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Abstract

The Deep Underground Neutrino Experiment (DUNE) is designed to perform precision
measurements of neutrino oscillations by combining a high-intensity, broad-spectrum neu-
trino beam with large-mass, highly granular detectors. A critical requirement for achiev-
ing this goal is the accurate characterisation of the unoscillated neutrino beam at a near
detector site, located close to the beam source, before the neutrinos propagate over a dis-
tance of 1500 m to a far detector complex, where the oscillated beam is measured. The
near site will be instrumented with a modular detector based on liquid argon time pro-
jection chamber (LArTPC) technology. The modular design of this detector has proven
advantageous for operation in the high-rate environment of the intense neutrino flux at
the DUNE near detector. In this thesis, it is shown how the optical segmentation im-
posed by the detector modularity enhances the ability to localise scintillation light and
facilitates efficient matching between the light and charge signals produced by neutrino
interactions, an essential capability for disentangling overlapping events within a single
beam spill. To demonstrate and validate the modular approach, the 2x2 Demonstrator,
which consists of four fully instrumented LArTPC modules, was developed as part of this
thesis. The detector was operated in the Neutrinos at the Main Injector (NuMI) beam at
the Fermi National Accelerator Laboratory and successfully integrated light and charge
detection, cryogenic infrastructure, timing systems, and data acquisition under realistic
beam conditions. As part of this work, a comprehensive light readout system was de-
veloped and implemented as a core component of the 2×2 Demonstrator, including the
design and production of light detectors, the establishment of quality control procedures,
the integration of an in-situ calibration system, and the implementation of a fully inte-
grated run control. Performance measurements of the 2x2 Demonstrator show a photon
detection efficiency of (0.19 ± 0.02) % and (0.63 ± 0.13) % for the deployed ArCLight
and LCM light detection modules, respectively. Using timing information extracted from
scintillation light data, the substructure of the NuMI beam spills was resolved and an
interaction timing resolution of less than 4 ns was demonstrated.
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Chapter 1

Introduction

Neutrino physics has emerged as a key area in particle physics, with groundbreaking
discoveries such as neutrino oscillations [1], which provided direct evidence for non-zero
neutrino masses. Despite significant advances, several fundamental questions remain open
in neutrino physics. Key unresolved questions include the precise ordering of neutrino
mass states, the detailed mechanisms underpinning neutrino mass generation, and the
potential existence and magnitude of Charge-Parity-symmetry (CP) violation within the
neutrino sector. Experimentally addressing these open questions is exceptionally chal-
lenging due to the inherently weak interactions of neutrinos. The extremely low neutrino
interaction cross-section, on the order of 1 × 10−38 cm2 for neutrino energies relevant in
current accelerator-based experiments [2], requires experimental setups with detectors of
large masses and high granularity, as well as intense neutrino sources. Over the past
decades, numerous experiments have contributed to our understanding of neutrino prop-
erties, with significant efforts dedicated to measuring oscillation parameters and searching
for new physics beyond the Standard Model of particle physics. Addressing these fun-
damental questions motivates the design and implementation of advanced long-baseline
neutrino experiments, which leverage powerful neutrino beams to investigate fundamen-
tal neutrino properties.

In long-baseline neutrino oscillation experiments, a neutrino beam is first produced and
then characterised at a Near Detector (ND) before travelling hundreds to thousands of
kilometres to a Far Detector (FD), where any changes in the beam composition due
to oscillations are analysed. This allows for precise measurements of neutrino oscilla-
tion parameters and the study of fundamental neutrino properties. A key parameter
to probe is the CP-violating phase in the neutrino mixing, which, if it is non-trivial,
could have profound implications for the observed matter-antimatter asymmetry in the
universe [3]. The long-baseline Deep Underground Neutrino Experiment (DUNE) exper-
iment is designed as a next-generation neutrino precision measurement facility, aiming to
study a wide range of neutrino interactions and properties [4–7]. It will explore key open
questions such as determining the neutrino mass ordering, measuring the CP-violating
phase, improving neutrino interaction cross-section measurements, and searches for new
physics beyond the Standard Model. To achieve these objectives, DUNE will utilise a
neutrino beam of unprecedented power and an advanced near and far detector system.
The FD complex, located 1.5 km underground at the Sanford Underground Research
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Facility (SURF), will use massive Liquid Argon Time Projection Chamber (LArTPC)
modules as an observatory for neutrinos, including those of the oscillated beam. Com-
plementary to this, the ND complex at Fermi National Accelerator Laboratory (FNAL)
will characterise the unoscillated beam to perform oscillation measurements [8]. Besides
accelerator neutrinos, the experiment is designed to be capable of observing neutrinos
originating from solar processes and supernovae.

LArTPCs, as used in DUNE, have emerged as a powerful detector technology for neutrino
physics, owing to their excellent spatial resolution, calorimetric capabilities, and ability to
provide detailed event reconstruction. A LArTPC detects charged particles by collecting
ionisation electrons produced in liquid argon and drifting them under a uniform elec-
tric field toward a readout system. Additionally, measuring the scintillation light emitted
during the particles’ passage allows for a precise three-dimensional reconstruction of their
trajectory. Since their early development and conceptualisation in the 1970s, initially pro-
posed by H. H. Chen [9], LArTPCs have evolved through various design iterations and
technological advancements, leading to their application in modern neutrino experiments.

Driven by the extensive ongoing R&D efforts and lessons learned from previous LArTPC
experiments, the development of a novel detector concept, called ArgonCube [10], was
initiated at the University of Bern. The key idea of the ArgonCube concept is a mod-
ular rather than a monolithic approach for large-scale detectors. This modular design
reduces the requirements of the detector in multiple aspects significantly, in particular
for the High Voltage (HV) system, allowing for a much more robust and stable operation.
This modular approach further brings advantages for operation in high-pileup environ-
ments due to improved charge-light matching capabilities within the optically isolated
modules. As the unprecedented intensity of the neutrino beam in DUNE creates exactly
such a high-pileup environment for its near detector location, ArgonCube was selected as
the suitable detector concept for building a Liquid Argon Near Detector (ND-LAr) for
DUNE. Realising this concept constitutes the primary objective of this thesis.

