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Abstract

As the field of neutrino physics moves into the precision era, where all parameters related
to neutrino oscillations have been determined, it has become imperative to further enhance
our understanding of neutrino-nucleus interactions to support the upcoming generation of
oscillation experiments. Improvements in both theoretical modelling and experimental
measurements of these interactions are required for progress in this regard. The Short-
Baseline Near Detector (SBND) represents a significant step in this direction. It is a 112-ton
Liquid Argon Time Projection Chamber (LArTPC) designed to reduce uncertainties for
the search for sterile neutrinos as part of the Short-Baseline Neutrino (SBN) program.
Additionally, SBND aims to provide precise interaction measurements within the Booster
Neutrino Beam (BNB), which is set to commence in 2024. The ability of SBND to measure
the cross section for v, Charged Current (CC) n° production interactions is assessed in this
thesis. Enhancements to SBND reconstruction process, specifically in relation to photon
showers, are introduced, resulting in an improved capability to both identify and measure
these interactions. These v, CC 7 production interactions are selected with an efficiency
of 39.44% and a purity of 67.16%, effectively rejecting over 98.45% of neutrino-induced
events and 99.997% of cosmogenic background events. A procedure for conducting an
exclusive cross section analysis of the v, CC 7 production interactions is outlined, taking
into account both statistical and systematic uncertainties. It is found that the integrated
cross-section values, derived from the reconstructed information, exhibit a minor discrepancy

of approximately 0.14% when compared to the true calculated value.
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Chapter 1
Introduction

The intriguing characteristics of neutrinos have captivated scientists since their initial proposal
and discovery, underscoring the indispensable role of neutrino physics in acquiring profound
insights into the fundamental aspects of matter, energy, and the governing forces of the
universe. Chapter 2 offers a concise historical account of neutrino physics, with an emphasis
on neutrino oscillations and the motivation behind the Short-Baseline Neutrino (SBN)
program, which is driven by the challenges in measuring sterile neutrino oscillations. It also
provides an overview of neutrino-nucleus interactions, encompassing theoretical models and
existing measurements, with speci ¢ attentiomtgCharged Current (CQ)° production
interactions pertinent to this thesis.

Chapter 3 presents a historical overview of Liquid Argon Time Projection Chamber
(LArTPC) detector technology, highlighting their potential as neutrino detectors, along with
an examination of signi cant experiments. It then delves into the operational principles of
these detectors, elucidating the fundamental physical processes driving their performance.
Additionally, an overview is given of the ongoing development of novel readout methods,
with a speci ¢ focus on a noteworthy 3D pixel readout technique, relevant to the work
presented in Chapter 9 and Chapter 10.

In Chapter 4, the study turns its attention to the SBN program, consisting of three
LArTPCs. The chapter begins by exploring the physics objectives, primarily centred around
detecting sterile neutrino-induced oscillations. Following this, the discussion shifts to the
Booster Neutrino Beam (BNB), the context in which the Short-Baseline Near Detector
(SBND) operates, detailing the design of the beam and the ux through SBND. The goals of
SBND are then presented, with a primary focus on the cross section measurements relevant
to this thesis, as well as the design of the detector, including a breakdown of its individual
subsystems. Lastly, it introduces the simulation and the reconstruction of SBND subsystem
processes.



The SBND event processing and reconstruction methods are elucidated in Chapter 5,
with a focus on enhancements in noise simulation and the hit- nding process. This includes
evaluation of the effectiveness of low-level reconstruction through the hit nding threshold
tuning. Subsequently, it provides an overview of the Pandora pattern recognition package
employed in SBND. Lastly, it delves into an assessment of the performance of track-shower
characterisation, identifying the key failure modes within the characterisation process, along
with an assessment of neutrino identi cation and reconstruction performance.

In Chapter 6, the subsequent high-level reconstruction process is discussed, which
includes distinct pathways for track and showers. It begins by providing an overview of
a reconstruction framework designed for showers, evaluating the performance of various
approaches for each feature. Next, an evaluation of how the enhancements in shower
reconstruction in uence the high-level reconstruction process is presented. Finally, the
reconstruction and performancepf diphoton showers are introduced.

A selection process has been developed to identif¢harged Current (CQ)° produc-
tion interactions while minimising background interference. This is discussed in Chapter 7.
This starts with de ning the signal criteria and implementing speci ¢ cuts to ensure the
quality of reconstructed events. The rejection of cosmogenic backgrounds is then explored,
utilising various subsystems in SBND. Additionally, the identi cation and selectiampf
CC interactions through the detection of muon tracks are detailed. Lastly, the criteria applied
to photon candidate showers to mitigate electron and misidenti ed tracks contamination,
along with analysis of the nal outcomes of the selection process, are presented.

Chapter 8 covers evaluation of the potential of SBND for conducting an analysis of the
exclusive cross section for, CC p° production interactions. The assessment commences
with an outline of the employed cross section extraction method. Subsequently, the chapter
explores the systematic uncertainties considered in this analysis, addressing their origins and
the approach taken in their treatment. Finally, the analysis of the cross section of selected
signal events outcomes is presented, including future developments.

