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Abstract

The so-called MiniBooNE low-energy excess has been a long-standing question
for beyond Standard Model (BSM) physics in the neutrino field. The Short
Baseline Neutrino (SBN) program was proposed to investigate and provide further
insights into this excess. The SBN program utilises Liquid Argon Time Projection
Chamber (LArTPC) technology, which allows for precise measurements of neutrino
interactions and holds great potential for addressing significant open questions in
the field. Within the SBN program, the Short Baseline Near Detector (SBND) plays a
crucial role as one of the near detector, positioned just 110 meters from the neutrino
source. Being located on the surface, SBND is exposed to cosmic-ray background,
and to mitigate this, the Cosmic Ray Tagger (CRT) system has been implemented to
identify and veto cosmic background events, thereby enhancing the purity of neutrino
interactions. Additionally, the CRT system can be used to search for BSM signatures,
such as the dark neutrinos, which have been proposed to explain the MiniBooNE
low-energy excess. This thesis presents a novel approach for searching for dark
neutrinos using existing SBND CRT data, collected with a unique setup called the
CRT Beam Telescope. An extended model-independent search based on the dark
neutrino analysis is also presented. The sensitivity plot for the CRT Beam Telescope
is compared with an estimated MiniBooNE exclusion limit. Furthermore, this thesis
covers the commissioning work conducted for the SBND CRT system, which is vital
for ensuring optimal performance. The LArTPC technology also benefits from liquid
argon’s excellent scintillation properties, producing abundant scintillation light. This
thesis describes a method developed to understand the detector response to the
scintillation light produced across the LArTPC, enhancing our understanding of the

detector’s performance and facilitating more accurate measurements.



Lay Summary

Particle physics is driven by humanity’s deep curiosity about the universe, as
scientists seek to expand our understanding of elementary particles and their
interactions. Among these particles, neutrinos are perhaps the most intriguing.
Proposed by Wolfgang Pauli in 1930 as a “desperate remedy” to account for missing
energy in radioactive decay, neutrinos are often called “ghost particles” because they
interact with matter only through the weak force, making them extremely elusive.
For a long time, scientists even believed neutrinos could never be detected, adding to

their mysterious nature.

Today, neutrino detection and measurement are among the most active areas of
research in particle physics, with precision measurements being the ultimate goal.
Despite significant progress over the years, many questions about neutrinos remain
unanswered, leaving much to explore in this fascinating field. One notable anomaly
observed in neutrino experiments is the so-called “low-energy excess”, first detected
by the Liquid Scintillator Neutrino Detector at Los Alamos National Laboratory, USA,
and later confirmed by the MiniBooNE experiment at Fermi National Accelerator
Laboratory (Fermilab), USA. Both experiments observed an unexpected excess of
low-energy events that could not be explained by our current understanding of

physics.

Motivated by the “low-energy excess”, the Short-Baseline Neutrino program was
proposed to be built at Fermilab to further investigate this anomaly. Three
experiments were built: the Short-Baseline Near Detector (SBND), the intermediate
detector MicroBooNE, and the far detector ICARUS. Modern particle detectors are
complex, comprising multiple systems to achieve precision measurements to the
maximum. However, even individual parts of these systems can lead to interesting
discoveries. This thesis will focus on two specific systems: the Cosmic Ray Tagger
(CRT) in SBND and the Photon Detection system in MicroBooNE.
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The work conducted on SBND focuses on a new model proposed to explain the
"low-energy excess”, known as the dark neutrino. This new particle is sought using
an innovative approach that relies solely on the CRT system of the detector. This
thesis presents a sensitivity plot for this unique detector setup and model for the first
time. The hands-on work involved in commissioning the CRT system will also be

presented in this thesis.

The work carried out on the MicroBooNE detector focuses on measuring one of its
key signals: scintillation light. By using isolated point-like proton tracks, we can
map how the detector responds to this light and test the various physics assumptions

made in our simulations.
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Introduction

The Standard Model (SM) of particle physics represents our best understanding of
the universe at the microscopic scale. It is a mathematical framework that unifies
the description of all observed particles, including the origin of their mass through
the Higgs field, and their interactions via three fundamental forces: the strong,

electromagnetic, and weak forces, with the exclusion of gravity.

Among the particles included in the SM, neutrinos are arguably the most intriguing.
Despite being the second most abundant particles in the universe after photons,
they interact only weakly with matter. This challenge in detection has not deterred
humankind’s drive to understand them. Over the past few decades, numerous
experiments have been dedicated to studying these “ghost” particles from various
natural and man-made sources. Our journey has progressed from the discovery of
neutrinos to identifying the three known types of light active neutrinos—electron,
muon, and tau neutrinos—and observing neutrino oscillations. These measurements
have provided profound insights into these particles, which were initially thought to

be undetectable.

Neutrino detection relies on reconstructing the charged daughter particles resulting
from neutrino interactions. As our understanding of neutrinos deepens with the
experimental measurements, new questions challenge the completeness of the SM.
These include the potential CP violation in the lepton sector, which could help explain
the matter-antimatter asymmetry in the universe; the origin of neutrino masses,
which are not predicted by the SM; and the question of neutrino mass ordering.
Additionally, various experimental anomalies have further added more questions.
One of the most famous anomalies is the low-energy excess (LEE) observed in the

LSND and confirmed by MiniBooNE experiments.



Motivated by the LEE anomalies, the Short-Baseline Neutrino (SBN) program
was proposed to address these issues definitively. The SBN program consists
of three detectors: the Short-Baseline Near Detector (SBND), the intermediate
detector Micro Booster Neutrino Experiment (MicroBooNE), and the far detector
Imaging Cosmic And Rare Underground Signals (ICARUS) T600. This thesis
will focus on the SBND and MicroBooNE experiments. All three detectors use
LArTPC technology, which provides millimeter-level spatial resolution and excellent
calorimetry, enabling precise measurements of neutrinos. The MicroBooNE detector
was the first constructed within the SBN program and initiated the search for the
LEE. However, no excess has been observed in their search channels to date. New
theoretical models are needed to explain the anomaly. The dark neutrino model
is one such proposal to explain the MiniBooNE anomaly. This thesis will discuss
the search for dark neutrinos and explore a model-independent approach, with a

particular focus on a subset system of SBND.

Scintillators have been widely used throughout the history of particle detection as a
medium to convert the energy deposited by particles into detectable signals. The
usage of Polystyrene as a scintillator dates back to the early 1950s and remains
a popular choice for efficiently tagging charged particles. Liquid argon is another
excellent scintillator that effectively converts deposited energy into scintillation light.
Due to its superior scintillation properties and the potential for secondary ionised
electron signals, liquid argon time projection chamber (LArTPC) technology has
become a preferred choice for accelerator-based neutrino beam experiments at Fermi

National Accelerator Laboratory (Fermilab) in the United States.

Modern particle detectors, such as LArTPC detectors are generally complex, making
an understanding of their performance crucial. Scintillation light is one of primary
signals in LArTPC detectors and is commonly used to trigger in neutrino experi-
ments. This thesis introduces a position-dependent light yield measurement to study

photon detection behaviour in LArTPC detectors.
The thesis will be structured as follows:

Chapter [2] reviews the history and properties of Standard Model neutrinos, high-
lighting key discoveries and ongoing challenges. It introduces the dark neutrino
model proposed to explain the MiniBooNE low-energy excess and discusses the
theory, constraints, and decay of dark neutrinos. Additionally, it explores a model-
independent search approach, outlining its framework and providing an example

constraint.



Chapter 3| will give an overview of particle interactions in scintillators, with a focus
on both polystyrene and liquid argon. It will discuss the conversion of scintillation
light into ionised charge in liquid argon and the physics processes that can affect the

propagation of both light and charge.

Chapter EJ will provide an overview of the SBN program at Fermilab, detailing its
objectives and components. It will discuss the production of neutrino beams and
the technology behind LArTPC detectors. Additionally, the chapter will offer a
description of the detectors relevant to analyses presented in this thesis: the SBND

detector and the MicroBooNE detector.

Chapter |5/ provides an overview of simulation and reconstruction workflow in
LArTPC detectors.

Chapter |6 introduces a novel method for measuring position-dependent light yield
in the MicroBooNE detector.

Chapter [7 will describe the Cosmic Ray Tagger (CRT) system in the SBND. It will
cover both the design and hardware readouts of the CRT system. Additionally, the
chapter will introduce the CRT-only setup, known as the CRT Beam Telescope, and

discuss the data collection associated with this setup.

Chapter |8/ will detail the commissioning work on the CRT system undertaken by the
author for the SBND detector.

Chapter [9) discusses the simulation and reconstruction processes, highlighting the
improvements made by the author to the CRT system in SBND. It focuses particularly
on the CRT-only setup: the Beam Telescope detector.

Chapterwill present a search for dark neutrinos using the signature of ete™ in the
SBND CRT Beam Telescope.

Chapter|[11|will introduce a model-independent search approach based on the results

obtained from the dark neutrino.



Neutrinos, Dark Neutrinos and

Beyond

”... I have hit upon a desperate remedy to save the ‘exchange theorem’ (1) of statistics

and the law of conservation of energy. ...” [1]

— W. Pauli

The amazing story of neutrinos began with a letter written by Pauli for a nuclear
physics conference in Tiibingen, Germany, on December 4, 1930 [1]. Pauli proposed
the idea of neutrinos as a desperate remedy for energy conservation in beta decay.
Starting from a mere theoretical concept of an undetectable particle, neutrinos are
now known as the second-most abundant particles in the universe after photons.
The journey to understand neutrinos and the physics effects that involve them has

been full of surprises, and many questions in the field still remain unanswered.

Starting with a brief introduction to the Standard Model (SM), this chapter further
outlines the physics of SM neutrinos and introduces the concept of dark neutrinos,
a theoretical model that extends the SM. The dark neutrino model was proposed to
explain certain anomalies observed in neutrino experiments. Finally, the chapter
discusses model-independent searches for physics beyond the Standard Model
(BSM).



2.1 Standard Model

The SM of particle physics represents our best understanding of the fundamental
constituents and interactions in the universe. It was developed through extensive
collaborative efforts between experimental and theoretical research. This model
stands as a milestone in particle physics and is regarded as one of the greatest

scientific achievements of the last century.

The SM contains only elementary particles, meaning those we understand to have no
substructure. These elementary particles can be described by basic properties such
as mass, electric charge, and spin. Additionally, other properties, such as chirality,
are important for describing particles. Chirality is determined by comparing the
direction of a particle’s spin with its momentum direction, e.g. a right-handed
particle typically refers to the situation where the spin and momentum directions

are aligned with each other.
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Figure 2.1 The elementary particles of the SM. Figure from Reference [2].

The model categorises particles into fermions and bosons. Fermions are spin-3
particles that obey Fermi-Dirac statistics, while bosons are spin-1 particles that obey
Bose-Einstein statistics. Within the SM, fermions are further divided into quarks and
leptons, each organised into three generations as shown in Figure 2.1} Quarks and
leptons each consist of six distinct particles. The six quarks are: up (1), down (d),
charm (c), strange (s), top (t), and bottom (b). The six leptons are: electron (¢), muon
(1), tau (1), electron neutrino (v,), muon neutrino (v,), and tau neutrino (v;). Quarks

serve as the fundamental building blocks of matter.



Fermions interact via four fundamental forces: the strong, weak, electromagnetic,
and gravitational forces. Gravity is the weakest of these, but it has an infinite range.
The electromagnetic force, which also has an infinite range, is much stronger than
gravity. The weak and strong forces, in contrast, operate only over short distances at
the subatomic level. While the weak force is stronger than gravity, it is weaker than
both the electromagnetic and strong forces. The strong force is the most powerful of

the four fundamental forces.

Three of these fundamental forces are mediated by force-carrier particles known
as bosons. The strong force is carried by gluons (g) and acts on quarks. The
electromagnetic force is mediated by photons () and affects only electrically charged
particles. The weak force is mediated by W and Z bosons, which can interact with

all fermions.

2.2 Standard Model Neutrinos

Neutrinos are part of elementary particles in SM. They are electrically neutral and
are notoriously difficult to detect because they interact only via the weak forc
This section will provide a historical overview of neutrino physics, highlighting key

discoveries and outlining the remaining open questions in the field.

2.2.1 Discovery of Neutrinos

In the early 20th century, nuclear B-decay was believed to involve a neutron
transforming into a proton only with the emission of an electron. Under the
assumption of a two-body decay, the electron’s energy should be fixed. However,

measurements showed that the electron energy spectrum was continuous, as shown

in Figure

To resolve this discrepancy and conserve energy in the nuclear p-decay process, Pauli

1
27

which he initially referred to as the “neutron”. In 1932, Chadwick discovered a

proposed the existence of a new, neutral, weakly interacting particle with spin

neutral particle with a mass similar to the proton and named it the neutron [4]. A few
years later, Fermi [5] and Perrin [6] provided a theoretical interpretation of nuclear
B-decay involving weak interactions and a third neutral particle. This particle was

given the name neutrino by Fermi.

IThe gravitational force is negligible due to the very small mass of neutrinos.
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Figure 2.2 Energy spectrum of B-decay. The measured spectrum is drawn in blue curve
and the expected fixed energy Ep under the two-body decay assumption.
Figure from Reference [J3].

From then, the quest to detect the neutrino began. Early calculations of neutrino-
nucleus interaction cross-sections suggested that observing neutrinos experimentally
would be nearly impossible [7]. It took nearly 30 years for the first observation
of electron antineutrino by Cowan and Reines in 1956 at the Savannah River Plant
in South Carolina [8, 9]. The large flux of antineutrinos from the nuclear reactor
compensated for the small interaction cross-section. The detector was made up of
layers of scintillator, and between the scintillator was cadmium-doped water, which

is sensitive to the inverse B-decay process,

T+p—et+n (2.1)

The signal consists of a prompt scintillation light produced by the annihilation of the
positron, followed by a delayed (~ 10us) scintillation signal produced from neutron
capture on *4Cd. The rate of this process was measured when the reactor was on
and off, and the comparison of these results provided evidence for the existence of

neutrinos originating from the reactor [8,|9]. This discovery was awarded the Nobel
Prize in 1995.



2.2.2 Discovery of Neutrino Flavours

The discovery of the neutrino opened the door to experimental neutrino physics.
This breakthrough shifted the focus of experimentalists towards studying the newly

discovered neutrino particle. Similar to inverse f-decay (Equation [2.1), the reaction
747 Cl — e~ +% Ar, (2.2)

was initially proposed for measurement by Pontecorvo [10] and Alvarez [11]. Davis
and coworkers later pursued this with the Brookhaven reactor and liquid CCly
detector [12, 13]. Despite predictions for a non-zero cross-section, no events were
observed. The concept of lepton number conservation, proposed by Konopinski and
Mahmoud in 1953 [14], provided an explanation for these experimental observations.
They assigned a lepton number L = 41 to leptons, such as the electron and neutrino,
and L = —1 to anti-leptons, such as the positron and antineutrino. By requiring the

conservation of L, the process described in Equation |2_2| is forbidden.

The muon particle was discovered by various groups in cosmic rays [15517] in 1937.
After the discovery, muons were predicted to decay into electrons and two neutral
leptons via the process,

U —e +v+v, (2.3)
by Sakata and Inoue [18] and later confirmed by Conversi and coworkers in 1947 [19].

In the meantime, another decay process,
U —e +7, (2.4)

was calculated by Feinberg [20] to be observable in experiments but was not
detected [21]. To resolve this discrepancy between theory and experiment, two
different flavours of neutrinos were proposed: the electron neutrino and the
muon neutrino. Therefore, one of the two neutral particles in Equation [2.3| was
identified as V., while the other was identified as a muon-related neutrino, v,. The
concept of lepton flavour numbers was accordingly introduced, and by requiring the
conservation of the electron lepton number (L.) and the muon lepton number (L,),
the process described by Equation [2.4]is thus forbidden.



With the rule of the lepton number conservation, the neutrino flavour can be
identified based on the leptons involved in the neutrino interaction. Specifically,
neutrinos interact weakly with matter through the neutral-current (NC) Z boson and
the charged-current (CC) W boson, as illustrated in Figure H In CC interactions,

the outgoing leptons (/™) enables the possibility of determining the neutrino flavour.

l/l Vl Ul l_

Figure 2.3 Neutrino interactions via (left) neutral-current Z and (right) charged-current
W bosons.

The direct detection of v, was achieved by Lederman, Schwartz, Steinberger and
others in 1962 [22]. A beam of neutrinos produced by accelerating protons up
to 15 GeV and colliding them with a Beryllium target was used for the detection.
This collision predominantly produced pions, which primarily decay into v, via the
reaction,

= uF (V). (2.5)

In the resulting experiments, 34 single-muon candidates originating from within
the shielded spark-chamber detector were identified, along with only 8 electron-
like candidates. The observation of muon production from neutrino interactions
compared to electron production demonstrated that muon neutrinos are distinct from
electron neutrinos. This experimental evidence confirmed the theory of neutrino
flavour, establishing the existence of different types of neutrinos associated with their

corresponding leptons, once produced.

In 1975, a heavy lepton with a mass of approximately 1.8 GeV was discovered by Perl

and coworkers [23] through the process:

et e Tt 1. (2.6)



Both experimental and theoretical analyses established that this heavy lepton was
a spin ; fermion and a point-like particle, similar to the electron and muon. The
discovery of the T lepton led to the prediction of a third neutrino flavour, the v;. The
tau lepton number (L) is also introduced and similarly is required to be conserved in
neutrino interactions. The tau neutrino is more challenging to detect compared to the
electron and muon neutrinos. Firstly, the GeV-scale mass of the tau lepton requires
much higher energy for production. Secondly, the tau lepton has a short lifetime of

approximately 10~!* seconds.

The DONUT experiment achieved the first detection of four tau neutrino interactions
in 2001 [24]. Similar to the production of muon neutrino beams, tau neutrinos were
produced by colliding 800 GeV protons with a tungsten target. The higher energy
of the protons enables the production of D; mesons, which decay into tau neutrinos
with a branching ratio of 6%. The DONUT experiments used tracking detectors and
calorimeters to detect neutrino interactions in a dense iron target. Since the outgoing
tau lepton (7) has a very short lifetime (typically corresponding to a 2 mm path), tau-
neutrino interactions were identified by observing the decay products, which often

displayed a characteristic kink caused by the decay of the tau leptons [25].

2.2.3 Number of Light Active Neutrinos

The Z boson, a neutral-current mediator of the weak interaction, was discovered
by the UA1 experiment in 1983 [26]. Following this discovery, the Large Electron-
Positron (LEP) collider began to study the properties of the Z boson by observing
its decay modes. The hadron production around the Z resonance can be described
as [27]

127 Lol g

Ohad = — 57
mz Iy

2.7)

where my is the mass of Z boson, I, and I';,,; are the partial widths of specific decay

modes. The I'z is the total decay width and can be written as
Iz =NyI'y +3lee + I'jag, (2.8)

where the N, is the number of the active light neutrinos. By fitting the data with
different numbers of N,, the results from LEP experiments such as ALEPH, DELPHI,
L3, and OPAL concluded the existence of three light active neutrinos coupling to
the Z boson. The combined cross-section measurements from these experiments are
illustrated in Figure [2.4|
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Figure 2.4 The hadron production cross-section around the Z resonance, together with
predictions assuming different numbers of active light neutrinos. Figure
from Reference [27].

2.2.4 Neutrino Interactions

As mentioned previously, identifying neutrino flavour can be achieved through
CC interactions. Therefore, understanding these interactions with nuclei and the
resulting particles is crucial. Depending on the neutrino energy, interactions between
neutrinos and matter can be categorised into three main types: quasi-elastic (QE),

resonance (RES), and deep inelastic scattering (DIS), as illustrated in Figure H

QE scattering dominates neutrino interactions in the sub-GeV range. This process
involves a neutrino interacting approximately elastically with a nucleon, resulting in
the production of a nucleon from the target. In QE scattering, neutrinos convert into

charged leptons in the final state.

RES production describes a neutrino with higher energy exciting a target nucleon
to a resonance state. The resonance baryon then quickly decays to a ground-state

nucleon along with the production of various mesons, such as pions.

DIS happens when the neutrino energy is above several GeV. In this process, the
neutrino can resolve the internal structure of a nucleon and interact directly with a

quark. This interaction breaks apart the nucleon and produces a shower of hadrons.

11
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Figure 2.5 The total muon neutrino charged-current (CC) cross-section per nucleon as
a function of neutrino energy is shown. This total cross-section is divided
into three distinct modes: quasi-elastic (QE), resonance (RES), and deep
inelastic scattering (DIS). Figure from Reference [28].

All three processes mentioned above except for QE can occur in both CC and NC
interactions. Additionally, as the neutrino energy decreases further (less than QE), it
can interact with the entire target nucleus or atom in a process known as coherent
scattering (COH). COH involves low momentum transfer, which can induce pion
production, so it is typically associated with the presence of an extra pion in the final
state. Another type of neutrino interaction, Meson Exchange Current (MEC), occurs
when a neutrino interacts with a pair of nucleons in a nucleus, mediated by mesons,

resulting in the ejection of multiple nucleons from the nucleus.

2.2.5 Discovery of Neutrino Oscillations

Bahcall’s Standard Solar Model [29] predicted the neutrino flux from the Sun.
Subsequently, the Homestake experiment [30], led by Davis and his colleagues,
measured the solar neutrino flux using a chlorine-based detector. This detector
employed radiochemical techniques to detect interactions of solar neutrinos. The
Homestake experiment was designed to be sensitive only to electron neutrinos and
collected data over a 30-year period. A deficit was observed when comparing the
measured neutrino flux to the predictions. This discrepancy became known as the

solar neutrino problem.

12



Meanwhile, a deficit of muon neutrinos was also observed in atmospheric experi-
ments. In 1988, the Kamiokande experiment reported a deficit of approximately 60%
for muon neutrinos compared to Monte Carlo (MC) calculations [31]. The upgraded
Super-Kamiokande experiment, a 50-kton water Cherenkov detector, was designed
to detect neutrinos from both the Sun and the atmosphere. The Super-Kamiokande
experiment could reconstruct both the direction and the energy of neutrinos and
therefore the neutrino disappearance can be studied more accurately. Figure [2.6|
shows the ratio of measured to predicted numbers of electron-like and muon-like
events as a function of L/E, in the Super-Kamiokande experiment, where L is the
distance travelled by the neutrinos and calculated from the angle of the incoming
atmospheric neutrino and E, is the neutrino energy. At higher L/E, values, a deficit

of around 50% was observed in the v, flux.