The ND-LAr forms an essential part of the DUNE ND by providing detailed characteri-
sation of neutrino interactions, crucial for reducing systematic uncertainties. By closely
matching the technology used in the far detector, ND-LAr ensures accurate extrapolation
of near-detector measurements, thus improving sensitivity to neutrino oscillation param-
eters and enabling more precise exploration of fundamental physics questions. While its
proximity to the source of the high-intensity neutrino beam presents significant challenges
due to interaction pile-up, it simultaneously provides high statistics, enabling precision
measurements.

The modular design of ND-LAr introduces many new challenges for the design of the
various detector components. For the charge readout, the ND-LAr will be the first large-
scale detector applying a pixelated readout based on the Liquid Argon Pixelate charge
readout (LArPix) technology [11]. To avoid inactive areas in the detector, the modular
approach also required the development of new compact solutions for the light readout.
Initial designs and early prototypes for these systems have been developed in the course
of the ArgonCube R&D program but were not yet applicable for deployment in a mature
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detector design [12, 13].

To progress towards implementing the ArgonCube in ND-LAr, substantial efforts are re-
quired in validating and advancing the existing conceptual prototypes. This involves not
only enhancing and scaling up these prototypes but also creating a comprehensive, end-to-
end readout system, encompassing all necessary readout electronics and data acquisition
tools. Additionally, infrastructure and supporting systems for large-scale production,
quality control, commissioning, and calibration of detector systems must be established.
Requirements have been defined for each detector system that need to be met in order
to fulfil the physics goals of the ND-LAr. Beyond validating each individual system,
large-scale prototypes and demonstrators are essential to verify the physics performance
of the fully integrated detector. Building such a demonstrator forms the central aim of
this thesis.

The light readout system in ND-LAr is essential for precisely determining event timing,
which is crucial in disentangling neutrino interactions and reducing background noise.
Accurate detection of scintillation light improves the reconstruction of neutrino events,
enhancing both spatial and energy resolution. Consequently, this system significantly
contributes to the overall physics performance of ND-LAr, enabling clearer identification
of neutrino interactions and calorimetric measurements.

A key goal of this work is to develop and validate the light readout system for a modular
liquid argon time projection chamber, an essential component of the ND-LAr detector.
Starting from an early prototype for a light detector design, a full system is developed
to enable successful production, integration, commissioning, and operation of the light
readout system. This includes the establishment of a production and quality control in-
frastructure for the light detectors, as well as the implementation of data acquisition and
control software and a fully automatic calibration system.

To validate these developments in a realistic experimental environment, a large-scale
demonstrator experiment, the 2x2 Demonstrator, is designed and built. The 2x2 Demon-
strator consists of four downsized prototype TPC modules and is operated within the
Neutrinos from the Main Injector (NuMI) beamline at Fermilab. By studying the perfor-
mance of the detector components under real beam conditions, the demonstrator provides
critical insights that will inform the final design and optimisation of ND-LAr, ensuring
its capability to function effectively in a high-intensity neutrino flux. Beyond technical
validation, the 2x2 Demonstrator enables physics analyses of neutrino interactions, con-
tributing to reducing systematic uncertainties in interaction models and improving event
reconstruction techniques.

To provide context for this work, Chapter 2 explores the historical development of experi-
mental neutrino physics, with a focus on neutrino oscillations and emphasises the require-
ments for future experiments. Chapter 3 explores the fundamental principles of neutrino
detection in liquid argon detectors, describes the operational mechanisms of LArTPCs,
and introduces the ND-LAr detector concept, highlighting its design motivations, techno-
logical requirements, and the specific challenges posed by high-intensity neutrino beams.
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Motivated by the requirements for ND-LAr, Chapter 4 presents a generalised approach
to light detection systems in high-intensity environments, detailing the design, operation,
and calibration of light readout components applicable to a range of experimental setups.
The discussion extends to simulation techniques used to model photon propagation and
detector response, as well as methods for event reconstruction. Chapter 5 presents the
2x2 Demonstrator, describing its design, the implementation in the NuMI beamline and
the potential physics outcome of the experiment. The demonstrator integrates several
key subsystems, including charge readout, light readout, cryogenic systems, high-voltage
infrastructure, and triggering and timing frameworks. Each of these elements must func-
tion cohesively in a high-intensity environment to ensure robust performance and reliable
data collection. Chapter 6 discusses the operational performance of the 2x2 Demonstra-
tor, including its assembly, commissioning, data collection, and calibration results, with
a particular focus on the light data. Finally, Chapter 7 summarises the key findings of
this work and provides an outlook on the transition from the 2x2 Demonstrator to the
full ND-LAr system.
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Chapter 2

Experimental Neutrino Physics

In this chapter, the history of experimental neutrino physics, in particular neutrino oscil-
lation physics, is outlined. The first section covers the major breakthroughs in neutrino
physics in chronological order. To highlight the importance of future neutrino experi-
ments focusing on neutrino oscillations, the oscillation theory and its main consequences
are summarised in Section 2.2. In the last section of this chapter, the DUNE experiment
and its physics scope are elaborated.

2.1 History of neutrino experiments
In the early 20th century, the physics world was puzzled by multiple experiments mea-
suring the continuous energy spectrum of electrons emitted by β-decays. As β-decay was
considered to be a two-body decay (electron and daughter nucleus), one would expect a
discrete energy of the emitted electron. This, however, was proven not to be the case in
1914 by James Chadwick [14].

