recon-
struction. Figure 7.3 illustrates the fitted mean bias pup/FE as a function of the number
of hits, which remains independent of energy. Moreover, the resolution of the hit energy
decreases as the number of hits increases, as depicted in Fig. 7.4. To understand the
energy-dependent resolution, a power function is fitted to this distribution. The energy

resolution can be parameterised as [50],

a C
e b — 7.3
z \/E@ @E, (7.3)

where the first term accounts for statistical fluctuations, while the second term represents
a systematic contribution. The third term is attributed to electronic noise, as it averages to
a constant. The power function fitted in Fig. 7.4 displays a clear —1 power dependence,

indicating that the energy resolution is dominated by electronic noise [50].
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Figure 7.3: The mean bias, introduced by detector simulation (see Fig. 7.2), as a function
of the number of hits from all detection planes for two isotropic gamma samples. A
constant function is fitted against the distribution and yields 3.6% for two samples.
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Figure 7.4: The energy resolution, introduced by detector simulation (see Fig. 7.2), as
a function of the number of hits from all detection planes for two isotropic gamma sam-
ples. As the shower energy (represented by the number of hits) increases, the resolution

decreases from 1.6% to 0.6%.
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Figure 7.5: The fractional bias of rec. leading shower energy with respect to rec. all-hit
energy as a function of the rec. all-hit energy. Two opposite reconstruction performances
are observed for the same energy, suggesting an angular dependence in the shower recon-
struction within Pandora.

Finally, the reconstructed leading shower energy is compared with the reconstructed all-
hits energy to study the Pandora shower reconstruction. The fractional bias is shown as
a function of the reconstructed all-hit energy in Fig. 7.5. It can be seen that there are
two opposite reconstruction performances, even though the reconstructed all-hit energy is
approximately the same, around 1 GeV. This suggests that the reconstruction performance
of these showers in Pandora could be problematic. As shown below, it actually highly

depends on the direction of the shower.

Figure 7.6 illustrates the fractional bias of reconstructed leading shower energy with re-
spect to true photon energy as a function of the true photon angle 6, relative to the z-
axis in the detector coordinates. Two distinct bands representing different reconstruc-
tion performances are clearly visible. Backwards-moving photons pose a challenge for
the algorithm, resulting in a fractional bias close to a negative one. On the other hand,

forward-moving photons are reconstructed well, albeit with a negative bias.
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Figure 7.6: The fractional bias of reconstructed leading shower energy with respect to true
photon energy (column-normalized) as a function of of the true gamma polar angle 0.,
defined with respect to the z-axis in detector coordinate. A strong angular dependency on
the reconstruction performance is observed. Only a small fraction of energy is recovered
for the backward-going photons.

Starting at this point, the MC samples are switched to the two samples aligned along
the beam direction to derive the reconstruction bias and resolution for forward-moving
photon showers. The true energy deposit and reconstructed all-hit energy exhibit similar
performance as the isotropic samples, differing mainly in the Pandora stage. A replot of
Fig. 7.5 using both the 300 MeV and 1 GeV beam direction samples is shown in Appendix
Fig. C.2. This results in biases of —10% and —8% for the 300 MeV and 1 GeV samples,
respectively. It suggests that the significant energy loss may be attributed to additional
missing hits that are not part of the reconstructed main shower object in Pandora. In
future algorithmic developments, it is necessary to incorporate small segmented shower

energies into the leading shower to address this issue.

An overview of the bias and resolution for the beam direction 300 MeV sample, as com-

pared in each step, is provided in Fig. 7.7. The bias from the GEANT4 simulation is found
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7.3 Energy Correction in Shower Reconstruction

T o

- 14% bias
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Figure 7.7: The summary of bias and resolution in each stepwise comparison, indicating
a total energy reconstruction bias of —14% for the 300 MeV shower sample. The ¢/FE
dependence is the third term in Eq. 7.3. The Pandora reconstruction process contributes
the largest bias.

to be less than 1%. The detector simulation stage demonstrates reliable hit-level informa-
tion with a small bias of 3%. The ¢/ E dependence on energy reflects the energy resolution
is primarily dominated by electronic noise. However, the Pandora reconstruction exhibits
the largest bias. For showers with a mean energy of 300 MeV, a bias of —10% with 12%
energy resolution is observed in the Pandora reconstruction stage. Consequently, a sig-
nificant —14% bias is found in the shower reconstruction. Two main factors contribute to
this bias: the deposited charges falling below the hit forming threshold and inefficiencies
in the shower clustering process, with the latter effect being predominant. As a result,
the reconstruction process underestimates the shower energy. Further investigations into
the shower-level information are warranted to identify potential areas for improvement in
future developments. Currently, an MC-driven correction factor is used to mitigate this

bias, which will be discussed in the upcoming section.

7.3 Energy Correction in Shower Reconstruction

The performance of the shower energy reconstruction is evaluated using simulation. Fig-
ure 7.8 illustrates the fractional bias of the reconstructed shower energy as a function of
the true photon energy. A significant bias beyond —15% is observed across the full range,
where the dominant contribution can be attributed to the Pandora reconstruction, as dis-
cussed in the previous section. Restoring the correct shower energy scale by rectifying

this bias is crucial for accurately reconstructing the kinematics of neutral pions.
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Figure 7.8: The reconstructed shower energy fractional bias (rec./truth - 1) as a function
of true shower energy. The 2D histogram is column normalised, and the bottom panel
shows the 1D distribution of true photon energy. The term "All Shower Sample" refers to
all the reconstructed showers resulting from a 1 GeV /c pion beam.

DUNE:ProtoDUNE-SP All-Shower Sample
1
osf- — Fitted f(x) f0=p, + 0P
N Pl
06 —e— Simulation Data 2 ?
‘ p,=-0.91+0.06
0.4 p,=150£0.14
02 p,=0.06 +0.01

p,=-0.11+0.01

Mean Rec./Truth -1
o

— C | I I | I I | I I | I I | I I | S I | S
]0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Rec. Shower Energy (GeV)

Figure 7.9: The energy-dependent shower energy correction function. This function takes
raw shower energy as an input and returns a correction factor on a shower-by-shower
basis. The functional form of the red curve is given in the inset with the fitted parameters.
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7.3 Energy Correction in Shower Reconstruction

The energy correction procedure involves the following steps:

* Bias quantification: The sample is binned in the reconstructed shower energy. Within
each bin, a Cauchy-Lorentz (Eq. 6.1) function is fitted to the distribution of frac-
tional bias. The fitted i and its error serve as an estimate of the bias in that particular

reconstructed shower energy bin (Appendix D).

» Extraction of energy-dependent correction: An energy-dependent correction func-

tion is fit to the estimated bias across the bins. This function takes the form of,

Do —P3
f@)=ps+ % (7.4)
1+ (p_2>p 1
where p; are the fitted parameters. The function f(x) = py when z = 0 and

f(x) = ps when x — oo. For pg — p3 < 0 and p; > 0, it represents a distribution

that gradually increases before reaching a steady plateau.

* Application of correction: During event processing, the correction function is ap-
plied shower-by-shower in each event. With the reconstructed shower energy z

as input, the function f(z) is used to obtain the corrected shower energy, Teor =

z/(1+ f).

The energy-dependent correction function is illustrated in Fig. 7.9. A near-constant bias
is observed for shower energies exceeding approximately 150 MeV. The fitted correction
function approximates —11%, i.e. f — p3 = —0.11, from below in the large x limit,
indicating a systematic limitation of the current reconstruction algorithm. However, it
can be seen that there are some overcorrections for the low-energy showers. This arises
because the first few data points in Fig. 7.9 are not derived from a perfectly shaped
Cauchy-Lorentz distribution, and further information can be found in Appendix D. After
applying the correction factor, a bias of approximately 2% is achieved, as shown in Fig.

7.10, which is considered satisfactory for subsequent neutral pion reconstruction.
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7.4 Neutral Pion Reconstruction
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Figure 7.10: The reconstructed shower energy fractional bias as a function of true shower
energy (column-normalized) after applying the energy correction (Eq. 7.4). There are
some overcorrections for the low-energy showers due to the first few data points in Fig.
7.9 are not derived from a perfectly shaped Cauchy-Lorentz distribution (Appendix D).

7.4 Neutral Pion Reconstruction

The reconstruction of neutral pions relies on the combination of the first two most ener-
getic selected shower vectors in each event. Two key metrics are employed to identify
well-reconstructed neutral pions. The first metric is the reconstructed invariant mass of
the diphoton system, while the second metric is the opening angle between the two recon-

structed showers.

To select sufficiently reconstructed neutral pion candidates by combining two recon-
structed showers, two sequential cuts are applied, with each cut individually described

in the following.

Neutral Pion Cut 1: Require that the invariant mass of two showers falls within the neu-

tral pion mass window.

Neutral Pion Cut 2: Require the opening angle between two showers to be consistent

with a 7° decay.
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7.4 Neutral Pion Reconstruction
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Figure 7.11: The invariant mass (Eq. 7.2) computed from the reconstructed photon show-
ers after applying the Shower Cuts 1-4 and the energy corrections as described in Sec.
7.3. The true value of the 7° particle’s mass is shown in the dashed grey line at 0.135
GeV/c2.