T '|'||||||I L ||||'||'|] Ll |||T|||I T 'llll'll'll T T T
15 -
bbb L
g S
2'r b 7
C ------
= :
S X3
: bod
© (CEXE TSIV S
: -
05 [ , |
e e-like
o p-like i
0 1 LIIII“I 1 Illllll] 1 llllllll 1 llll]l]l Lo
1 10 10° 10° 10° 10°

L/E, (km/GeV)

Figure 2.6 The ratio of measured events to the MC calculations as a function of L/E,
in Super-Kamiokande, shown as data points. The dashed line shows the
expected shape if the v, — v oscillation is considered. Figure from
Reference [32].
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The solar neutrino problem and the deficit of atmospheric muon neutrinos can both
be explained by the phenomenon of neutrino oscillation. Pontecorvo was the first to
propose the idea of oscillation between neutrinos and antineutrinos in 1957 [33]. With
the discovery of the second neutrino flavour, the theory was expanded to include
mixing between different flavours by Maki, Nakagawa, and Sakata in 1962 [34],
and later by Pontecorvo in 1967 [35]. Pontecorvo proposed neutrino oscillations
specifically to explain the solar neutrino problem [35]. According to this theory, an
electron neutrino created in the core of the Sun can change its flavour to a muon or
tau neutrino on its way to Earth. Similarly, the deficit of atmospheric muon neutrinos

can be explained by the oscillation of muon neutrinos into tau neutrinos, as illustrated
by the dashed line in Figure 2.6,

The neutrino oscillation explanation of the solar neutrino problem was confirmed
by the Sudbury Neutrino Observatory (SNO) experiment [36]. The SNO experiment
utilised a heavy water (D,0) Cherenkov detector, which was designed to be sensitive
to both electron neutrinos and non-electron neutrinos. The total incident neutrino
flux measured by the SNO experiment was in agreement with theoretical predictions.
This confirmed that flavour-changing neutrinos along their journey to Earth could
explain the solar neutrino problem. SNO and Super-Kamiokande were awarded the
Nobel Prize in Physics in 2015 for their work in measuring the total neutrino flux

from the Sun and confirming the phenomenon of neutrino oscillation.

In 2002, the KamLAND experiment provided the first evidence for v, oscillations
from a reactor source [37]. Today, neutrino oscillations have been observed using

various sources including the Sun, reactors, cosmic ray interactions, and accelerator
beams [38].

2.2.6 Neutrino Oscillations
Neutrino Mixing

The basic principle behind neutrino oscillations lies in the fundamental difference
between the mass eigenstates and the weak interaction eigenstates. Neutrinos v,
with flavours & = ¢, u, T are produced through weak interaction processes. In the
current neutrino oscillation model, these weak (flavor) eigenstates v, are considered

to be a mixture of the mass eigenstates v;,

ve) = ) Ui [vi), (2.9)
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where U,; represent the components of the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix. The PMNS matrix is a unitary matrix, meaning it satisfies the relation
UU" = U'U = 1, where 1 is the identity matrix. For the case of three mass eigenstates

and three flavour eigenstates, the PMNS matrix U takes the form:

uel ueZ ueS
U= |Un Uz Ugs]|- (2.10)
U Upn Ug

Neutrino Oscillations in Vacuum

Let us consider a neutrino produced by a weak interaction process at t = 0. The

flavour state is created by the superposition of the mass eigenstates, as described by:

lv(t =0)) = |va) Z i) (2.11)

The time evolution of this state can be described by the free propagation Hamiltonian
H. In vacuum, the neutrino mass states are eigenstates of H, meaning H |v;) = E; |v;),
where E; is the energy of the neutrino. Therefore, the flavour state with time evolution

can be expressed by:

lv(t)) = e H |y (t = 0)) = e Bt |y (t Ze’”s U v (2.12)

Considering orthonormal mass neutrino states where (v;|v;) = Jj;, the probability of

detecting this neutrino in a different flavour state |vg) is given by:
P(vy — vg) = (vglva(t))”

(2.13)

ij

In general, neutrinos are produced in an ultra-relativistic regime. Therefore, their

energy can be approximated by a Taylor expansion to be
— 2 m; i
Ei=\/(p} +m}) =~ pi+ 5o~ E+ o (2.14)

where p; and m; are the momentum and the mass of neutrino mass state i. With

15



Equation [2.14, it is possible to write:

Am?j

where Amj; = m} — m?, with the assumption E; ~ E; = E. In neutrino oscillation

experiments, the propagation time t is not measured. Given that neutrinos travel
almost at the speed of light, the approximation t ~ L can be made. Therefore, the

final probability can be expressed as

Ale-L

P(vy — vg) = Y Uz UyUpUze ). (2.16)

i]
Equation [2.16 illustrates how the oscillation probability depends on the L/E ratio
in a given experiment. The discovery of neutrino oscillation, namely that P in
Equation 2.16 has a non-zero value, implies that the mass splitting Am;; # 0 and

therefore neutrinos have mass.

Neutrino Oscillations in Matter

When neutrinos propagate through electron-rich matter, the propagation Hamil-
tonian is influenced by both CC and NC interactions. The Feynman diagrams
illustrating these processes are shown in Figure 2.7 The NC interaction between
neutrinos and electrons is the same for all flavours, whereas the CC interaction
is exclusive to electron neutrinos and does not occur with other flavours or
antineutrinos. The described effect is normally referred to as the “matter effect”
or Mikheyev-Smirnov-Wolfenstein (MSW) effect [39].

(a) (b)

Figure 2.7 Feynman diagrams of (a) charged current and (b) neutral current
interactions between neutrinos and electrons in matter.
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For electron neutrinos, the presence of electrons in matter introduces an additional
potential:
V =V2Grn, (2.17)

where Gr is the Fermi coupling constant and 7, is the number density of electrons
in the matter. The potential modifies the Hamiltonian of the system to H; = H + V,
where H is the Hamiltonian in vacuum. Consequently, the probability that a neutrino
oscillates to a different flavour will be different from the probability of neutrino
oscillation in vacuum. The MSW effect can enhance neutrino oscillation when
the matter-induced potential matches the neutrino oscillation frequency in vacuum,
a phenomenon commonly referred to as the MSW resonance. The condition of
the resonance is correlated with both the neutrino energy and the local electron
density [40].

Moreover, the MSW effect will impact the oscillation probabilities between neutrinos
and anti-neutrinos because CC interactions are not available for anti-neutrinos due to
the lack of positrons in the Earth. This effect needs to be carefully considered when

studying the differences between neutrinos and antineutrinos.

Overview of Neutrino Oscillation Parameters

Precision measurements of the parameters in the PMNS matrix and the mass
splittings have been a major focus of neutrino oscillation experiments. The PMNS
matrix, described in Equation [2.10, can be parameterised by three mixing angles
012,613, and 03, which are analogous to 2D rotations, along with a charge-parity (CP)
violating phase é.,, which could create a difference in oscillation behaviour between
neutrinos and antineutrinos. The Majorana phases a; and &, indicate if neutrinos are

Majorana particle. The matrix can be written as

1 0 0 C13 0 513€_i5C” c1p s;p O Ei%l 0 0

U= |0 e s 0 1 0 —sp cp 0| 0 €% 0
0 —s3 C23 —sipe % 0 g3 0 0 1 0 0 1
Atmospheric (+Accelerator) Reactor (+Accelerator) Solar (+Reactor) Majorana

(2.18)

where c;; = cos(6;;) and s;; = sin(6;;).
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For precision measurements of the mass splitting, because Am? is fixed by nature,
experiments need to be designed to probe different values of Am? by selecting
appropriate values of the L/E ratio. A summary of the energies and distances ex-
plored by various neutrino oscillation experiments is shown in Figure Oscillation
experiments are primarily driven by two different mass splittings: the atmospheric
splitting Am%, and the solar splitting Am3;, which are indicated by the dashed
lines. Some experiments that do not follow these dashed lines, such as MiniBooNE
and SBN, are designed to address experimental anomalies, which will be further
discussed in Section 2.3.4]
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Figure 2.8 A summary of different energies and distances probed by a variety of
different neutrino oscillation experiment. Figure from Reference [41].
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The angle describing in the first matrix, 6»3, in Equation w was predominantly
determined by atmospheric neutrino experiments. Atmospheric neutrinos are
produced from the decays of pions and kaons created by cosmic rays interacting
with nucleons in the Earth’s atmosphere. The energy range for atmospheric neutrinos
spans from hundreds of MeV to a few TeV, with travel distances ranging from around
10 km to 10* km. These neutrinos are primarily muon and electron neutrinos, with
a ratio of approximately 2:1 [42]. The Super-Kamiokande experiment measured the
atmospheric mass splitting Am3, ~ 2 x 1073 eV? and the mixing angle 63 ~ 45°
by observing the disappearance of atmospheric muon neutrinos [43]. With an
appropriate L/E ratio corresponding to the measured atmospheric neutrino mass
splitting, the accelerator experiment OPERA directly detected tau neutrinos that

originated from muon neutrinos [44, 45].

The angle in the third matrix, 615, was measured by solar neutrino experiments.
Solar neutrinos are primarily produced through the process p +p —2 H+e" +v,,
with energies less than 1 MeV. Since solar neutrinos are predominantly electron
neutrinos, solar neutrino experiments measure the fraction of solar neutrinos
reaching Earth with an electron flavour. The SNO experimental was designed
to detect neutrinos via both CC interactions, which are sensitive only to electron
neutrinos, and NC interactions, which are sensitive to all neutrino flavours. By
comparing the rates of these interactions, SNO could determine the probability of
solar electron neutrinos changing into muon and tau neutrinos as a function of
neutrino energy. The variation of oscillation probability as a function of energy
observed by different experiments made it possible to distinguish between vacuum
oscillations at lower energies and matter-enhanced oscillations at higher energies.
Combining these results with global fits from other experiments, SNO measured the
solar neutrino mass splitting as |Am3,| ~ 7.5 x 107° éV? and the mixing angle 6;, to
be approximately 33° [46-49]. These findings were later confirmed by the KamLAND
experiment, which measured the oscillation of electron antineutrino flux from nuclear

reactors [50].

Finally, the mixing angle in the second matrix, 613, was measured through the disap-
pearance of electron antineutrinos by short-baseline reactor neutrino experiments.
Reactor neutrinos are generated by beta decays, with v, being the most abundant,
and energies up to 10 MeV. The Daya Bay [51], RENO [52] and Double Chooz [53]

experiments reported 613 ~ 9°.
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The remaining parameters in the neutrino oscillation matrix that are not yet measured
include the CP-violating phase écp and the Majorana phases & and a>. The CP-
violating phase dcp will be measured by current and future long-baseline accelerator
oscillation experiments, with distances as large as O(1000 km). More about Jcp
will be covered in Section [2.3.2] The Majorana phases a1 and a, are only present if
neutrinos are Majorana particles, where v = v. These Majorana phases are currently
studied through neutrinoless double beta decay rather than by oscillation. More

details about Majorana particles can be found in Section[2.3.1}

2.3 Open Questions in Neutrino Physics

The SM developed in the 1970s describes the three light active neutrino flavours and
their interactions with matter but initially predicted that neutrinos have no mass.
Subsequent extensions to the SM incorporated the concept of massive neutrinos and
their oscillations, yet the origin of neutrino mass remains unknown. Alongside the
mechanism of neutrino mass, many other questions remain unresolved in the field
of neutrino physics. This section will selectively introduce some of these outstanding

open questions.

2.3.1 Nature of Neutrino and its Mass Mechanism

The SM introduces mass to particles via the Higgs mechanism. All known particles
to date are so-called Dirac particles [54], meaning they are distinct from their
antiparticles. For Dirac particles and their antiparticles to acquire mass, both
left-handed and right-handed chiral states are required. The Higgs mechanism
has successfully explained the origin of mass for all quarks and charged leptons.
However, neutrinos (antineutrinos) are observed only in left-handed (right-handed)
chirality [55]. For this reason the original SM predicted that neutrinos should have

zero mass, which we now know contradicts experimental observations.

To address this, two mechanisms have been proposed for neutrino mass generation,
both of which require the introduction of new physics beyond the SM. The first
involves using the Dirac mechanism, which requires introducing additional right-
handed neutrino states, often referred to interchangeably as neutral fermions, heavy
leptons, or sterile neutrinos [56]. These newly introduced neutrinos do not interact
via the weak interaction, and, with their presence, the SM neutrino mass can be

generated through the Higgs mechanism.
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The second mechanism involves introducing a Majorana mass term to the neutrino.
If the neutrino were a Majorana particle, the distinction between the neutrino and its
antiparticle would vanish [57]. In this case, the mass of the neutrino can be generated

without the need to introduce a new right-handed state.

The determination of the nature of neutrinos, whether they are Dirac or Majorana
particles, could be achieved through experiments searching for neutrinoless double
beta decay (OvBpB). This process is predicted under the assumption that the neutrino
is a Majorana particle and is characterised by the production of two electrons and two
protons without accompanying neutrinos, as shown in Figure [2.9] Such a process is
forbidden in the SM due to the violation of lepton number conservation. Although
OvBpB decay has not yet been observed experimentally, many experiments have set
stringent constraints on its lifetime, including GERDA [58], KamLAND-Zen [59], and
CUORE [60]. Future experiments, such as NEXT [61], LEGEND [62], and SNO+ [63],

will continue to push the limits on the presence of the OvBf decay.
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Figure 2.9 Feynman diagram of a neutrinoless double beta decay (0v3p).

2.3.2 Charge-Parity Symmetry in the Lepton Sector

According to the Big Bang theory, matter and antimatter were produced in equal
amounts. However, living in a matter-dominated universe nowadays naturally raises
the question: why is there an imbalance between matter and antimatter? In 1967,
Sakharov proposed three key requirements, known as the Sakharov conditions [64],

to explain this imbalance. One of these is the violation of CP symmetry.
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CP symmetry combines charge conjugation (C) and parity transformation (P). Charge
conjugation transforms a particle into its antiparticle, while parity transformation
involves reversing spatial quantities and therefore flips chirality, meaning a left-
handed particle will be transformed into a right-handed one. The concept of CP
symmetry conservation was proposed following Wu’s discovery of the violation of
both C and P symmetry in weak interactions, observed during the study of § decays
of Cobalt-60 [65]. However, the violation of CP symmetry was also observed in the
quark sector by Val Fitch, Jim Cronin, and collaborators in 1964 during studies of
neutral kaon decays [66]. The SM incorporates the theory of CP violation through
the Kobayashi-Maskawa mechanism [67].

CP violation has been observed in several channels in the quark sector, but the
total value observed is not sufficient to explain the matter-antimatter asymmetry,
indicating the need for new sources of CP violation. Among all proposed theories,
Leptogenesis, as suggested by Fukugita and Yanagida [68, 69], involves expected
CP violation in the lepton sector. The dcp can be measured by comparing the
probabilities of neutrino and antineutrino oscillations. To precisely measure the
value of dcp, other parameters, especially the mass ordering, need to be accurately
determined. The violation of CP symmetry in the lepton sector can be confirmed if

dcp is measured to be neither 0 nor 7.

2.3.3 Neutrino Mass Ordering

So far oscillation experiments have measured the magnitudes of both the solar mass
splitting Am3, and the atmospheric mass splitting Am3;, but only the sign of the solar
mass splitting has been established. The MSW effect, as described in Section m
modifies the probability of neutrino oscillation in electron-rich environments. This
change in probability becomes sensitive to the sign of the mass splitting, allowing the
sign of the mass splitting to be determined from solar oscillation experiments. More

details on the calculation of the oscillation probability can be found in Reference [70].
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Figure 2.10 A schematic diagram of the two possible neutrino mass orderings: (left)
normal ordering and (right) inverted ordering. The absolute mass scale is
unknown but is constrained to be sub-eV. Figure from Reference .

Since the sign of the atmospheric mass splitting remains unknown, there are two
possible orderings of the three mass eigenstates: normal ordering and inverted
ordering, as illustrated in Figure 2.10. For both orderings, oscillation experiments are
unable to determine the absolute scale of neutrino masses due to their insensitivity
to this parameter. However, other experimental approaches can provide such
measurements. For example, cosmological observations have established a stringent
upper limit on the sum of the three neutrino masses, constraining it to less than
0.2 eV []2[[ Nonetheless, this is an indirect measurement, so direct experiments
remain necessary. The Karlsruhe Tritium Neutrino (KATRIN) experiment is designed
specifically to measure the neutrino mass directly through beta decay. Recently,

KATRIN set an upper limit on the effective electron antineutrino mass at m, <

0.45eV [73].

Determining the neutrino mass ordering is a fundamental step towards completing
the neutrino theory. Firstly, it can help reduce the uncertainty in the J., measure-

ment. Using an electron neutrino appearance oscillation search as an example, the
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oscillation probability defined in Equation [2.16 can be rewritten as:

sin? (A3 —al) .,
(As1 —aL)?> "
sin (Az; — aL)A sin (aL)
(g1 —aL) ' (aL)
sin® (aL)

aL)?

P(v, — ve) sin? 63 sin® 26143

+ sin 2923 sin 2913 sin 2912

Ar1 cos(Az1 + dcp)

+ cos? O3 sin® 2615 A%l,
(2.19)
2
where A;; = # and a = Gpn./+/2. The probability is affected by both the mass
effect (a) and 4.y, and therefore determining the neutrino mass ordering can help

reduce the uncertainty in the é., measurement.

Moreover, the neutrino mass ordering also helps define the relevant domain for future
neutrinoless double beta decay experiments, as the mass ordering affects the effective
mass for OvpBp decay [74, 75]. Additionally, when combined with cosmological
measurements, which are sensitive to the sum of the neutrino masses, the mass

ordering can aid in determining the absolute scale of neutrino masses.

The current operational long-baseline experiments, NOvA [76] and T2K [77], have
both individually shown a slight preference for normal mass ordering but have
indicated different preferences for the region of écp in the normal ordering scenario.
Recently, NOvA and T2K conducted a joint analysis, which mildly favoured inverted
ordering and strongly suggested CP violation in the inverted ordering scenario [78].
The next-generation long-baseline experiments such as DUNE [79, 80] and Hyper-
Kamiokande [81], JUNO [82], IceCube-Upgrade [83], and KM3NeT-ORCA [84] are
expected to provide definitive answers on the neutrino mass ordering and the

measurement of dcp.

2.3.4 Short-Baseline Anomalies

The SM describes weak interactions among three flavours of neutrinos. However,
over the past 20 years, many short-baseline neutrino oscillation experiments have
reported anomalous results that cannot be explained by the three-flavour neutrino
phenomenology alone. A deficit of electron antineutrinos from calibration sources
was observed in radiochemical experiments using gallium ("'Ga) targets [85, 86].
Similarly, reactor experiments also noted a deficit in antineutrino flux [87]. Both

observed a 2.5 to 3 ¢ discrepancy.
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The Liquid Scintillator Neutrino Detector (LSND) was a neutrino oscillation exper-
iment at Los Alamos National Lab, operating from 1993 to 1998. The detector was
filled with mineral oil doped with a scintillator, where the charged particles produced
from neutrino interactions generate scintillation and Cherenkov light as signals. The
L/E ratio was designed to be 30 m/40 MeV, making the detector sensitive to a mass
splitting of approximately 1 eV. In 2001, LSND reported an excess of v, in the v, — v,
channel [88].

The most popular explanation for the LSND anomaly involves introducing a fourth
type of neutrino, commonly referred to as a sterile neutrino [89-91]. This sterile
neutrino would not interact via the weak interaction, as the hadron production
around the Z resonance allows only three flavours of neutrino coupling to the weak
interaction, as explained in Section 2.2.3l The simplest extended oscillation model
is the 3 (active) + 1 (sterile) model, which can be described by an extended PMNS

mixing matrix:

(2.20)

The MiniBooNE experiment was built at the Fermi National Accelerator Laboratory
(Fermilab) to verify the LSND results [92]. MiniBooNE was a Cherenkov detector
that used mineral oil, and it collected data from 2002 to 2019. The experiment was
positioned in an independent neutrino beam line with a similar L/ E ratio (500 m/700
MeV) to LSND. In 2007, MiniBooNE confirmed the anomalous excess of events in
data [93]. Recent results from the full dataset, shown in Figure |2.£, have again
reported this excess, achieving a significance of 4.8¢ at low neutrino energies and

forward scattering angles [94].

MiniBooNE also performed a fit under the assumption that one type of sterile
neutrino oscillates into electron neutrinos, as shown by the dashed histogram in
Figure[2.11. Compared with the data, the sterile neutrino oscillation model increased
the expected MC predictions, but it is not sufficient to explain the excess in the lower

energy region.

The observed excess is clearly understood to be of an electromagnetic shower nature.
The MiniBooNE detector, as a Cherenkov detector, is not able to distinguish be-
tween photon-induced and electron-induced electromagnetic showers, with photon-
induced showers being the primary background. Therefore the origin of this excess

is still not known.
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Figure 2.11 The reconstructed charged-current QE neutrino energy distribution. The
dashed line represents the best fit to the neutrino-mode data using the SM
oscillation parameters. Figure from Reference .

Recent MicroBooNE Results

MicroBooNE was built to study the MiniBooNE low energy excess (LEE) anomaly
and therefore was positioned with a similar baseline to the MiniBooNE detector. Mi-
croBooNE employs liquid argon time projection chamber (LArTPC) technology and
collected data from 2015 to 2020. LArTPC detectors are known for their good position
resolution (down to millimetres) and their excellent calorimetry. MicroBooNE is able
to distinguish a photon from an electron by precisely reconstructing the deposited
energy per unit length that particles travel, as illustrated in Figure[2.12. More details
about LArTPC detectors will be discussed in Section 4.3

In 2021, MicroBooNE released their first results for the LEE search using half of
their dataset. The initial results focused on single photons resulting from a neutral
current A resonance interactions []%[l and electron neutrinos with multiple final state
topologies [97H100]. Figure 2.13 (a) and (b) show the results of the signal photon
study for both 1y1p and 190p processes. The study rules out photons from NCA —
Ny as the cause of the LEE at a 94.8% confidence level (C.L). Figure @ (c) presents
the results of the v,-like searches with different final states. These results also exclude

hypotheses of electrons as the only component of the LEE.
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Figure 2.12 The distribution of deposited energy per unit length (dE/dx) for electron
and photon showers. Figure from Reference .

Since the release of its first results, MicroBooNE has continued searching for LEE
signals. The v,-like searches have been expanded to use the full dataset, and the data
still show inconsistency with the LEE at a confidence level greater than 99% [101].
More channels have been included in the signal y search, and no evidence of the LEE
has been observed yet [102-104].

In 2021, MicroBooNE reported their first results with extended sterile neurtino model
using half of the dataset ]]@ﬂ As shown in Figure @ (a), the 4v model fit to the
MicroBooNE data shows good agreement with the SM predictions, and therefore no
evidence of light sterile neutrino oscillations was observed. The exclusion plot at
95% C.L. is shown in Figure @ (b), and MicroBooNE is able to exclude part of the
LSND-allowed region.
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2.4 Dark Neutrinos

MicroBooNE results suggest that the LEE might not be caused by v,-like processes or
single-photon mechanisms. Furthermore, the data disfavours the theory of neutrino
oscillations into electron neutrinos, including the involvement of sterile neutrino
species, as an explanation for the LEE. Moreover, considering the sterile neutrino
oscillation model is also not sufficient to explain the MiniBooNE excess in the lower
energy region, additional mechanisms are needed to account for the MiniBooNE

observation.