The SBND detector in part aimed to serve as a wire TPC prototype for the Deep Under-
ground Neutrino Experiment (DUNE) far detector, but the high pile-up at the DUNE near
detector makes the current wire plane readout unfeasible due to readout ambiguities. New
readout methods, including a 3D pixel approach, are under development. A liquid argon rig
at the University of Shef eld has been developed to test these new electronics and readouts
for future liquid argon experiments. This is discussed in Chapter 9. The test stand consists of
four primary systems: the LAr dewar, puri cation system, condenser system, and detection
system. The assessment of these systems has been conducted at the individual, subgroup,
and group levels, with a focus on their collective functionality. Speci cally, the assessment



included evaluating components within the LAr dewar, conducting leak tests, evaluating
external CRTSs, testing the pixel-readout equipment and connection up to the pixel board,
and successfully performing an argon recirculation test. A summary of the ndings and the
overall performance of the Shef eld LAr test stand is provided in this chapter.

Expanding upon Chapter 9, Chapter 10 discusses results from an extended three-week
operational evaluation of the test stand, with a speci c emphasis on the performance of the
pixel readout system, observed through charge deposition on the pixel board. The system
operation and performance for the three weeks of running using liquid argon are detailed.
Next, a three-step processing procedure used for data obtained from the CRT system is
discussed. Subsequently, it presents the noise Iltering and hit- nding algorithms employed
to analyse the pixel readout data, along with the 2D and 3D event displays used to observe
charge deposition on the pixel plane using external triggers from the CRT system.

Finally, the thesis ends with Chapter 11, a brief conclusion summarising the main
outcomes of the work.



Chapter 2
Fundamentals of Neutrino Physics

The discovery of the electron in 1897 marked the beginning of elementary particle physics,
challenging the idea of atoms as the fundamental constituents of matter. Exploring smaller
scales and higher energies with accelerators led to the discovery of numerous new particles
and the establishment of the Standard Model (SM) of particle physics. Despite these advances,
neutrinos remain one of the least understood patrticles in the SM, driving extensive research
and independent experiments to measure their properties, including masses and oscillation
parameters. Neutrinos also hold crucial signi cance beyond the SM, potentially offering
solutions to the avour problem and playing a role in explaining the strong CP problem
through hidden symmetries in the quark sector.

The rst section, Section 2.1 provides a concise historical overview of the neutrino,
including the proposal and discovery of its various avours along with a description of the
main sources of neutrinos. Section 2.2 discusses neutrino oscillations, including experimental
anomalies, theoretical formulation, veri cation, and the current status of this phenomenon. In
Section 2.3, the supporting and opposing evidence regarding the existence of sterile neutrinos
is examined. In Section 2.4, a summary of neutrino interactions is presented, covering
interaction mechanisms, nuclear models, and the current state of measurements in this eld.
This section emphasises the importance of further studying interaction cross sections, the
central focus of this thesis, to enhance our understanding of interactions and nuclear physics,
as well as to improve oscillation measurements.

2.1 Historical Overview and Introduction

Neutrinos are electrically neutral, possess an astonishingly tiny mass and traverse vast
distances without interacting with matter. Despite their elusive nature, neutrinos play a
fundamental role in numerous particle physics and astrophysical phenomena. From their
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origins in nuclear reactions to their ability to change avours, neutrinos continue to intrigue
researchers, offering insights into particle physics, astrophysics, and cosmology. The pro-
gression of neutrino physics exempli es how advancements in theoretical understanding and
experimental techniques to propel scienti ¢ knowledge forward.

2.1.1 Neutrino Proposal and Discovery

Ellis and Wooster demonstrated in 1927 that the energy distribution of electrons resulting from
the decay of "Radium E" was observed to be continuous, which contradicted the anticipated
sharp peak that would be expected from a two-body decay process, (see Figug.2.1) [
During b decay, an atomic nucleus with an atomic number Z undergoes transformation into

a nucleus with reduced mass and an increased atomic number, Z+1, accompanied by the
emission of an observed electron, described by Equation 2.1:

oxt 2, X% e (2.1)

In a hypothetical scenario of a two-body decay, the electron would acquire a constant
amount of kinetic energy, equal to the difference in masses between the nuclei involved.
However, experimental observations indicated thdecay exhibited continuous distributions
of electron energy, as depicted in Figure 2.1, deviating from the expected discrete values.

Figure 2.1: The continuous energy spectrum of electrons emitteddecay (black line)
contradicts the expected spectrum (red line) based on the conventional two-body model,
necessitating a violation of the conservation of energy. Figure from [5].

Furthermore, the spin characteristics of both the parent and daughter nuclei, which
possessed either integer or half-integer spins, were incompatible with the expectation of
only an electron emission with a spin %).f This inconsistency suggested a violation of the
conservation laws governing energy and angular momentum at the atomic scale.

Wolfgang Pauli made a revolutionary proposal by suggesting the existence of an extremely
lightweight, neutral particle with a spin <§ that exhibits very weak interactions with
matter B]. This particle is emitted alongside the electrorbinlecay, effectively accounting
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for the continuous energy spectrum and successfully addressing both problems of non-
conservation]. In 1934, E. Fermi, who formulated the theoryltdecay, coined the term
"neutrino” for this hypothetical particle. The concept emerged as part of Fermi's explanation
of the decay process, in which the recently discovered neutron would transform into a proton,
an electron, and a antineutrino [7].