By examining the reconstructed invariant mass, it becomes possible to discern misiden-
tified neutral pions, as they tend to deviate significantly from the expected value of the
mass. The reconstructed invariant mass of the two leading photon showers in the selected
sample following Sec. 6.2.2 (Table 6.4) is depicted in Fig. 7.11. The simulated truth-
matched MC samples are categorized into three distinct groups. The first category (64%)
represents correctly matched photon shower pairs, while the second category (25%) cor-
responds to shower pairs originating from different 7° particles. The last category (11%)
consists of reconstructed shower pairs with only one truth-matched photon. The contri-

butions from the two gammas that are not from any 7° are negligible.

The measured invariant mass of the diphoton system features uncertainties. This results in

0 mass, with a width that reflects detector resolution

an expected peak centred on the true 7
and reconstruction effects. It can be seen that the correctly matched shower pairs show

a good agreement with the expected 7° mass, while continuous backgrounds arise from
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7.4 Neutral Pion Reconstruction

Table 7.2: A summary of cumulative purity and efficiency for each Neutral Pion Cut. The
efficiency is set to one by combining two showers selected with the Shower Cuts listed in
Table 6.4.

Neutral Pion Cut Purity Efficiency
1. No cut (Shower Cuts 1-4) 64.1% 100%
2. 50 <m., <250 MeV/c? (Neutral Pion Cut 1)  74.8% 89.9%
3. 10° < fpa < 80° (Neutral Pion Cut 2) 77.6% 85.5%

random combinations of two showers. Therefore, a cut can be applied to the reconstructed
m., to confine it within the range of 50 < m.,,(MeV/c?) < 250 (Neutral Pion Cut 1) for

background suppression.

Additionally, the opening angle between the two showers is a valuable parameter that
helps further clean up the 7° sample. Because the decay photons from 7° are distributed
anisotropically due to Lorentz boost, while the combination of two random photons is
isotropic, a distinctive peak emerges for well-matched photon pairs, while a uniform dis-
tribution characterizes randomly combined background photons. Therefore, it is possible
to make a cut on the off-peak tails of the opening angle distribution. Figure 7.12 shows
the distribution of the opening angle for the selected shower pair following Sec. 6.2.2
(Table 6.4). Among the correctly matched shower pairs, the opening angle peaks around
30°. However, the background is flat, reaching extreme values below 10° and beyond 80°
(Neutral Pion Cut 2). A summary of the cuts for 7° reconstruction can be found in Table

7.2. The selection reaches a purity of 78%.

Figure 7.13 depicts the selection efficiency of the 7° particle and its daughter photons
as a function of their true energy. Only photon shower pairs are considered here. Ap-
plying the cuts listed in Tables 6.4 and 7.2 removes a substantial portion of low-energy
showers, resulting in a low efficiency of low-energy 7°. The 7° selection efficiency is
shown to increase with energies reaching approximately 25% at 1 GeV. The efficiencies
of the two leading and subleading showers are considered only when a neutral pion is

well-reconstructed from two showers. Consequently, if the subleading shower energy is
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7.4 Neutral Pion Reconstruction
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Figure 7.12: Distribution of the opening angle of the shower pair after applying the
Shower Cuts 1-4. The majority of pairs have an opening angle of approximately 30°,
while background events can have extreme opening angles.
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Figure 7.13: The selection efficiency of 7° particles and their daughter photons after ap-
plying the Neutral Pion Cuts 1-2. The black, red, and blue curves represent the selection
efficiency of 7°, leading shower, and subleading shower as a function of their correspond-
ing true energy, respectively. Note that the maximum energy of the sub-leading shower is
approximately 0.5 GeV. The colour band denotes the statistical errors.
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7.4 Neutral Pion Reconstruction
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Figure 7.14: The reconstructed 7¥ total energy after the Neutral Pion Cuts 1-2. The
majority of ¥ particles have an energy of about 400 MeV. However, the Monte Carlo
simulation only describes the data within 1+/-20% in most regions. These discrepancies
will be addressed in Sec. 8.6.
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Figure 7.15: The reconstructed 7° theta angle after the Neutral Pion Cuts 1-2, denoted as
0.0 with respect to the beam direction. It has a peak near 30°, accompanied by a long tail
that extends up to 180°.
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7.5 Improved Measurement by Kinematic Fitting

sufficiently high (easier to reconstruct), the likelihood of having two reconstructed show-
ers increases. Hence, the efficiency of the subleading shower reaches 50%, consistent
with the result obtained in Fig. 6.25 (c). This also explains the lower efficiency of the
leading shower - many events only have one reconstructed shower, resulting in no re-
constructed neutral pion. These events are not included in the numerator for efficiency

calculation.

The reconstructed neutral pion energy is shown in Fig. 7.14. The majority of 7° particles
have energies between 300 and 600 MeV. However, as discussed above, ProtoDUNE-
SP is less efficient in reconstructing 7° below 200 MeV. Additionally, 7° are primarily
produced at an angle of approximately 30° w.r.t the beam direction as shown in Fig. 7.15.

The observed discrepancies between data and MC will be addressed in Sec. 8.6.

7.5 Improved Measurement by Kinematic Fitting

The kinematic fitting can improve the reconstructed particle’s kinematics, as described in
Chap. 5. Kinematic fitting is employed to enhance the 7 energy reconstruction. Mean-
while, the measured 7° angle (6,0) remains unchanged after the fitting, as it cannot be

determined from the fitted photon energies F; and Fs, along with the opening angle 6oa.

Through iterative adjustments of particle energies and directions, the kinematic fitting
aims to satisfy the physics constraints of the system, aligning measured quantities with
their true values. Importantly, the covariance matrix plays a key role in governing pa-
rameter adjustments by accounting for measurement uncertainties. In the case of a 7°
decay, only the correctly matched shower pairs are used to calculate the covariance ma-
trix defined in Eq. 5.9. Due to limited statistics, obtaining a differential dependence is
not practical. Therefore, the E-independent matrix is employed, which captures the first-
order accuracy. The covariance matrix used in the 7° kinematic fitting can be found in

Appendix F. The constraint x? takes the form (Eq. 5.8),

X2(E1, E27 QOA) = (O( - Oéo)v_l(Oé - Oéo) + A [2E1E2(1 — COS QOA) - mfro] s (75)
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7.5 Improved Measurement by Kinematic Fitting
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Figure 7.16: The fractional bias of opening angle 6o, before (grey) and after (red) kine-
matic fitting. The statistical parameters are shown in the legend for both distributions.
The dashed violet line represents the convergence rate of the fitting in each bin.
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distribution. The post-fit fp are considered as the updated measurements.
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7.5 Improved Measurement by Kinematic Fitting

where the vector o contains three fitting parameters, F, Fs and 6o, while o contains
their measured values. The second term is the constraining invariant mass equation (Eq.
7.2). Through the variation of the fitting parameters, while considering the inherent mea-
surement uncertainties represented by the covariance matrix, the calculated invariant mass
is optimized to closely match the true mass of the neutral pion. After kinematic fitting,

the fitting parameters are taken as the new measurement.

As discussed in Sec. 7.3, both the leading and subleading shower energies have been
adjusted to closely match their true values. Consequently, the improvement in these two
variables through kinematic fitting becomes less apparent (Fig. G.1 in Appendix G). How-
ever, the opening angle between the two showers remains uncorrected and unconstrained.
Therefore, the kinematic fitting is expected to have its most pronounced effect in enhanc-
ing the opening angle, as opposed to the photon shower energies. The angular resolution
of the opening angle before and after the fitting process is presented in Fig. 7.16 and Fig.
7.17. If the fitting does not converge, the measured quantities will remain at their original
values. The red histogram in Fig. 7.16 demonstrates that the kinematic fitting improves
the resolution for the opening angles. Fig. 7.17 reveals that the fitting process is suc-
cessful for the majority of the events. However, when the measured 6o 4 is significantly
smaller than its true value, leading to a large negative bias, the fitting process struggles to
find optimized values. In cases where the bias exceeds - 40%, the fitting process does not

yield noticeable improvements due to its low convergence rate.

It is expected that the fitted opening angle will subsequently enhance the energy resolution
of the neutral pions. Given the challenges in accurately reconstructing the energy of the
sub-leading photon showers and the kinematic fitting process proves to be particularly
effective in enhancing the opening angle between the two photons, the energy of the 7°

particle is calculated as,

2

Eno =B+ Mt (7.6)
m 2E1(]_ — COS HOA)7 )

where F; and O, are the energy of the leading photon and the opening angle, respectively,
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7.5 Improved Measurement by Kinematic Fitting

and m, o is the mass of the neutral pion. In Appendix E, three different methods for
calculating 7° energy before kinematic fitting are compared. The more complex 7° energy
definition (Eq. E.1) used in the MicroBooNE experiment [93] is not found to perform well
in ProtoDUNE-SP. Instead, the method using Eq. 7.6 is observed to yield better results

than the direct summation of two shower energies.