Processes from so-called dark sector physics can also introduce additional mecha-
nisms to produce EM-like excess. The dark neutrino model [106] is one such model
proposed to explain the MiniBooNE LEE. It postulates a dark neutrino, Np, that
can be produced by the light active neutrinos and decay into a lepton pair within
the detector. If the decay is prompt and produces an electron-positron pair, and
considering that the MiniBooNE detector is unable to distinguish a collimated ee™
pair from a single electron, the MiniBooNE LEE could potentially be explained by
the dark neutrino model. A search for dark neutrinos decaying with an Np — veTe™

signature using the SBND cosmic ray tagger setup will be the focus of Chapter [10}

2.4.1 Model Framework

Dark neutrinos can be produced by light active neutrinos upscattering with nuclei
as they propagate along the beam line. Unlike sterile neutrinos, dark neutrinos do
not participate in neutrino oscillations but can decay via a new-induced dark-sector
boson, Zp, which couples exclusively to a dark neutrino Np. The dark sector boson

Zp will subsequently decay into a lepton pair, as shown in Figure [2.15,

The dark neutrino mixes with the light active neutrinos in the following manner:

3
Vy = Z Uyivi +UwuNp, « =¢,1u,7,D, (2.21)
i=1

where v; and v, are neutrino mass and flavour eigenstates respectively. The new

dark-sector boson Zp interacts with the SM sector via either mass mixing or kinetic

mixing, and the relevant Lagrangian can be written as,

2
mZD

L
DDZ

ZpuZly + §pZibTpruvp + eeZb I + Sz} I7, (2.22)

Cw
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Figure 2.15 Feynman diagram of the production and the decay of dark neutrinos.

where myz, is the mass of the Zp boson, gp is the coupling in the dark sector, e is
the electromagnetic coupling and % is the Z coupling in the SM. ¢, €’ characterise the
kinetic and mass mixing respectively, and Ji™ and ]5 denote the electromagnetic and
Z currents, respectively. The mixing between Z and Zp is considered to be negligible

for simplicity.

In the proposed dark neutrino model, the mass of the dark neutrino my, is postulated
to be larger than the mass of the dark sector boson mz,, allowing the dark neutrino
to decay into Zp “on-shell”. To explain the MiniBooNE LEE anomaly, the mass of Zp
is further assumed to be smaller than the mass of two muons, 2my,, SO that Zp can

only decay into electrons. The decay width of Np — Zp + v; can be written as

3 2 2 4

XD my, mz mz mz
I'Np—2Zp+vy; = 7’uD4|2(1_ ’uD4|2) zD(l_ zD)(1+ 2D - 4D)- (2.23)

¢ Mzp  MNp My TN
The decay width of Zp into an ete™ pair can be described as
2
ne

[z, —ete = 7mZD. (2.24)

For simplicity, the model considers the case where |Up|?, |Up|* < |Uul? and
assumes the energies of the dark neutrino Ey, and the dark sector boson Ez, are

around 1 GeV. Then the lifetime of the dark neutrino becomes:

1
YetN, ~ 4 x 1078m% _[MeV] cm. (2.25)
D D (m;, MeV4]ap |Uyal?)
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Similarly, the lifetime of dark-sector boson can be estimated as

6x 1078

———————— cm. 2.26
m% [MeV?]ae2 (2:26)
Zp

YTz, R

Assuming ap ~ 0.25, ae? =~ 2 x 10719, |U4|* = 1078, and 5 MeV < myz, < my,,, both
the dark neutrino and the dark sector boson will decay promptly. This model, in
which both particles decay promptly, is considered the baseline model for comparison
with the MiniBooNE data described in the following section. Moreover, the dark
neutrino model has been expanded to include various scenarios. The analyses

described in Chapter [L0| will use the expanded models.

2.4.2 Model Predictions Compared with MiniBooNE Data

A few additional assumptions are needed to make predictions for comparison with
the MiniBooNE results using the dark neutrino model. Firstly, the MiniBooNE
detector was filled with mineral oil (CH,). If the dark neutrino is light enough,
the cross-section for neutrino upscattering can be enhanced by considering coherent
scattering. Moreover, the high intensity of the neutrino beams also contributes to a

significant production rate of dark neutrinos.

Secondly, MiniBooNE would interpret the Zp — eTe™ signature as electron-like
events. Consequently, this signature would lead to an incorrect reconstruction of
the neutrino energy using the approximate charged-current quasi-elastic (CCQE)

formula as follows [107]:

mpEzD

E]I/'GCO ~

, 2.27
my — Ez, (1 — cosbz,,) @27)
where m,, is the proton mass, Ez,, and 6z, are the dark sector boson energy and its

direction with respect to the beam line.

Figure [2.16 shows the reconstructed neutrino energy in both neutrino and anti-
neutrino modes, as well as the angle distribution in the neutrino mode. For all plots,
the SM background predictions and the data measurements reported by MiniBooNE
are shown. The dark neutrino model introduces additional events in the lower
energy and higher angle regions. Compared with the data, the dark neutrino model
predictions are in good agreement with the experimental data, performing better

than the sterile neutrino oscillation model reported by MiniBooNE, as shown in
Figure [2.11.
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Figure 2.16 Top (middle) panel: Reconstructed neutrino energy in neutrino (anti-
neutrino) modes. Bottom panel: Reconstructed angle verses the beam
line for the neutrino case. For all panels, the dark neutrino model
predictions are shown as blue histograms, compared with MiniBooNE data
represented by black data points. Figures from Reference [106].

The benchmark point for this dark neutrino model assumes my,, = 420 MeV, mz, =
30 MeV, |LIP,4|2 =9x1077, ap = 0.25, and ae? = 2 x 10710, The dark neutrino model
provides a best fit with x?/dof = 33.2/36, while the standard model background
yields xﬁkg/ dof = 63.8/38. Thus, a 5.2¢ preference can be set for the dark neutrino

model [106].
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2.4.3 Experimental Constraints

The dark neutrino model is relatively new, and direct experimental constraints have
not been published yet as this thesis is written. Provided how the dark neutrino
model might manifest, one can reinterpret constraints for other models with similar

topologies [106].

Constraints on the mass and kinematic mixing of dark-sector bosons can be informed
by results from dark photon studies [108], as dark-sector bosons predominantly decay
into charged fermions. For a mass range of 20 to 60 MeV, constraints from beam
dump experiments and NA48/2 [109, [110] provide useful estimates. The constraints
for dark neutrinos are expected to be similar to those for heavy sterile neutrinos [109,
110]. However, experimental limits from fixed-target experiments [107,|111-114] are

not applicable to the dark neutrino model, as this model assumes prompt decay.

Figure IZE illustrates the MiniBooNE allowed region in the my, versus |[U4/?
parameter space, spanning from 1o to 5¢ confidence levels (C.L.). The plot is
based on the assumptions mz, = 30 MeV, ap = 0.25, and ae? = 2 x 10710,
Additionally, it includes the reinterpreted experimentally excluded regions for heavy
sterile neutrinos from meson decays, the muon decay Michel spectrum, and lepton

universality constraints. The area above the red curve is excluded at 99% C.L.

2.5 Beyond Dark Neutrinos: Model-independent Searches

The dark neutrino model from the dark sector offers a potential explanation for the
MiniBooNE LEE. Over the past decade, numerous BSM physics models, including
dark neutrinos in the MeV-GeV range, have been proposed to address the MiniBooNE
LEE anomaly and other outstanding questions in particle physics, such as the origin
of neutrino mass, dark matter, and the muon anomalous magnetic moment [115,|116].
So far, searches for BSM physics have traditionally relied heavily on predictions from
specific models, which can limit the scope and flexibility of new physics searches.
Since many BSM models, such as heavy neutral leptons [117], axion-like particles
[118, [119], and Higgs portal scalars [120], can predict the same final state (e.g., an
ete” pair), a more flexible theoretical framework for model-independent searches
has been proposed [121]. This framework aims to unify BSM searches regardless of

specific theoretical models.
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at 99% C.L. Figures from Reference [106].

In parallel, accelerator-based neutrino beam experiments offer a unified approach to
produce BSM particles, as they can be abundantly generated in the intense proton
collisions with a fixed target. This strengthens the potential for model-independent
searches. Theoretically, BSM particles can be produced alongside SM particles or
via interactions with SM particles. In the model-independent framework, a generic
long-lived particle (LLP) X is proposed as a representative of all BSM particles.
Although the dark neutrino model was initially proposed to decay promptly to
explain the MiniBooNE LEE, different parameters within the model can be redefined.
By adjusting these parameters according to Equation [2.25, the dark neutrino lifetime
can be extended to a long-lived scenario. With the framework introduced in the
next section, the results from dark neutrino searches can be expanded to a model-

independent search. A model-independent search will be further discussed in

Chapter
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The model-independent approach serves as a bridge between model-specific studies
and various other models, maximising the potential of the detector by broadening the
scope of discovery. By extending the framework to a model-independent search, it
allows for the identification of potential new physics in unexpected areas or through
novel signatures that may not be predicted by any particular model. If such a model-
independent search uncovers anomalies or unexplained phenomena, it can be used

as a base to guide the development of new BSM theories.

2.5.1 Model Description

In the proposed framework in [121], the production process involves a SM meson 9,
which is generated from proton collisions with a target, generating a LLP X through
interaction or decay. The X particle subsequently decays into one or more SM final
states F via X — F. The final state F is typically assumed to be distinct from SM
backgrounds, such as those from cosmic rays and neutrino interactions. To perform
a model-independent search, the key step is to define what quantities are relevant and
can directly determine the signal rates and kinematics of final stets. The extracted

quantities from the signal rate calculation are:

Br(Mt — X): The branching ratio represents the probability of an SM meson 9t
decaying into the LLP X.

* The signal of interest F: Whether F is a fully-visible final state for the detector
or if particles like neutrinos are present in the final state, making F partially
visible. The branching ratio Br(X — F) represents the probability of the X
particle decaying into a fully-visible final state F and is relevant for the signal

rate calculation.

e myx: The mass of the X particle. Both the boost yx and the spectrum of X
particle from 9 — X can be influenced by the mass.

* cTy: The lifetime of X particle.

The quantities mentioned above can be translated into experimental observables.
Considering the final state is an e*e™ pair, the invariant mass m,+,- can be used
to estimate the parent mass mx. In both fully visible and partially visible cases, 11,+,-
is expected to be smaller than mx. The energy distribution E,+,- is related to the
lifetime ctx of the X particle, making it useful for measurement. A short- or long-
lived X particle will tend to favour a larger or smaller E,+,-, respectively, which helps

determine whether the X particle can travel to and decay within the detector.
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Additionally, the opening angle between the final state particles depends on whether
the decay is fully or partially visible. Therefore, this angle provides insights into
different hypotheses, allowing for model discrimination and aiding in determining

the correct branching ratio Br(X — F).

A model-independent search can serve as a bridge to connect results from model-
specific studies to different models. Using the simplified long-lived neutral scalar S
as an example, if one considers the K-meson as a source to produce the X particle that
then decays into an e*e™ pair, the Lagrangian of scalar S describing both production

and decay can be expressed as [121]:

1
LD —-m?S?— ¢St Kt +he

— 8eS5ee — gy SXX,

where gy, and g. are the effective couplings for the kaon decay into S and for S
decaying into an e*e™ pair, respectively. The last term, related to gy, describes the
decay of S into dark matter pairs if kinematically allowed. Parameters, such as g,
and g, in the Lagrangian can be mapped onto parameters specific to other models.

The Lagrangian of a generalised fermion model can be constructed similarly.

By using a simplified Lagrangian as a bridge, parameters in Equation [2.28 can be
mapped onto specific model parameters and vice versa, facilitating straightforward
interpretation of results across different models and model-independent studies.
This approach is useful for consolidating constraints from various models into a
unified framework and for assessing whether new results from emerging models
are consistent with well-studied minimal models, such as heavy neutral leptons and

Higgs portal scalars.

2.5.2 Experimental Constraints

Model-independent constraints and sensitivities can be reinterpreted from existing
results using the simplified framework. For instance, considering the K-meson as a
source that produces the X particle, which then decays into an e*e™ pair, constraints
from Higgs portal scalars as observed in MicroBooNE [122] and from heavy neutral
leptons as observed in T2K [123] can be applied to this framework for constraint
calculations. Similarly, sensitivity projections for future experiments, such as the

DUNE near detector, can also be estimated using these models.
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Figure 2.18 Constraints and sensitivity in LLP lifetime ctx and the product of
branching ratios Br(9 — X) x Br(X — F) phase space, calculated from
the model-independent framework for T2K, MicroBooNE and DUNE near
detector, compared with the existing results. Dashed black and dot-dashed
grey lines indicate the predictions from heavy neutral leptons and Higgs
portal scalars models. Figures are from Reference [121].

The constraints and sensitivities can be mapped as functions of the LLP lifetime ctx
and the product of branching ratios Br(" — X) x Br(X — F). Figure 2.18 shows
the reinterpreted constraints from MicroBooNE and T2K, along with the DUNE
sensitivity for a chosen X mass of 100 MeV; results for other mass assumptions can be
found in [121]. These constraints and sensitivities are compared with existing results
from Super-Kamiokande [124], E949 [125, 126], and NA62 [127-129]. Additionally,
predictions from generic heavy neutral lepton and Higgs portal scalar models are

illustrated as dashed black and dot-dashed grey lines, respectively.

Looking ahead, neutrino beam experiments are strong candidates for exploring the
potential of using the simplified framework for BSM searches with current and
upcoming data. This approach enables us to search for new physics in a broad
manner. Generic long-lived particle searches with neutrino beam experiments can

potentially enhance our chances of discovering new physics.
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2.6 Summary

Neutrinos are particle that have a very interesting history with many challenges
along the way, from the the discovery of the particle, three light active flavours,
and oscillations. Several outstanding problems related to neutrinos are still present
in modern physics. Motivated by the short-baseline anomalies observed in the
LSND and MiniBooNE experiments have led to the birth of many new models of
BSM physics including the dark neutrino model was proposed, and the underlying
framework of this model was discussed. The dark neutrino model provides a
compelling explanation for the MiniBooNE LEE observation. Building on this,
the search for specific models can be extended to a model-independent approach,
which allows experiments to explore a wide variety of different BSM models that
predict similar SM signatures in accelerator-based neutrino beam experiments. This
approach maximises the potential of the detector for BSM searches and can also serve

as a bridge to connect results from model-specific studies to different models.

38



Particle Interactions in Scintillators

Scintillators are some of the most widely used ionising radiation detectors, converting
deposited energy into scintillation light which can be registered with optical
detectors. Both polystyrene and liquid argon are examples of scintillators and are
commonly employed for this purpose. Polystyrene is used as a scintillator in the
detector setup for the work and analyses conducted by the author, as detailed in
Chapter [8) Chapter |9, Chapter [10, and Chapter [11} Nowadays, liquid argon is
commonly chosen for neutrino detection, and the Liquid Argon Time Projection
Chamber (LArTPC) is the technology employed for the analysis in Chapter [6]
Moreover, in liquid argon, a drift electric field can be applied allowing a portion
of the deposited energy to produce ionised electrons, providing an additional signal

for detection.

This chapter will first provide an overview of energy deposition in scintillators,
highlighting differences in energy deposition with various particles. Then, the
chapter will describe the production of scintillation light in both polystyrene and
liquid argon, along with associated effects affecting its propagation. It will then
explore the production and propagation of ionised electrons in liquid argon in the

presence of a drift electric field.
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3.1 Energy Deposition in Scintillators

Scintillators, as absorbing materials, convert the energy of an incident charged
particle or energetic photon (UV, X-ray and gamma-ray) into a number of photons
with much lower energy, usually in (or near) the visible spectrum. The scintillation
photons can then be detected by photomultipliers, or other optical detectors.
Therefore, scintillation materials such as Polystyrene and liquid argon are widely
employed in particle detection. Different types of particles interact with scintillation
media in different ways. Charged particles deposit energy by directly interacting with
electrons of the scintillator medium through Coulomb interactions. Neutral particles
can only be detected when they directly interact with a nucleus and produce daughter
charged particles. By reconstructing all daughter particles, a neutral particle can often
be identified.

The mean energy deposition of a charged particle per unit travel distance (dE/dx) is
well described by the Bethe-Bloch formula [38]:

<« 2 s KP2o
<x> z=—p 2n 2

dE 2Z nzz 11 Zmeczﬁzf)/zwmax o ﬁ2 _ M , (31)
d A" B 2

2 is a numerical conversion factor and has a value of 0.307075

where K = 47N ar2m,c
MeVg 'cm?, here Ny is Avogadro’s number and 7, is the classical electron radius.
z is the charge of the incident particle, Z, A, and p are the atomic number, charge
number and density of the medium, = v/c of the incident particle, y is the Lorentz
factor (y = 1/+/1 — B?), m, is the electron mass, I is the mean excitation energy, and
d(By) is the correction for density effects on the energy loss, Wi,y is the maximum

kinetic energy transfer in a single collision and can be expressed by:
2m,v?

Winax = .
T 4 29me / M A+ (me/ M)?
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Figure 3.1 Bethe-Bloch curves illustrating the mean energy deposited, ‘Zl—ﬁ, by charged
particles, such as muons, pions, and protons, as a function of their
momentum. Black dots represent the data from proton candidates. Figure
from Reference

Figure demonstrates Bethe-Bloch curves for muons, pions, and protons in
different media. The x-axes indicate the corresponding momentum range for each
particle. In the moderate By region, the average energy loss reaches a minimum,
and particles in this region are referred to as Minimally Ionising Particles (MIPs). It
is noteworthy that the mean energy loss for different particles in the MIP region is
the same in the same medium. At lower By values, the mean energy loss increases
rapidly. Therefore, as a particle travels and deposits energy, its energy decreases
towards the low-energy region. With increasing deceleration, the particle eventually
experiences a sudden stop, resulting in a significant amount of energy deposition,

towards the end, usually called the Bragg peak.
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Figure 3.2 Energy loss as a function of residual range in liquid argon, for muons, pions,
kaons and protons. Figure from Reference [130].

In the energy region of a few hundred MeV, as shown in Figure 3.1, muons and pions
are predominantly produced in the MIP region, while protons are in the steeply rising
part of the curve. This indicates that protons will deposit more energy than MIPs in
this energy region. Because of this, the particles of deposited energy can be utilised
for particle identification. Figure 3.2 provides an example of using energy loss as a
function of the residual range—the distance to the end of particle propagation—in

liquid argon to identify different particles.

3.2 Scintillation Light

For particle detection, it is crucial to understand the efficiency of scintillation light,
its emission wavelength, and the factors that can affect its propagation. This section

will discuss these aspects for both polystyrene-based scintillators and liquid argon.
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3.2.1 Scintillation light in Plastic scintillators

The development of plastic scintillator detectors dates back to the early 1950s [131].
Today, these detectors are widely used in high-energy physics, particularly for
particle tracking [132, [133]. Plastic scintillators are composed of hydrocarbon-
based molecules and can emit scintillation light in the visible wavelength range
with high efficiency. Although plastic scintillators are not fully transparent to their
own scintillation light, the prompt production of scintillation light allows for sub-

nanosecond measurements of particle interactions with the detector.

Polystyrene
O 0O

Foerster transfer

Excitation

Excitation

L/
O diffusion

Charged particle

Shifter (POPOP)
Activator (p-TP)

Figure 3.3 Schematic representation of energy transfer in plastic scintillator. Figure
from Reference [134]

Figure [3.3 schematically illustrates the mechanism of transferring deposited energy
to scintillation material and producing scintillation light in plastic scintillator. This
process occurs in several steps. First, an energetic charged particle interacts with the
plastic scintillator, and the deposited energy excites the polymer matrix molecules.
This energy is then transferred to the activator through a resonant dipole-dipole
interaction known as the Forster mechanism. This mechanism creates a strong
bond between the polymer base and the activator, enhancing the light yield of the
plastic scintillator and reducing the delay of light emission. The scintillation light
emission spectrum is defined by the non-radiative collection ability of the polymer-
based excitation energy. The WLS, acting as the second dopant, further shifts the
wavelength of the emitted scintillation light to maximise the material’s transparency
to the emitted light.

43



Polystyrene is one of the typical materials used for plastic scintillators. For the past
50 years, a well-defined composition has involved introducing an activator molecule,
such as Diphenylbenzene (PTP), into the polymer at a concentration of approximately
2% by weight [134]. Additionally, a wavelength shifter (WLS) material, such as
Bis(5-phenyl-2-oxazolyl)benzene (POPOP), is typically added at around 0.04% in
polystyrene-based scintillators to shift the wavelength of the light emitted by PTP
to a range where normal photon detectors are more sensitive [133]. The scintillation
light emission spectrum is measured to peak at 430 nm with 1.5% PTP as the activator
and 0.04% POPOP as the WLS dopant in polystyrene-based scintillator [133].

For scintillators, a crucial optical parameter is the Bulk Attenuation Length (BAL),
which measures the transparency of the scintillator material to its own emitted light.
The BAL for a polystyrene-based scintillator with 1.5% PTP as the activator and 0.04%
POPOP as the WLS dopant is measured to be 7.5 cm [133]. If polystyrene is used in
a detector where a large transportation length of the scintillation light is expected,

additional WLS may be necessary to enhance the light transmission.

Quenching in Plastic Scintillator

For low densities of energy loss, the scintillation yield (the amount of scintillation
light produced) is linearly proportional to the deposited energy. However, as
the density of energy loss increases, various processes hinder the production of
scintillation light, leading to a non-linear response to the deposited energy. The

scintillation yield per unit of distance travelled can be expressed as [135]:

dL

=€ S-Q(e), (3.3)

where € denotes energy lost by a particle per unit of distance dE/dx, S represents
the linear proportionality between light yield and energy deposition at high energy,
measured in units of photons per unit energy, and Q(e) is defined as a unitless

quenching function, which approaches unity at small €.

Birks developed the first model to explain the ionisation quenching in the early 1950s,

the quenching function can be expressed as [136]:

QBirks(e) = 1/(1 + kBe)/ (3.4)
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where kB is a numerical parameter commonly referred to as Birks’ coefficient.
Several other models have been proposed as extensions to Birks” model. Chou et
al. considered secondary effects in their model [137]. Wright et al. introduced a
phenomenological quenching function [138], and Voltz et al. developed a model that

distinguishes between primary and secondary ionisation [139].
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Figure 3.4 Quenching as a function of deposited energy e for a plastic scintillator
material of SCSF-78, which is a polystyrene-based material. Figure from
Reference [135].

Figure shows predictions of the quenching function from different models,
compared with data in a polystyrene-based material. The quenching function causes

the amount of scintillation light to decrease as the deposited energy increases.