It took 25 years for the existence of the neutrino to be experimentally con rmed, and in
1956, Cowan, Reines, et al. observed the interactions of electron antineutrinos through a
process known as inversedecay [8], described by Equation 2.2.

Ne+ p! b™+n (2.2)

The experiment took place in the vicinity of the Savannah River nuclear reactor, em-
ploying a detector setup comprising two water tanks containing dissolved, Cliése
tanks were positioned between three tanks lled with liquid scintillator and were readout
by photomultipliers §]. The characteristic indication of this signal manifested as a pair
of scintillation pulses: the rst pulse represented Hie emission, followed by a delayed
pulse indicating the neutron capture on dissolved Cadmium within the scintillator. The
successful detection of this signal, along with observed correlations between the detection
rate and the power of the detector, provided strong evidence for the existence of ne@irinos [
Additionally, the number of measured neutrinos aligned with the theoretical predictions of
the cross section at that time.

Prior to the experimental veri cation of neutrino existence, the discovery of the muon took

place B]. Subsequently, in 1959, Pontecorvo posed a fundamental question regarding the
relationship between neutrinos produced alongside electrons and those produced with muons:
Are ne andnpy, equivalent Qe = npy) or distinct fie 6 nyy) [10]. The question was resolved
through the groundbreaking work of Danby et al. in 1962, by obsenvinigteractions 11].
In their experiment, a spark chamber was positioned within a neutrino beam created through
the in- ight decay of pions. The setup enabled the measurement of muon and electron rates
by distinguishing the unique topological signatures of outgoing muons and electrons in the
detector, which were produced hy, andng interactions, respectively.

The prediction of a third avour of neutrino arose following the discovery of the tau
lepton in the 1970s1[2]. The measurement of the Z-boson decay width at the Large Electron-
Positron Collider (LEP) conducted by the Apparatus for LEP Physics (ALEPH) experiment
to ascertain the number of neutrino avours reinforced the predicti@nl4]. The outcomes
were in agreement with the existence of only three avours of weakly interacting neutrinos,
each having a mass less than half of that of the Z-boson; details can be fodrdil im[

2001, the Direct Observation of the NU Tau (DONUT) experiment provided experimental
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evidence for the existence of the [15]. The DONUT experiment utilised nuclear emulsion
targets and identi ed "Tracks" with kinks, which indicated the presendeleptons in a
neutrino beam generated from the Tevatron, for details see [15].

2.1.2 Key Neutrino Sources and Properties

Neutrinos are recognised as one of the most abundant particles in the universe. It is estimated
that every cubic centimetre of the universe contains over 300 relic neutrinos that originated
shortly after the Big-Bang. Additionally, neutrinos originate from a range of sources,
including both natural and arti cial origins. Figure 2.2 depicts a diverse range of neutrino
sources based on the corresponding characteristic energy of neutrinos emitted in each speci ¢
environment. Natural sources offer the advantage of producing neutrinos in signi cant
guantities, allowing for a better understanding of the underlying physics processes, which can
be quite intricate in certain cases. In contrast, arti cial sources generate fewer neutrinos, but
their properties, such as energy, direction, avour, and travel distance, are well understood.
As a result, systematic effects associated with arti cial neutrino sources are more effectively
controlled compared to those arising from natural sources.

Figure 2.2: The relative cross section of different neutrino sources as a function of their
energy. Figure from [16].

The Sun is the most dominant and close-by source of neutrinos, primarily generated
through proton-proton fusion. However, there are more potent sources of neutrinos, such as
supernovael7, 18]. On Earth, neutrinos are created through geothermal reactions within
the core of the Earth, and there is a substantial ux of atmospheric neutrinos resulting from
cosmic particles interacting in the upper atmosphere. Additionally, radioactive materials emit
neutrinos as they decay through weak interactions.
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Arti cial neutrino sources, such as nuclear reactors, though possessing a lower magnitude
than the Sun, offer the advantage of allowing neutrino experiments to operate in close
proximity. This proximity can result in a potentially higher local neutrino ux. Notably,
advanced arti cial neutrino sources are generated at accelerator complexes like Fermilab,
CERN, and J-PARC. These arti cial neutrino beams offer a high-intensity neutrino source
across a wide energy range, along with various additional advantages, as discussed in
section 4.2.

2.2 Neutrino Oscillations and Masses

In 1939, Bethe formulated the theory of solar fusion, which predicted the production of
neutrinos by the Surlp]. However, it was anticipated that only electron neutrinos would
be involved in beta decay and the inverse process. The observation of solar neutrinos by
Davis et al. in 1968 revealed a capture rate signi cantly lower than expected, only one-third
of the predicted number, leading to the solar neutrino probRh Before this discovery,
Pontecorvo, Maki, Nakagawa, and Sakata had proposed neutrino oscillation as a mechanism,
suggesting that neutrinos are superpositions of mass eigenstates, which can explain this
de cit but require massive neutrino1-23]. However, the Standard Model (SM) required
massless neutrinos, like the Fermi theory, causing initial hesitation to adopt the theory of
neutrino oscillationsg3, 24]. Anomalous results in atmospheric neutrino data from various
experiments?5, 26] further supported the idea of massive oscillating neutrinos, which was
subsequently con rmed by the Super-Kamiokande experin&ft The discovery of massive
neutrinos also prompted a shift in understanding, where it became evident that neutrinos
have exclusively left-handed chirality rather than the previously believed helicity [28].
Covered rstly in this section is a summary of the experimental deviations that suggested
the presence of neutrino oscillations. Following that, the theoretical concept and mathematical
framework of neutrino oscillations will be introduced and a discussion of the experimental
con rmation of neutrino oscillations. Lastly, a highlight of ongoing and upcoming neutrino
oscillation experiments is presented, along with the most recent global best- t parameter
values for these oscillations.