As shown in Fig. 7.18, the energy resolution of the reconstructed 7 improves signif-
icantly after applying the kinematic fitting, from 18% to 12%. The fitting convergence
rate remains nearly at one within the bias range of -0.3 to 0.3. The kinematic fitting is
found to be more effective when the 7° energy is overestimated in reconstruction, as in-
dicated in Fig. 7.19. Further improvements should be considered in the future to address
cases where the 7¥ energy is underestimated. In summary, ProtoDUNE-SP achieves a

12% 7° energy resolution for 7° energies ranging from 0.3 to 1 GeV.

Contrasting with other neutrino tracking experiments like MINERvA [94] and Micro-
BooNE [44], where 7° particles are mainly generated through neutrino CC interactions,
ProtoDUNE-SP focuses on 7" particles originating from pion charge exchange interac-
tions. Although the 7° production mechanism should not affect the reconstruction perfor-
mance, different experiments do have different configurations in the Pandora reconstruc-
tion [60]. MINERVA has reported a 7° energy resolution of 20% [74], and the 7° energy
range is expected to be similar to this study. MicroBooNE, which uses the same detection
technology as ProtoDUNE-SP, reports a 10% 7° energy resolution [93]. However, the
reported resolution value is extracted by fitting only the mass peak region, and their 7°

energy is expected to be lower due to a 0.8 GeV neutrino beam.
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7.5 Improved Measurement by Kinematic Fitting

DUNE:ProtoDUNE-SP Simulation Matched 1° Showers
~ o —1.6
C Before Fitting ]
- - == Convergence Rate .
500 — (p:-0.030:0.18) 9 —] 1.4
- D After Fitting 7]
B ] ] —1.2 o
400 (p:-0.02 0:0.12) . =
§ — > = —1 Dq:)
(U — 1 ‘ AN . o
2 300[ ] R s A -
S L 1 e ‘v N —08 &
% L ] (Y A v )
O L 1 "o 2
- 1 v |
200— : - 06 8
B ] 1 @)
- ! —0.4
— 1 —
100— ! ]
- ’
_ ’ —0.2
— ' ]
— ’ 7
| 1 | I_Al_. 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 4 pum— ‘! - O
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

ERec./Truth-1

Figure 7.18: The total energy of the 7° particle before and after the kinematic fitting.
The energy resolution is reduced from 18% to 12%. The dashed violet line represents the
convergence rate of the fitting in each bin.
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138



8| Measurement of the Pion Charge Exchange

Cross-section

Building upon the event selections and analysis techniques established in previous chap-
ters, this chapter presents the main analysis results of this thesis, focusing on the pion
charge exchange (CEX) differential cross-section with 7¥ kinematics. The structure of
this chapter is outlined as follows. Section 8.1 provides the definition of the true signal
used in the analysis. It establishes the basis for the subsequent event selection and cross-
section measurement. Section 8.2 summarises the pion CEX event topology selection
with the corresponding statistics and efficiency. Section 8.3 presents the analysis strate-
gies employed throughout the study, providing an overview of the methodologies and
approaches utilised to achieve the cross-section measurement. Section 8.4 details the pro-
cedures used to determine the beam energy, which is essential for the cross-section calcu-
lations. Section 8.5 explains the reweighting method on MC samples to mitigate discrep-
ancies between the data and MC simulations. Section 8.6 describes a data-driven method
used to extract background tuning factors in the signal region. Section 8.7 presents the
measured incident and interacting fluxes after MC reweighting and background tuning.
Section 8.8 demonstrates the unfolding procedure employed to correct for detector ef-
fects and reconstruction inefficiency in the measured distributions. Section 8.9 discusses
the in-depth analysis of various sources of uncertainties and their contributions. Finally,

Section 8.10 presents the cross-section results, including the total errors.

8.1 Signal Definition

This analysis conducted a selection of inclusive pion argon CEX events based on the iden-
tification of the final state particle type. This analysis reports two measurements, the inte-
grated cross-section measurement o (F) and the differential cross-section measurement,

do /dT0 and do/df,0. In both cases, the signal definition is,
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8.1 Signal Definition
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Figure 8.1: The signal and background definition in this analysis. A charged pion detec-
tion threshold above 100 MeV /c is applied. The signal is defined as an inclusive pion
CEX event with one 7° and no charged pions above 100 MeV /c present in the final state.

1. The incoming beam particle is 7,

2. There is only one 7 in the final state,

3. Does not contain charged pions with momentum above 100 MeV /c,
4. No requirement on the number of final state nucleons,

where there is no momentum phase space limit applies to 7 due to the ability to recon-
struct it from its decay products, which consist of two photons. However, charged pions
with momenta below the 100 MeV /¢ detection threshold remain undetectable and cannot
be effectively reconstructed, as explained in Sec. 6.3. Hence, one of the signal definitions
for the CEX process relies on the condition that no charged pions have momenta exceed-
ing this specified detection threshold in the final state. Also, the 7° is reconstructed using

the first two energetic showers, resulting in only one reconstructed 7° per event.

The potential sources of event background, as depicted in Fig. 8.1, include pion absorp-
tion and pion production. According to the results of the MC study, the rate of misidenti-
fying true events of pion absorption as reconstructed pion charge exchange events remains
below 1%, thus rendering this background negligible for subsequent analysis. However,
pion production events could be a substantial source of background in this study. For
example, situations where charged pions remain unreconstructed by Pandora or cases
involving multiple neutral pions in the final state, with only one of them successfully

reconstructed, can lead to events being falsely identified as pion CEX candidates.
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8.2 Pion Charge Exchange Event Selection
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Figure 8.2: Selection of the pion charge exchange event topology based on the criteria
outlined in Chap. 6. The figure presents statistics for the chosen pion beam and pion CEX
samples in both MC simulations and data, with background-subtracted event numbers
indicated in parentheses based on MC simulation. The data comprises 34,783 pion beams
and 667 charge exchange candidates.

8.2 Pion Charge Exchange Event Selection

All available ProtoDUNE-SP 1 GeV /c beam events are used in this analysis. Figure 8.2
provides a flowchart of the pion charge exchange event selection. The dedicated beam
pion selection criteria, described in Sec. 6.1, are used to select the pion beam sample. For
each pion beam event, daughter particles are categorized into different particle species
using the selections developed in Sec. 6.2. The final state particles are separated into
three groups: track candidates, shower candidates, and Michel electron candidates. The
track candidates are further differentiated into charged pion and proton candidates. For
selected shower candidates, a shower energy correction is applied (Sec. 7.3), followed
by kinematic fitting improvement (Sec. 7.5). Neutral pion candidates are selected by
combining the two leading shower candidates with the 7° selection criteria in Sec. 7.4.
The final selection of pion charge exchange events required the event to be a pion beam

event and have only one neutral pion with no charged pion and Michel electron present.
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8.2 Pion Charge Exchange Event Selection

Table 8.1: A summary the cumulative purity and efficiency of each selection of the pion
charge exchange events. The efficiency is defined to be one after the beamline PID se-
lection. The beam cuts are defined in Sec. 6.1 (Table 6.1), and the selection criteria for
daughter particles are described in Sec. 6.2 (Tables 6.3 and 6.4) and 7.4 (Table 7.2).

Selection Purity (Cumulative) Efficiency (Cumulative)
Beam Pion Triggers 0.13 1
Pandora Track 0.12 0.81
Beam Quality Cuts 0.12 0.58
EndZ < 220 cm 0.15 0.56
Michel Score < 0.55 0.15 0.56
Proton y?/dof > 80 0.14 0.51
Beam Scraper Cuts 0.15 0.41
Two 7° Showers 0.57 0.057
No 7" 0.63 0.050
No Michel e 0.65 0.048
One 7° 0.73 0.039

In terms of statistics, 34,783 pion beam events are selected with a purity of 90%. How-
ever, due to the low reconstruction efficiency in showers, only 665 pion CEX events are
selected. The cumulative purity and efficiency of each selection are summarized in Table
8.1. The first block shows the beam selections to select the pion beam, with a minimal
impact on the purity of the CEX event. The bottom block shows the event topology cuts,
resulting in a final purity of 73.3%. It is notable that there is a significant efficiency drop
when selecting two well-reconstructed showers. Consequently, only 4% of all pion charge

exchange events are selected after the event topology selections.
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8.3 Analysis Strategy
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Figure 8.3: The roadmap leading to the final cross-section results. Two control samples
are used to reweight the MC and the background in the signal channel is tuned by apply-
ing background scaling obtained from sideband channels before the unfolding process.
Finally, the leading systematic uncertainties are evaluated. Each step of this graph will be
discussed in this chapter.

8.3 Analysis Strategy

The use of control samples and sideband channels is essential for ensuring the accuracy
and reliability of measured results. Control samples consist of specific subsets of the data
where the physics processes are well understood and serve as benchmarks for compari-
son. By comparing measurements in control samples with simulations, the accuracy of
the simulation can be improved through an event reweighting approach. On the other
hand, sideband samples are adjacent regions in the data that do not contain the signal.
These sideband regions help in understanding and modelling background contributions
that might resemble the signal. Fine-tuning background estimates using sideband regions

and subtracting them from the signal region ensures the accuracy of the measured signal.