To address this, in his famous letter in 1930, Wolfgang Pauli proposed a charge-neutral,
spin 1/2 particle with a mass “lower than 0.01 proton masses” [15], which Pauli called
“neutron”. By redefining the β-decay to the emission of an electron and a “neutron”, the
measured continuous spectrum could be explained. The particle that is today called the
neutron was discovered in 1932 by Chadwick [16]. However, Francis Perrin deduced that
the mass of the particle emitted in the β-decay has to be of mass significantly lower than
the electron mass and thus could not be the particle discovered by Chadwick [17]. Pauli’s
particle was renamed the “neutrino” by Enrico Fermi, who developed a theory explaining
β-decay [18]. Using the theory of Fermi, Hans Bethe and Rudolph Peierls showed that
the neutrino-nucleus cross section must be < 10−44 cm2, and concluded “that there is no
practically possible way of observing the neutrino” [19].

It took 26 years between the proposal and the first detection of the neutrino. In 1956,
Clyde Cowan and Frederick Reines published results from their inverse β-decay experi-
ment where they detected the first electron antineutrinos [20]. In an inverse β-decay, an
electron antineutrino interacts via

νe + p → n + e+. (2.1)
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Cowan and Reines placed a water target next to the Savannah River nuclear reactor
in South Carolina (USA), providing a high antineutrino flux. The positron emitted in
the inverse β-decay interacts with shell electrons, producing two prompt back-to-back
photons. To measure them, two liquid scintillator tanks coupled to Photo Multiplier
Tubes (PMTs) with an overall timing resolution of 0.2 µs were placed above and below
the water targets. The emitted neutron takes a few microseconds to thermalise and even-
tually gets captured by cadmium, which is added as a dopant to the water target. The
neutron capture results again in the emission of gamma rays. Measuring two coincident
gamma-rays in opposite directions, followed by a photon emission with a defined-range
time delay, is a distinct signal for a νe with a very low background. The detection prin-
ciple and a schematic of the setup are illustrated in Figure 2.1.

Figure 2.1 – Detection principle used by Cowan and Reines for the discovery of the
(anti)neutrino. The incoming antineutrino interacts via inverse β-decay and produces a
positron and a neutron. The positron annihilates with a shell electron, producing two fast
back-to-back photons. The neutron eventually gets captured by a cadmium nucleus, re-
sulting in a delayed second light pulse. Two liquid scintillator detectors are placed above
and below the target to detect the gamma rays. Reprinted with permission from Physical
Review [21]. Copyright 2025 by the American Physical Society.

In the mid-1950s, groundbreaking experiments significantly advanced the understand-
ing of weak interactions and their fundamental symmetries. Notably, in 1957, Chien-
Shiung Wu conducted an experiment demonstrating for the first time that parity (Parity-
symmetry (P)) symmetry is violated in weak interactions [22]. Shortly thereafter, Maurice
Goldhaber’s experiment further clarified the nature of weakly interacting neutrinos [23].
Over these two pivotal years, it became clear that only left-handed neutrinos and right-
handed antineutrinos participate in weak interactions. These findings were crucial in
shaping the modern theoretical framework of neutrino physics.

In 1962, a group led by Leon M. Ledermann discovered the νµ [24]. This experiment was
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the first to use neutrinos produced by an accelerator beam. By shooting protons on a
beryllium target, pions are produced, and these pions decay by emitting a νµ (or a νµ).
By applying a magnetic field right after the target, µ+ can be focused and µ− defocused,
or vice versa. After blocking the π and µ with a large steel shield, one gets a relatively
pure νµ (or νµ) beam. (A detailed description of how a neutrino beam can be created is
described in Sec. 5.2 with the example of the NuMI beam.) In the Ledermann experi-
ment, a spark chamber was used to detect charged particles from interacting neutrinos.
In a spark chamber, charged particles ionise a gas. By applying a high-voltage field
between several metal plates placed in the chamber, an avalanche reaction is triggered,
causing a temporary breakdown path along the original particle track visible as a series
of “sparks”. This setup allows the differentiation between muon and electron tracks since
the latter would cause electromagnetic showers. It could be concluded that the observed
interactions could not originate from the same type of neutrinos previously observed by
Cowan and Reines, thereby indicating the discovery of a new neutrino flavour: the muon
neutrino.

The first neutrinos (and not anti-neutrinos) were measured in 1968 by Raymond Davis,
Don S. Harmer, and Kenneth C. Hoffman in the Homestake Mine, South Dakota (USA) [25].
The Homestake experiment was based on the interaction of νe originating from the sun
with 37Cl dissolved in water via

νe + 37Cl → e− + 37Ar. (2.2)

The number of neutrino interactions in this experiment could be determined offline by
measuring the activity of the produced radioactive 37Ar content. This method provides
a sub-MeV energy threshold for incoming neutrinos needed to measure the relatively low
energetic solar neutrinos. The experiment was located at SURF 1500 m below surface
to prevent cosmic radiation background (where also the DUNE FD is located). Solar
neutrinos are produced by fusion reactions taking place in the sun. However, the measured
neutrino flux was only two-thirds of the expected flux calculated by solar models [26].
This discrepancy became known as the solar neutrino problem [27, 28].
The solar neutrino problem can be explained by neutrino oscillations. The theory was
proposed by Bruno Pontecorvo in 1968 [29]. It proposes that neutrinos can transform
into different neutrino species during their propagation through time and space.