2.2.1 Neutrino Experimental Anomalies

Following the successful detection of neutrinos emitted by nuclear reactors and neutrino
beams, endeavours were undertaken to detect the neutrinos generated through nuclear fu-
sion within the Sun, as mentioned abo2€][ In the late 1960s, Davis et al. established
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an experiment aimed at measuring solar neutrinos within the Homestake Mine in South
Dakota RQ]. The experiment was located 4400 m below the surface, and its con guration
included a tank containing 390,000 litres of liquid tetrachloroethylen€lf} to facilitate

the neutrino capture reacti@i®/(n; e )Ar3’, which produces a radioactive isotope, as
depicted in Equation 2.3:

ne+ n(CI¥) ! e + p(Ar®) (2.3)

Afterward, the quantity of argon produced was measured by counting the numbe¥ of Ar
decays, allowing for the calculation of the neutrino ux. The published results in 1968 came
as surprise since the upper limit on the saiarux was approximately three times lower
than the prediction of the Solar Standard Model (SSM), leading to what is known as the solar
neutrino anomaly [29].

Several years following the rst discovery of the solar neutrino anomaly, further mea-
surements conducted by the Kamioka Neutrino Detection Experiment (Kamiokande) using a
water Cherenkov detector, as well as GALLEX and the Sovient-American Gallium Experi-
ment (SAGE), provided additional con rmatioB0-35]. Figure 2.3a presents a comparison
between the experimentally measured rate and the theoretical predictions using various detec-
tor technologies that are sensitive to distinct energy ranges. In this comparison, a noticeable
de cit can be observed. Although each experiment detects a distinct de cit of neutrinos, the
variability arises due to different minimum detection thresholds and the non-constant nature
of the solar neutrino ux across different energy levels, as shown Figure 2.3b. Consequently,
it strongly suggests that resolving the Solar Neutrino Problem requires an explanation
that incorporates a dependence on neutrino energy, aligning with the concept of neutrino
oscillations.

The issue with neutrino ux was not limited to solar observations alone. Another
anomaly was detected in neutrinos within Earth's upper atmosphere. Atmospheric neutrinos
are generated when cosmic rays, typically composed of protons or helium nuclei, collide
with atmospheric nuclei. These collisions give rise to mesons, like pions, which subsequently
decay into leptons and neutrind®7]. The energy distribution of these cosmic rays is known
as they constitute anticipated primary backgrounds in both the Irvine Michigan Brookhaven
(IMB) and Kamiokande experiments. Upon comparing the rate of atmospheric neutrinos to
the backgrounds in these experiments, an additional de cit became apparent, known as the
atmospheric neutrino anomaly [38—41].

The presence of anomalies in both solar and atmospheric neutrino observations indicated
that the deviations were not solely due to miscalculations of neutrino uxes but rather pointed
towards a novel phenomenon exhibited by neutrinos known as neutrino oscillation.
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(a) (b)

Figure 2.3: Solar neutrino de cit (a) and ux (b), and the relevant region for the various
detectors/materials. (a): The observed solar neutrino uxes (purple) from the rst detectors
exhibit signi cant de cits compared to predictions based on SSM. The predicted total uxes,
normalised to unity, encompass distinct solar processes represented by different colours:
white for p-p fusion, green for electron capture by’ Bgellow for B® decay, and red for the
stellar carbon-nitrogen-oxygen cycle, which has a minimal impact on solar activity. Figures
from [36].

2.2.2 Theoretical Aspects of Neutrino Oscillation

After the introduction of the concept of neutrino oscillation by Pontecorvo, subsequent
mathematical formalisation by Maki, Nakagawa, and Sakata resulted in the formulation of

the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) magB}.[According to this theory, there

exist two distinct forms of neutrinos: weak eigenstates, which interact through weak force,
and the mass eigenstates that represent the neutrino propagation. The mass eigenstates are
characterised by their adherence to the Schrédinger equd@hrak outlined in Equation 2.4:

i}(%jni): Hjni = Ejni (2.4)
The observed weak eigenstates in neutrino interactions are derived from a combination
of the mass eigenstates, as illustrated in Equation 2.5:
inai = & Ugiinii (2.5)
i
The weak eigenstates are represented by Greek ledtdrgy), belonging to the set [en t ],

while the mass eigenstates are denoted by Latin letters (i, j, k), belonging to the set [1, 2, 3].
The PMNS matrix, denoted as U and described in Equation 2.6:
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(2.6)

The matrix is separated into three distinct mixing matrices, each de ned by a unique
mixing angleq;j, whereCjj representsoggjj) andS; representsin(qgij). There is also a
phase calledl.p, which introduces CP violation by distinguishing between neutrino and
antineutrino oscillations. It is worth noting that the presence of an additional Majorana phase,
dependent on the nature of neutrinos, is excluded from consideration as it does not contribute
to oscillations [28, 43].