Figure 8.3 illustrates a comprehensive roadmap leading to the final cross-section mea-
surement. This roadmap incorporates several crucial procedures. Firstly, in Sec. 8.5,
the control samples of stop muon events and long track events are employed to improve
the agreement between the data and the MC in the measured beam energy, rectifying any

mismodeling in the simulation. Additionally, a data-driven energy shift and smearing are
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8.4 Pion Beam Energy Measurement

applied to the measured momentum from the spectrometer to enhance this agreement fur-
ther. In Sec. 8.4, the estimation of upstream energy loss is obtained through detailed MC
studies and is subsequently considered from the beam energy measurement. Furthermore,
a data-driven background tuning process is executed in Sec. 8.6, utilizing the sideband
channels before performing background subtraction. To account for detection acceptance
and reconstruction inefficiency, the measured beam energy is unfolded to its true energy
in Sec. 8.8, enabling the utilization of unfolded data for the cross-section measurement.
Finally, in Sec. 8.9, a thorough analysis of various systematic sources is conducted to

complete the measurement.

There are two types of cross-section analysis conducted in this study. The first one is
the determination of the pion CEX integrated cross-section, which is studied as a func-
tion of the beam energy using the energy slicing method. The second type of analysis
involves investigating the pion CEX differential cross-section with 7 kinematics, specifi-
cally focusing on a particular beam interacting energy range. The method of cross section

calculation has been introduced in Sec. 3.6.2.

8.4 Pion Beam Energy Measurement

The beam energy measurement at the entry point and interaction point inside the TPC is a
critical aspect of this analysis. As outlined in Sec. 3.6.2, the beam momentum is initially
determined using the beamline spectrometer prior to entering the TPC. Subsequently, the
beam traverses various additional materials, including Cherenkov counters and the beam
plug, between the spectrometer and the TPC. After removing the beam scraper events in
the beam selections detailed in Sec. 6.1, there is an expected upstream energy loss of up

to a few MeV and the estimation of upstream energy loss relies on simulation results.

Figure 8.4 shows the relationship between upstream energy loss and the measured kinetic
energy at the beam spectrometer from MC simulation. Each data point in the plot cor-
responds to the mean value obtained from fitting a Gaussian distribution to the upstream

energy loss within a 50 MeV interval of the beam energy. The colour band represents
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Figure 8.4: The upstream energy loss distribution of selected beam events, following a
second-order polynomial function, with the fitted parameters denoted in blue. The up-
stream energy loss is estimated in MC simulation as the difference between the measured
beam energy at the beamline spectrometer and the true beam energy when it enters the
TPC. The plot illustrates the dependence of energy loss on beam energy.

one fitted sigma value. Notably, the upstream energy loss varies depending on the beam
energy, and a second-order polynomial fit is employed to describe the distribution. Sub-
tracting the estimated energy loss from the measured kinetic energy obtained from the
beamline instrumentation enables the determination of the particle’s front-face energy,

En as,

EIni - Ebeamline - A-EEIOSS7 (81)

where Fheamiine and A Egjoss are the beam energy measured at the beam spectrometer and
the estimated upstream energy loss, respectively. Fy,; represents the beam energy imme-

diately prior to entering the TPC.
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Charged particles lose energy by ionising electrons inside the TPC. The beam energy at
the interaction point can be obtained in two ways. The first method involves a range-based
approach, where the reconstructed track length is measured. By knowing the energy loss
per unit distance for the beam particle and the initial energy upon entering the TPC, the

interaction energy can be determined using the following equation,

dE
Eie = Emi — / adx’ (8.2)

where dF /dx is obtained from the Bethe-Bloch formula [50], and Ey, corresponds to the

beam energy at the interaction point.

The second method uses calorimetry information directly. The energy required to ionize
one electron in argon is known, and by measuring the charged deposit in the wire planes
(in terms of the number of electrons) as explained in Sec. 3.3.4, and applying calibration
for detector effects such as recombination and attenuation, the energy deposit inside the

TPC can be determined. The interaction energy is then calculated as,

B = Bwi — »_ ABa, (8.3)

where A F.,, represents the energy deposit at each wire, and the summation is performed
over all active wires. In this analysis, the determination of the beam interacting energy is

performed using the range-based method.

8.5 Control Samples

Stopping muons in a LArTPC can serve as a control sample due to their predictable be-
haviour and characteristics. As muons come to a stop within the detector, their energy
can be accurately estimated using the Bethe-Bloch formula. By comparing the measured
muon energy distribution between data and simulation, the accuracy of the simulation can

be improved.
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Therefore, a sample of beam muons that have stopped inside the detector is used as a
standard candle to address the discrepancies between MC simulations and experimental
data in the measured beam energy distribution [95]. The standard beam selections have
been applied as detailed in Sec. 6.1, except for the reversal of the muon-related cuts
to enhance the beam muon components. The expected tracking range of a beam muon
is determined using the estimated beam energy upon entry into the detector and muon
energy loss information in LArTPC. If a beam muon comes to a stop inside the detector,
the calculated tracking range is expected to match the reconstructed track length closely.
As such, the ratio of the reconstructed track length to the calculated range is evaluated,

and a ratio greater than 0.9 classifies the candidate muon as a stopped beam muon.

With these selected stopping muons, the front-face energy can be extrapolated from their
reconstructed track length by employing the Bethe-Bloch formula. The front-face energy
distribution of the selected stopping muon sample is shown in Fig. 8.5. The discrepancy
between data and MC suggests potential mismodeling in the simulation, stemming from
various sources: differences in the simulated true momentum distributions and inaccura-
cies in upstream energy loss and energy resolution estimations. To address the first source,

each event is assigned a weight that takes the form [95],

_(p—ugt)Q
e 20'ﬁt 8 4
W= —""-5 .
_ (P—#gue)Q ’ ( )
e 20{ye

where p is the true beam momentum and the iy, and oy are the fitted Gaussian param-

eters of the true beam momentum distribution and ug, and o, are the fitted parameters.

The fitted parameters, jug and o in Bq. 8.4, are adjusted and optimized through a x?
fit, aiming to achieve the best agreement between the data and MC distributions of the
front-face kinetic energy of stopping muons (Fig. 8.5). Despite the absence of true mo-
mentum distribution in the real data, the calculated front-face kinetic energy of stopping
muons from track length is used as a representation of true momentum. Consequently,

the weight factor (depends on p) transforms the Gaussian distribution of the default MC
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Figure 8.5: The front-face energy distribution of the selected stopping muons, with a
purity of 81%. The sample follows the same beam selection defined in Chap. 6, but
all muon-related cuts have been reversed. The front-face energy is calculated from the
reconstructed track length of these muons, assuming they are stopped inside the detector.
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Figure 8.6: The front-face energy distribution of the selected stopping muons before and
after the fit. The default MC is shown in dashed green (same as in Fig. 8.5), while the
red histogram represents the fitted distribution. On an event-by-event basis, a weight (Eq.
8.4) is applied to the default MC to improve the agreement with the data in the stopping
muon front-face energy distribution. The fitted parameters p5, and oy, are allowed to vary.
After reweighting the MC, the true momentum of both MC and data should be similar.
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true beam momentum to a fitted variant, which is taken as a closer representation of the
actual data. This then enables a reweighting of the MC true momentum to align it with

the data distribution, thereby reducing the discrepancies.

Following the beam momentum reweighting, the underlying true momentum distribution
should be similar for both data and MC. Figure 8.6 shows the front-face kinetic energy
distribution of stopping muons before and after applying the event weight. Reweighting
leads to a better simulation of the true beam momentum and hence improves the agree-

ment with the measured front-face energy.

However, the reweighted beam momentum measured at the beamline instrumentation
could still differ between data and MC due to inaccurate upstream energy loss and energy
resolution estimation. To address this, the momentum distributions of reweighted MC
and data are fitted with Gaussian functions. The fitted mean and sigma values are used to
quantify the difference in upstream energy loss and energy resolution between data and
MC. Subsequently, the MC distribution is further shifted and smeared by applying an ad-
ditional random Gaussian function with a mean value of jt = gy — timec = —8.54 MeV
and a sigma value of ¢ = /02, — 0% = 15.19 MeV. These event weights, along with
the energy shift and smearing, are then applied to the signal pion beam events, serving the

purpose of beam momentum reweighting.

An additional control sample is used for the calibration of long beam tracks [95], as
depicted in Fig. 8.7. Any tracks with reconstructed lengths greater than 150 cm are
selected after the beam quality cuts as described in Sec. 6.1. The grounded electron
diverter issue causes many broken tracks at the boundary of two APAs (~ 220cm), which
is not well simulated. As a result, tracks extending beyond 220 cm are grouped into a
single bin. The observable excess in the data underscores the necessity for an increment
in the beam muon contribution in the MC simulation. To accomplish this, the muon
component in the simulation is allowed to vary to minimize the y? between data and MC
distributions of the reconstructed track length (Fig. 8.7). The result reveals that the muon

component requires a scale-up of 53% for long muon tracks exceeding 150 cm in length.