3.2.2 Scintillation Light in Liquid Argon

Liquid argon is an excellent scintillator since it produces around 40,000 photons
per MeV. In liquid argon, as depicted in Figure [3.5, deposited energy can lead to
the formation of an argon dimer, Ar;, through excitation, or ionisation followed
by electron recombination. When the argon dimer de-excites, it will revert back to
separate argon atoms while simultaneously emitting scintillation light. The photons
are emitted in the Vacuum Ultra-Violet (VUV) range, peaking at about 128 nm with
a width of approximately 10 nm [140, [141].
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Figure 3.6 De-excitation time distribution of the scintillation light from the singlet
(left) and triplet (right) excited states of argon dimer. Cases from different
particles are presented. Figure taken from Reference [142].

There are two excited states for the excited argon dimer, referred to as a singlet state
13.F and a triplet state 3%} . These two states are different due to the coupling between
the spin of the electron and argon dimer in the Rydberg atom [143]. Figure [3.6/shows
the time distribution of emitted simulation light for both states. The decay time of
the singlet and triplet states is measured to be 7 ~ 6 ns and 73 ~ 1,000 - 1,700

ns [142]. These are normally referred to as fast (prompt) and slow (late) components

of scintillation light.
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Ionising quenching due to high ionisation density also occurs in liquid argon [144].
Consequently, the scintillation yield varies for different particles. The ratio between
the fast and slow components of scintillation light also depends on ionisation density,
making it a useful method for particle discrimination at low energies corresponding

to dark matter searche [145].

Rayleigh Scattering

Liquid argon is transparent to its own scintillation light, allowing scintillation
photons to travel long distances until they are either absorbed or detected by a photon
detector. The mean free path of these photons is primarily influenced by Rayleigh
scattering. Rayleigh scattering occurs when the wavelength of the photon is much
larger than the particle size of the medium. This scattering process does not change
the number of propagating photons but alters their paths. Consequently, compared
to a photon that takes a direct path, a scattered photon experiences a delay in arrival
time. Additionally, depending on the emission position within the detector, Rayleigh

scattering can either increase or decrease the probability of light reaching the photon

detectors.
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Figure 3.7 Group velocity (left) and Rayleigh scattering length Agg (right) as a function
of the photon wavelength. The lines at 128 nm, 178 nm, and 430 nm
corresponds to scintillation light in argon, liquid xenon and visible light.
Figure from Reference [146].
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Several measurements and theoretical predictions have reported the Rayleigh scat-
tering length in liquid argon Ags with values ranging from 50 cm [147, 148] to 110
cm [149]. The most recent measurement reports a value of 99.1 £+ 2.3 cm for 128 nm
scintillation light [150]. Figure [3.7] shows the group velocity and Rayleigh scattering
length as a function of the photon wavelength in liquid argon. The group velocity
of argon scintillation light is approximately half as fast as that of visible light. The
Rayleigh scattering length for argon scintillation light is much shorter than that for
xenon scintillation light and visible light. Therefore, for detectors using liquid argon
as the medium, the effect of Rayleigh scattering becomes more significant as the size
of the detector increases, since photons will need to travel distances on the order of

ARs, leading to non-negligible effects.

Light Quenching and Absorption due to Impurities

Argon is transparent to its own scintillation light because the emitted photons are not
energetic enough to re-excite the argon bulk. However, if impurities such as nitrogen
and oxygen are present in liquid argon, the scintillation yield can be affected through
absorption and quenching. The primary physical process to consider for quenching
involves two-body collisions between impurities and the Ar; dimer excited states.

Using nitrogen as an example [151]:
AT; + Np — 2Ar 4+ Na. (3.5)

Non-radical collisions disrupt the de-excitation process that emits scintillation
photons. The slow component of scintillation light is more affected by impurities
than the fast component because there is more time available for collisions to occur.
Figure [3.8] demonstrates this effect with varying levels of nitrogen contamination.
As the level of nitrogen contamination increases, the time constant of the slow

component significantly decreases.

Absorption, on the other hand, refers to the process in which produced scintillation
light is absorbed by impurities during propagation. Measurement of the absorption
of nitrogen impurities in LArTPC shows that the absorption effect is relatively
weak compared to other processes [153]. The quenching effect, however, becomes
significant when the nitrogen concentration exceeds (O(1 parts per million (ppm))

and O(0.1 ppm) for oxygen [154].
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Figure 3.8 Signal pulse of scintillation light at different levels of nitrogen contamina-
tion. Figure from Reference [152].

3.3 lonisation Signal in Liquid Argon

As shown in Figure 3.5, during the ionisation process that produces scintillation light,
an ionisation pair consisting of e~ and Ar" is generated. In liquid argon, the energy
required to produce an ionisation pair is 23.6 €V [155,156]. Therefore, approximately
40,000 ionisation pairs can be produced per MeV of deposited energy. The electron
and Art can recombine to form the argon dimer, resulting in the production of
scintillation light. If a uniform electric field is applied, a fraction of the ionisation
pairs can escape recombination. The electron will drift away from the Ar™ along the

field direction and can be detected by electron-sensitive detectors.

3.3.1 Recombination Effect

The recombination process affects the number of detected electrons and is highly
dependent on both the strength of the external electric field [157] and the ionisation
density [158]. Figure[3.9]shows the ionisation charge detected per unit length (4Q/dx)
as a function of deposited energy per unit length (dE/dx) under different electric field
strengths. As the electric field strength increases, the recombination effect decreases
because a stronger field more effectively separates electrons from ions, allowing more

electrons to be detected.
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Figure 3.9 Ionisation charge detected per unit length (dQ/dx) as a function of the
deposited energy per unit length (dE/dx), with different electric field
strengths applied. Figure from Reference [159].

Conversely, for a given electric field, particles with higher ionisation densities,
such as protons, experience increased recombination because the higher ionisation
density reduces the distance between electrons and ions. Despite the increased
recombination, the detected ionisation charge can still be significant due to the
larger production of ionisation charge associated with higher energy deposition.
As illustrated in Figure [3.9] a non-linear relationship between dQ/dx and dE/dx
is observed for a given electric field. This is the result of the combined effects of

recombination and large energy deposition.

The relationship between dQ/dx and dE/dx with the recombination effect can be
described using either the semi-empirical Birks” model [136] or the modified Box
model [158, [160].

Charge-light Anti-correlations

The recombination effect also influences the production of scintillation light because
both scintillation light and ionisation charge are produced by the deposited energy,
with recombination playing a significant role. For a given charged particle traversing
liquid argon with a fixed amount of deposited energy, a stronger electric field
increases the amount of ionisation charge (Q) while decreasing the scintillation light
(L). This anti-correlation relationship is illustrated in Figure 3.10 for three different
noble gases—argon, xenon, and krypton [143]. By carefully selecting the electric field
strength, the ratio of ionisation charge to scintillation light (Q/L) can be optimally

tailored for a detector.
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Figure 3.10 Anti-correlation relation between charge yield (Q) and light yield (L) for
argon, xenon and krypton as a function of applied electric filed. Figure
from Reference [143].

3.3.2 Diffusion

While propagating through the liquid argon, the distribution of ionised electrons
can spread out from a point source, as shown in Figure [3.11. This diffusion is not
isotropic due to the presence of the electric field and is typically characterised by two
components: transverse diffusion, which is perpendicular to the drift direction, and

longitudinal diffusion, which is parallel to the drift direction.

e

Figure 3.11 A schematic diagram of the diffusion process from a point source to the
detection plane, as indicated by dashed lines. Figure from Reference [161]].

The longitudinal diffusion is characterised by a constant Dy, and the width of a signal
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pulse 0;(t) at a given time ¢ can be expressed by [161, 162]:

o?(t) ~ a?(0) + (%L) t, (3.6)

¥

where v, is the drift velocity, and ¢?(0) ~ 1.96 us? is the minimum width for the
pulses. Based on Equation [3.6] ionised electrons far from the detectors are most
affected since they have to travel longer distances. The longitudinal diffusion results

in the spreading of the signal in time upon detection.

The transverse diffusion is characterised by the transverse diffusion constant, Dr,

expressed using the Atrazhev and Timoshikin model as [163]:

Dy = % (3.7)

where p is the electron mobility, e is the electron charge, and €; is the energy
of the electron. The transverse diffusion causes the point charge to spread out

perpendicularly to the drift direction.

3.3.3 Space Charge Effect

As the electrons drift towards the detector, the ions move simultaneously in the
opposite direction but at a much slower speed (approximately 4 mm/s [164],
compared to an electron drift velocity of around 1.1 mm/us [165]). Due to thermal
flows in the detector, which have very similar velocities, these slowly drifting Ar™
ions can accumulate in the detector, resulting in a non-negligible distortion of the
electric field. This distortion is commonly referred to as the Space Charge Effect
(SCE). Correcting for this distortion is essential for accurately reconstructing the

initial positions of the ionised electrons.

Figure [3.12 illustrates the impact of the SCE on the reconstruction of the start and
end positions (blue dots) for cosmic muons compared to the detector boundaries
(black dashed line). As shown in the left plot, the electric field distortion caused by
the SCE leads to deviations in the reconstructed positions from the actual detector
boundaries. Fortunately, the SCE can be corrected for. As shown in the right plot, the
reconstructed start and end positions of the tracks align with the detector boundaries

once the SCE correction is applied.
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Figure 3.12 Reconstructed start and end positions (blue dots) of cosmic muons before
(left) and after (right) SCE correction. Left: the SCE introduces a bias in
the reconstruction, causing the start and end positions to deviate from the
detector boundaries, as indicated by the black dashed line. Right: after
SCE correction, the start and end positions are aligned with the detector
boundaries. Figure from Reference [166].

3.3.4 Impurities in Liquid Argon

In reality, impurities such as oxygen and water are commonly found in liquid argon.
When electrons drift under an electric field, they can attach to these impurities,
thereby reducing the number of electrons detected [167, [168]. This attachment
impacts particle reconstruction in detectors which rely on ionised electrons. The
strength of this effect can be modelled as an exponential suppression, known as the

electron lifetime.

Currently, for detectors using liquid argon, the purity of the argon is monitored using
electron lifetime as a key metric. Additionally, detectors are generally equipped with
sophisticated argon purification systems to control the level of impurities. The purity
of argon is typically maintained at levels in the parts per trillion (ppt) range, which

ensures that the electron lifetime is usually on the order of a few milliseconds.
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3.4 Summary

This chapter introduced two commonly used scintillator materials in particle physics
detectors: polystyrene and liquid argon. Both materials detect particles based on the
energy deposited as the particles traverse the scintillator. This chapter discussed the
physical processes that influence scintillation light propagation, such as quenching
and Rayleigh scattering. Additionally, in liquid argon, the application of an external
electric field converts a portion of the deposited energy into ionised electrons,
providing a secondary signal alongside the scintillation light. Physical processes
which can affect the propagation of ionised electrons were also addressed in this

chapter.
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The Short-Baseline Neutrino
Program and Selected LArTPC

Detectors

The Short-Baseline Neutrino (SBN) program at Fermilab aims to address the long-
standing question of the potential existence of sterile neutrinos with a mass scale
around 1 eV, as suggested by phenomena such as the MiniBooNE low-energy excess.
The program consists of three LArTPC detectors: the Short-Baseline Near Detector
(SBND), the intermediate detector: MicroBooNE, and the far detector: ICARUS T600.

This chapter will first introduce the SBN program and its associated neutrino beam,
the Booster Neutrino Beam (BNB). It will then discuss the LArTPC technology
chosen for the program with a focus on the two experiments relevant to this thesis:
MicroBooNE and SBND.

4.1 The Short-Baseline Neutrino Program at Fermilab

Three detectors in the SBN program, SBND, MicroBooNE, and ICARUS, are
positioned along the BNB line with baselines of 110 m, 470 m, and 600 m, respectively,
as illustrated in Figure 4.1 Together, these experiments will measure neutrino
oscillations with the goal of searching for short-baseline oscillations, which could
be caused by sterile neutrinos. Evidence for sterile neutrinos would be indicated by

observing v, appearance correlated with v, disappearance in a v,-dominated beam.
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The SBN program is designed to investigate both channels and aims to definitively
address the short-baseline neutrino anomalies, described in Chapter [2.3.4] By using
the same neutrino beam and detector technology across all three experiments, the
SBN program can effectively minimise systematic uncertainties reaching the needed

sensitivity.
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Figure 4.1 The bird’s-eye view of the Short-Baseline Neutrino program at the Fermilab
campus. From right to left, the three LArTPC detectors are: the near
detector SBND, the intermediate detector MicroBooNE, and the far detector
ICARUES, positioned at distances of 110 m, 470 m, and 600 m from the
neutrino beam, respectively. Figure from Reference [169]

The MicroBooNE detector, the first to be constructed as part of the SBN program,
collected neutrino data from 2015 to 2020. As of this writing, MicroBooNE has
collected the world’s largest dataset of neutrino interactions on argon. The detector
was positioned at roughly the same distance as the MiniBooNE detector to investigate
the nature of MiniBooNE LEE observation. In recent years, MicroBooNE has
published a series of results concerning the LEE search, finding no evidence for v,-
like excess, single photons with multi channels, or sterile neutrinos [96-100, 105].

Further details on the latest findings from MicroBooNE are provided in Section[2.3.4]

To fully exclude the presence of eV-scale sterile neutrinos, the SBND and ICARUS
detectors are designed to maximise the precision of neutrino oscillation measure-
ments. The far detector, ICARUS began its commissioning phase in 2020 and has
been collecting data since then. The near detector, SBND, is situated just 110 meters
from the neutrino source. Its proximity allows SBND to collect unoscillated neutrino
data, providing a precise constraint on the neutrino flux and interaction models. As
of the time of writing this chapter, SBND has become fully operational, and data

collection commenced in July 2024.
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4.2 The Booster Neutrino Beam

The SBN program detects neutrinos produced by the BNB [170]. The BNB was first
utilised by the MiniBooNE experiment to study the neutrino anomaly observed by
the LSND. As shown in Figure 8 GeV protons from the booster synchrotron are
extracted and delivered in a 1.6 us spill at a rate up to 5 Hz. In each spill, around 5
x 10'2 protons are injected in 81 bunches. Each bunch is approximately 1.3 ns wide,

with a 19 ns gap between bunches [170].

19ns

—
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~1@8Ins
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. . Absorber LArTPC detector
Magnetic focusing horn
T - - ¥

1.6 us
Protons

Booster ring

Beryllium target Decay pipe Dirt region

Figure 4.2 A schematic diagram of BNB production. Protons from the Booster Ring
interact with a Beryllium target to produce hadrons, which propagate
through a magnetic focusing horn and decay pipe to produce neutrinos.
Remaining mesons are removed by an absorber.

These protons hit the Beryllium target, producing secondary hadrons, predominantly
pions and kaons. These secondary hadrons are generated in all directions and are
then focused by a 174 kA magnetic focusing horn. The polarity of the magnetic horn
can be adjusted to focus particles with either positive or negative electric charges,
enabling operation in "neutrino” or “anti-neutrino” mode. The focused secondary
hadrons then travel through a 50 m decay pipe, where most pions decay and produce
muon neutrinos via 7* — y* +v,,/7,. When running in neutrino mode, the beam is
predominantly composed of v, with smaller fractions of v, v,, and v, produced by
secondary pion decays, kaon decays, and secondary muon decays [171]. The average
neutrino energy is approximately 800 MeV. The produced neutrinos then propagate
along the beam direction and can be detected when interacting with detector nuclei.
Neutrinos can also interact with the material situated between the decay pipe and
the detector, known as the dirt region. Meanwhile, as neutrinos continue travelling
along the beamline, all remaining hadrons are removed by the absorber at the end of

the decay pipe.
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Figure 4.3 The BNB flux spectra as a function of neutrino energy in the SBN
program. From left to right: SBND, MicroBooNE and ICARUS. Figure from
Reference [172].

The BNB fluxes have been extensively modelled by the MiniBooNE experiment [170]
and tuned with hadron data collected by the Hadron Production (HARP) Experiment
at CERN [173]. Utilising the GEANT 4 simulation toolkit, the beam profiles have
been simulated for each experiment within the SBN program. Figure |4.3] illustrates
the BNB flux spectra for the SBND (left), MicroBooNE (middle), and ICARUS (right)
detectors, respectively. In each case, the neutrino beam consists of neutrinos and
antineutrinos of electron and muon flavours. While the composition of the flux varies
with energy, it is notably dominated by v, across different energy ranges and different

experiments.

A flux of neutrons can also be produced by primary interactions in the BNB target,
which can scatter into the atmosphere at high angles and diffuse back to the
detector. This phenomenon, commonly referred to as the neutron skyshine, contributes
to background radiation outside the immediate beamline region [174, 175]. The
SciBooNE experiment observed an increased rate of hits at the top of the detector
during the beam spill [176], attributed to this effect. The neutron skyshine is needed

to be carefully accounted for to mitigate its impact on physics analyses.
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4.3 Liquid Argon Time Projection Chambers

The LArTPC has been selected as the core technology for the SBN program and will
be employed in next-generation large neutrino experiments at Fermilab due to its
advantageous properties. Liquid argon is chemically inert, an excellent scintillator,
and transparent to its own scintillation light. When an electric drift field is applied,
ionisation electrons, produced in charged particle interactions, can drift over several
metres if the purity of the liquid is maintained at a high level. The high density of
liquid argon (1.41 g/ cm?) and its substantial atomic mass enhance the likelihood of
neutrino interactions with the nuclei of argon atoms. Additionally, liquid argon is
relatively inexpensive. Being the most abundant noble gas, it can be liquefied using

liquid nitrogen, making it a practical choice for large-scale neutrino detectors.

The idea of LArTPC was originally proposed in 1977 by Rubbia [177]. It is an
evolution of the original gas-filled time projection chamber idea from Nygren [178,
179], adapted to use liquid argon as the medium [180]. Figure |4.4/shows a cartoon of
the operational principle of a LArTPC. An incoming neutrino interacts with an argon
nucleus and produces secondary charged particles. These secondary particles will
ionise and excite the liquid argon, producing ionisation electrons and scintillation
light. Electrons are drifted under an applied electric field towards the charge readout

sensors located at the anode.
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Figure 44 LArTPC operational principle diagram. Figure from Reference [181].
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4.3.1 Detection of lonisation Electrons

A typical charge readout for a LArTPC detector consists of planes of sense wires
with different orientations. Each wire plane provides two-dimensional projections
of ionised charge in space and time. When ionisation electrons pass by a sense wire
plane, they induce a bipolar signal, as shown in the top panel of Figure[4.5| Therefore,
this plane is commonly referred to as the induction plane. The sense wire plane
where electrons are collected is known as the collection plane, where the detection

signal is a unipolar signal, as depicted in the bottom panel of Figure |4.5|
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Figure 4.5 Charge signals on the induction (top) and collection (bottom) plane. The
induction plane sees a bipolar signal shape while the collection plane sees a
unipolar signal shape. Figure from Reference [130].

To construct photographic-like three-dimensional images of particle interactions, at
least two sense wire planes are required. Modern LArTPC detectors typically employ
three wire planes (two induction planes and one collection plane) to enhance the
accuracy of 3D reconstruction, particularly in situations where the interacting particle
travels along the direction of the wires in one of the planes [80,1814183]. The LArTPC
reconstruction chain has been shown to achieve a precision down to the scale of

millimetres.

The amount of charge induced or collected on the wires is related to the deposited
energy inside the detector. Therefore, calorimetric information can be reconstructed
from the ionisation signals, provided that losses or distortions in charge collection
due to propagation effects are carefully calibrated. Details on this calibration can be
found in Section [5.4.1] These propagation effects that occur during the drift time of
electrons (O(ms)) include impacts from impurities, diffusion, and the space charge
effect, as described in Section
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4.3.2 Detection of Scintillation Light

Since the propagation time of photons, O(ns), is much shorter than the drift time
of electrons, the scintillation light is typically used for triggering purposes and
can provide ns-resolution timing in LArTPC detectors [184]. The scintillation light
produced by the excited argon propagates isotropically across the volume of the
detector and can be detected by photon detectors, such as photomultiplier tubes
(PMTs), typically positioned behind the charge readout planes. The propagation of
scintillation light can be influenced by Rayleigh scattering, quenching, and absorption
by impurities, as described in Section [3.2.2]

Scintillation photons are emitted at 128 nm, which lies in the VUV region and is
not detectable by standard light detectors directly. To address this, wavelength
shifter (WLS) materials are often used to coat the light detection system. The WLS
material absorbs VUV photons and re-emits them in a region where the detector has
a high efficiency. The original VUV photons and the re-emitted photons are typically

referred to as the two components of scintillation light.

4.4 The MicroBooNE Detector

The MicroBooNE detector is an 87-tonne LArTPC detector, serving as the intermedi-
ate detector in the SBN programme. Located 470 m from the neutrino target along
the BNB, the detector comprises two main systems: the Time Projection Chamber
(TPC), which collects the ionised electrons, and the Photon Detection System (PDS),
which collects the scintillation light. This section will introduce the design of both

systems in MicroBooNE.

4,41 The MicroBooNE TPC

The box-shaped MicroBooNE TPC is positioned inside a cylindrical cryostat contain-
ing a total mass of 170 tonnes of liquid argon, as shown in Figure 4.6l The TPC
consists of three main components: a cathode, a field cage, and an anode. The active
volume of the TPC, defined by the field cage, contains 87 tonnes of liquid argon and
measures 10.36 m along the neutrino beam direction, 2.33 m vertically, and 2.56 m
horizontally. Inside the cryostat, MicroBooNE operates at a temperature of 87 K and

a pressure of 1.24 bar [181].
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Cylindrical cryostat

Figure 4.6 A schematic diagram of the MicroBooNE TPC inside of a cylindrical
cryostat. Figure adapted from Reference [[181]

A voltage of -73 kV is applied at the cathode to achieve an electric field strength
of 273.9 V/cm, resulting in a dirft time from cathode to anode of 2.3 ms. Due to
concerns about possible electrical breakdown at higher electric fields, the operational
electric field is lower than the designed value of 500 V/cm for MicroBooNE. The
field cage is designed to maintain a uniform electric field across the entire active
volume. It consists of 64 stainless steel tubes shaped into a rectangular loop, with
each tube electrically connected to its neighbouring tubes using 250 M() resistors.
These resistors are used to gradually step down the voltage from the cathode across

the field cage to the anode.

The anode plane of MicroBooNE consists of three wire planes. Each plane comprises
very thin wires (approximately 150 pm) of distances with a wire pitch of 3 mm. The
first two planes, known as the “U” and ”"V” induction planes, are positioned at +
60° with respect to the vertical direction and have 2,400 wires each. The third plane,
referred to as the ”Y” collection plane, is vertically oriented and contains 3,456 wires.
The spacing between each plane is also 3 mm. The PDS is located behind the anode.
To shield against field distortions and surviving electrons from the collection plane,

a grounded mesh is placed between the anode and the PDS.
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Signals registered on the wire planes undergo initial processing by a set of cold
electronics installed within the cryostat, followed by a subsequent set of warm
electronic outside the cryostat. Cryogenic low-noise front-end Application Specific
Integrated Circuits (ASICs) preamplify and shape the signals. These processed
signals are then transmitted outside the cryostat to the data acquisition (DAQ)
system, where they are converted from analogue to digital format. This facilitates

the collection of ionisation electron data.