The solution to the Schrodinger equation can be obtained by employing a plane wave
solution, as indicated in Equation 2.7, whene refers to the neutrino state at time t = 0.

iEt: iEjt;

int)i =e =jni = aUaie jnji (2.7)
[
Hence, the probability of observing a neutrino of avauras avourb after a time t can
be expressed by Equation 2.8:

2
Par b(t) = My(Djnai = § e B, Upimjjnii (2.8)
i
Given thathn;jnji is equivalent tad;j, this relationship can be rearranged and represented
as Equation 2.9

2
Par (1) = a e ®'U,iUpi = ae & B, UL Ua Uy (2.9)
i
The energ)E; associated with a speci ¢ mass eigenstate of a neutrino can be calculated
using the formula provided in Equation 2.10. In this equation, the assumption of E is
made to justify the Taylor expansion and simplify the approximations, suBhasE.

E = piZ+ nfszij: 1+ % ! E+r2r£ (2.10)

As a consequence, the probability of oscillation is obtained, \Nbeﬁerepresents the
difference in squared masseg’( mjz), and the relationship between time and length is
given by factors ot(t = L) [44]:
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!
iszjL
2E

Par b(t) = @ UaiUpiUa Uy €xp (2.11)
1]
which can be reformulated as follows:
|
6] _ iDTé L
Par b(t)= dap 4@ A UgUpiUajUp; sir’ Tj
v (2.12)

[
i8] iDL
+23 A U,iUpUajUp; sin ﬂ
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In the simpli ed scenario of oscillation between two avours, the mixing matrix can be
represented using a single angle, as illustrated in Equation 2.13
!
cogq) sin(q)
sin(q) cogq)

(2.13)

Hence

Py p = sirP(2)sir? DT (2.14)
4E

The values of mass splittingBif¥) and matrix elementd);) are constants that require
determination through experimentation. The value of L/E can be selected to maximise
sensitivity to the mixing parameter.

When neutrinos traverse through matter instead of a vacuum, additional matter effects
must be considered due to the coherent scattering between neutrinos and 4d4aggr [
These effects result in enhancements or suppressions of the neutrino oscillation probability,
depending on the value and signdaf,, while also producing the opposite effect on antineu-
trinos. The study of the disparity between neutrino and antineutrino oscillations caused by
these matter effects allows modern and future oscillation experiments to determine the value
of dep [45].

2.2.3 Experimental Evidence

The Super-Kamiokande (SK) experiment, which succeeded the Kamiokande experiment that
initially identi ed a de cit of atmospheric neutrinos, successfully resolved the atmospheric
anomaly in 199826]. The SK detector, consisting of a 22.5 kiloton water ducial volume
Cherenkov detector with around 11,000 PMTSs, sought to determine the ux rgtig) by
observing particles resulting from neutrino interactions occurring in ultra-pure watey. A
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interaction generates a distinct "electron-like" Cherenkov ring, which appears more blurred
compared to the well-de ned "muon-like" ring. This observation highlighted the correlation
between the de cits of atmospheric muon neutrinos and their zenith angular and energy
dependence, aligning with the concept of neutrino oscillations, as seen in Figu?é]2 BHe

plot on the left depicts the Up/Down asymmetry of the neutrino rates observed for electrons
and muons as functions of momentum. The electron data aligns with the shaded boxes,
representing Monte Carlo (MC) expectations with no oscillations, displaying no signi cant
asymmetry. However, the muon data exhibits a pronounced asymmetry that contradicts the
no-oscillation hypothesis. The dashed line represents the best t for the oscillation parameters
with sir?(2q) = 1:0, Dm? = 2:2 10 3eV2. Moreover, SK analysed the ratio of the neutrino

ux in the recorded data to the expected MC ux, denotedRas F Data=F MC, in order to
assess any deviations from the nominal valuRef 1, as shown in Figure 2.4 (right). The
observed value was approximat®y 0:6, indicating strong agreement with the two- avour
atmospheric neutrino oscillation hypothesis [26, 46].

Figure 2.4: The SK experiment reported indications of an oscillatory pattern in atmospheric
neutrino oscillations. On the left, the Up/Down asymmetry is shown as a momentum-
dependent function for Fully Contained (FC) e-like]ike, and Partially Contained (PC)
events. PC events, though lacking assigned momenta, have an estimated mean neutrino
energy of 15 GeV. The hatched region represents the Monte Carlo expectation without
neutrino oscillations, incorporating statistical and systematic errors in quadrature. On the
right, the graph displays the ratio of FC data events to FC MC events plotted against the
reconstructed L/E The data points indicate the observed ratio in comparison to the MC
expectation without oscillations. In both plots, the dashed lines present the expected shape
fornm$ n atDm? = 2:2 10 3eV2 and sirf2q = 1. Figure from [26]
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Subsequently, the solution to the solar neutrino anomaly was achieved through the
Sudbury Neutrino Observatory (SNO) experiment, which offered additional veri cation
of neutrino oscillations within solar neutrinoé7]. As the Davis et al. and Kamiokande
experiments primarily observed high-energy neutrinos originating from sd&lateBay,
the SNO experiment differed by measuring both the ux of electron neutrinos (through
charged-current (CC) interactiomg+ d! p+ p+ e , which exclusively occur for electron
neutrinos) and the total neutrino ux (via avour-independent neutral-current (NC) interac-
tions,ny+ d! p+ n+ ny). This was achieved through the introduction of deuterium into the
water Cherenkov detector utilised by the SNO experiment. Figure 2.5 shows the combined
measurements from CC, NC and ES channels to determine the overall neutrinos ux, which is
further categorised inttn ¢ andfn ¢. The three interaction modes, represented by red (CC),
blue (NC), and green (ES), are depicted along with the SSM theoretical prediction, indicated
as a dashed diagonal line. The optimal alignment between these channels revealed that
one-third of the total solar ux consisted o, while the remaining portion had undergone
oscillation into muon and tau neutrinos.