149



8.5 Control Samples

DUNE:ProtoDUNE-SP Long Track Sample
35000 " Beam 1 (43.6%) Beam y1* (41.2%)
= [l misio: p (0.5%) misID: T (3.7%)
30000 —
- misiD: * (10.8%) [l misio: efy (0.1%)
25000 = [ comisc 0.0%) others (0.0%)
9 E —data
-8 20000 —
g -
O 15000—
10000—
5000 —
i I N s I I
O T
s
3
© . - H H i
D 0 N N N N N
0 100 200 300 200 500

Track Length (cm

Figure 8.7: The reconstructed track length of the selected long track sample with track
lengths longer than 150 cm. This sample follows the same beam selection as defined in
Chap. 6 up to the Beam Cut 3, with the remaining cuts removed. Longer tracks (> 220
cm) are grouped into one bin.
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Figure 8.8: The bin normalised track length of long beam tracks before and after fitting,
with the fitted scaling factor displayed in blue. The default MC is consistent with that
shown in Fig. 8.7. The muon component is allowed to vary, improving the agreement
between data and MC through a x? fit. A scale-up of 53% is applied to muon tracks
exceeding 150 cm in length.
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8.6 Sideband Background Tuning

The background events can be effectively constrained through the selection of various
sideband channels. As discussed in Sec. 8.1, the main source of background in the CEX
events originates from pion production. This background is primarily a result of situations
where charged pions are not reconstructed or when multiple 7° particles are produced in
the final state. In Figs. 8.9 and 8.10, the beam interacting energy distributions of the pion
production channels without 7° (Zero-7° Sideband) and with multiple (> 1) 7% (Multi-7°
Sideband) are shown, respectively. The contribution from the absorption channel is ne-
glected in the tuning process (less than 1%). To minimize the x? between data and the
total MC sample, a simultaneous fit is performed for the two sideband channels. In this fit,
the dominant background in each channel is adjusted while keeping the signal contribu-
tion unchanged. The goal of the fit is to achieve the best agreement between data and MC
in terms of the beam pions interacting energy distribution. Due to the limited statistics, it
is not possible to extract a scaling factor as a function of energy at each bin. Instead, the
beam energy is divided into two regions: one below 700 MeV and the other above 700
MeV for each sideband channel, resulting in a total of four parameters, as shown in Fig.
8.11. The choice of the 700 MeV energy division is determined through various tests to
obtain the lowest post-fit x? value. The scaling factors obtained from fitting indicate a
pattern where there is a need for scaling up the simulation before 700 MeV and scaling
down afterwards. In particular, GEANT4 underestimates pion production rates involving
multiple (> 1) 7° particles at lower pion kinetic energies while overestimating them for
pions with kinetic energies above 700 MeV. The prediction on pion production with no

7% is quite accurate.

Figure 8.12 shows the weighted beam interacting energy in the selected CEX signal sam-
ple, along with the calculated x? values before and after the fitting process. It can be seen
that the agreement between the data and the MC simulation is improved after incorpo-
rating the background scaling factors obtained from the sideband fitting. This weighted

histogram represents the interaction flux of pion CEX events at different pion kinetic en-
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Figure 8.9: The pion interacting energy of selected pion production sideband channel with
zero 7 in the final state. This sideband is selected by requiring no reconstructed 7° and
at least one charged pion in the final state, modifying the topology selection shown in Fig.
8.2. The MC distribution is decomposed into different event topologies.
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Figure 8.10: The pion interacting energy of selected pion production sideband channel
with multiple (> 1) 7° in the final state. This sideband is selected by requiring at least
one reconstructed 7° and charged pion in the final state, altering the topology selection
shown in Fig. 8.2. The MC distribution is decomposed into different event topologies.
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Figure 8.11: A summary of four sideband scaling factors, where each sideband is divided
into two regions at 700 MeV, as it gives the smallest post-fit x* value. GEANT4 under-
estimates the rates of pion production involving multiple (> 1) 7° at lower pion kinetic
energies, while overestimating them for pions with kinetic energies above 700 MeV.
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Figure 8.12: The signal CEX pion interacting energy distribution after the background
tuning with the quoted scaling factors. The default MC distribution is shown in dashed
green, and the post-fit result is shown in red. The data-MC simulation agreement improves
upon the incorporation of background scaling factors obtained from the sideband fitting.
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ergies and will be used for calculating the integrated cross-section. A specific range of
beam interacting energies is then selected for conducting differential cross-section mea-

surements with 70 kinematics.

The previous background scaling factors are obtained as a function of beam kinetic en-
ergy, which is found to be inefficient for constraining the background in 7° kinematics.
Consequently, another sideband fitting procedure is conducted with the aim of extracting
scaling factors for the same background categories (pion production with zero and multi-
ple 7°), but this time as a function of the measured distribution of 7° kinetic energy. In
this study, the 7 mass distribution is used to define the appropriate sideband regions for

background tuning.

Figure 8.13 illustrates the 7° invariant mass as a function of its kinetic energy. The signal
region is defined as the mass window between 50 and 250 MeV/c?, as discussed in Sec.
7.4. Additionally, two sideband regions are chosen: one below 300 MeV and the other
above 300 MeV, both located outside the mass window. The sideband fitting procedure
aims to extract two scaling factors that account for the misestimation of the background in
the respective sideband regions. Two ¥ invariant mass distributions for both data and MC
are plotted, considering 7° kinematic energy to be less or greater than 300 MeV. Within
the mass window (50 to 250 MeV/c?), the MC remains fixed during fitting. Outside
the mass window, only the pion production backgrounds (sum of the 0 7° and > 1 7°
components) are allowed to vary to enhance the agreement between data and MC through
x? minimization. This fitting is separately applied to both low and high kinetic energy

sidebands to extract two scaling factors.

The obtained scaling factors, shown in blue in Fig. 8.13, represent the corrections applied
to the background contributions in each region. In Fig. 8.14, the weighted 7° kinetic
energy is presented for the selected CEX signal sample, along with the calculated >
values. The inclusion of background scaling factors obtained from the sideband fitting is
observed to enhance the agreement between the data and MC simulation. The significant
scaling increase seen in simulated background events with kinetic energy below 300 MeV

suggests an underestimation of low-energy 7 particles in the pion production events.

154



8.6 Sideband Background Tuning

DUNE:ProtoDUNE-SP 1 GeV/c Pion Data
0.5~
045 _ PLiTTL T - Do : _
- a,=1.76+0.26 PRl - 0,=0.96+0.17 .
0af hri R '
o 0-35? - ] - Sideband 2
3 03 .
D) o
%’0.25' B PP Y PP
S o2 = R P
E 015 DLt
01 . -': - Sig‘nal
0_055_....-. .................. -. ....... I SRR
- SidgRdag-E: friiTii.l T LT ?1'?‘???‘!‘9.2.. .
% 01 0.2 0.3 04 05 06 07 08 09 1

10 Kinetic Energy (GeV)

Figure 8.13: The distribution of the 7° mass versus the 7° kinetic energy. The signal
region is defined as the 7" mass falling between 50 and 250 MeV/c?, while two sideband
regions are defined for kinetic energies larger or less than 300 MeV outside the mass win-
dow. To improve the agreement between data and MC, the pion production backgrounds
are allowed to vary through x? minimization in the 7° mass distribution outside the mass
window. The fitted two scaling factors in each sideband region are shown in blue.
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Figure 8.14: The distribution of the 7° kinetic energy after background tuning. The de-
fault MC distribution is shown in dashed green, and the post-fit result is shown in red.
The agreement between the data and the MC simulation is improved by implementing
background scaling factors obtained from the sideband fitting.
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8.7 Incident and Interacting Pion Events