The Coordinate System

MicroBooNE uses a right-handed Cartesian coordinate system in which x,y and z
denote the drift, vertical and beam-aligned direction. The origin is defined to be
located centred in the vertical direction, on the first induction plane near the anode,
and on the upstream face of the LArTPC [181]. Figure M shows the coordinate

system and boundaries of MicroBooNE with a cartoon.
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Figure 4.7 A depiction of the coordinate system for MicroBooNE. Figure from
Reference [185].

TPC Unresponsive Wire Regions

In the MicroBooNE detector, a fraction of the wires are unresponsive. Most of
these unresponsive channels are due to short circuits caused by touching wires.
Additionally, mis-connected or malfunctioning ASICs can also result in unresponsive
wires [186]. Cross-connected wires between the "U” and ”"V” planes can lead to
some of the charges being collected by the wires in the “U” or ”V” planes, causing a
reduction in the charge observed by the collection plane. This effect can be addressed

and corrected through calibrations [187].
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Figure 4.8 Unresponsive TPC regions in MicroBooNE. White, blue, orange, and green
represent 0, 1, 2, 3 unresponsive wire planes, respectively. Figure from

Reference || .

All dead channels in the MicroBooNE detector are identified and their locations are
recorded in a database for use in physics simulations and reconstruction. As shown
in Figure approximately 17% of the channels are unresponsive in the "U” plane,
about 5% in the ”V” plane, and around 10% in the collection plane. Consequently,
roughly 30% of the detector volume is not visible in at least one plane. However,
when requiring at least two planes for 3D track reconstruction, only about 2.5% of
the detector is unresponsive. Furthermore, the unresponsive volume is reduced to

approximately 0.04% if all three planes are required [188].

4.4.2 The MicroBooNE PDS

The PDS in the MicroBooNE detector consists of 32 optical units, each equipped
with an 8-inch diameter Hamamatsu R5912-02mod cryogenic PMT. These PMTs are
designed to operate at cryogenic temperatures and are positioned behind the anode

wire planes. Figure 4.9/ shows the placement of the PMTs in the detector.
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In MicroBooNE, these PMTs are capable of providing timing accuracy to the
nanosecond level [184]. Although the argon medium itself is transparent to its own
scintillation light, the glass of the PMTs absorbs the argon scintillation light at a
wavelength of 128 nm, as depicted by the solid black glass transmittance curve in
Figure [4.10. To mitigate this issue, Tetraphenyl Butadiene (TPB) is employed as the
WLS material. TPB is coated on acrylic plates placed in front of the PMTs, as shown
in the right plot of Figure 4.9 TPB absorbs the argon emission light at 128 nm and
re-emits it in the visible range, peaking at 425 nm, which aligns with the sensitive

detection range of the PMTs. This process is illustrated by the dashed green curve in
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Figure 4.9 Left: the MicroBooNE light collection system, which consists primarily of
PMTs behind the anode wire planes. Right: a picture of a PMT behind an
acrylic plate. The plate was not coated with TPB when picture was taken
but during the operation of the detector, the acrylic plate was coated with

TPB. Figure adapted from ||
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Figure 4.10 Scintillation light emission spectrum in liquid argon (dashed red) and TPB
re-emission light spectrum (dashed green), the graph is in arbitrary units.
TPB absorption efficiency (solid green), borosilicate glass transmission
efficiency (solid black), and quantum efficiency of an R5912-02mod
cryogenic PMT (solid blue) in %. Figure from Reference .
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The coverage of the PMT array in the MicroBooNE detector is estimated to be around
0.9%, which is relatively small. However, this limited coverage is adequate for
the primary role of the PDS in triggering events. So far, particle reconstruction
and calorimetry in LArTPC detectors are mainly achieved using ionisation electron
signals. Recent studies have shown that scintillation light, which contains at least
half of the deposited energy in LArTPC detectors, significantly enhances energy
reconstruction resolution for low-energy events [189]. Consequently, more recent
LArTPC detectors, such as SBND, have incorporated PDS designs with larger
coverage to fully explore the capability of scintillation light. Details on the SBND
PDS can be found in Section 4.5.2|

In MicroBooNE, the PMTs are positioned behind the anode plane, which leads to a
dependence of light yield on the position of scintillation event. Much higher light
yield is observed when the light is produced closer to the PMTs compared to when
it is produced farther away. Chapter |6 will describe a novel method for measuring

position-dependent light yield.

The analogue signals from each PMT are pre-amplified and shaped into a unipolar
signal with a 60 ns rise time. These signals are then digitised at a rate of 64 MHz
using a 16-bit ADC, with the 60 ns rise time allowing several samples to be captured
on the rising edge, thereby ensuring precise determination of the initial interaction

time.

Operating at approximately 1300 V, the cryogenic PMTs require recalibration of their
gain, measured as the charge recorded per photoelectron, each time the PMT system
is restarted, with minor adjustments to the high voltage [190]. These gain values are

stored in a database for simulation and reconstruction.

Additionally, during the summer accelerator shutdown period following Run 2, the
PDS encountered an issue where one PMT failed due to a faulty connection and it

has been off since then [190].

Non-linearity of the PMT Response

The non-linearity of the PMT response at high light intensities was measured in
MicroBooNE using a test stand at Fermilab [191]. As shown in Figure |4.11, the PMT
initially responds linearly to the amount of light. However, in the higher intensity
region, the response deviates and cannot be described by a linear superposition of

single photoelectron (PE) responses.
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Figure 411 The measured non-linearity response for the MicroBooNE PMT in the
teststand. Figure from Reference [181].

4.4.3 The MicroBooNE Readout and Trigger System

In MicroBooNE, continuously recording every event associated with a beam spill is
impractical due to the enormous data volume it would require and the relatively
rare fraction of neutrino interaction within the beam spill. To manage data volume
effectively, MicroBooNE employs several triggering schemes designed to accurately
identify beam neutrino and cosmic interaction candidates. These schemes often use

light signals from the PMTs to determine whether an event is of interest.

MicroBooNE operates in two trigger modes: beam-on mode and beam-off mode. In
beam-on mode, events are recorded when the beam is active, with triggers based
on PMT signals. In beam-off mode, events are recorded when the beam is inactive,
also using PMT signals for triggering. While most trigger schemes require a specific
trigger signal to record an event, MicroBooNE also employs a “random trigger” in
the beam-off mode without a specific trigger requirement. The various triggering

schemes employed in MicroBooNE are detailed in the following sections.
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Readout system

The MicroBooNE readout system comprises two components: a continuous readout
of 6.4 ms (4 frames) for the PMT system and a continuous readout of 4.8 ms (3 frames)
for the TPC system. A frame is defined as a time interval of 1.6 ms for both PMT and
TPC readout. This frame duration was initially designed for an electric field of 500
V/cm. However, the detector operates with an actual electric field of 273.9 V/cm,
resulting in an electron drift time of 2.3 ms. To ensure a proper readout of neutrino
interactions, three TPC readout frames are opened: one before the beam gate and
two after, as shown in Figure @ Additionally, to reduce the size of PMT data, only

PMT waveforms with a signal exceeding a specified number of PEs are recorded.
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Figure 4.12 The timing structure of neutrino readout stream with regard to the BNB
beam gate in MicroBooNE. Figure from Reference ||

Hardware Trigger

The neutrino beam is managed by the Fermilab Accelerator Division, which generates
signals when protons collide with the target to produce neutrinos. These signals are
used as the hardware trigger for MicroBooNE. Upon detecting a hardware trigger, an

unbiased readout window of 23.4 us is opened, without requiring scintillation light.
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Software Trigger

The software trigger determines whether to record data. In MicroBooNE, neutrinos
are expected to interact with argon nuclei occasionally during beam spills. To effi-
ciently manage the vast amount of data and identify potential neutrino interactions,
the software trigger, or PMT trigger, is employed. This system relies on detecting
scintillation light measured by the PMT arrays during the beam spill.

The online trigger is set to capture events with a minimum of 5 PEs in total detected
by the 32 PMTs within any 100 ns time window during the beam spill. Events
satisfying this criterion are considered candidates for neutrino interactions and are
saved to tape. However, not all events that pass the online trigger are further

processed.

To further select events of interest, the offline trigger is defined, requiring at least
20 PEs in total from all of the PMTs. This threshold ensures that only events with
sufficient light intensity are forwarded for detailed reconstruction and analysis. The
threshold for the offline trigger is carefully defined to maximise data processing

efficiency without compromising the detection of low-energy neutrino interactions.

External and Unbiased Trigger

For beam spills without neutrino interactions, cosmic ray activity passing through
the detector can produce sufficient scintillation light to meet the software trigger
condition. To account for these interactions, MicroBooNE employs a pulse generator
to trigger the readout window when the beam is off and record the events where
the online trigger condition is satisified. Additionally, a portion of events that do
not meet the software trigger criteria are still recorded. These events, which are not

influenced by timing or light intensity, are referred to as unbiased events.
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4.5 The Short-Baseline Near Detector

SBND is the last detector in the SBN to come online. As the near detector of
the SBN program, SBND is located just 110 m from the BNB target. Due to
this proximity, SBND will experience a very high number of neutrino interactions.
With such high statistics, SBND will be able to perform precision measurements of
cross-sections, including multidimensional cross-sections and rare channel searches.
Additionally, SBND will be capable of conducting searches beyond the Standard
Model of particle physics. In the flagship short-baseline oscillation searches, SBND,
as the near detector, will collect unoscillated neutrino data to constrain the neutrino
flux. Furthermore, SBND will contribute to the development of LArTPC technology
towards the DUNE experiments.

SBND is positioned at the Earth’s surface, making it susceptible to cosmic ray
particles, with muons being the most prevalent. These cosmic-ray muons can be
mistaken for v,-like interactions within the detector. Additionally, J-rays generated
by cosmic muons may produce photons via bremsstrahlung, which can mimic v,-like
interactions through Compton scattering or pair production. To address these issues,
the Cosmic Ray Tagger (CRT) system is implemented to identify and mitigate cosmic-
ray activities. Details about the CRT system will be detailed in Chapter 7} Similar
to the MicroBooNE detector, SBND features both a TPC and a PDS, which will be

discussed in this section.

4.5.1 The SBND TPC

The SBND TPC is placed inside a membrane cryostat, which is a novel design for
physics and commonly used in industry to carry liquefied gases. The membrane
cryostat was first used in the DUNE 35-ton prototype detector and will be used for
DUNE detectors in the future [192].
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Figure 4.13 The SBND TPC during the installation into the membrane cryostat. Image
courtesy of the SBND collaboration, with minor modifications.

Figure [4.13 shows the day when the SBND TPC was installed into the membrane
cryostat. The active volume of the detector defined by the field cage contains 112
tons of liquid argon. The detector features two independent TPC volumes, separated
by the cathode plane. Each TPC has dimensions of 2 m in the drift direction, 4 m in
the vertical direction, and 5 m in the beam direction. The electric field is designed to
be 500 V/cm, drifting the ionisation electrons towards the anode planes inside each
TPC. Similar to the wire plane design in MicroBooNE, the anode planes in SBND
are composed of three planes of sense wires: two induction planes ("U” and "V~
planes) oriented at + 60° to the vertical direction, and one collection plane (”Y”
plane) oriented along the vertical direction. The wire pitch is 3 mm, and the spacing

between the subsequent planes is also 3 mm.
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4.5.2 The SBND PDS

The PDS in the SBND is also positioned behind the wire planes and comprises three
main components: the cathode, a primary PDS consisting of PMTs, and a secondary
PDS incorporating X-ARAPUCAS modules.

The SBND cathode is coated with TPB, the same choice used in MicroBooNE for
wavelength shifting. TPB converts scintillation light from the VUV region to a
wavelength where photon detectors exhibit optimal efficiency. The coating on the
cathode enhances the uniformity of detected light across the entire drift volume [193].
Additionally, the cathode is opaque to prevent scintillation light from crossing
between the two TPCs, minimising cross-talk and ensuring the containment of light
in each TPC.

The primary PDS in SBND includes 120 Hamamatsu R5912-MOD PMTs. Of these,
96 PMTs are coated with TPB, which makes them sensitive to both the argon VUV
scintillation light and visible light. The remaining 24 PMTs are uncoated and thus
sensitive only to visible light. Complementing these PMTs, the secondary PDS
consists of 192 X-ARAPUCAS light trap modules [194, [195], which are novel photon
detectors proposed for the DUNE PDS. SBND will test this technology in a neutrino
beam and develop it for DUNE. The X-ARAPUCAS modules are divided into two
groups: one half is sensitive to VUV light, and the other half is sensitive only to

visible light.
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Figure 4.14 Left: a zoomed-in view of the SBND PDS box. Right: The photon detection
system in SBND. Figure from Reference [193].
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The PDS system is installed behind the wire planes and is subdivided into twelve
PDS boxes for each TPC, as illustrated in Figure [4.14. Each PDS box contains four
TPB-coated PMTs at its corners, one uncoated PMT in the centre, and four pairs of
coated and uncoated X-ARAPUCAS modules.

The photon detector coverage in SBND is approximately 40%, making it the highest
among all LArTPC detectors. This extensive coverage significantly enhances SBND’s
sensitivity to scintillation light. With its unique detector design, SBND is well-
positioned to explore various applications of scintillation light in LArTPC detectors.
These applications include position reconstruction based solely on light information
by analysing the ratio of visible light to VUV light, and reconstructing the BNB proton
time structure [193]. Such advancements can be leveraged to improve signal detection

and enhance physics analyses.

4.6 Summary

This chapter introduced the fundamental principles of LArTPCs and the detection
of both ionisation electrons and scintillation light. It explained the production and
composition of the BNB beam used in the SBN program. The chapter also introduced
the two detectors in the SBN program: MicroBooNE and SBND. Data collected from
the MicroBooNE detector will be used for the analysis detailed in Chapter [l The
external design of SBND, the CRT system, will be introduced in Chapter [7|
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Event Simulation and
Reconstruction in LArTPCs

The Liquid Argon Software (LArSoft) framework is commonly used by LArTPC
detectors [196]. It is a C++ based software suite built on top of the art particle physics
event processing framework [197] and the ROOT data processing toolkit [198].
LArSoft provides the structure to handle both simulation and reconstruction with
numerous algorithms and tools. Additionally, it provides interfaces with various
particle physics simulation packages, including the GENIE [199] and CORSIKA [200]
event generators, and the GEANT 4 particle propagation simulation toolkit [201].

This chapter provides an overview of simulation and reconstruction in LArTPC
detectors, with an emphasis on the MicroBooNE detector, which will be used for
the analysis in Chapter |6, The chapter is structured according to the LArSoft
workflow: event generation, particle propagation, the production and propagation
of ionised signals and scintillation light, the detector response simulation, and finally

reconstruction.
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5.1 Overview of Simulations in LArTPC

To simulate a Monte Carlo (MC) event, as shown in Figure the first stage involves
generating primary particle interactions to determine the vertices and kinematics of
the secondary particles. Various event generators are employed for different physics
processes. Using the kinematic inputs from these generators, the particles propagate
inside the detector using the GEANT 4 toolkit, which accurately simulates physics
processes in transport. Ionised electrons and scintillation photons are also produced
and propagated using GEANT 4. The detector response for both signals is further
simulated, resulting in a simulated event that can be fed into the reconstruction chain
in the same way as real data. Detailed explanations for each stage are covered in the

following sections.
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Figure 5.1 Simulation workflow in LArSoft to generate events.
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5.1.1 Geometry Models Used in Simulation

One of the fundamental requirements for accurate simulations that represent real
data collected by the detector is a precise geometry. In LArSoft, the geometry for
simulations is typically defined using the Geometry Description Markup Language
(GDML) [202]. For the analysis detailed in Chapter |6, the default MicroBooNE
geometry file, microboonevi2.gdml, was used. For the BSM searches involving
CRT-beam telescope data, the geometry was modified based on the SBND standard
geometry file, sbnd_v02_00.gdml. More details regarding the geometry modifications
for the CRT Beam Telescope will be discussed in Chapter 9|
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5.2 Event Generation

The event generation is performed using software libraries provided by different
event generators. These libraries are either directly integrated within the LArSoft
suite or used externally, with their results subsequently fed into LArSoft using
a common input file. The kinematics of the resulting particles are determined,
establishing the initial conditions for the subsequent simulation. This section will
introduce several event generators that are relevant to the analyses presented in this

thesis.

5.2.1 Simulation of Cosmic Rays in SBND and MicroBooNE

Both SBND and MicroBooNE are surface detectors and are therefore exposed to a
significant flux of charged particles from cosmic-ray interactions in the atmosphere.
The simulation employs the CORSIKA software package, which models detailed
air showers generated by high-energy cosmic-ray particles such as protons, light
nuclei (up to iron), photons. These particles interact in the atmosphere, primarily
producing showers dominated by pions, which decay to muons. These muons
can travel large distances into the detector, producing signals in the liquid argon.
Due to the computational complexity of simulating the high number of particles
produced by cosmic-rays, a pre-generated CORSIKA library is used. This database
contains kinematic information, such as energy, particle types, and directions. For
each simulation, events are randomly sampled from this database. The performance
of the CORSIKA simulation has been verified with data in studies conducted by
MicroBooNE, as detailed in Reference [203].

SBND uses CORSIKA for cosmic-ray simulation. There are two databases available
for SBND: sbnd_corsika_cmc, which contains data generated from a mix of primary
particles, and sbnd_corsika_p, which is generated from proton primaries. SBND has
chosen to use the latter as the default, as it provides a more accurate cosmic-ray rate

compared to the former from MicroBooNE experiment.
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An alternative way to account for cosmic-ray backgrounds utilising a data-driven
technique was developed by MicroBooNE. Cosmic-ray data from the external
unbiased trigger stream was recorded and is used to overlay with simulated events.
This approach helps to mitigate uncertainties related to both CORSIKA modeling and
detector-specific effects. This technique serves as an alternative method for cosmic
simulation and has been commonly used in MicroBooNE simulations. SBND may
adopt the overlay technique in the future. The overlay technique is used for the

cosmic simulation in the analysis detailed in Chapter|6}

5.2.2 Isolated Proton Event Generation in MicroBooNE

The isolated proton events analysed in Chapter [6] are generated within the active
volume using a particle gun simulation. The positions and kinematics are specifically
defined to align with the analysis requirements, which are derived from the
data sample after applying relevant selections. The analysis focuses on relatively
short-length (ideally point-like) isolated protons, which are isotropically distributed
across the detector. The initial parameters of these generated isolated protons are
summarised in Table[5.1]

parameter Value
x [cm] 127.5 £ 117.5
y [cm] 0 4+ 105.0
z [em] 518.5 £ 518.5
0y [°] 0+ 180
Oy [°] 0£90
P[GeV/c] | 0.59 +0.20

Table 5.1 Initial parameters for the generation of isolated proton events in
MicroBooNE. The x, y, and z coordinates represent the positions in the drift,
vertical, and beam directions, respectively. The angle 8, is the azimuthal
angle in the x — z plane, while 6 is the complementary zenith angle relative
to the x — z plane.

5.2.3 Simulation of BNB Beam in the SBND

SBND utilises the GENIE neutrino generator [199, |204], which is integrated into
LArSoft, to simulate the interactions of beam neutrinos within and around the
detector. Other widely used generators include GiBUU [205], NEUT [206], and
NuWro [207].
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The GENIE generator combines theoretical and empirical models by tuning its
predictions to experimental data, and it covers an energy range from around 100
MeV to a few hundred GeV [204]. The generator samples the neutrino flux profile to
determine the rate of neutrino interactions, accounting for the cross-sections of the
different materials present. Once an interaction occurs on a target, GENIE simulates
the neutrino interaction using a combination of nuclear physics, cross-section models,
hadronisation models and hadron transport, as shown in Figure @ The combined
configuration is tuned by GENIE based on real data. The configuration of the default
tune AR23_20i_00_000 is selected by the SBN and DUNE programmes and can be
found in Table I of the reference [208].

Figure 5.2 A schematic diagram illustrating an example of neutrino interaction
simulation with the GENIE generator. The process is divided into nuclear
model, primary neutrino interaction, hadronisation, and hadron transport.

Figure from Reference [209].

Since the beam neutrinos interact with nucleons bound within the nucleus, the
simulation starts by selecting a nuclear model to describe the momentum and
potential energy of the nucleons. The version of GENIE used by SBND employs
the local Fermi gas model [210] as its nuclear model.

Next, a cross-section model is selected to describe how neutrinos interact, based
on their energy. For example, the Quasi-Elastic (QE) interactions are characterised
by the Valencia model [211], while Baryon Resonance Scattering (RES) is described
by the Berger-Sehgal model [212]. Deep Inelastic Scattering (DIS) interactions are
represented by the Bodek-Yang model [213]. The interaction type is chosen according

to the neutrino energy to provide an accurate description of the interaction processes.
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The hadronisation process refers to the production of hadrons when a neutrino
interacts with a quark within the nucleus, which is particularly important in
the Deep Inelastic Scattering (DIS) regime. In GENIE, this process is described
using the Andreopoulos-Gallagher-Kehayias-Yang model [214], which interfaces with
PYTHIA [215] for detailed hadronisation simulation. Following hadronisation, the
transport of hadrons within the nucleus can further introduce secondary hadrons
through re-scattering. These Final State Interactions (FSI) are modelled using a data-
driven cascade model in GENIE [204]. The GENIE FSI model includes pions, kaons,

protons, and neutrons.

In addition to interacting with the medium inside the detector, neutrinos can also
interact with surrounding materials. The neutrinos created in these interactions, com-
monly referred to as dirt neutrinos, generate a substantial number of beam-induced
particles that can pass through the detector, creating a significant background for
the analysis described in Chapter [10] and Chapter [11} To ensure that all potential
events are accounted for, the dirt simulation is performed within a large “world”
volume defined in the geometry GDML file. This “world” volume is the largest in the
geometry, designed to encompass all relevant physics components and interactions

of interest.

5.2.4 Simulation of Dark Neutrinos in SBND Beam Telescope

BSM event generators are typically not integrated directly into LArSoft. Instead,
custom generators developed externally by phenomenologists specialising in specific
models are more commonly used. The custom generators provide the rates, positions,
and kinematics of BSM particles, along with their subsequent interactions or decays.
These parameters are then provided as input to the later stages of the LArSoft
simulation. This approach is used for the dark neutrino generations for the analysis

in this thesis.
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As discussed in Section [2.4, dark neutrinos can be produced through the up-
scattering of SM beam neutrinos with nuclei. Subsequently, the dark neutrinos
propagate along the beam-line and decay into a SM neutrino and a dark gauge boson
(Zp), with the latter further decaying into a charged-lepton pair. Depending on where
the dark neutrino decays, the detector can be sensitive to two types: short-lived dark
neutrinos, which decay before reaching the upstream CRT panel, and long-lived dark
neutrinos, which decay between two CRT panels. For the short-lived dark neutrino
case, a di-muon pair is chosen for the study, while a di-electron pair is chosen for
the long-lived dark neutrino case. For the analysis, the mass of the dark neutrino is
assumed to be sub-GeV, while the mass of the dark gauge boson is fixed at 1.25 GeV,

making dark neutrino decay off-shell into a SM neutrino and a lepton pair.