Figure 2.5: The SNO experiment measured total uxes of solar neutrinos, including both
ne andnmt. The predicted total ux by the SSM is shown as diagonal dashed lines, while
the measured total ux using the NC reaction in SNO is represented by diagonal blue bands.
The intercepts of these bands with the axes indicate ttee errors. Figure from [47].
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2.2.4 Status of Active Neutrino Oscillation Experiments

Numerous experiments following the discovery of neutrino oscillations have consistently
strengthened the evidence and improved measurements of this phenomenon. The evidence
now overwhelmingly supports the occurrence of neutrino oscillations, shifting the eld's
focus towards accurately determining the theoretical parameters that de ne this phenomenon,
such as mass splittings, mixing angles, apgl Experiments commonly observe the appear-
ance and disappearance (or both) of speci ¢ weak eigenstates from various neutrino sources
such as solar, atmospheric, reactor, and neutrino beams. The sensitivity of a particular experi-
ment to oscillation parameters relies on the energy and baseline of the detected neutrinos.
Subsequently, global ts integrate the outcomes from multiple experiments across different
sources to extract the complete set of mixing parameters collectively.

Measuring the absolute mass of individual active neutrinos is a considerably more intricate
matter compared to determining the mass splittings, which is the squared differences between
the mass eigenstates. Dedicated experiments like Karlsruhe Tritium Neutrino Experiment
(KATRIN) are necessary to accurately measure these quantitie}&ed\f the time of
writing, the current upper limit on the neutrino massig<0.8 eV [48-51].

Experimental measurements have con rmed that the magnituqa;réij andj Dn’%lj
are approximatelt0 3eV?, representing the atmospheric mass splitting, denot&ings,

This atmospheric mass splitting is roughly two orders of magnitude Iargeﬂtnép which

is approximately10 °eV2 and known as the solar mass splittirﬁ@w,ﬁoI [52]. The sign of

DmZ,,, has not been determined; the third neutrino mass eigenstate can have larger or smaller
mass than the rst and second eigenstates. The concept of "Mass Ordering" refers to the
arrangement of neutrino masses in terms of size, wimgpe mp My corresponds to the
"Normal Hierarchy" whilemg < mp  nmy corresponds to the "Inverted Hierarchy", as shown

in Figure 2.6 3]. Due to a certain degeneracy, the neutrino mixing parameters (including
the mixing angles and.p) are interconnected with the mass hierarchy. As a result, many
measurements of the mixing parameters are provided for both the normal and inverted mass
hierarchies to account for this degeneracy.

Recent ndings from solar neutrino experiments, SK, SNO and Borexino, have provided
robust constraints on the oscillation parametgesand D%Z [55-57]. KamLAND, on the
other hand, examines reactor neutrinos over a longer baseline of 180 km and is capable of
detecting the identical oscillation parameters as solar experimgatar(dD3,) [58]. The
combined observations of these solar oscillation parameters are generally consistent and
further reinforce the overall constraint on the parameters. Conversely, shorter baseline reactor
experiments like DayaBayp|, RENO [60], and Double Chooz{1] are generally more
sensitive tag3 and a combination db3, andD3;.
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Figure 2.6: Diagram illustrating the two potential hierarchies on neutrino masses based on
the sign ofDmé,,, On the left is the normal hierarchy, where the third mass eigenstate is the
heaviest, while on the right is the inverted hierarchy, where the third mass eigenstate is the
lightest. The colours represent the probability of interacting as each of the avours. Figure
from [54].

Long-baseline neutrino experiments, such as Tokai to Super-Kamiokande (T2K) and
NuMI Off-axis ne Appearance experiment (N3, utilising accelerator-based neutrino
beams, are sensitive to various oscillation parameters that include solar and reactor mixing
angles. These experiments gain additional sensitivity to the neutrino mass hierarchy due to
matter effects induced by the long path of neutrinos through the ground. By comparing oscil-
lation measurements betweerandn optimised beam modes, these experiments also probe
matter-antimatter asymmetry quanti ed byp. In recent ndings, the T2K collaboration
has presented evidencedgxhibiting CP-violating values exceeding tb® signi cance
level [62, 63]. Recent data from the NDA experiment indicate a preference for values
of dcp near 0.9 in the case of normal mass ordering, suggesting a potential CP-violating
effect. The N@A experiment has also excluded certain valued.gffor the inverted mass
ordering p4]. T2K, on the other hand, exhibits slightly enhanced sensitivity gdfor the
inverted neutrino mass ordering, while both experiments demonstrate comparable sensitivity
for the normal neutrino mass ordering.