Figures 8.15 and 8.16 show the reconstructed pion beam energy at the front face and
the interacting point for all selected beam candidates, respectively. In these figures, the
stacked histogram represents the distribution of different true beam types in the reweighted
MC simulation, while the black points correspond to the data. After applying the beam
momentum and muon reweighting techniques outlined in Sec. 8.5, a satisfactory level of
agreement is observed between the data and the MC simulations. The selection of the
primary pion beam is hindered by the presence of two leading backgrounds, specifically
the misidentification of beam muons and secondary charged pions as primary pion beam
events. By measuring the initial energy and interacting energy of each beam, it becomes
possible to determine the number of slices the beam has traversed inside TPC without
undergoing an interaction, as described in Sec. 3.6.2. Consequently, the incident flux at

each slice can be computed using the following formula (Eq. 3.14 requoted here),

N%nc = Z N%ni - Z N%eamlnt- (8.5)
i i+1
Regarding the CEX interaction, events are categorized based on the number of daughter
charged pions and neutral pions. An inclusive pion CEX event is defined as having one 7°
and no charged pions in the final state (Sec. 8.1). The method to constrain the background
in the selected signal events is described in Sec. 8.6. Two sidebands are employed for
this purpose, and the resulting pion CEX interacting energy after tuning the background
is presented in Fig. 8.17, where MC is decomposed by different event topologies. The
purity of the selected sample is approximately 70%, as discussed in Table 8.1, with the
dominant background coming from pion production events that involve multiple 7% in
the final state. In addition, the measured 7° kinetic energy distribution for events with
beam pions interacting energy between 650 to 800 MeV is shown in Fig. 8.18, where the

background events have been tuned from the sideband study.
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Figure 8.15: The reconstructed pion beam initial energy distribution after beam momen-
tum reweighting. The stacked histogram displays the different beam components, with a
pion beam purity of 91%. Secondary daughter particles can be misidentified as primary
beam particles, and these candidates are denoted as misID:p/m"/u"/e/~ in the legend.
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Figure 8.16: The reconstructed pion beam interacting energy distribution after beam mo-
mentum reweighting. This distribution, when combined with the initial energy distribu-
tion, allows for the computation of the pion incident flux using Eq. 8.5.
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Figure 8.17: The interacting energy distribution of the charge exchange events, decom-
posed by event topologies defined in Sec. 8.1. The purity of the selected CEX events is
68% after background tuning. It is utilized for calculating the flux of interacting signals

after subtracting non-CEX events.
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Figure 8.18: The distribution of 7 kinetic energy in the selected CEX events for beam
pions interacting with kinetic energy between 650-800 MeV., categorized by event topolo-
gies. Background tuning is applied, as detailed in Sec. 8.6, yields a 62% purity of CEX
events. This distribution is employed to calculate the differential cross-section in the 7°

kinetic energy.
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Upon acquiring the beam pion and 7° energy spectrum, background subtraction is per-
formed bin by bin using estimates from weighted simulations. The measured initial en-
ergy (Fig. 8.15) and beam interacting energy (Fig. 8.16) are applied to determine the
incident pion beam flux, accounting for the removal of non-pion beam events. Whereas
the measured CEX interacting energy (Fig. 8.17) is used to compute the signal interacting
flux after subtracting non-CEX events. With knowledge of both incident and interacting
fluxes, the integrated pion CEX cross-section is computed as a function of beam pion
energy. Subsequently, a subsample of the beam pions with interacting energy between
650 to 800 MeV is selected to compute the differential cross-section based on the 7°
kinematics (Fig. 8.18), as detailed in Sec. 3.6.2. To account for detector effects and re-
construction inefficiency, the resulting background-subtracted histograms are employed

in the unfolding process, which will be discussed in the upcoming section.

8.8 Unfolding Procedure

In this particular study, the distributions of Interacting and Incident Histograms are ex-
pressed in terms of reconstructed kinetic energy, a quantity prone to distortion and smear-
ing due to detector effects and reconstruction methods. An unfolding procedure is em-
ployed to obtain the true distribution from the observed one. Unfolding can be con-
ceptualized as an inverse problem, aiming to recover the underlying true kinetic energy

distribution from the measured distribution affected by various distortions [96, 97].

In the realm of particle physics, the quest to extract accurate distributions from measured
data encounters diverse challenges and limitations [98]. In this study, a solution to this
predicament is employed, known as the Bayes’ unfolding method, originally introduced
by G. D’ Agostini in 1993 [99, 100]. This method is based on the principles of Bayes’ The-
orem and serves as a powerful statistical inference tool. Notably, one of its key strengths
lies 1in its ability to handle multidimensional problems, adapt to varying bin widths be-
tween the true and measured distributions, account for distortions such as smearing and

bin migration, accommodate different background sources, and obviate the need for ma-
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8.8 Unfolding Procedure

trix inversion. Additionally, it facilitates the computation of a correlation matrix from the
obtained results. The implementation of the unfolding method is integrated within the

ROQT framework [86], enabling its application across various code classes.

Here, the unfolding process is performed using the RooUnfold software package. To
validate the unfolding process, the measured MC simulation distribution is employed,
with half of the simulated events used to obtain the response matrix and the remaining half
serving as a fake data sample for validation. This validation step ensures the reliability
and accuracy of the unfolding procedure by comparing the unfolded fake data results with

the known true distribution.

There are two event categories: those contributing to the response matrix and missed
events. In the case of the response matrix, it is constructed using true signal events,
where the measured beam pion energy after event selection and the corresponding true
energy values are used to populate it. The response matrix represents the prior probability
of reconstructing a beam pion with a specific true interacting kinetic energy within a
given reconstructed kinetic energy bin. It quantifies the relationship between the true and
reconstructed kinetic energies, providing information about the likelihood of observing a

particular reconstructed energy given a known true energy.

Missed events, on the other hand, correspond to true signal events that are not successfully
reconstructed or do not meet the event selection criteria. They reflect the inefficiencies in
the selection and reconstruction process, where certain events are missed or excluded due

to limitations or criteria set during the analysis.

The unfolding process is first validated by using the fake data sample before proceeding
to the analysis of the real data. The key histograms used to obtain the CEX cross-section
results are the Incident Histogram and the CEX Interacting Histogram. The unfolding of
the Incident Histogram involves unfolding the Initial Histogram and the Beam Interacting
Histogram, followed by the application of Eq. 8.5 to compute the unfolded Incident His-
togram. On the other hand, the unfolded CEX Interacting Histogram is directly obtained

by unfolding the measured pion charge exchange beam interacting energy distribution.
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Figure 8.19: The unfolded histograms of all three measured energy compared with the
underlying true distribution. (a) The unfolded initial energy. (b) The unfolded beam
interacting energy. (c¢) The unfolded CEX interacting energy. The background-subtracted
data is presented in the blue histogram. The unfolded MC and data are shown as green
triangles and black points, respectively, while the MC true distribution is shown in red.

As aresult, three beam pion energy distributions are unfolded independently: the selected

beam initial energy, the beam interacting energy, and the CEX interacting energy.

The unfolded energy histograms are shown in Fig. 8.19. The red histogram corresponds
to the MC true distribution, while the blue dashed histogram represents the background-
subtracted data, and the green triangle and black point represent the unfolded MC and
data, respectively. Specifically, Fig. 8.19 (a) and (b) present the unfolded beam initial

energy and beam interacting energy for all selected beam events, enabling the calculation
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Figure 8.20: The unfolding efficiency as a function of the true beam pion kinetic energy
for the pion charge exchange interacting events. The efficiency remains relatively constant
with an overall value of ~ 5%, as stated in Table 8.1.
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Figure 8.21: The response matrix of the interacting energy in the pion charge exchange
interacting events. Half of the available MC simulations are used to create the response
matrix and estimate the event backgrounds. The majority of events are concentrated along
the diagonal line, indicating a small bin-to-bin migration.
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of the unfolded Incident Histogram. Fig. 8.19 (c) shows the unfolded CEX interacting
energy. The unfolded histograms corresponding to the kinematic variables of the 7° can

be found in Appendix H.

The overall efficiency for the initial energy and beam interacting energy is approximately
50%, whereas for the CEX interacting energy, the efficiency decreases to ~ 5%, as illus-
trated in Fig. 8.20 (see also Table 8.1). The efficiency is rather a constant for the CEX
interacting energy at each energy bin. The lower efficiency can primarily be attributed

to the inadequate reconstruction of 7°

showers in the Pandora algorithm. Figure 8.21
shows the response matrix that is used to do the unfolding for the CEX interacting energy
distribution. The majority of events are concentrated along a diagonal line with minimal

migration between bins.

8.9 Systematic Uncertainty

This section delves into the primary contributors to systematic uncertainties in the mea-
surement of the pion charge exchange cross-section. Accurately quantifying the impact
of systematic uncertainties is essential for deriving meaningful conclusions from the ob-

tained cross-section results.

To evaluate the systematic uncertainty, a multi-universe approach is employed [101]. Each
systematic source is considered individually by varying the chosen parameters by +10.
The resulting covariance matrix (Eq. 8.6) [102] is the estimate of the corresponding sys-

tematic errors from the diagonal element,

Sl (@, — &) (w5, — ;) wg

M;; = , (8.6)

N
i1 Wk

where N is the total number of universes, wy, is the weight for a universe £ (default value
= 1), x;, is the candidate count in bin ¢ in a universe k and Z; is the mean candidate count

in bin 7, averaged over all universes.
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Figure 8.22: The total fractional uncertainty at each beam pion kinetic energy bin, with
the statistical error represented by the dashed line. Four leading systematic uncertainties
have been evaluated using the multi-universe approach, as explained in Appendix I.

The leading four systematic sources, as shown in Fig. 8.22, are discussed below:

Firstly, the pion charge exchange cross-section model implemented in the analysis is sub-
ject to a = 20% variation, resulting in an increase or decrease in the total number of pion
CEX events. This change affects the probability of a beam pion interacting in the CEX
channel, which in turn alters the number of signal events that contribute to the response

matrix and missed events as defined in Sec. 8.8.

Secondly, according to simulations, the resolution of the beam spectrometer in measuring
the beam momentum is approximately 2%. For a pion beam with a momentum of 1
GeV/c, the uncertainty in the measured energy is around 20 MeV. To assess the impact

of this uncertainty, the measured beam momentum is varied by + 20 MeV.
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8.10 Results with Systematic Errors

Thirdly, the systematic uncertainty arising from the upstream energy loss is assessed by
fitting the Gaussian function to the upstream energy loss (Sec. 8.4) of all the selected

beam events. The fitted function is then used to fluctuate the energy loss by one o.