The SM beam neutrinos are predominantly produced by the two-body decays in
flight of charged pions. Therefore, due to kinematic considerations, as one moves
away from the beam axis, the observed neutrino energy spectrum narrows and peaks
at lower energy. This effect is commonly referred to as the off-axis effect, as shown
in the left plot in Figure [5.3| Since the dark neutrino is produced via SM neutrino
scattering, its production must account for the off-axis effect. To address this, six
annuli around the beam axis are selected to simulate the off-axis energy dependency.
The neutrino spectrum for each annulus is then used as input for event generation.
The right plot of Figure [5.3| shows the decay vertices of dark neutrinos, clearly
illustrating the beam structure. The production of dark neutrino signal is simulated
using DarkNews [216].
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Figure 5.3 Left: The neutrino energy spectrum for six annuli around the beam
axis [217]. Right: The decay vertices of dark neutrinos in the x-y plane
of the CRT Beam Telescope detector, where a beam structure is visible.
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5.3 Particle Propagation, Charge and Light Simulation

5.3.1 Particle Propagation

Once the particles have been generated, their propagation within the detector is
simulated using GEANT 4, which is integrated into LArSoft. Each particle is
independently stepped along its trajectory, and at each step, the probabilities of
various physics processes, such as scattering, interactions with argon or other
materials, and decay processes, are evaluated. The deposited energy and the
particle’s trajectory are determined at each step. This process continues until the
particle’s energy falls below a detection threshold, typically around 10-100 keV. At
this low energy, the deposited energies from these particles are not detectable in a
LArTPC and are therefore considered negligible. All secondary particles produced
during propagation are saved and simulated in the same way, with a connection to

their parent particles being saved.

In GEANT 4, a physics list is a collection of physical process and models used to
simulate interaction of particle with matter. The physics list QGSP_BERT is commonly
used in LArTPC detectors. The QGSP_BERT list includes standard electromagnetic
processes, the Bertini Cascade model (BERT) [218] for hadrons at low energies (< 10
GeV), the Low Energy Parametrization model (LEP) [219] for intermediate energies,
and the Quark Gluon String model (QGS) [220] for high energies (> 20 GeV). The
physics list QGSP_BERT_HP is similar to QGSP_BERT, but it includes a high-precision
neutron model. A comparison of these two physics lists with data will be presented

in Section

During the propagation, the energy deposited during each step along the simulated
particle trajectory is used to calculate the amounts of ionisation charge and scin-
tillation light produced. This calculation takes into account the charge-light anti-

correlation, which varies with the electric field, as described in Section [3.3.1}
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5.3.2 Charge Simulation

The simulated ionised electrons generated by the deposited energy inside of the
LArTPC are grouped into clouds and directed towards the anode plane. The
simulation takes into account electron lifetime, as well as the effects of transverse and
longitudinal diffusion, and distortions in the electric field caused by space charge.
Figure [5.4| depicts the electron drift paths as they approach the sense wire planes.
The figure shows three wire planes: two induction planes and a collection plane,
with points representing individual wires in each plane. The drifted electrons pass
through the shield plane, move between the wires in the two induction planes, and
are finally collected on the collection plane. The field response function describing
the induced current on wires due to moving charge, is modelled by the 2D Garfield

program [221].
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Figure 5.4 A schematic diagram illustrates the electron drift paths inside the detector.
It includes four three planes: two induction planes and a collection plane.
The points represent the individual wires in each plane. Figure adapted
from Reference [222]

Once the number of electrons per readout channel is calculated, the wire response
function is used to model the electronic response of each channel separately. This
response is measured in data by injecting a signal into each channel. Electronic
noise from components is subsequently incorporated into the simulation. The
noise model is data-driven and based on the wire response when the drift field is
inactive. Validation of the simulation has been performed using cosmic-ray data in
MicroBooNE experiment [223]. As a result, the simulated waveform in ADCs closely

mirrors real data and will serve as input for the reconstruction process.
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5.3.3 Light Simulation

Scintillation photons, along with ionised electrons, are generated by the deposited
energy in GEANT 4. Unlike ionised electrons, which propagate along the drift field,
scintillation photons can follow a much more complex path to reach the photon
detectors due to reflections and processes such as Rayleigh scattering, detailed
in Section [3.2.2 The propagation of photons can be accurately modelled using
GEANT 4, where each photon’s trajectory is simulated individually until it reaches
the detectors. This approach, known as the full optical simulation, predicts both the

quantity of photons detected at each photon detector and their arrival times.

However, due to the substantial scintillation yield of liquid argon (~20,000 photons
per MeV at standard LArTPC operational voltage) and the high energies (GeV)
involved in neutrino interactions, performing a full optical simulation becomes
impractical due to its time-consuming nature. To mitigate this challenge, methods for
fast optical simulation are designed as a replacement. These methods are typically
trained using full optical simulation and then subsequently used in place of it. In
this case, the computationally challenging full optical simulation only needs to be

performed once.

The Photon Library Method

A common approach for the fast optical simulation is the optical look-up table, also
known as the photon library. This method is the default for the MicroBooNE light
simulation. The concept involves dividing the LArTPC volume into many small
cubes, referred to as voxels (an analogy to pixels in two dimensions), as illustrated
in Figure [5.5| For each voxel, a large number of isotropic photons (300,000 in the
case of MicroBooNE) are generated and simulated using the full optical simulation.
By comparing the produced photons with those detected by an optical detector, a
parameter called the visibility of a given optical detector from the respective voxel
is calculated. These visibilities are then stored in a look-up table and used in the

standard simulation chain as a substitute for the full optical simulation.
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Figure 5.5 Illustration of the photon library approach. The detector is voxelised and
the visibility of each photon detector from each voxel is calculated from full
optical simulation and stored in a look-up table. Figure from [146].

The performance and resolution of the photon library method depends on the size of
the voxels chosen. In parallel, the size of the library scales with both the detector’s
size and the number of photon detectors. The photon library method is effective for
smaller LArTPC detectors, such as MicroBooNE, where the voxel size is typically
set to approximately 5 m in the x direction, and 5 m and 3 m in the y and z
directions, respectively. However, for larger detectors like the DUNE far detector,
or detectors with a higher number of photon detectors like SBND, the photon library
method becomes highly memory-intensive in simulation if reasonable performance

is required.

The Semi-analytical Model

To address the limitations of the photon library method, an alternative approach
called the semi-analytical model [224] has been developed. This model was first
employed in the SBND and DUNE experiments. It combines geometric predictions
with a set of parameters for corrective factors, allowing it to scale effectively to large
detectors and those with a large number of photon detectors without encountering

memory-related issues.

The initial geometric predictions of the number of photons detected by a specific
optical detector are made using the solid angle from the scintillation point to that

detector. This can be described by:

No = e Tiag- S, (6) 2 5.1
n=e¢e E 7<)47r’ (5.1)

where A, is the absorption length, d is the distance from the scintillation point to the
photon detector, Ag is the deposited energy, S(€) is the scintillation yield of liquid

argon for a given electrical field £, () is the solid angle.
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Additionally, to account for other effects such as Rayleigh scattering, correction
factors must be applied to the geometric predictions. By comparing the photons
detected using a full optical simulation with the geometric predictions, correction
curves are subsequently obtained. These correction curves are parameterised as a
function of (d, 6), where d and 6 are defined as the distance and the offset angle from

a scintillation point to a photon detector, as shown in Figure [5.6|
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Figure 5.6 Correction curves of the semi-analytical model for MicroBooNE geometry,
generated with Rayleigh scattering length of 66 cm. The error bar in
each bin represents the RMS of the distribution of the ratio between the
number of hits generated by GEANT 4 and those predicted by the geometry
calculation, corrected by the offset angle. The different colour lines are
separated with 10° in the angle 6.

The ratios at different angles and distances can be accurately described by the
Gaisser-Hillas distribution [225]. Therefore, this distribution is used to fit these ratio
curves and obtain the corresponding parameterisation. The Gaisser-Hillas function
is defined as follows [225]:

dmax —dg
d - dO A dmax—d
e A

dmux - dO ’ (52)

GH(d) = N,mx<
where N, is the maximum of the function, d,,,, is the distance at which the function

reaches Ny;;y. The remaining two parameters, dy and A, are parameters describing

the width of the distribution.
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Border effects resulting from the real life-size of the detector are also accounted
for in the correction curves. By generating correction curves for different radial
distances from the photon detector centre, the relationship between this distance
and the parameters defining the Gaisser-Hillas function (Nyax, dmax, and A) are also

parameterised to account for border effects [224].

The semi-analytical approach was adapted by the author for use in the MicroBooNE
experiment, with two Rayleigh scattering length (RSL) assumptions: 66 cm and 100
cm. Both the semi-analytical model with these two RSL values and the default photon
library method with RSL of 66 cm are employed as simulation approaches for the

analysis in Chapter |6}

Comparison with Full Optical Simulation The semi-analytical predictions are
compared with the full optical simulation results to assess their accuracy. Figure[5.7]
shows that across the entire drift distance, the semi-analytical model demonstrates
good agreement with the full optical simulation, with deviations calculated as the
RMS values of the fractional difference between the predicted number of photons
from the semi-analytical model and those propagated by GEANT 4. The results
show that the RMS for all bins is less than 10%. In comparison, the photon-library
method exhibits a similar bias but with a higher RMS.

The Hybrid Model

Due to the geometric approach employed by the semi-analytical model, the model
is limited to simulating scintillation light emitted directly in front of the photon
detectors within the TPC. However, outside the TPC, the absence of an electric
field results in brighter scintillation in the surrounding argon, possibly causing the
scintillation light to be non-negligible. Consequently, modelling scintillation light
outside the TPC becomes necessary. This necessity prompted the development of a
combined approach known as the Hybrid Model. Initially implemented in SBND,
this hybrid method integrates the semi-analytical model for the active volume and
incorporates a photon library for areas outside the TPC. This approach was later
adapted for use in DUNE by the author.
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Figure 5.7 The number of photons generated from the semi-analytical model is
compared with the GEANT 4 full optical simulation across varying drift
distances. The bias is defined as the mean value of the fractional difference
between the number of photons predicted by the semi-analytical model and
those propagated by GEANT 4. The RMS represents the standard deviation
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of this fractional difference.

Detector Simulation

Once the number of photons on each photon detector is established, the response of

the photon detector is simulated. This includes using the single electron response

(SER) function to simulate each incoming photon.

different SER functions based on the detector design. An example of the SER function
in SBND is shown in Figure 5.8, Additional effects, such as fluctuations in the gain

of PMTs converting photons to electrons, as well as the expected level of noise, are

also incorporated into the simulation.

Different experiments have
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Figure 5.8 Measured single electron response for the PMT in the SBND. Figure from
Reference [193].

5.4 Reconstruction in MicroBooNE

The reconstruction in LArTPCs is performed using the LArSoft suite, which provides
a robust framework with minor variations across different LArTPC experiments. This
section will describe the reconstruction method for both electron and light signals,
focusing on the MicroBooNE detector. The outputs of the reconstruction are used in
the analysis detailed in Chapter |6|

5.4.1 Charge reconstruction

After the detector simulation stage, the simulated raw wire waveforms have an
identical format to the recorded data. The ultimate purpose of reconstruction is to
extract the information about the particle interactions from the raw detector data. To

achieve this, the TPC signal undergoes both low-level and high-level reconstruction.

The low-level reconstruction refers to the processing stage where detector effects
such as noise, field response, and electronics response are mitigated to recover the
number of ionised electrons passing by or being collected by each wire. The results
from the low-level reconstruction serve as the input for higher-level frameworks,
such as Pandora [226], which are used to identify and reconstruct patterns created by

particle interactions.
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Signal processing

In MicroBooNE, removing detector effects from the raw TPC signals involves
performing deconvolution using the Fourier transform. Additionally, a filter
is applied to mitigate high-frequency noise. MicroBooNE employs an updated
deconvolution technique that considers the response on each wire separately and
also takes into account the response of neighbouring wires. This approach introduces
a second dimension for signal processing, hence it is commonly referred to as 2D
deconvolution. The traditional method, which considers only the response on a single

wire, is called 1D deconvolution.

Deconvolution is crucial for the induction planes as it converts bipolar signals into
unipolar signals, simplifying the subsequent hit-finding and calorimetric recon-
struction processes. Examples of unipolar and bipolar signal shapes are shown in
Figure 4.5, This simplification allows the same algorithms to be used across all
three wire planes. After deconvolution, a region of interest (ROI) finding process

is performed to locate signals that exceed a predefined threshold.

Hit Finding

After the ROI have been located, the hit finding is performed. Within each
ROI region, the deconvolued waveform is fitted with one or a series of Gaussian
distributions. Each Gaussian fitted waveform is reconstructed as a hit. The peak
time represents the time that electrons arrive at the wires, which can be used to
determine the drift position of the hit and the coincidence between different planes.
The integral of each hit is used to reconstruct the amount of charge deposited on
wire. These parameters associated to the hit are extracted and serve as the input for

the high-level reconstruction.

Pandora Multi-Algorithm Pattern Recognition Framework

The analysis in MicroBooNE described in Chapter |§J uses the Pandora [226, [227]
multi-algorithm pattern recognition framework for the high-level reconstruction. The
framework initially clusters the TPC hits based on proximity within each plane to
reconstruct 2D images. Using the peak time of the TPC hits, the drift position for each
cluster is determined, and coincidences are sought between clusters across planes to

perform 3D reconstruction.
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Due to the nature of MicroBooNE being an on-surface detector, neutrino interactions
can coincide with cosmic-ray activities. Pandora utilises hundreds of algorithms to
identify these interactions, categorising them into two passes, PandoraCosmic and

PandoraNu:

¢ PandoraCosmic: The reconstruction algorithms in this path are strongly track-
oriented to reconstruct primary particles such as cosmic muons and their J-rays.
The starting point for object reconstruction is selected based on high y values in
the TPC. All hits produced from the low-level reconstruction are first processed
through the PandoraCosmic path to identify candidate cosmic-ray particles.
Hits associated with the identified candidates are subsequently removed before

processing with PandoraNu.

¢ PandoraNu: All remaining hits are then input into the PandoraNu algorithms.
These hits are clustered into topologically associated objects, known as “slices,”

based on their proximity and direction.

The reconstruction is handled with PandoraCosmic and PandoraNu streams sepa-
rately to isolate possible neutrino interactions from cosmic-ray activities. The output
of the Pandora reconstruction is a slice containing a collection of reconstructed objects
known as Particle Flow Particles (PFParticles). Each PFParticle is assigned a score
ranging from 0 to 1 to indicate whether it is track-like (score of 1) or shower-like

(score of 0), with the classification boundary set at a score of 0.5.

Charge and Energy Calibrations

LArTPCs can provide excellent calorimetry information, which is needed to construct
particle identification (PID), proper calibration of the detector’s calorimetric response
is necessary for the accurate PID. In MicroBooNE, the measured deposited charge per
unit length (dQ/dx), measured in ADC/cm, is first calibrated to convert it into the
deposited energy per unit length (dE/dx).
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The detector effects, such as the space charge effect, unresponsive wire regions, both
transverse and longitudinal diffusion, and quenching due to impurities, introduce
discrepancies between the amount of charge produced and detected. The calibration
for (dQ/dx) aims to mitigate these effects and ensure uniform detector response
across the entire volume. Cosmic muons are chosen as the calibration sample because
they span the entire detector volume. MicroBooNE stores correction maps that
account for all detector effects in a database, which are used for calibrations on an

event-by-event basis.

The absolute energy loss per unit length (dE/dx) can be calculated from the
calibrated (dQ/dx) using the modified box recombination model [187]:

dE o ¢ [exp(< dQ/dx >calibmtedﬂ _

Cax) = W Cw e >3

where C.; is a calibration constant to convert ADC to electrons, W, is the
work function of argon eugqals to 23.6 x107°® MeV/electron, ¢ = 0.273 kV/cm
is the MicroBooNE drift field, p = 1.38 g/cm? is the density of liquid argon at
pressure of 123.106 kPa. «,p’ are parameters of the model measured to be 0.212
(kV/cm)(g/cmz)(MeV”) and 0.93 [[158].

Calibration for (dE/dx) is performed using a sample of TPC-contained muons from
neutrino interactions. This sample is chosen because it is MIP-like, with (dE/dx)
being theoretically well understood [187], and because forward-going muons provide
plenty of hits on the collection wires. The calibration constant C.,; is determined by
comparing the most probable value (MPV) obtained from (dE/dx) measurements

with predictions derived from the Landau-Vavilov function [228].

Once the calibration is completed, the energy for tracks can be calculated from
(dE/dx) and the track length. For the proton used in the analysis in Chapter [6]

the energy resolution is estimated to be around 1-2% [229].

5.4.2 Light Signal Reconstruction

Similar to TPC signals, light reconstruction begins with the raw waveforms collected
from individual PMTs. First, the baseline of the raw waveform is calculated and
subtracted. Then, optical hits are reconstructed from the processed waveforms. By
clustering these optical hits in time, optical flashes are reconstructed. These flashes
represent optical activity across different PMTs associated with either neutrino or

cosmic interactions.
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Baseline Calculation

For waveforms outside the beam-spill window, the baseline is simply taken as the
first recorded ADC value. However, for waveforms within the beam-spill window,
where the baseline is not uniform, a local estimation algorithm is employed. The
algorithm is designed as follows: the waveform ADC values are looped through
and subdivided into small groups. The standard deviation (STD) of the ADC values
within each group is then calculated. A low STD indicates the absence of optical
activity in the region, thus establishing the baseline as the mean ADC value of the
group. In the region which has a high STD, the baseline is estimated through a
linear interpolation between the two neighbouring regions with low STD. Figure [5.9)

illustrates an example of the estimated baseline using this algorithm.
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Figure 5.9 The PMT waveform after the shaper in the late light region. The green
line shows the estimated Pedestal with the looping algorithm. Figure from
Reference [230].

Optical Pulse/Hit Reconstruction

Once the baseline of the raw waveform has been established, the ROI is determined
by identifying the area where the waveform exceeds a certain threshold. The
threshold is set at the area of 10 ADC, which is approximately 0.5 reconstructed
PE. Signals within this region are reconstructed as optical hits, also known as pulses.
The rising edge time of the pulse is recorded, and the integrated area of the pulse is

converted to photon-electrons (PEs) using the SER function.
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Flash Reconstruction

The flash reconstruction algorithm clusters reconstructed pulses from individual
PMTs if they occur within a close time window (100 ns), as illustrated in Figure @
Once coincident pulses are identified, an integration window of 8 wus is applied
to capture the late light component. Additionally, an 8 ps dead time window is
used to prevent another flash from overlapping with the late light pulse. If two
candidate flashes are reconstructed within this 8 ys window, the one with the higher
PE deposition is retained. The amount of PE, flash time, centre, and width of the

flash in the y and z directions are saved for the reconstructed flash object.

TPC
Tracks
0o 1 7 8 19 20 25 26
: 90 o0 (X 0
(] 3 9 10 15 22 28
4 . . . . 29 PMTs
® ;s - 1 12 23 24 0 31 @
0 o0 o0 o0
" Beam

Figure 510 The schematic diagram illustrates the flash reconstruction, with the blue
circles representing untriggered PMTs and the yellow circles representing
PMTs that detect the light. Figure from Reference ||

Light Reconstruction Performance

The fractional difference used to test the light reconstruction performance is defined

as:
PEtrue - PEreco

(PEtrue + PEreco)/z

Fractional Difference = (5.4)

where PE;,. is the number of PEs simulated and PE,,, is the number of PEs
reconstructed. The performance of the light reconstruction in MicroBooNE is shown
in Figure @ For all 32 PMTs, a good reconstruction resolution was observed,
although PMT 29 exhibited an unusual reconstruction resolution, and the reason for

it remains unknown.
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Figure 5.11 Fractional difference between the simulated and reconstructed PE per
MicroBooNE PMT.

5.4.3 Flash-matching to the Pandora-reconstructed Neutrino Interaction

The reconstructed optical and TPC activities are matched within a single triggered
event, ensuring that information from both systems are available for analysis.
In MicroBooNE, the probability of more than one neutrino interaction occurring
within the beam window is negligible, so the primary goal is to correctly match
the flash with the Pandora-reconstructed neutrino interaction. As illustrated in
Figure [5.12, the process begins with the reconstructed TPC candidates. The number
of photons incident on each photon detector is predicted using the fast optical
simulation, forming light hypotheses. By comparing these hypotheses with the actual
measurements, the flash and neutrino interactions are connected. The flash with the

best matching hypothesis is used to provide the timing of the neutrino interaction.
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Figure 5.12 The schematic diagram demonstrates the flash matching algorithm. The
PMTs are represented by circles, with the colour of each circle indicating
the number of detected photons. Yellow indicates the brightest PMT, while
blue indicates the darkest. The neutrino interaction is labelled in green,
while the cosmic is in red. The light hypothesis is matched with the PMT
measurements. Figure from Reference [230].

5.4.4 Particle ldentification

The mean energy loss per unit travel distance, (dE/dx), varies for different particles,
as discussed in Section In MicroBooNE, (dE/dx) is utilised for particle
identification (PID). This is achieved by comparing the measured (dE/dx) from a
reconstructed track, especially close to its end, to the predicted values for various
particle types. Therefore, high-ionising protons can be distinguished from less-
ionising muons and pions. However, separating muons from pions based solely
on (dE/dx) is extremely challenging. Figure illustrates a tool developed by
MicroBooNE based on (dE/dx), demonstrating the PID separation capability for the
MicroBooNE detector.
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Figure 5.13 Distribution of PID score P for neutrino-induced tracks. Figure from

Reference .

5.5 Summary

This chapter provided an overview of the simulation and reconstruction processes
for both the MicroBooNE and SBND detectors using the common suite LArSoft.
The simulation process was divided into several stages: event generation, particle
propagation, charge and light simulation, and detector simulation. The chapter
highlighted various methods of fast light simulation, which serve as essential

background knowledge for the light yield measurements described in Chapter 6|

The reconstruction process was primarily oriented towards the MicroBooNE detector.
It encompassed both charge signal reconstruction from ionised electrons and light
signal reconstruction from scintillation light. Charge reconstruction was divided into
two parts: low-level reconstruction and high-level reconstruction, with the Pandora
framework introduced for the latter. The chapter also covered the calibration of
charge signals. Furthermore, the flash-matching algorithm, which combines the
reconstructed charge and light signals, is needed to match the light and charge

signals. The PID tool developed by MicroBooNE was also introduced in this Chapter.
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Light Yield Measurement with
Isolated Protons in the
MicroBooNE Detector

This chapter describes a novel method for measuring the efficiency of light collection
in a LArTPC using the MicroBooNE detector. By utilising cosmic-induced isolated
protons, the light yield—calculated as the number of photon electrons per unit of
deposited energy—can be studied across the entire detector, enabling a position-
dependent light yield measurement. Two considerations of Rayleigh scattering length
(RSL) are simulated: one with 66 cm, which is the default setting for MicroBooNE
light simulation, and one with 100 cm, which is the most recent measurement,
commonly adopted by newer LArTPC experiments. In the future, this method can
be used to calibrate the light response in large-scale LArTPC detectors and to test

assumptions used in simulating scintillation light.