A similar result as the solar neutrino problem was found for atmospheric neutrinos by
the Kamioka Nucleon Decay Experiment (KamiokaNDE)-II experiment in 1988 [30] and
later in 1991 in the Irvine–Michigan–Brookhaven (IMB) experiment [31]. Atmospheric
neutrinos are predominantly produced via decaying pions and muons occurring in the
Earth’s atmosphere. The pions themself are produced by cosmic protons interacting
with nuclei in the atmosphere. The KamiokaNDE experiments (KamiokaNDE I and II,
Super-KamiokaNDE) are a series of experiments with water Cherenkov detectors located
in the Mozumi Mine in Kamioka (Japan), which were initially designed to detect proton
decays. IMB was also a water Cherenkov detector, which was located in a mine in Fairport
Harbor, Ohio (USA). If a particle passes through the ultra-pure water of these detectors
and has a speed that exceeds the speed of light in water, this produces an observable cone-
shaped light emission along the particle’s trajectory; the so-called Cherenkov light [32].
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In a Cherenkov detector, an array of PMTs are installed on the walls of the water tanks to
detect the Cherenkov light. By reconstructing the opening angle of the Cherenkov cone,
the momentum and direction of the particle can be deduced. This, combined with the fact
that νe and νµ interactions could be distinguished, represents a significant improvement
compared to the radiochemical detectors used in earlier experiments. Cherenkov detectors
are sensitive to both νe and νµ, as-well-as νe and νµ, via the Charged Current (CC)
interactions, including the Quasi-Elastic (QE) interaction

νℓ + n → ℓ− + p, (2.3)
νℓ + p → ℓ+ + n, (2.4)

and the electron scattering

νℓ + e− → νℓ + e−, (2.5)

where ℓ = e, µ, τ . Due to the low energy of solar and atmospheric neutrinos, ντ and ντ

interactions are not observable via CC interactions as the energy required to produce a
τ∓ is too high. The neutrino detection via electron scattering is mainly sensitive to νℓ

due to the additional CC contribution. Both IMB and the KamiokaNDE experiments
were not sensitive to Neutral Current (NC) interactions.

The atmospheric neutrino problem was further studied in the latest version of the
KamiokaNDE experiments using the 50 kt Super-KamiokaNDE detector. In 1998, it
was measured that the νµ flux is ≈ 50 % lower for upwards directed atmospheric neutri-
nos which pass through the earth before hitting the detector than neutrinos originated in
the atmosphere directly above the detector [33]. However, since the total neutrino flux
could not be measured, it could not be proven if the neutrinos were disappearing due to
neutrino oscillations.

With the discovery of the τ lepton [34], also the proposal for a third neutrino flavour, the
ντ emerged. Precise measurements of the Z0 boson cross-section at the Large Electron-
Positron Collider (LEP) in Geneva (Switzerland) in 1990 concluded the number of light
neutrinos coupling by weak interaction to be exactly three [35], thus making the ντ the
last weakly interacting neutrino to be discovered.

The postulated ντ was discovered in 2001 at the Direct Observation of the Nu Tau
(DONUT) experiment at Fermilab [36]. A 800 GeV proton beam was used to produce
the charmed meson Ds, similar to the Ledermann experiment, which decays to a ντ and
a τ−. In an emulsion-based detector, the τ could be detected, which was produced by
a charged current ντ interaction. Emulsion detectors provide high-resolution tracking of
particles, which is particularly needed to detect short-lived particles such as τ leptons.
These detectors consist of multiple layers of photographic emulsions placed between lay-
ers of high-density target plates. After exposure to a neutrino beam, the emulsion layers
are developed and later scanned using automated microscopes. This technique allows the
reconstruction of tracks with a micrometre-level resolution. The experiment measured a
total of 9 ντ events with an estimated background of 1.5 events [37].
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The existence of neutrino oscillation was finally experimentally confirmed in 2002 by the
Sudbury Neutrino Observatory (SNO) experiment located 2100 m underground in the
Creighton Mine in Ontario (Canada) [1]. The 1 kt water Cherenkov detector was filled
with heavy water (D2O), which lowered the energy thresholds and enabled the direct
detection of Neutral Current (NC) interactions in addition to CC interactions via

νℓ + d → νℓ + n + p, (2.6)
νℓ + d → νℓ + n + p, (2.7)

where ℓ =e,µ,τ . For the NC interactions, the detector had equal sensitivities for all three
lepton types. The deuterium captures the neutrons emitted in NC interactions, resulting
in the emission of a ∼6 MeV photon, which can be detected by the PMTs. The spherical
acrylic structure containing the D2O was submerged in a bath of ultra-pure H2O, adding
additional shielding from background radiation. The total solar neutrino flux was mea-
sured to be consistent with the solar model expectations, and only the νe was suppressed,
which was a direct proof of the existence of neutrino oscillations.

Since its discovery, the properties of neutrino oscillations have been studied by numer-
ous experiments on solar, reactor, atmospheric and accelerator neutrinos. A particular
impact had the discovery of a non-zero θ13 mixing angle. A non-zero θ13 allows for CP
violation in neutrino oscillation, as will be shown in the next section. The discovery of
CP violating process in the leptonic sector could help to explain the matter-antimatter
asymmetry in the universe. As pointed out by Andrei Sakharov in 1967, in order to
explain the asymmetry, baryon-generating interactions need to be found that fulfil the
so-called “Sakharov conditions”. They state that for a given interaction

• baryon number violation

• Charge-symmetry (C) and CP violation

• interactions out of thermal equilibrium

must be fulfilled in order to produce matter and antimatter at different rates. The first
two conditions ensure that more baryons than anti-baryons are produced. The third con-
dition is needed since else Charge-Parity-Time-symmetry (CPT) symmetry would allow
the inverse process annihilating the net baryon - anti-baryon difference. Processes fulfill-
ing these conditions have been observed i.a. in the quark sector but the CP violation has
been too low to explain the observed matter-antimatter asymmetry [38]. Thus, further
CP violating processes have to be discovered to explain the full asymmetry.

First hints for a non-zero θ13 angle were found by Tokai-to-Kamioka (T2K) [39] and
Main Injector Neutrino Oscillation Search (MINOS) [40]. Both T2K and MINOS are
long-baseline neutrino oscillation experiments that use accelerator-generated neutrinos,
as Lederman did, to study their transformation over large distances. T2K sends a neu-
trino beam from the J-PARC accelerator to the Super-KamiokaNDE detector, 295 km
away. Its near detector, ND280, measures the unoscillated neutrino flux, ensuring a well-
characterised beam before oscillations occur. MINOS used a neutrino beam produced at
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Fermilab and directed toward a far detector in Minnesota, 735 km away. Both experi-
ments measured an excess of νe in their far detector.