Finally, the systematic uncertainty associated with the reconstructed beam track is as-
sessed by analyzing the difference between the reconstructed and true track length. This
is achieved by fitting the distribution of the ratio of the difference in track lengths and the
reconstructed track length. The obtained resolution is then used to vary each beam track

length by one standard deviation.

Table 8.2 provides a breakdown of the contribution of individual systematic uncertain-
ties to each energy bin. Both statistical and systematical uncertainties are propagated
to determine the total uncertainty of the final cross-section measurements. For low 7
kinetic energies, the dominant uncertainty arises from the beam momentum estimation,
while at higher kinetic energies, both the cross-section model and statistical uncertain-
ties play significant roles. The errors originating from upstream energy loss and track
length estimation remain relatively consistent across the accessible kinetic energy range,

contributing less than 5%.

8.10 Results with Systematic Errors

The measurement of the pion charge exchange integrated cross-section is performed within
a specific kinetic energy range of 450 to 950 MeV. The lower limit of this range is de-
termined by the APA3 issues discussed in Sec. 6.1, while the upper limit is chosen to
exclude the last bin, which has a low number of beam pion interactions. To conduct the
cross-section measurement, an upgraded version of the thin slice method, as described in
Sec. 3.6.2, is employed. The measured distributions in Sec. 8.7 are unfolded to correct
for detector effects and reconstruction inefficiency. The four main sources of systematic
uncertainties discussed in Sec. 8.9 are examined, and their contributions are accounted

for in the total error of the final result.
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Figure 8.23: The measured integrated pion charge exchange cross-section with fully prop-
agated uncertainty. The inner error bar indicates the statistical error and the outer error
bar shows the total errors, which is the quadratic sum of statistical and systematic errors

The measured integrated charge exchange cross-section is presented in Fig. 8.23. The red
curve corresponds to the GEANT4 v4.10.6 input model, while the black points represent
the measured results from the ProtoDUNE-SP data. Within the available beam pion ki-
netic energy range, the cross-section for pion charge exchange remains relatively constant
at around 90 millibarns (mb). Despite the presence of large uncertainties, the data points

agree well with the input model.

Figure 8.24 shows the differential cross-section as a function of the 7° kinematics for
a subset of the selected charged pion beam undergoing charge exchange. This subset
specifically includes beam pions with interacting energies between 650 and 800 MeV. The
differential cross-section results for the 7 exhibit three distinct peaks, consistent with the
GEANT4 model arising from the various dynamics of the underlying 7 production, as

discussed below.
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Figure 8.24: The differential cross-section as a function of 7° kinetic energy for beam
pions interacting with kinetic energy between 650-800 MeV. The presence of a three-
peak structure is in agreement with the GEANT4 model, reflecting the diverse dynamics
governing ¥ production.
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Figure 8.25: The differential cross-section as a function of 7° scattering angle 60 for

beam pions interacting with kinetic energy between 650-800 MeV. A significant number
of 7% are produced with an angle of 30° with respect to the z-axis of the detector coordi-
nates.
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In simulating the hadron interaction and transportation, GEANT4 employs the Bertini
cascade model [103]. Following the interaction, GEANT4 incorporates other models to
handle the nuclear fragments: For nuclei with A < 12, further de-excitation is achieved
through Fermi breakup. For all other nuclei, equilibrium evaporation is employed using a
statistical model [104]. Competition between nucleon evaporation and the evaporation of

light ions (d, 3He, «) is also implemented based on relative probabilities.

In the low Tho region (less than 150 MeV), the production of 7° does not exhibit a pre-
ferred direction, and there are many nucleons and nuclei being produced. The energy
transfer is distributed among these final-state particles. Moving to the middle 7’0 region
(larger than 200 MeV but less than 400 MeV), the production of nucleons and nuclei is
reduced, resulting in a higher energy transfer to the 7° particle, with a preferred forward
production direction in this region. In the high 7’0 region (greater than 650 MeV), the
70 particle predominantly moves in the forward direction, as it carries most of the kinetic
energy from the beam 7. Interestingly, the model predicts that only a few nucleons are

produced in this region.

Figure 8.25 shows the differential cross-section as a function of the 7° scattering angle,
where the angle 6,0 is defined as the angle between the momentum vector of the 7°
particle and the z-axis in the coordinate system of the detector. The beam direction is
closely aligned with the z-axis, which is approximately 10° downward and 11° towards
the anode plane (Sec. 3.2). The distribution demonstrates that the majority of 7° particles
are produced in the forward direction, with an angle around 30° with respect to the z-axis.
The large 0.0 angle corresponds to the 7° moving backwards, which has a smaller cross-
section. Additionally, the reconstruction of these 7° particles presents more challenges in
Pandora. As a result, the number of reconstructed CEX events in this region is limited,
leading to higher statistical errors. The total uncertainty as a function of the 7° kinematics
can be found in Appendix I, with a table containing a breakdown of the contribution of

individual uncertainties to each energy bin.
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9| Conclusion

Liquid argon time projection chamber has emerged as a highly effective detector for
various neutrino physics experiments, including studies on neutrino oscillations, super-
nova neutrino observations, and searches for proton decay. Prominent among the next-
generation experiments using this technology is the Deep Underground Neutrino Exper-
iment. DUNE aims to achieve exceptional sensitivity across a wide range of scientific
objectives. Key among these objectives is the precise measurement of the CP-violating
phase in the neutrino oscillation parameters and the determination of the neutrino mass

hierarchy.

The main focus of this PhD thesis is the physics analysis in ProtoDUNE-SP, the largest-
ever LArTPC to date. Serving as the initial prototype of the far detector for DUNE,
ProtoDUNE-SP employed 0.77 kt of liquid argon. Over the course of its operational
period from September to October 2018 at CERN, ProtoDUNE-SP successfully collected

valuable data from hadron beams spanning a momentum range of 0.3 to 7 GeV /c.

This thesis presents a comprehensive analysis of both the integrated and differential cross-
sections for 7 -Ar charge exchange interaction. A total of 34,783 pion beam events are
selected, among which only 665 pions interacted via the charge exchange process (Sec.
8.2). The analysis focuses on the beam pion energy range of [450, 950] MeV, revealing a
favourable agreement between the analysis results and the Geant4 model. The measured
integrated cross-section is observed to be nearly independent of the beam pion energy,

averaging at 90 millibarns (Sec. 8.10).

The first differential cross-section measurement has been conducted for beam pions with
interacting energies ranging from 650 to 800 MeV, focusing on the kinetic energy and
direction of the 7° particle (Sec. 8.10). The GEANT4 simulation adequately captures
the kinematics of 7, although there are considerable uncertainties associated with the
measurement results. At present, this analysis is primarily limited by statistical errors,
resulting in a 20% uncertainty. The inclusion of additional data in the upcoming beam

run of ProtoDUNE-II would greatly enhance the significance of this analysis.
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CHAPTER 9. CONCLUSION

The obtained results can enhance theoretical models by refining predictions regarding sec-
ondary pion charge exchange interactions of neutrino products with argon. By leveraging
the measured differential cross-section alongside the kinematics of the neutral pion, con-
straints can be placed on specific phase-space regions within the model. This measure-
ment effectively constrains important systematic uncertainties associated with the rate
of secondary interactions among neutrino interaction products. It specifically improves
the simulation within the nuclear model used for neutrino interaction, addressing the 7°
background in the electron neutrino appearance signal, helping DUNE achieve the present

level of experimental accuracy needed for its scientific goals.

In this study, a sub-GeV neutral pion energy resolution of 12% has been attained in
ProtoDUNE-SP through the utilization of kinematic fitting (Sec. 7.5). By implement-
ing the developed kinematic fitting algorithm in LArTPC-based experiments like DUNE,
the advantages of enhanced 7 energy resolution can be extended beyond ProtoDUNE-SP.
This extension enables more precise measurements of neutrino interaction events wherein

70 is produced in the final state.

Moreover, the study of shower energy reconstruction emphasizes the possibility of en-
hancing the Pandora shower reconstruction algorithm (Sec. 7.2). With the availability
of additional data sets, there is an opportunity to conduct a dedicated analysis focused
on the transverse kinematic imbalance for an exclusive measurement of pion charge ex-
change interaction (Sec. 4.4). In such an analysis, the TKI is defined between the final
state proton and the neutral pion. By exploring this approach, a new avenue is opened to

investigate nuclear effects in argon from hadronic interactions.
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A| Beam Scraper Definition

This appendix provides two examples of the beam scraper definition for different beam

kinetic energy regions. Any event that falls outside the 3 o window (dashed blue line) is

defined as a beam scraper event.
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Figure A.1: Top: Beam scraper definition for beam kinetic energy between 700 and 800
MeV. Bottom: Beam scraper definition for beam kinetic energy between 900 and 100

MeV.
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B| Reconstruction Bias and Resolution

This appendix presents the fractional bias in the reconstruction of beam pion and final
state proton momenta and angles. The bias is computed by taking the ratio of the re-
constructed value to the truth-matched value and then subtracting 1. The histograms are

column-normalized in the 2D plots, with the lower panel displaying the X-projection.