6.1 Previous Light Yield Decline Results from
Anode/Cathode Piercing Muons

The light yield was previously studied in MicroBooNE with anode- and cathode-
piercing cosmic muon rays. As shown in Figure [6.1} a significant decline in light
yield during the Run 2 period was observed, ranging from 25-45%. Additionally, a
difference in light yield between the anode and cathode planes was present after the

decline.
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Figure 6.1 The measured light yield over time for anode- and cathode-piercing muon
tracks is shown as black and red points, respectively. The calibration data
points, shown in blue, represent the average between the two results. Figure
from Reference [232].

The differences between the cathode and anode are challenging to quantify precisely
with muon tracks due to their diffuse nature as light sources. Therefore, "point-like”
sources are needed as they would be better suited for mapping the light yield at
various positions across the detector. Moreover, a better performance is expected
when comparing these results with simulations that use specific scintillation points.

This analysis uses isolated protons as such ”point-like” sources for the first time.

6.2 Analysis Dataset

6.2.1 Data Sample

A sample of cosmic-ray isolated protons was acquired by identifying events from
MicroBooNE off-beam cosmic data with interactions in the TPC that are in-
time with the unbiased PMT readout window. The Pandora pattern-recognition
reconstruction framework was employed to identify isolated interactions in each
event. MicroBooNE'’s flash-matching algorithms were further applied to isolate
interactions that are in-time with the unbiased PMT readout window. The entirety of
MicroBooNE’s off-beam dataset from the first three years of data-taking was utilised

for the analysis.
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MicroBooNE’s particle identification (PID) tools were used for the pre-selection of
isolated protons. Figure [6.2] shows the contribution from off-beam data specifically
in the range [-1, 0], which is dominated by proton-like tracks. For this off-beam
sample, a clear peak of proton-like events is observed, indicating the presence of
many proton-like tracks in the off-beam data that can be leveraged for the analysis.
After a simple preselection, an example of PMT waveforms after the shaper from a

proton candidate is shown in Figure|6.3|
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Figure 6.2 The distribution of the PID score for track-like particles in the MicroBooNE
off-beam data.
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Figure 6.3 An example of PMT waveforms after the shaper from a proton candidate in
the MicroBooNE off-beam data.
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6.2.2 Monte Carlo Samples

The Monte Carlo (MC) samples were generated with a single particle gun to produce
isolated protons and overlaid with cosmic rays from data to accurately reproduce
MicroBooNE’s busy cosmic environment. Protons were generated isotropically
within the detector volume, with kinetic energies ranging from a few MeV to 500
MeV, ensuring their track lengths are short enough to be considered "point-like.”
The parameters used for the MC simulation were chosen based on the data sample
and are listed in Section [5.2.2, A filter module was implemented to select proton
tracks fully contained within the detector, ensuring they meet the requirements
for track length and drift direction. This was done to retain tracks more likely
to pass the selections described in the next section and to improve the efficiency
of sample production. The filter module was applied after the GEANT 4 stage.
The simulation followed the standard MicroBooNE simulation chain, incorporating
detector simulation and reconstruction effects, enabling comparisons between data
and MC. Three fast optical simulation methods, including the MicroBooNE default
photon library with RSL 66 cm and the semi-analytical model with RSL of 66 cm and
100 cm, were used to generate the MC samples. For Run 1, samples of O(60k) protons

were generated, while for Run 3, samples of O(140k) protons were produced.

6.3 Event Selection

This section describes the selection process designed to identify point-like isolated
protons from MicroBooNE off-beam data for the light yield measurement. The
selection process is broken down into four stages, as shown in Figure [6.4] At each

stage, a cut-based selection is utilised. The selections include:

e Pre-selection: An initial filter to reduce the dataset.

¢ Fiducial volume selection: Ensures that the proton sample is contained within
the TPC.

* Track topology selection: A series of cuts to refine the sample and isolate the

desired proton events.

¢ Flash-matching quality: Ensures the quality and integrity of the selected

sample.
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The performance of the selections at each stage is summarised in Table |6.1{for Run 1
and Table |6.2/for Run 3. It is worth noting that the MC samples have better selection
efficiencies because the simulation only included protons with tailored parameters,

whereas this is not the case for the data.

Figure 6.4 A schematic diagram showing the event selections.

Data MC photon library | MC semi-analytical model | MC semi-analytical model
(RSL 66 cm) (RSL 66 cm) (RSL 100 ¢cm)
Reconstructed tracks 840435 (100.000 %) | 59832 (100.000 %) 56998 (100.000 %) 60901 (100.000 %)

Pre-selection
Fiducial volume selection
Track topology selection
Flash-matching quality

1550 (0.184 %)
1106 (0.132 %)
611 (0.073 %)

595 (0.071 %)

18414 (30.776 %)
18035 (30.143 %)
13172 (22.015 %)
12786 (21.370 %)

17773 (31.182 %)
17346 (30.433 %)
12604 (22.113 %)
12218 (21.436 %)

18816 (30.896 %)
18382 (30.183 %)
13441 (22.070 %)
13059 (21.443 %)

Table 6.1 A summary of the number of Run 1 selected events (efficiency) per stage of
the selection for data, MC using photon library, MC using Semi-analytical

model with RSL assumption of 66 cm, MC using Semi-analytical model with
RSL assumption of 66 cm.

Data

MC photon library

(RSL 66 cm)

MC semi-analytical model
(RSL 66 cm)

MC semi-analytical model
(RSL 100 cm)

Reconstructed tracks
Pre-selection
Fiducial volume selection
Track topology selection
Flash-matching quality

2.27%10° (100.000 %)

4754 (0.210 %)
3484 (0.154 %)
1975 (0.087 %)
1858 (0.082 %)

136079 (100.000 %)
42444 (31.191 %)
41611 (30.579 %)
30332 (22.290 %)
29530 (21.701 %)

136197 (100.000 %)
42364 (31.105 %)
41512 (30.479 %)
30263 (22.220 %)
29466 (21.635 %)

130438 (100.000 %)
41363 (31.711 %)
40544 (31.083 %)
29603 (22.695 %)
28872 (22.135 %)

Table 6.2 A summary of the number of Run 3 selected events (efficiency) per stage of
the selection for data, MC using photon library, MC using Semi-analytical

model with RSL assumption of 66 cm, MC using Semi-analytical model with
RSL assumption of 66 cm.

6.3.1 Pre-selection

The first stage of the selection process utilises the Pandora reconstruction frame-
work [226] to identify isolated proton tracks in a MicroBooNE readout event. The
pre-selection aims to remove tracks that are definitely not protons and to identify
isolated tracks for subsequent selection stages. The tracks after pre-selection will be

referred to as candidates in the following sections. The pre-selection criteria are:

e One in-time track: One Pandora-identified interaction (”slice”) matching an in-
time PMT scintillation flash is required. Additionally, only one reconstructed

track in the slice is identified.
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e PID score cut: The PID score for the pre-selected reconstructed track must be
below -0.3. The PID score is used to classify particles, with scores closer to -1
indicating the track is more proton-like and scores closer to +1 indicating the

track is more muon-like.

Event Handscans

After pre-selection, a subset of events was visually scanned to verify if these events
represent truly isolated protons. The results indicate that the majority of event
displays are indeed isolated protons. An ideal candidate of reconstructed proton
track is illustrated on the left side of Figure However, there are still some events
where either the track is across the detector boundary or long, as shown separately
in the middle and right panels of Figure These types of events will not be useful

for the final analysis and therefore need to be excluded.

HBOONE _

pBooNE _

Run 7389 Subrun 14 Event 725 i Run 7391 Subrun 274 Event 13707
m .

—_— Run 7391 Subrun 306 Event 15312

Figure 6.5 Three event displays of candidate tracks after preselection. On the left is
a good candidate for this analysis. The middle display shows a candidate
that should be rejected due to its penetration of the detector border. The
right display depicts a candidate track that needs to be rejected because of
its excessive length.
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6.3.2 Fiducial Volume Selection

Event hand-scans have shown that some tracks penetrate the border of the detector,
making these tracks incomplete and potentially leading to misidentification as
proton-like tracks, as shown in the middle of Figure[6.5, To reject these events, the
reconstructed vertex and endpoint positions associated with candidates are required
to lie within the fiducial volume of the detector. Additionally, since the photon library
voxelises the detector, precautions are taken to ensure that the cut does not intersect
a voxel boundary. Therefore, the vertex and endpoint positions are required to be
at least 12.375 cm away from the border of the active volume in the x-axis, 10.49 cm
in the y-axis, and 11.5941 cm in the z-axis, with the values stemming from the voxel

size.

6.3.3 Track Topology Selection

The track topology selection involves a series of cuts aimed at selecting point-like
proton candidates for the light yield calculation. The first criterion is to exclude
candidates with very long track lengths. Figure[6.6|illustrates the distribution of track
lengths for the proton candidates, which, while predominantly short, can extend up
to 100 cm in maximum length. However, since these lengths exceed typical proton
track lengths and point-like sources are targeted to avoid diffuse sources like muons,
we define our “point-like” tracks as having a track length below 30 cm. Additionally,
given the expected strong variation in light yield with drift distances, the projection

of the track length in the drift direction is limited to less than 10 cm.

Furthermore, the chosen bin size for plotting is 30 cm along the drift distance to
match the track length ranges of proton tracks under investigation. To maintain the
integrity of our analysis and prevent photon tracks from spanning multiple bins, we
impose an additional criterion: the tracks we consider must remain confined within

a single bin, which has a width of 30 cm.
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Figure 6.6 The distribution of track lengths of proton candidates in MicroBooNE off-
beam data. The dashed line demonstrates the chosen selection.

6.3.4 Flash-Matching Quality

A combination of TPC and light information in the detector is used to assess the flash-
matching quality. This selection calculates the distance between the reconstructed
light flash centre and the midpoint of tracks reconstructed by Pandora. The distance
is required to be smaller than the flash width in the beam direction to confirm that
photons are generated from the reconstructed track. Due to the limited number of
rows in PMT layouts, as shown in Figure[4.9} a similar cut is not applied in the vertical

direction.

Additionally, outlier events for calculated light yield are observed in the data and
could potentially be related to mismatched events. To understand the outliers, the
distance between the midpoint of tracks and the flash centre is calculated in the
y-z plane. Mismatched tracks will have larger distances between the TPC and the
flash position, subsequently becoming outliers in the PE distribution. As shown in
Figure 6.7} the majority of the outliers are mismatched events. Therefore, a distance

requirement of 160 cm is applied to remove these mismatched events.
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Figure 6.7 The distributions of the distance between the midpoint of the TPC track and
the flash centre in the y-z plane for normal tracks and outlier tracks. The
dashed line represents the chosen selection.

6.4 Samples after Selection

The overall performance of the selections is shown in Table [6.1| for Run 1 and
Table for Run 3. In the data, 595 events are selected in Run 1 and 1,858
events in Run 3, which are sufficient for our further measurement of the light yield.
Figure M shows the distributions of midpoints in the x, y, and z directions for
selected proton candidate tracks in the MicroBooNE off-beam data. As expected,
the proton candidates cover the entire range along the x-direction, with a higher
distribution in the upper y-range because our sample comes from cosmic rays.
For all three directions, the decreases in the first and last bins were due to the
fiducial volume cut. The dips at small z values and around 700 cm are due to the
difficulty in reconstructing “point-like” tracks in regions of the collection plane with
unresponsive wires, as described in Section & For the selected proton candidates,
the reconstructed kinetic energies in the data sample are shown in Figure [6.9, with

the majority of proton candidates having kinetic energies around 100 to 150 MeV.
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Figure 6.8 The distributions of proton candidate midpoints in (a) x-direction, (b) y-
direction, and (c) z-direction in the MicroBooNE Run 1 and Run 3 off-beam

data.
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Figure 6.9 The distribution of the proton reconstructed kinetic energy in the
MicroBooNE off-beam data.

6.5 Note on the Choice for the Statistical Uncertainty

In this analysis, we aim to measure the light yield across the detector as a function
of position. For the statistical uncertainty, two options could be considered: the
standard deviation and the standard error. The standard deviation is typically used
to describe the dispersion within a dataset and helps understand the variation of
the sample. The standard error, on the other hand, measures the precision of the
sample’s mean estimation. For this analysis, the standard error has been used as the
statistical uncertainty, as the objective is to measure the light yield at a given position,

focusing on the mean value and the accuracy of the mean value.

6.6 Total Light Yield Measurement (Statistical-only
Uncertainty)

With the selected proton candidates, a position-dependent light yield measurement
can be performed. In this section, we introduce the total light yield as a function of
drift position. The total light yield is calculated as the number of reconstructed flash
PEs from all PMTs divided by the energy deposited by the protons. The total light
yield was determined in the same way for both data and MC samples, and the results

were compared to assess the agreement.
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For this analysis, both Run 1 and Run 3 data were used. Three simulation approaches
for the light simulation were used for comparison with the data: the default photon
library with an RSL assumption of 66 cm, and the semi-analytical model developed

by the author with two different RSL assumptions: 66 cm and 100 cm.

For the reconstructed flash PE, MicroBooNE employs a series of calibrations. The first
is the PMT gain calibration, as each PMT has a different gain value during operation,
while the reconstruction assumes a fixed value. The second calibration addresses the
light-yield decline, using the average values between the anode and cathode results
from cosmic muons, as indicated by the blue points in Figure [6.1] For this analysis,
reconstructed PEs both before and after the light-yield decline calibration were used

to independetly verify the effect of the calibration.

In this section, we first discuss the total light yield in an ideal detector where the
photon detectors are evenly distributed, with results presented in Section|6.6.1} Then,
the total light yield results from data using the actual MicroBooNE detector setup are
compared with all three MC samples for both Run 1 (see Section|6.6.2) and Run 3 (see
Section [6.6.2). Finally, the measured total light yield for the MicroBooNE detector
from Run 1 and Run 3 data will be compared to previous results obtained using

cosmic muons, as shown in Section |6.6.3

6.6.1 Total Light Yield along the Drift Direction in an Ideal Detector

The coverage for the photon detectors in MicroBooNE is calculated to be around 0.9%,
and the sparse distribution of the PMTs can cause large fluctuations. To address
this, we aim to measure the light yield under the ideal assumption of a uniform
distribution of the photon detectors. Thus, a series of total light yield plots in the y-z
plane, varying with different drift positions, were generated to understand the non-
uniformity of the light yield caused by the positioning of the photon detectors. The
top left plot of Figure [6.10, focusing on the range 10 cm < x < 40 cm, demonstrates
that the total light yield varies significantly depending on the relative position to the
photon detectors. Therefore, a hexagonal cut, as illustrated in the top right plot of
Figure [6.10, is applied to select the brighter region and construct an ideal scenario
data sample with a uniform distribution of the light yield. As one moves away from
the detectors in the drift direction, specifically when x > 100 cm, the light yield
becomes approximately uniform in the x-y plane. Therefore, the hexagonal cut is
only applied up to a drift position of x = 100 cm. Appendix |A| presents additional

total light yield maps across varying drift distances.
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Figure 6.10 (a) the total light-yield map in the y-z plane for 10 cm < x < 40 cm,
showing drastic variations in light yield based on the relative position to
the PMTs. (b) the brighter region is selected to form the uniformity of the
light yield. (c) the total light-yield map in the y-z plane for 100 cm < x <
130 cm, where the light yield is approximately uniform.
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After applying hexagonal cuts, an “ideal” detector setup with reasonably uniform
light-yield distribution is achieved. Due to the loss of a PMT in Run 3, only Run 1
data are used for this study. The total light yield is measured as a function of drift
distance. As shown in Figure [6.11, there is a strong position dependence of light
yield across the drift distance. The results demonstrate that, for all three simulation
approaches, the MC simulations generally align well with the data across the entire
drift direction. Both the photon library and the semi-analytical model, under the
same RSL assumption, yield similar results. For larger drift distances (x > 160 cm),

an RSL of 100 cm shows slightly better agreement with the data.
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Figure 6.11 Total light yield as a function of different positions along the drift direction,
for (a) photon library, (b) semi-analytical model with 66 cm RSL, and (c)
semi-analytical model with 100 cm RSL in an ideal detector.
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6.6.2 Total Light Yield along the Drift Direction in MicroBooNE

The previous section presented the hexagonal cut used to select a region with a
uniform light yield, creating an ”ideal” detector setup. However, in reality, to
measure the light yield in the MicroBooNE detector, this hexagonal cut needs to

be removed.

Run 1

The measured light yield from Run 1 is compared with three different MC samples,
and the results are shown in Figure [6.12. The photon library and the semi-analytical
model display similar light yield predictions in the MC assuming the same RSL.
The MC exhibits good agreement with the data, except for the first bin when the
scintillation points are closest to the PMTs in the drift direction. This discrepancy
arises due to the challenges in modeling the large offset angle and the drastic change
in light yield for smaller drift distances, as discussed in Section 6.6.1} The data to MC
comparison returns to around 1 once the scintillation points in line with the PMTs
are selected, as shown in Figure @ Notably, for larger drift distances, a RSL of 100
cm demonstrates slightly better agreement with the data, similar to what was found

in the ideal detector case.

Run 3

For Run 3, the light yield decline for both data and simulation is removed by
calibration. The results from the data are again compared with three different MC
samples, as shown in Figure[6.13. The photon library and the semi-analytical model
with the same RSL assumption continue to produce similar results. For shorter drift
distances, all three simulation methods predict light yield results that in a good
agreement with the data. For larger drift distances (x > 130 cm), the 100 cm RSL
shows significantly better agreement with the data. It is worth noting that overall,
the MC sample with 100 cm RSL has a very good agreement with data across the

whole drift direction.
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Figure 6.12 The Run 1 measured total light yield as a function of the drift position
compared with (a) photon library, (b) semi-analytical model with 66 cm
RSL, (c) semi-analytical model with 100 cm RSL.
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6.6.3 Total Light Yield Decline and its Calibration in MicroBooNE

The total light yield is measured using both Run 1 and Run 3 off-beam data. As
illustrated in the left panel of Figure [6.14, a decline in light yield from Run 1 to
Run 3 is observed, consistent with results obtained from cosmic muons. The ratio of
this decline, depicted in the bottom panel of the left Figure [6.14, remains relatively
constant (~ 0.6) across the entire drift distance. Unlike the results from the cosmic
muon sample, the isolated proton sample shows no significant position dependence
of this decline. However, the constant ratio is similar to the calibration value used in
MicroBooNE, as shown in Figure M

The total light yield from Run 3 after calibration is compared with that from Run 1.
As shown on the right of Figure [6.14, the calibration effectively cancels the light
yield decline, equalising the total light yield ratio between Run 1 and Run 3 to
approximately 1. The first bin highlights the challenges of reconstructing the non-
linear response region with high light intensities in Run 1, which leads to over-
reconstruction of light. Conversely, in the last bin, where the proton candidates are
further from the detector, the results demonstrate less agreement, could be related to

the challenges of reconstructing light at low intensities.
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Figure 6.14 (a) Measured total light yield as a function of the drift position, for Run 1
(in black) and Run 3 (in red), respectively. (b) The measured total light
yield in Run 1 (in black) and the total light yield in Run 3 (in red) after
calibration.
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6.7 PMT-by-PMT Measurement (Statistical-only
Uncertainty)

In the previous sections, we presented the total light yield results as a function of drift
distance. A non-uniformity in the light yield is observed as one moves away from the
PMTs. The drift distance, being a one-dimensional projection of the absolute distance
from the scintillation point to the PMTs, can result in a variety of event configurations
with significantly different light yields for the same projected distance. For example,
events close to the PMTs with a small offset angle and events further away with a
large offset angle can both have similar drift distances, but very different light yields
making the light yield predictions difficult. To study the distance dependency more
accurately, we introduce the absolute distance as a new variable in the analysis. To
facilitate this, the reconstructed flash PEs are allocated to individual PMTs, allowing
for PMT-by-PMT measurements. This method not only identifies the contributions
from each PMT but also significantly increases the number of measurements, thereby

enhancing the statistical robustness of the dataset.

For the PMT-by-PMT measurement, the light yield results are calculated for each
individual PMT, and the correlation as a function of absolute distance is studied.
These results, derived from Run 1 and Run 3 data, are compared separately with
three MC samples: the photon library and the semi-analytical models with RSL
assumptions of 66 cm and 100 cm. Detailed comparisons between the data and the
MC samples are presented in Section [6.7.1] and Section|6.7.1]

6.7.1 Light Yield as a Function of Distance in MicroBooNE
Run 1

The light yield for each PMT at a given distance is calculated using data from selected
proton candidates in Run 1. As expected, the light yield decreases significantly
with increasing distance. The comparisons between the data and MC simulations
are depicted in Figure|6.15. Both the photon library and the semi-analytical model,
employing the same RSL assumptions, yield similar results. At shorter distances, the
MC simulations generally align well with the data. However, for absolute distances
greater than 240 cm, the semi-analytical model with an RSL of 100 cm exhibits a

better agreement with the data.
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Figure 6.15 Light yield as a function of the drift distance for Run 1 data, comparing
with (a) photon library, (b) semi-analytical model with 66 cm RSL, and (c)
semi-analytical model with 100 cm RSL.
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Run 3

Similarly, the individual light yield from Run 3 data is measured and compared with
the three MC samples. All three MC samples yield predictions similar to the data
at shorter distances (< 130 cm). Conversely, only the MC sample using a 100 cm
RSL assumption shows good agreement with the Run 3 data across larger distances
to the PMTs. However, similar to Run 1, a slight excess was also observed at large
distances in the MC sample with 100 cm RSL, though it was much smaller than in
the 66 cm RSL case. Therefore, testing a slightly larger RSL assumption in the future

could potentially help achieve better agreement with the data.
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Figure 6.16 Light yield as a function of the drift distance for Run 3 data, comparing
with (a) photon library, (b) semi-analytical model with 66 cm RSL, and (c)
semi-analytical model with 100 cm RSL.
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6.8 Systematic Uncertainties

Up to now, only statistical errors have been considered. To calculate the systematic
errors, we first employ the baseline simulation, also referred to as the Central Value
(CV) sample, which represents the simulation using nominal parameter values. For
the systematic error calculations, the MC sample with the 100 cm RSL assumption
has been chosen as the CV sample for this analysis. The systematic uncertainties for
the other two MC samples are expected to yield similar results for the systematic
uncertainty sources considered in this analysis, therefore we apply calculations only

once.