Experiments that study atmospheric neutrinos, generated from cosmic ray interactions
in the atmosphere, play a crucial role in determining the remaining oscillation parameters,
namelyqgo3z andDmp3. Notably, the latest global analyses incorporate data from SK and the
DeepCore detector of the IceCube experiment [65, 66].

The NUFIT group combines the results from various experiments to perform a global t,
as depicted in Figure 2.7. This representation showcases the regions in which the mixing
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angles, mass splittings, angl, values are permitted. The results indicate a preference for
the "Normal" mass ordering, as evidenced by a loa®value forDm%3 > 0 compared to

Figure 2.7: Presentation of Globah ®scillation analysis by NuFit. Each panel displays

the 2D projection of the allowed region in six dimensions, obtained after minimising the
undisplayed parameters. The lower four panels depict regions determined through the
minimisation of Dc? concerning the mass ordering. Within these panels, the contours
correspond to con dence levels (CL) 0§190%, &, 99%, and 8 for 2 degrees of freedom.

The coloured regions (with black contour curves) correspond to the analysis without (with)
the inclusion of the tabulate8K atmDc?2. The atmospheric mass-squared splitting is
denoted ast%1 for the normal ordering (NO) aan%2 for the inverted ordering (10).
Figure from [67].
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D”‘%s < 0. However, the determination of tlsen 2qo3 octant (whether it is greater or less than
0.5) and the speci c value al., remain inadequately constrained because of discrepancies
observed between the T2K and N@ experiments.

Upcoming long baseline experiments, including the Deep Underground Neutrino Exper-
iment (DUNE) and Tokai to Hyper-Kamiokande (T2HK), have the objective of providing
de nitive measurements for these parameté& §9]. Additionally, the Jiangmen Under-
ground Neutrino Observatory (JUNO) experiment, which focuses on reactor neutrinos across
different baselines, will investigate the reactor oscillation parameters and mass hievdichy [
Consequently, the eld of neutrino oscillation analyses is rapidly advancing into a precision
era.

2.3 Sterile Neutrinos

The LEP experiments support the existence of three light, weakly interacting neutrino avours,
but others suggest a possible fourth type: the sterile neutt®@]l]. Sterile neutrinos are
hypothetical neutral leptons that do not participate in standard weak interactions. Coined by
Pontecorvo in 1967, the term "sterile" describes neutrino oscillations into undetectable sterile
neutrinos R2]. Sterile neutrinos are primarily in uenced by gravitational interactions arising
from the curvature of space-time. Hence, unlike other neutrino avours, sterile neutrinos
do not interact via weak force and cannot be directly observed. However, by extending the
PMNS matrix to accommodate a fourth neutrino, neutrinos produced in weak interactions
can undergo oscillations to sterile neutrinos. This extension involves expandifg tBe
matrix to a4 4 matrix. Oscillation experiments can probe the presence of this additional
neutrino, resulting in enhanced disappearance or appearance effects [72—74].

The Liquid Scintillator Neutrino Detector (LSND) experiment at the Los Alamos Na-
tional Laboratory observed potentially anomalous neutrino mixing. Using a short-baseline
Cherenkov detector, LSND studied thg ux up to 53 MeV [75]. The goal was to detect
Ne events by observing the Cherenkov and scintillation light produced bg'tland the
delayed 2.2 MeV gamma-ray from capturing a neutron in the inverse beta decay process
in Carbon [5]. Key backgrounds at LSND included standargdproduction in the beam
stop and misidenti cation of" ase* inp decay followed byn,, + p! m"+ n. The
experiment, as shown in Figure 2.8, observed an exceB&9f 224(stat) 6:0(syst) ne
events over the expected backgrounds at a &8 [75].

MiniBooNE was speci cally designed to investigate the LSND ndings with improved
accuracy 76-78]. Positioned 540 m downstream from the Booster Neutrino Beam (BNB),
MiniBooNE employed a mineral oil detector optimised for detecting Cherenkov light emitted
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Figure 2.8: The observed excessgflike events correlates with the distance travelled by the
neutrinos ) and their energyH,,). The data align closely with expectations from neutrino
background and oscillations Bfr? approximately V2. Figure from [75].

by electrons and muons. Although MiniBooNE had distinct energy con gurations and event
signatures, its higher energy and longer baseline allowed it to probe the same range of L/E
as LSND, thus ensuring sensitivity to a mass squared splitting of approximatel, eV
low-energy interactions excess involving (ng) was detected when the BNB operatechin

(n) mode, with a slightly larger excess detected in neutrino mode.

Figure 2.9 shows the excess rate observed by MiniBooNE versus reconstructed neutrino
energy, along with the best- t prediction based on the sterile neutrino hypothesis. The com-
bined excesses observed in batandn modes at MiniBooNE yield an overall signi cance
of 4.8s . Figure 2.10 also displays the allowed parameter space for sterile neutrino oscillation,
which aligns with the LSND allowed region, indicating general agreement between the two
experiments.