The resolution, defined as the width of the fitted fractional bias distribution (Y-projection),
provides an estimated beam momentum precision of 3% (Fig. B.1). Additionally, the
angular resolution for the # and ¢ angles (Fig. B.2) in the detector coordinates is approx-

imately 1.6 and 5.5 degrees, respectively.

For reconstructed daughter protons (Fig. B.3), the angle 6 is defined as the angle between
the proton vector and the beam direction. The reconstruction of proton momentum and ¢

(with respect to the beam) has a resolution of 2% and 4 degrees, respectively.
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Figure B.1: Beam momentum reconstruction bias as a function of the true beam mo-
mentum. The 2D histogram is column normalised, and the bottom panel shows the X-
projection.
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APPENDIX B. RECONSTRUCTION BIAS AND RESOLUTION
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Figure B.2: Top: Beam 6 reconstruction bias as a function of the true beam 6. Bottom:
Beam ¢ reconstruction bias as a function of the true beam ¢ angle.
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APPENDIX B. RECONSTRUCTION BIAS AND RESOLUTION
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Figure B.3: Top: Proton momentum reconstruction bias as a function of the true proton
momentum. Bottom: Beam 6 reconstruction bias as a function of the true beam 6 angle,
where the angle here is defined with respect to the beam direction. The reconstruction of
proton momentum and 6 (w.r.t the beam) have a resolution of 2% and 4 degrees, respec-
tively.
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C| Single Gamma Stepwise Comparison

This appendix presents the fractional bias observed in the shower energy reconstruction.
In the case of the 300 MeV isotropic sample, the GEANT4 simulation contributes a 1%
bias, as illustrated in Fig. C.1. On the other hand, the Pandora reconstruction results in a
notable bias, as indicated by Fig. C.2, for both the 300 MeV and 1 GeV beam samples.
Notably, an energy-dependent cut has been implemented on the number of hits, ensuring
a good quality shower sample for bias and resolution extraction. This number of hits cut

is set at 400 and 1000 for the 300 MeV and 1 GeV beam samples, respectively.
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Figure C.1: The fractional bias of true energy deposit with respect to true photon energy
as a function of true photon energy. The true Egeposic 18 very close to the true £, and the
fractional bias has a sharp peak around zero but with a downward fluctuation.
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APPENDIX C. SINGLE GAMMA STEPWISE COMPARISON
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Figure C.2: Top: The fractional bias of rec. leading shower energy with respect to rec.
all-hit energy as a function of rec. all-hit energy for 300 MeV beam sample. Bottom:
The fractional bias of rec. leading shower energy with respect to rec. all-hit energy as a
function of rec. all-hit energy for 1 GeV beam sample. The plot indicates the mean and
standard deviation of both the x and y projections.
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D| Shower Energy Correction

This appendix describes the details of how to obtain the shower energy correction func-
tion. The reconstructed shower energy is divided into twelve unequal bins to ensure com-
parable statistics within each bin. Subsequently, the fractional bias distribution in each
bin is fitted with a Lorentz-Cauchy function to determine the mean bias, as shown in Fig.
D.1. It can be seen that the first three panels are not well-modelled by the Lorentz-Cauchy

function, which makes the extracted mean bias unreliable and leads to overcorrections for

the low-energy showers.

0.00 - 0.05 GeV

0.18 - 0.22 GeV

Capdidates

0.30 - 0.36 GeV

Figure D.1: The fractional bias distribution of the reconstructed shower energy for differ-
ent energy phase space. The dashed line indicates the zero bias position and the numbers
show the corresponding rec. shower energy range.
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E| Neutral Pion Energy Calculation

This appendix shows the calculated 7° energy before kinematic fitting using three differ-
ent methods, as depicted in Fig. E.1. The baseline method involves the direct sum of two
shower energies, denoted as E; 4 E,. The second asymmetry method, as employed in the

MicroBooNE experiment [93], uses a more complex energy definition as,

2
B = m’f“\/(1 —a?)(1 - cosfoa) D

where o = |E; — Eo|/(E; + E») is the energy asymmetry between two showers. The last
E1004 method used Eq. 7.6, incorporating only the leading shower energy and opening
angle. In this method, the worst-reconstructed subleading shower energy F is substituted

using the invariant mass equation.
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Figure E.1: The fractional bias of 7° energy before kinematic fitting, calculated using
three methods. It can be seen that the method using leading shower energy and opening
angle gives the best results, with a mean bias of —3% and a resolution of 18%.
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F| Covariance Matrix in Kinematic Fitting
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Figure F.1: The energy-independent covariance matrix used in the 7° kinematic fitting.
The photon energy is measured in the units of GeV, and the opening angle 6 4 is measured
in radians.
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G| Kinematic Fitting Performance

DUNE:ProtoDUNE-SP Simulation Matched T Showers
- i, —1.6
500 — Before Fitting ]
N - -- Convergence Rate -
- (u:-0.000:0.12) —1.4
B D After Fitting ]
400[— —
- (p:-0.020:0.12) 12 %
g 4,
o=~ -] 1
= - . A 4 - (]
@© - A4 ] o
o 300 B . . ) .o . 5
© - R —0.8 &
- L} -
% | 1 ‘| : ?
O 200 ! —o6 €
B 1 ', ] 8
1 - -
: .' —0.4
100— .
. —0.2
- ]
- ' ]
0 L I v 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 p— i & 1 O
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
LD Shower Energy Rec./ Truth - 1
DUNE:ProtoDUNE-SP Simulation Matched T° Showers
350 16
- Before Fitting 1
- - == Convergence Rate -
300|— (u:0.070:0.31) —] 1.4
- [_] After Fitting .
C —1.2 o
250~ (:0.06 0:0.28) - =
] - . . Lese. 1 %
© 200— REDH S A - Q
.-9 C T s ~.7 = 8
= - RS ,’ ] 08 ©
& 150/~ St 1 8
O - ) —0.6 <
- ] - o
100— N ] o
C ! —0.4
— 1 -
- 1 N
50 — " —0.2
C ! N
0 = ! 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 = O
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

SL Shower Energy Rec./ Truth -1

Figure G.1: Top: The fractional bias before and after kinematic fitting for leading shower
energy. Bottom: The fractional bias before and after kinematic fitting for subleading
shower energy. The violet dashed line represents the convergence rate in each bin.
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APPENDIX G. KINEMATIC FITTING PERFORMANCE
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Figure G.2: Distribution of variables before and after kinematic fitting, along with the
convergence rate, for (a) Leading shower energy (b) Subleading shower energy (c) Open-
ing angle (d) Calculated subleading shower energy using Es = m2,/2E;(1 — cosfoa)
(e) Neural pion energy calculated as E; + E, and (f) Neural pion energy calculated as
E; +m2/2E; (1 — cosfon).
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H| Neutral Pion Unfolding
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Figure H.1: Top: The unfolded data of 7° kinetic energy. Bottom: The unfolded data of
00 kinetic energy. The background-subtracted data is presented in blue, the unfolded data
is shown as black points, and the unfolded reconstructed MC is shown as green triangles
while the MC true distribution is shown in red.
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I| Neutral Pion Systematic Uncertainty

This appendix presents the total uncertainty associated with the differential cross-section
involving 7° kinematics. The method used to evaluate systematic uncertainty is based on
the multi-universe approach, inspired by the MINERvA Analysis Toolkit [101]. In Fig.
I.1, a toy example demonstrates the process of measuring a variable of interest. The blue
histogram represents the central value obtained with all the nominal MC configurations.
To assess the impact of potential systematic sources, individual parameters are systemat-
ically shifted up or down, resulting in altered measurements represented as "universe 1"
and "universe 2". The differences between the central value and the measurements from
different universes, observed in each bin, indicate the magnitude of the corresponding

systematic source.
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Figure I.1: A toy example shows the multi-universe approach for systematic uncertainty
evaluation.

The systematic uncertainties are evaluated by varying the corresponding sources up and
down by one standard deviation, then re-analysis the MC simulation to train the response

matrix for the unfolding process. Then the same data are used to unfold to obtain the
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cross-sections. The variation in the obtained cross-section can be used to evaluate the

magnitude of the systematic uncertainty.

The statistical errors, particularly for low-energy and backwards-moving 7’s, constitute
the most significant component of uncertainty. Regarding the differential cross-section
conducted for a specific beam interacting energy, both the cross-section and beam mo-
mentum systematic uncertainties remain relatively constant, as illustrated in Fig. 1.2.
These systematic uncertainties contribute approximately 10% and 15%, respectively, to
the overall uncertainty. Furthermore, the impact of upstream energy loss and track length

on certain bins is found to be negligible.
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Figure 1.2: Top: The fractional uncertainty at each 7° kinetic energy bin. Bottom: The
fractional uncertainty at each 6,0 bin. Statistical error is shown as a dashed line.
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