The discovery of a non-zero θ13 came from the Daya Bay Reactor Neutrino Experiment
in 2012. Daya Bay measured the disappearance of reactor-produced MeV-scale νe over
short distances. By deploying multiple detectors near and far from nuclear reactors in
southern China, the experiment detected a deficit of νe at the far detectors, providing a
direct measurement of a non-zero θ13 at the five sigma confidence level [41]. The combined
findings on the full set of oscillation parameters are elucidated in the next section.

2.2 Neutrino oscillation
In this section, the theory and the current state of research in neutrino oscillation physics
are summarised following Bettini [42] if not otherwise specified. The theory of neutrino
oscillation is based on the non-equality of neutrino flavour eigenstates (νe,νµ,ντ ) and
neutrino mass eigenstates (ν1,ν2,ν3). Note that there is no theoretical argument restricting
the number of mass eigenstates to three. However, any further flavour state would not be
active in weak interactions (see previous Section) and, therefore, is not further discussed
in the following. The connection between the two sets of eigenstates can be described
with a unitary mixing matrix, called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [43], as  νe

νµ

ντ

 = UPMNS ·

 ν1
ν2
ν3

 . (2.8)

Consequently, a neutrino flavour eigenstate can be written as a mix of mass eigenstates

|να⟩ =
∑

i=1,2,3
Uαi |νi⟩ , (2.9)

and vice versa
|νi⟩ =

∑
α=e,µ,τ

U †
αi |να⟩ . (2.10)

As a unitary matrix, the PMNS matrix can be parametrised by three rotations angles
θ23,θ13 and θ12 and a set of additional phases. In particular, one can introduce a CP-
violating phase δCP without breaking the unitarity of the matrix. A non-zero (and non-
π) value for δCP (and θ13 ̸= 0) implies a CP violation due to the neutrino oscillation
mechanism. Motivated by the suppression of the neutrino mass, if one allows the neutrino
to be a Majorana fermion (ν =ν), two additional phases Φ1 and Φ2 have to be added.
As a result, the PMNS matrix can be split up into three different rotation matrices (plus
one diagonal matrix for the Majorana phases), and one gets

UPMNS =

 1 0 0
0 c23 s23
0 −s23 c23


 c13 0 s13e−iδCP

0 1 0
−s13e−iδCP 0 c13


 c12 s12 0

−s12 c12 0
0 0 1


 1 0 0

0 eiΦ1 0
0 0 eiΦ2

 , (2.11)

where cij = cos θij and sij = sin θij.
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This splitting has a historical background as the single matrices represent the mixing ob-
servable in either solar, reactor, or atmospheric neutrino experiments, respectively. For
the discussion of oscillation probabilities, the Majorana phases cancel and can, therefore,
have no effect.

Considering the momentum of neutrinos originating from the same source to be p, one
can use the ultra-relativistic approximation of the energy of a neutrino in mass eigenstate
i as

Ei =
√

p2 + m2
i ≈ p + m2

i

2p
≈ p + m2

i

2E
, (2.12)

where E is the average energy of the different states. By using the plane wave approxi-
mation, the evolution of a single mass eigenstate in time can be described by

|νi(t)⟩ = e−iEit |νi(0)⟩ . (2.13)

As the different mass eigenstates have different Ei, their evolution in time differs, which
leads to differences in the observable flavour state compared to t = 0.

When propagating in a vacuum, the probability that a neutrino of flavour state α is
transferred to state β after a time t is

P (να → νβ) =
∣∣∣〈νβ

∣∣∣να(t)
〉∣∣∣2

=
∣∣∣∣∣∣
∑

j

∑
i

UβjU
∗
αie

−iEit
〈
νj

∣∣∣νj

〉∣∣∣∣∣∣
2

=δαβ − 4
∑
i<j

Re
[
UαiU

∗
βiU

∗
αjUβj

]
sin2

(
∆m2

ij

L

4E

)

+ 2
∑
i<j

Im
[
UαiU

∗
βiU

∗
αjUβj

]
sin

(
∆m2

ij

L

2E

)
,

(2.14)

where L ≈ ct is the distance travelled by the neutrino and ∆mij is the absolute mass
squared difference between the mass states i and j [44]. Neutrino oscillation can only
occur when ∆m2

ij ̸= 0. Therefore, measuring neutrino oscillations intrinsically proved
that (at least two) neutrinos must have non-zero mass. By tuning the L

E
ratio for an

experiment, the appearance or disappearance effect of single neutrino flavours can be
optimised to measure the mixing parameters in a range with a high sensitivity.

Eq. 2.14 is only applicable for oscillations in vacuum; for neutrinos travelling through
matter, interactions with shell electrons have to be considered. This so-called Mikheyev-
Smirnov-Wolfenstein (MSW) effect primarily affects νe and νe and thus differs for the
various mass eigenstates [45]. The MSW effect provides a crucial mechanism for probing
the masses of different eigenstates in long-baseline experiments with appropriate exper-
imental conditions. However, up until today, no experiment has had a high enough
sensitivity to determine the ordering of their masses. There are two potential scenarios,
the normal (m1 < m2 < m3) and the inverted (m3 < m1 < m2) ordering. As neutrinos
travel through Earth’s crust or mantle, the MSW effect amplifies the asymmetry between
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neutrinos and antineutrinos due to the presence of electrons, which interact differently
with these particles. A longer baseline increases the sensitivity to the neutrino mass
hierarchy because the matter effects accumulate over extended distances, enhancing the
differences in oscillation probabilities between the normal and inverted mass orderings.

Similarly, the presence of a non-zero and nontrivial δCP introduces an asymmetry between
neutrino and antineutrino oscillations, manifesting in the probability difference between
νµ → νe and νµ → νe transitions, which can be measured in accelerator experiments.
Calculating this asymmetry ∆P with Eq. 2.14 one gets:

∆P = P (νµ → νe) − P (ν̄µ → ν̄e) = −2J∗ sin(δCP)
∏
i<j

sin
(

∆m2
ijL

4E

)
, (2.15)

where J∗ = cos(θ13) sin(2θ12) sin(2θ23) sin(2θ13).
The magnitude of CP violation in neutrino oscillations depends on the sin δCP and the
mixing angles, particularly θ13, which enables the sensitivity to this effect. The equation
also shows that by tuning the L

E
term, the sensitivity to CP violation can be optimised.