Sterile neutrinos could result in the appearance.aind also lead to the disappearance
of bothne andnp,. Evidence o disappearance has been observed in certain reactor experi-
ments, as shown in the global t depicted in Figure 2.11. This gure illustrates the allowed
regions in the phase space and compares them to exclusion contours from atmospheric
and solar experiments. However, the absenagqafisappearance in multiple experiments
contradicts the measurementsgfappearance and disappearance, as shown in Figure 2.11.
This gure displays exclusion contours fap, disappearance and the region where the Mini-
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Figure 2.9: The left plot displays the event excesses observed in MiniBooNE's neutrino
mode, representing the rst and second set of data as a functEﬁ%fThe right plot shows

the combined event excesses from both neutrino and antineutrino modes. The solid curve
represents the best t to the data, while the dashed curve represents thpdint, both
assuming two-neutrino oscillations. The last energy bin covers the range from 1.5 to 3 GeV.
Figure from [76].

(a) n only mode (b) n andn mode

Figure 2.10: The MiniBooNE analysis focuses on the allowed regions in neutrino (a), and
neutrino with antineutrino (b) modes for events withEPF between 0.2 and 3 GeV, using a
two-neutrino oscillation model. The shaded regions represent the 90% and 99% CL allowed
regions for LSNDn,! ne oscillations. The MiniBooNE best t point is represented by
black point. Additionally, the analysis includes the 90% CL limits from the KARMEN and
OPERA experiments [79, 80]. Figures from [76].
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BooNE low-energy excess is permitted, connecting these parameter spaces via the best- t
point for ne disappearance. The global t integrates information from accelerator-based
experiments, such as MINOS/MINOS+ (Main Injector Neutrino Oscillation Se&dh &nd
MiniBooNE [82], as well as atmospheric experiments, like S8][ IceCube 5], and Deep-

Core B5], to address, disappearance. The overlapping region between the MiniBooNE
permissible region and the exclusion contoursrgdisappearance highlights the substantial
inconsistency between measurements of neutrino appearance and disappearance.

(a) ny Disappearance (b) ne Disappearance

Figure 2.11: The global limits fany, (left) andne (right) are shown. The MiniBooNE allowed
region forne appearance is also extended into the realm of disappearance, highlighting the
disparity in measurements between these two phenomena. Figures from [84].

New experiments are underway to enhance experimental limits and address the dis-
crepancies observed between different measurements. The JSNS2 experiment at J-PARC
Spallation Neutron Source aims to directly investigate the LSND observation by searching
for anomalouse appearance using a stopped muon sou8ég Likewise, the SBN program,
consisting of three detectors of the same technology, will directly probe the MiniBooNE
low-energy excess in the BNB beam, enabling simultaneous measurenmgrapgiearance
andny, disappearance channels to mitigate systematic uncertaihlidnifial results from
MicroBooNE, the rst SBN detector, have not shown any signs of the ex&&87]. Further
details on the SBN program, with an emphasis on the Short-Baseline Near Detector (SBND),
will be discussed in Chapter 4. Additional reactor neutrino experiments such as DAFSS [
Neutrino4 B9, PROSPECT90], and STEREO91], with varying baselines and improved
calibration, are expected to enhamgedisappearance sensitivity. Long-baseline accelerator
experiments like N@A and T2K are also improving the constraintsmgpdisappearance,
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while IceCube and other experiments are enhancing sensitivity through the search for atmo-
spheric neutrino disappearan®@2[93]. The primary goal of these upcoming experiments is
to effectively resolve the discrepancy between the appearance and disappearance modes.

2.4 Neutrino-Nucleus Interactions

Researching neutrino interactions plays a crucial role in unravelling the nature of weak force
and nuclear structure. By examining the cross section that quanti es the likelihood of neutrino
interactions, valuable insight can be gained. Accurate measurements of neutrino oscillations
heavily rely on understanding these interactions, as they contribute to uncertainties in long
baseline analyse84-97]. While efforts have been made to minimise systematic uncertainties
through the use of near and far detectors, variations in neutrino ux and detector acceptance
make complete cancellation challenging, especially in cases where detectors employ different
nuclear targets. As the study of neutrino oscillations advances into an era of precision
measurements, the focus shifts from acquiring suf cient statistics to reducing uncertainties
related to neutrino-nucleus cross sections across different target materials, neutrino energies,
avours, and interaction nal states for precision measurements [98].

Additionally, numerous experiments aiming to detecappearance heavily depend on
assumptions about thge=ny, cross section ratio, primarily due to the limited availability
of ng cross section measuremen®§][ Accurately measuring thee cross section poses
signi cant challenges since neutrino beams primarily produgdeading to measurements
with signi cant background contributiond P0-102. Backgrounds arising from neutral pion
(p°) production in neutrino interactions can restrict the sensitivity of oscillation searches,
such as those pursued by the SBN Program and DUNE, which are seeking nagtrinag
oscillations [L, 103-105, see Chapter 6. Therefore, precise cross section measurements are
essential for the success of the next generation of oscillation experiments in achieving their
physics objectives.

Neutrino-nucleus interactions are commonly modelled by factoring the process into com-
ponents such as nuclear models, primary interactions, and the generation and transportation
of hadrons. Using an event generator, such as GENIE | these models are then combined
to create predictions that can be contrasted to and calibrated with experimental data. This
modular approach simpli es model building, allowing for the identi cation of the optimal
combination of nuclear, interaction, and hadron models. Figure 2.12 shows the combined
cross section of these interaction channels at typical accelerator neutrino energies, alongside
a compilation of experimental dataq]. As observed in Figure 2.12, the available data
primarily covers higher energy interactions, and for the limited data in the 1 GeV region,
there are considerable uncertainties, especially for the antineutrino measurements.
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