Since also the MSW effect contributes to the same asymmetry, distinguishing genuine CP
violation from matter-induced asymmetry requires long-baseline measurements.

The results of the latest global fit on all oscillation parameters (NuFit 6.0) are shown in
Tab. 2.1.

Table 2.1 – Global fit on the three-flavour neutrino oscillation parameter (NuFit 6.0). All
data was obtained from various experiments until September 2024. In the last row, l = 1
for normal ordering and l = 2 for inverted ordering. [46]

Parameter Normal ordering (±1σ) Inverted ordering (±1σ)

θ12 [◦] 33.68+0.73
−0.70 33.44+0.73

−0.70

θ13 [◦] 8.56+0.11
−0.11 8.59+0.11

−0.11

θ23 [◦] 43.3+1.0
−0.8 47.9+0.7

−0.9

δCP [◦] 212+26
−41 274+22

−25

∆m2
21 [eV2] 7.49+0.19

−0.19 · 10−5 7.49+0.19
−0.19 · 10−5

∆m2
3l [eV2] +2.513+0.021

−0.019 · 10−3 −2.484+0.020
−0.020 · 10−3

Based on the latest preliminary results from a T2K and NuMI Off-Axis νe Appearance
(NOvA) joint fit, the inverted ordering is modestly favoured but not confirmed [47]. The
same analysis shows that for normal mass ordering, no clear range of possible δCP values
can be excluded. For the inverted mass ordering, CP conservation (δCP = 0, π can be
excluded at a three sigma level. The reason why for inverted ordering CP conservation
can be excluded at a relatively high confidence level, while for normal ordering no clear
statement can be made, is due to the level of agreement (respectively disagreement)
between the two individual measurements of the two experiments, as shown in Figure 2.2.
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Figure 2.2 – The 68% and 90% confidence level contours in sin θ23 vs. δCP in the normal
mass ordering (upper plot) and inverted mass ordering (lower plot) for NOvA and T2K. [47]

2.3 The future of neutrino oscillation experiments

As shown in the previous section, the uncertainties on some of the neutrino oscillation
parameters are still large. In particular, the questions of whether there is a CP violation
in neutrino oscillations and how the mass eigenstates are ordered are so far unsolved.
Currently operating experiments, such as NOvA and T2K, are not expected to achieve
the sensitivity required to address these questions at the 5σ significance level. Thus, de-
veloping a next generation of experiments with increased sensitivity is vital for answering
those questions.
Long-baseline experiments using accelerator neutrinos have excellent properties to study
exactly these open questions, as the L

E
factor in Eq. 2.14 can be tuned for maximum

sensitivity. Two noteworthy experiments introduced in the following are currently in
development and production and aim to answer the remaining open questions: Hyper-
KamiokaNDE and DUNE. Both these experiments will provide independent measure-
ments of, in particular, the δCP value and the mass hierarchy.

Hyper-KamiokaNDE [48] is part of the ongoing KamiokaNDE experiment series in Japan.
It follows the successful design of its predecessor, Super-KamiokaNDE, but features an
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approximately five times larger detector mass, increasing the number of expected neu-
trino interactions. The design includes an inner and outer vessel, where the inner will be
equipped with over 20 k state-of-the-art PMTs. The outer vessel will also be equipped
with light detectors, which will allow the tagging of incoming and outgoing particles from
the inner vessel.

The corresponding Tokai-to-Hyper-Kamiokande (T2HK) is an upgrade of the existing
T2K long-baseline experiment. Like T2K, T2HK will utilise an accelerator-driven neu-
trino beam produced at the Japan Proton Accelerator Research Complex (J-PARC) in
Tokai and have both the near and far detectors placed off-axis. The beam infrastruc-
ture will be upgraded and operate in its final configuration at a power of approximately
1.3 MW, significantly higher than the current 750 kW used in T2K [49], increasing the
neutrino event rate at the far detector. The neutrino energy spectrum will be around
600 MeV to tune the L

E
factor for maximising sensitivity to oscillation effects.

The ND280 near detector, currently used in T2K, is undergoing major upgrades, including
upgraded Time Projection Chambers (TPCs) and scintillator-based tracking detectors to
improve momentum and angular resolution [50]. An overview of the upgraded ND280 is
shown in Figure 2.3. Additionally, an on-axis detector, INGRID, continuously monitors
the beam profile and direction.
The off-axis placement of the near and far detectors is advantageous because it results in
a narrower neutrino energy spectrum, reducing high-energy tails that contribute to back-
ground events. This off-axis configuration enhances sensitivity to oscillation parameters
by providing a well-defined peak energy, closely matching the oscillation maximum. Fur-
thermore, minimising contamination from high-energy neutrinos improves the accuracy
of cross-section measurements, which are crucial for reducing systematic uncertainties in
the experiment. [51]
With a total mass of ∼4 t and the off-axis positioning, the expected number of beam-
related interactions in the ND280 per beam spill is low (O(1)), and no specific design
choices needed to be taken to mitigate pile-up.
The second experiment is the DUNE. Since the developments of the detector technology
in this thesis were particularly motivated by this experiment, it will be elaborated in
more detail in the next section.
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Figure 2.3 – Schematic overview of the upgraded ND280 detector used in T2K and T2HK.
The detector is housed within the UA1 magnet, which provides a uniform magnetic field for
momentum measurements. The upgraded part is closest to the incoming beam and consists
of the Super-Fine-Grained-Detector (SFGD), which is the main tracking detector for vertex
reconstruction, and the High-Angle gasTPCs (HA TPC), which can track particles at large
angles. The downstream part of the detector will not be upgraded and consists of three gas
TPCs interleaved with two Fine-Grained tracking Detectors (FGD). The entire detector
is surrounded by Electromagnetic CALorimeters (ECALs) to track incoming and outgoing
particles.

2.4 The Deep Underground Neutrino Experiment

The Deep Underground Neutrino Experiment (DUNE) is a long-baseline experiment and
a general neutrino observatory currently in construction [4, 6, 7]. The experiment is
hosted by Fermi National Accelerator Laboratory (Fermilab) and incorporates a Near
Detector (ND) complex situated at the Fermilab main site in Batavia, Illinois (USA) and
a FD complex at the Sanford Underground Research Facility (SURF) in Lead, South
Dakota (USA). The DUNE collaboration plans to upgrade the existing accelerator facili-
ties at Fermilab to produce a νµ/νµ beam with a power of 1.2 MW (with plans to upgrade
to 2.1 MW in a later phase). The beam infrastructure is provided by the Long Baseline
Neutrino Facility (LBNF) program. Figure 2.4a shows the comparison of the LBNF beam
with other existing beam lines.

DUNE has chosen to use the LArTPC technology since it provides good reconstruction
capabilities across a wide range of neutrino energies. The LArTPC technology will be
discussed in detail in Chapter 3. LArTPCs can be instrumented with mm-scale readouts
to provide high tracking resolution, allowing the study of complex interaction topologies.
Despite certain limitations, such as undetected energy carried away by neutrons, LArT-
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(a) (b)

Figure 2.4 – (a) Comparison of absolutely normalised (anti)neutrino fluxes from various
Fermilab neutrino beams. LBNF denotes the beam facility built for DUNE. NuMI off-
axis is the beam flux seen by the NOvA experiment [52] and BNB is the beamline used
by the SBN program [53]. Figure taken from [54]. (b) Comparison of the oscillated and
unoscillated beam simulated at the FD.

PCs generally achieve good energy resolution due to their capability to directly measure
the deposited energy of charged particles, enabling precise calorimetric reconstruction
of neutrino interactions when energy losses are properly accounted for. Together with
the broadband-energy beam, this ensures sensitivity to multiple oscillation maxima as
shown in Figure 2.4b, allowing for precise measurements of oscillation parameters. The
sensitivity to a large energy range and a large variety of interaction modes also enables
DUNE to study neutrino interactions, including those relevant for supernova neutrinos,
solar neutrinos, and potential new physics signatures.

With a baseline of 1300 km and the broadband energy beam that provides access to mul-
tiple oscillation maxima, the experiment is capable of improving the precision of current
oscillation parameter measurements. The high beam power and the massive FD lead
to significantly improved statistical uncertainties compared to current experiments. In
Figure 2.5, the expected significances for both mass ordering and non-zero CP-violation
(δCP ̸= 0, π) are depicted. The mass ordering is expected to be deduced at the 5σ level
for any δCP value after two years of exposure. After a ten years exposure, for 50 % of
possible δCP values a non-zero CP violation (δCP ∼ ±π

2 ) could be confirmed at the 5σ level.

Furthermore, positioning the FD at 1500 m below the surface significantly reduces back-
ground from cosmic radiation. This low background environment is needed for the detec-
tion of not only interactions from beam neutrinos but even more for potential supernova
and solar neutrinos, broadening the scope of scientific exploration.

While the exceptionally high flux of the neutrino beam crossing the ND complex poses a
major challenge for the detector technology to resolve event-pile-ups within single beam
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Figure 2.5 – Expected significance of the DUNE experiment on (a) non-zero CP violation
(δCP ̸= 0, π) and (b) mass ordering as a function of total exposure assuming normal mass
ordering. The exposure is given in kt-MW-years to account for total detector mass, beam
power, and exposure years. The equivalent plots assuming inverted mass ordering show
similar results and are, therefore, not depicted. [55]

spills, it facilitates an unprecedented number of neutrino interaction measurements. This
not only enhances the precision of neutrino cross-section measurements and thereby re-
duces uncertainties of the oscillation parameter measurements, but also provides a unique
opportunity to explore rare Beyond-the-Standard-Model (BSM) processes in the weak
sector.

In the initial phase, the DUNE FD will consist of two LArTPC detectors with a total
mass of 34 kt. The expected interaction rate at the far detector can be simplified as

dN(να)
dt

∣∣∣∣∣
FD

=
∫

dEν ΦFD(Eν) σFD(Eν) ϵFD P (Eν ; νµ → να), (2.16)

where Φ is the να flux, σFD the neutrino cross section in the FD and ϵFD the efficiency of
the FD.
A key challenge in order to make precision measurements of oscillation parameters in
DUNE is to minimise systematic uncertainties. In detail, as shown in the above equation,
this means reducing the uncertainties of the flux, cross-section and detector efficiency
models for the FD.
To achieve this, the measurements at the ND are essential. Analogous to the FD, the ND
placed close to the beam origin measures (neglecting oscillation behaviour on the short
distance) the interaction rate

dN(νβ)
dt

∣∣∣∣∣
ND

=
∫

dEν ΦND(Eν) σND(Eν) ϵND. (2.17)
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Although the neutrino flux at the ND differs from that at the FD, using measurements at
the ND to constrain the flux model at the FD is essential. In an idealised scenario with
perfect neutrino energy reconstruction and identical target materials in both detectors,
the cross-section σ cancels out, eliminating its contribution to the uncertainty in the oscil-
lation probability measurement. However, in practice, energy reconstruction is subject to
smearing, meaning that the cancellation is incomplete. Nevertheless, precise cross-section
measurements across the full energy spectrum at the ND enable reliable extrapolation to
the oscillated flux at the FD. This approach is further enhanced by the PRISM method
(explained in detail below), which involves moving the ND-LAr/TMS detector off-axis
to sample narrower energy spectra. Given the high neutrino flux at the ND, the mea-
surements are predominantly limited by systematic, rather than statistical, uncertainties.

2.4.1 Far Detector Complex
The far detector complex located in underground caverns at SURF is designed to host
first two, and in a later phase four LArTPC detectors. The detectors are housed in
cryostats, each with an outer dimension of approximately 66 m × 19 m × 18 m capable of
holding approximately 17 kt of Liquid Argon (LAr).

The two detectors deployed in the first phase of the experiment use different design ap-
proaches. A short technical description of the two is added in the following. A detailed
description of the functional principle of LArTPCs, needed to understand the technical
details given here, can be found in Chapter 3.

One of the two detectors employs a single-phase horizontal-drift configuration [7] similar
to the existing ICARUS [56] or MicroBooNE [57] detectors. The full volume is split
into four individual drift regions, with the two cathode planes located parallel to the
direction of the incoming beam. Wire-based Anode Plane Assemblies (APAs) are used
to collect the charge at the end of each drift region. The 6 m high and 2.3 m wide APAs
can be pre-assembled and tested before they are installed in the final cryostat structure.
They are instrumented with three wire planes, oriented at 0◦, ±35.7◦, enabling fine spatial
reconstruction of neutrino interactions with millimetre-scale precision. While the first two
layers only detect the drifted charge by induction, the last layer collects it. A schematic
drawing of the detector is shown in Figure 2.6a.
To also collect the scintillation light created by final state particles, light collection mod-
ules are placed behind the APAs. To maximise the active LAr volume, traditional PMTs
are not applicable. Hence, a total of approximately 1500 so-called X-ARAPUCA light
traps are implemented. The X-ARAPUCA is an assembly of different wavelength shifting
and dichroic materials, which uses a Silicon Photo Multiplier (SiPM) based readout. Due
to its non-dielectric design, it could not be placed within the drift field (compared to the
ArgonCube Light detector (ArCLight) detectors that will be discussed in Chapter 4).

The other detector uses a single-phase vertical-drift configuration [58]. In this design,
charges will drift vertically to be read on Charge Readout Planess (CRPs) (explained
in Ch. 1). Unlike the horizontal-drift detector, the vertical-drift detector has only two
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Figure 2.6 – Schematic drawings of the (a) horizontal-drift and (b) vertical-drift detectors
deployed in the first phase of DUNE. In the left drawing, the cathode and anode planes are
denoted with C and A, respectively. [7, 58]

drift regions, with a cathode plane placed horizontally in the centre of the cryostat. A
schematic drawing of the detector is shown in Figure 2.6b.
Due to the large opacity of the CRPs, no light collection modules could be placed be-
hind it. Therefore, the light readout, using the same X-ARAPUCA light traps as the
horizontal-drift, has to be installed on the cathode plane. Due to the large voltage present
at the cathode plane, a power-over-fibre system was developed to enable the powering of
the SiPMs.

Both configurations are undergoing extensive testing in the so-called ProtoDUNE pro-
gram at Conseil Européen pour la Recherche Nucléaire (CERN). The horizontal-drift
prototype, with a one-third scale of the full far detector, was successfully operated in
2018 [59]. Besides measuring cosmic radiation interactions, a CERN beamline was used
to test the capabilities of the detector. The second prototype for the vertical-drift con-
figuration will be tested in the same facility in early 2025.

2.4.2 Near Detector Complex
The ND complex is located 574 m downstream from the beam target in a cavern ∼ 60 m
underground. The complex consists of three complementary sub-detectors, the ND-LAr,
Temporary Muon Spectrometer (TMS) and the System for on-Axis Neutrino Detec-
tion (SAND), each fulfilling a specific part of the requirements for the ND introduced
above. The Precision Reaction-Independent Spectrum Measurement (PRISM) system
allows the first two sub-detectors to be moved off-axis. An overview of the ND complex
including the PRISM functionality is shown in Figure 2.7.

ND-LAr/TMS The ND-LAr has the same target material as the FD and enables di-
rect comparisons of neutrino-argon interaction cross-sections. Thus, its key role is to
reduce cross-section and detector systematic uncertainties. The LArTPC detector with
a fiducial mass of 67 t is primarily optimised for hadronic containment and requires a
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Figure 2.7 – Schematic of the Near Detector complex with all three sub-detectors -
ND-LAr,TMS, and SAND - on-axis (a) and the first two moved off-axis by the PRISM
system (b). [8]

secondary downstream detector to detect exiting particles. Its dimensions are chosen
to have a 95% containment of hadronic showers and muons travelling laterally (but not
muons exiting in the downstream direction). The intense neutrino flux present at the
ND combined with the relatively high target density (compared to, e.g. the ND-280 in
T2K) leads to an unprecedented neutrino pile-up environment requiring significant de-
sign changes compared to existing LArTPCs. Since this thesis specifically focuses on the
development towards the ND-LAr, Chapter 3 will be dedicated to discussing its require-
ments and design.

The TMS installed directly downstream of ND-LAr has the primary purpose of measuring
the momentum and charge of high-energy muons escaping in the downstream direction
from the relatively compact ND-LAr volume. This concept is illustrated in Figure 2.8.
By employing alternating layers of magnetised steel and scintillator, the TMS provides
downstream tracking and energy measurement, using the muon’s range through the ma-
terial to determine its kinetic energy with a resolution of around 5 %, and exploiting
the magnetic field to identify the muon’s charge via its curvature. This functionality is
crucial for correctly reconstructing neutrino events, particularly in the 0.5 GeV to 5 GeV
energy range relevant for oscillation physics. Figure 2.9b shows the individual acceptance
of ND-LAr and TMS, illustrating the importance of TMS for higher energetic interac-
tions with a kinetic energy of the exiting muon above 1 GeV. Additionally, TMS ensures
that ND-LAr can remain small and cost-effective by providing the necessary downstream
measurement capabilities while also enabling the separation of neutrino and antineutrino
interactions, vital for reducing wrong-sign background and constraining CP-violation ef-
fects.

The TMS, shown in Figure 2.9a, comprises 92 layers of magnetised steel interleaved
with scintillator planes. These layers vary in thickness, increasing from 15 mm at the
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