The systematic uncertainties are calculated using the unisim technique, which
involves modifying the input assumptions of the simulation one by one and
observing how these variations affect the results. This evaluation is carried out
through a method known as sample re-simulation. In this approach, the nominal
value of a parameter is varied by =10, and the modified parameter is used to generate
anew MC sample. The effect of this variation is measured by the fractional difference,
and the systematic uncertainties are then determined by summing these differences

in quadrature. The formula for calculating the systematic uncertainty is defined as:

2
params /' rym LYCV
Osyst. = Z (ll ’ (61)
LYiCV

n

where LY is the light yield value of the ith bin for each detector variation samples,
and LYF is the light yield value of the ith bin calculated with the CV sample.

Uncertainties in modelling the detector response are considered the systematic
uncertainties for this analysis. Specifically, all TPC-related detector variations
related to the space charge effect, recombination, and wire response simulation are
considered. For all variations, samples with 10 times larger statistics were generated

for the evaluation of systematic uncertainties.

6.8.1 Space Charge Effect

The space charge effect (SCE) results from distortions in the electric field due to the
accumulation of Ar™ ions, as described in Section For this analysis, the SCE

could potentially impact the energy and position reconstruction of protons.
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In MicroBooNE, the SCE is modelled using distortion and correction displacement
maps derived from through-going cosmic rays [165]. Additionally, displacement
maps are generated with the laser calibration system in MicroBooNE [233]. Since
the trajectory of the laser is precisely known, corrections for each point along the

trajectory can be applied, allowing for accurate calculation of displacement maps.

Laser calibration data is used to estimate the residual uncertainty in the SCE
modelling. By comparing displacement maps obtained from laser calibration data
(a combination of cosmic and laser data) with those derived solely from cosmics, the
bias can be evaluated. This bias is taken as an estimate of the uncertainty in the
SCE modelling. The detector variation sample is produced using displacement maps

where the laser track trajectory is unbiased.

6.8.2 Recombination

As described in Section MicroBooNE uses the modified box recombination
model to estimate the energy loss per unit length dE/dx from the charge deposition
per unit length dQ/dx. The modified box recombination model is expressed in
Equation[5.3] For the parameters « and f/, the baseline simulation uses values derived
by the Argon Neutrino Teststand (ArgoNeuT) experiment [158]. MicroBooNE also
fit the model using a sample of protons from beam-on data [187]. Differences in
the parameters used for the box recombination model can impact the accuracy of
the recombination effect calibration, thereby affecting the energy reconstruction for
this analysis. To assess the uncertainties due to different assumptions of the model
parameters, a detector variation sample is produced using the parameters obtained

from this fit.
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6.8.3 Wire Modifications

Differences in modelling the wire response can affect both energy and position
reconstruction in this analysis. The wire response to the ionised charge depends
on various effects modelled in the simulation, such as recombination, diffusion, and
non-responsive wires. To estimate the uncertainties in the simulated wire response,
a data-driven approach is used, leveraging MicroBooNE beam-off data and the
cosmic simulation sample generated by CORSIKA [223]. The differences in wire
waveforms between the data and the simulation (data/MC ratios) are derived, and
the dependence of these differences on the position X, YZ and the direction 0xz, Oxy
of the reconstructed hits is measured. Here, X represents the drift position, YZ
represents the 2D coordinate in the plane perpendicular to the drift direction, and
fxz and Oxy are the angles of the reconstructed direction with respect to the drift and
wire directions, respectively [234]. The detector variation sample is then produced by
modifying the wire response waveforms based on these ratios as a function of these

relevant variables.

6.8.4 Results

Systematic uncertainties are calculated for both the total light yield versus drift
distance and the light yield versus absolute distance. Figures [6.17 and [6.18
provide breakdowns of the fractional detector variation uncertainties for light yield
measurements from Run 1 and Run 3, respectively. By using Equation [6.1} the overall
systematic uncertainties for both analyses are derived. In general, the systematic

uncertainties are found to be small, less than 3% in both cases.

6.9 Final Light Yield Results

6.9.1 Total Light Yield Results

Systematic and statistical uncertainties are combined in quadrature to obtain the total
uncertainty. Figures [6.19 and [6.20 present the total light yield results with combined
uncertainties across different drift distances for Run 1 and Run 3, respectively. In this
analysis, since the systematic uncertainties are calculated to be within 3%, the error
bars do not significantly change when combined with statistical uncertainties. For
both Run 1 and Run 3 data, the MC results with a RSL of 100 cm consistently show

better agreement with the data.
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Figure 6.17 Breakdown of fractional difference for detector variation uncertainties for
total light yield against drift distance for (a) Run 1 and (b) Run 3. The
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Figure 6.19 Run 1: Total light yield as a function of the drift distance for (a) photon
library, (b) semi-analytical model with 66 cm RSL, and (c) semi-analytical
model with 100 cm RSL, combined statistical and systematic errors are
shown in these plots.
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Figure 6.20 Run 3: Total light yield as a function of the drift distance for (a) photon
library, (b) semi-analytical model with 66 cm RSL, and (c) semi-analytical
model with 100 cm RSL, combined statistical and systematic errors are
shown in these plots.
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6.9.2 PMT-by-PMT Measurement Results

Similar to with the total light yield results, the overall uncertainties are calculated
by combining statistical and systematic uncertainties in quadrature. Figures [6.21
and [6.22 present the individual light yield results as a function of absolute distance
with combined uncertainties for Run 1 and Run 3, respectively. For larger distances,
the larger uncertainties arise from error propagation, as the mean values are very
small (close to zero). Overall, across both datasets, simulations implementing a RSL

of 100 cm consistently show better agreement with the observed data.
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Figure 6.21 Run 1: Individual light yield per PMT as a function of the distance for (a)
photon library, (b) semi-analytical model with 66 cm RSL, and (c) semi-
analytical model with 100 cm RSL, combined statistical and systematic
errors are shown in these plots.
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6.10 Statistical Test for the Different RSL Assumptions

As discussed in Section [3.2.2} the measured and theoretically predicted RSLs range
from 50 cm [147, 148] to 110 cm [149]. MicroBooNE uses 66 cm as the default. The
most recent measurement reports a value of 99.1 £ 2.3 cm for argon scintillation light,
leading to 100 cm being commonly adopted by other LArTPC detectors. Therefore,
for this measurement, both assumptions are used for simulation. By comparing
the simulated light yield results to the measured light yield, we can attempt to
determine a preferred Rayleigh scattering length for MicroBooNE. So far, the 100
cm RSL shows better agreement when comparing data to the MC. To quantify the
preference properly, a Chi-square test is chosen using the ratio plot (data/MC).

6.10.1 Definition of Hypotheses

To perform the Chi-square test, it is essential to establish a null hypothesis. In this
analysis, where we are comparing the ratio of experimental data to MC simulations,
the null hypothesis is that the ratio = 1 for the different bins in the PMT-by-
PMT measurements. This hypothesis assumes that there is no significant difference
between the observed data and the MC predictions, implying that any deviations

observed are due to random fluctuations rather than systematic discrepancies.

6.10.2 Chi-square Goodness-of-Fit Test and p-value Calculation

The Chi-square is calculated to quantify the discrepancy between the measurement
and the hypothesis to test the goodness-of-fit. The Chi-square for this analysis is
defined as:

(6.2)

where r; is the calculated ratio in each bin, ¢; is the propagated error for each bin,
1 is the hypothetical ratio value. The number of degrees of freedom is calculated
as the number of bins minus 1. With the calculated Chi-square value and degrees
of freedom, the p-value representing the probability to observe the computed Chi-
square value can be determined based on the Chi-square distribution. The predefined

threshold value « for the p-value test is set to be 0.05.
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6.10.3 Results

The individual light yield per PMT as a function of the absolute distance has been
selected for the statistical test, as this distance provides the highest accuracy. Both
Run 1 and Run 3 data are used to determine the RSL preference in the MicroBooNE
detector. The results of the statistical tests are presented in Table 6.3

MC sample x>/d.o.f | p-value
Photon library, RSL 66 cm 2.55 1.6e-3
Run1 | Semi-analytical model, RSL 66 cm 2.68 8.8e-4
Semi-analytical model, RSL 100cm 0.68 0.78
Photon library, RSL 66 cm 9.00 8.0e-19
Run 3 | Semi-analytical model, RSL 66 cm 9.03 6.7e-19
Semi-analytical model, RSL 100cm 1.88 0.03

Table 6.3 Statistical test results for Run 1 and Run 3 using individual light yield results.
The best goodness-of-fit result is highlighted in the bold font.

For Run 1, the statistical test results show that the semi-analytical model with a
100 cm RSL assumption yields the lowest x? value and a p-value greater than 0.05.
This suggests that the null hypothesis cannot be excluded and that the 100 cm RSL
model aligns well with the data. In Run 3, the semi-analytical model with a 100 cm
RSL also has the lowest x? value, but its p-value is less than 0.05, indicating some
discrepancy between the simulation and the data. Nevertheless, among the three
simulation scenarios, the 100 cm RSL consistently provides the best fit, as evidenced
by its lowest x? values. For future work, different RSL values, potentially longer ones,

could be evaluated to determine which provides the best fit to the data.

6.11 Summary and Outlook

Scintillation light provides both trigger and timing for neutrino interactions in the
LArTPC detector. Therefore, understanding the detector response to the light signal
is crucial. This chapter introduces a position-dependent light yield measurement
using point-like isolated protons. The cosmic-induced proton sample maps the entire
detector volume, with the point-like topology allowing precise quantification of the

detector response within the detector.
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In this analysis, we tested two different fast optical simulation methods: the photon
library and the semi-analytical model. Due to the size of the detector and the number
of photon detectors in MicroBooNE, both methods produced consistent results under
the same physics assumptions. We also tested two Rayleigh scattering lengths: 66 cm,
the default value for MicroBooNE, and 100 cm, the most recent measurement. Results
demonstrate that a 100 cm Rayleigh scattering length provides a better agreement
with the data for the MicroBooNE detector.

This analysis can be extended to other LArTPC detectors, such as SBND and DUNE.
For underground detectors, the sample can be switched to beam-induced protons
produced by neutral current interactions. Moreover, by comparing simulations with
different combinations of physics parameters, such as Rayleigh scattering length and
absorption length, preferences for these values can be established. This method can
also be employed to test simulation performance. A paper detailing this method is

Currently in preparation.
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The SBND Cosmic Ray Tagger
System and the SBND CRT Beam

Telescope Detector Setup

To effectively address the cosmic background, the CRT system has been specifically
designed as an auxiliary detector element of SBND to identify and mitigate cosmic
muon backgrounds, thereby facilitating the detection of neutrino interactions within
the TPC. This chapter will describe the design of the CRT system and the hardware
setup for the CRT system. In addition, a special, CRT-only setup, the SBND CRT

Beam Telescope, will be introduced, together with the details about its data collection.

7.1 Cosmic Ray Tagger Design

As shown in Figure [7.1} seven CRT planes are designed to surround the detector,
providing approximately 47 coverage. Since cosmic rays entering from above are
significantly more abundant than those entering from any other side of the detector,
the pair of walls on the top are placed to maximise the coincidence of the top-down

cosmic rays and form a telescope setup to maximally mitigate them.

This section will describe the design of the CRT system, beginning with the most
basic unit, the scintillating strips, progressing to the scintillating plane, and finally

detailing the designed coincidences to tag cosmic activities.
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Figure 7.1 The arrangement of the 7 Cosmic Ray Tagger (CRT) planes, depicted in light
green, is shown surrounding the SBND cryostat, which is illustrated in dark
yellow.

7.1.1 Scintillator Strip

The basic unit of the CRT system is the scintillating strip, made from a polystyrene-
based material called USMS-03, with a mixture of 1.5% diphenylbenzene (PTP) as
the activator molecule. The wavelength shifter material (WLS) used is bis(5-phenyl-
2-oxazolyl)benzene (POPOP), added at a 0.04% level. This composition formula has

been well-established for plastic scintillators over the past 50 years.

The scintillator emits photons up to a wavelength of 430 nm, and the bulk attenuation
length is measured to be longer than 7.5 cm [133]. In order to achieve effective and
uniform collection, WLS fibres (Kuraray Y11(200)M, 1 mm diameter [@]) are used
to guide the scintillation light to photosensors and are glued into grooves along the
long edge of the scintillator strips, as shown in Figure The absorption peak of
the WLS fibres is located at 430 nm and the emission peak is at 476 nm. To trap the
scintillation photons within the strips, the surface of the scintillator strip is coated
with a highly reflective white layer. Additionally, reflective aluminised Mylar tape
is used to cover the WLS fibres to reduce photon losses and provide the mechanical

protection for the fibres.
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Figure 7.2 The scintillation strips with the wavelength shifter fibres glued along
the long edges. The wavelength shifter fibre is used to guide the light
transportation to the detector. Figure adapted from Reference ||

Hamamatsu S12825-050P [236] silicon photomultipliers (SiPMs) were chosen to detect
the scintillation light, with a peak sensitivity wavelength at 450 nm. Compared to
commonly used PMTs, SiPMs are more compact, have higher detection efficiency,
and require significantly lower operating voltages (typically tens of volts compared
to hundreds of volts for PMTs). However, SiPMs suffer from a high rate of
spontaneous discharge (“dark noise”) when operating above cryogenic temperatures.
The scintillator strip is designed to have one SiPM per WLS fibre (two SiPMs per
strip). By requiring the coincidence between two SiPM, the intrinsic dark noise from

SiPMs can be mitigated.

7.1.2 Scintillator Module and X-Y Coincidence

As illustrated in Figure a group of 16 scintillator strips are mechanically bonded
to form the scintillator module using a 0.1 mm thick double-sided adhesive layer.
The strips are arranged side by side with a gap of less than 0.2 mm, all enclosed
within a protective aluminium case. The case has a thickness of 2 mm and ensures

the required mechanical stability of the modules.

The scintillator modules are further arranged in two layers oriented orthogonally
to form the CRT walls, as shown in Figure [7.4, The coincidence between these
two orthogonal layers is normally referred to as the X — Y coincidence. In this
configuration, a charged particle will deposit energy and trigger at least one strip
per module, allowing the 2D position of the interaction to be reconstructed using the

X — Y coincidence.
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Figure 7.3 (a) Left: CRT modules with a protective aluminium case. Right: Inside the
aluminium case, 16 scintillating strips are assembled together (b) with 32
pin pairs for readout electronics and SiPM connections from the module
to readout electronic, along with four spare pin pairs. Figures from

Reference || .
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Figure 7.4 Two orthogonal layers of CRT modules for X — Y coincidence.
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7.2 Front-End Electronics

The Front-End Board (FEB) is a multi-functional electronics module specifically
designed as the readout for one scintillating CRT module (16 scintillating strips).

The functionalities implemented in the FEB are summarised below [238]:

¢ Provides individual bias adjustment for each of the 32 SiPMs in the range of
40-90 V (extendable to 20-90 V).

* Amplifies and shapes the output signals of the photosensors, and digitises the

signal amplitudes for each of the 32 channels.

¢ Performs signal discrimination of shaped signals at an adjustable level from 0

to 50 photoelectrons.

* Provides coincidence of signals from each pair of adjacent channels to form a

two-SiPM coincidence (optional).
* Generates a primary trigger for all 32 channels in one module.

* Generates an event trigger with external signals from another module to when

the X — Y coincidence is satisfied.

* Produces a timestamp relative to the input reference pulse with a precision of
1.3 ns.

¢ Offers built-in data buffering.

* Enables efficient back-end communication using the 100 Mbps Ethernet stan-
dard.

* Enables firmware upgrades through the back-end Ethernet link.

The basic design of the FEB is shown in Figure [7.5, The top side of the board
includes a 32-pin SiPM connector (between module and FEB), while the bottom
side contains a power connector, two Ethernet ports, and four LEMO connectors
for reference and control signals. A CITIROC 32-channel ASIC chip [239] amplifies
and shapes analogue signals from the SiPMs. The FPGA chip establishes the basic
input coincidence and event triggering logic. The CPU is used to initiate the readout

cycle and send reset signals.
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Figure 7.5 General design of the Front-End Board [238]. T1 and TO are two
independent timing reference input. TIN is a validation pulse input. TOUT
is a trigger output.

Analogue signals from 32 SiPMs are first processed by the CITIROC chip. Within the
CITIROC chip, each channel passes through a charge amplifier with a configurable
gain value and a dynamic range of 1 to 2000 photoelectrons. The CITIROC chip

provides two shaper modes:

* Fast shaper mode: This mode has a peaking time of 15 ns and is used to

determine the primary trigger.

* Slow shaper mode: This mode has a configurable peaking time between 12.5
ns and 87.5 ns, and is used for the proper readout during analogue output

generation and processing.

7.2.1 Trigger Design

The fast-shaped signals from the 32 channels are routed to the XILINX Spartan-6
FPGA chip []24_0], which handles the coincidence and triggering logic. Each pair of
SiPMs from the same strip is processed using an AND logic gate to form the two-
SiPM coincidence signal. This signal is then subjected to an OR logic gate, which
combines the results from 16 strip signals. Specifically, for the two-SiPM coincidence,
the FPGA first checks if the amplitude of the input pulse from one SiPM exceeds a
predefined threshold. If this condition is met, the FPGA then looks for a simultaneous
signal from the adjacent SiPM. If the adjacent SiPM does not detect a signal, the FEB
does not generate a primary trigger, as illustrated in the first event of Figure
Conversely, if the coincidence condition is satisfied, meaning both SiPMs in the pair
detect signals within the specified time frame, the FEB will generate a primary trigger.
This trigger initiates the process by sending a HOLD signal to the ASIC Sample-and-
Hold (S/H) circuit to capture and hold the signal for further processing.
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Figure 7.6 Timing diagram for the trigger circuit. The lack of coincidence in the
first event fails to produce a trigger and therefore no signal is sent to the
Sample-and-Hold (S/H) circuit. The second event creates a trigger because
of the coincidence between ch0 (red) and chl (blue). Once a trigger is
formed, a HOLD signal will be sent to the S/H circuit. Figure adapted

from Reference Il .

The primary trigger signal is sent out by the CPU through the "TOUT” LEMO
connector to communicate with other FEBs to form the higher-level trigger. The
"TIN” and "TOUT” connectors are designed to receive and deliver trigger signal for
the X — Y coincidence. The HOLD signal is retained in the S/H circuit for at least
150 ns to allow for the X — Y coincidence window. If, during this period, the "TIN”
port on the same FEB receives any signal from "TOUT” output from other FEBs,
the X — Y coincidence will be achieved, and an event trigger will be generated by
the CRT readout. If no signal is received from the "TIN” connector during the 150
ns coincidence window, the HOLD signal will be reset by the FPGA, and the event
will be discarded. The “TOUT” signal is also reset each time after the coincidence

window ends.
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7.2.2 Analogue Signal Readout

The CPU initiates the readout cycle for the FEB when a primary trigger is produced.
The readout begins with signal shaping, where the signal is shaped using the slow
shaper mode with a configurable peaking time. This peaking time is adjusted so
that the readout (R/O) window for the HOLD signal starts approximately when the
signal reaches its peak. As shown in Figure the solid lines represent the shaper
signal. When the readout cycle is initiated, only the amplitude instances of the 32
shaper signals are captured, as indicated by the dotted lines, and stored in the event
buffer at the S/H circuit. If an event trigger is formed, the data in the event buffer will
be saved. The amplitudes are routed to an analogue multiplexer by the CPU, which
digitises the 32 channels using a 12-bit single-line ADC format. Once the digitisation
process is complete, the CPU issues a reset signal to the FPGA, marking the end of

the readout cycle.

Sample-and-Hold(S/H) ,ﬁ ,ﬁ
peaking time gy RI’O WIndOW R”O Wlndow

12.5t0 87.5 ns oo, - SR

.

v shapped mppc x+1

m;;xed channels ﬂ‘_‘

ADC clock, 32 channels digitized

Figure 7.7 Timing diagram for the analogue signal readout circuit. The second event
produces a primary trigger through the two-S5iPM coincidence. With this
primary trigger, the readout begins from the signal shaper. The shaper
outputs are represented as solid lines, while the outputs of the S/H circuits
are shown as dotted lines, indicating the signal peak instances. The peak
instances of all channels are stored, multiplexed to a common analogue
output, and digitised within the readout (R/O) window. For simplicity,
only 8 channels are shown. Figure adapted from Reference [238].

Effective Gain

The charge response (in ADC) per photoelectron is commonly referred to as the
effective gain. This effective gain can be adjusted by the bias voltage applied to
the FEB. The bias voltage is generated by a stabilised power supply circuit, which
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is common to all 32 SiPMs connected to the hardware input from the FEB. Each of
the 32 channels can have its bias voltage individually adjusted by an 8-bit Digital-to-
Analog Converter (DAC) within the CITIROC chip. The positive output levels from
the DAC are supplied as DC offsets to the signals, meaning that an increase in the
DAC value results in a reduction of the bias voltage for individual SiPMs. The DAC
setting is often referred to as the bias setting. The conversion between the DAC value

and the bias voltage is given by:

DAChax — DAC
DACmax

X Vrange/ (71)

Vbias = Veommon —

where Viommon = 68.1V is the offset voltage set for the SBND CRT hardware,
DACmax = 255 is the maximum value that the DAC can take, and Viange is the
adjustable range (4 V) for the bias voltage, spanning from 0.5 V to 4.5 V [238].

7.2.3 Time Stamp Generation

The timestamp is generated alongside the primary trigger within the FPGA, which
operates at a clock frequency of 250 MHz. As shown in Figure [7.8} the event time
stamping is generated with a 1.3 ns accuracy. Two independent timestamps can be
recorded relative to two reference signals, named “T1” and “T0”. "T1” corresponds
to the timing relative to the early beam signal, which is sent out when the neutrino
beam is produced. ”"T0” is referenced from a high-stability GPS-disciplined pulse-
per-second generator. Once the timestamp is registered with an event, the CPU
initiates the data transmission from the FPGA to the event buffer. Subsequently, the
data can be transmitted via Ethernet port if the global trigger condition, potentially

involving other subsystems such as the TPC and PDS system, is satisfied.

7.3 SBND CRT-Only Detector Setup: CRT Beam Telescope

In 2017, a few of the SBND bottom CRT modules were installed in the SBND pit,
where the SBND cryostat is now located. These modules collected data from the BNB
beam. This early installation enabled the testing of the CRT modules, validation of the
SBND timing system, identification of any related issues, and basic characterisation

of the beam profile with appropriate simulations.
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Figure 7.8 Resolution of the time-stamp generator in FEB. Events are delayed by 100
ns regarding the reference signal. Figure from Reference [238].

7.3.1 Detector Design

The detector, also referred to as the CRT Beam Telescope, is composed of twenty-
four CRT modules with dimensions of 272 cm (length) x 96 cm (width) x 2 cm
(thickness). As shown in Figure (a), the beam telescope consists of upstream and
downstream panels. The distance along the beam direction between the two panels

is measured to be 926.0 cm.

For the downstream panel, as shown in Figure [7.9| (b), three modules are arranged
horizontally and three modules are installed vertically to form the X-Y coincidence.
The upstream panel has the same design but is composed of three such sections. Each
CRT module weighs 56 kg, and therefore, the modules are mounted on Unistrut
frames, which are fixed to the floor and the walls of the SBND pit. All vertical
modules are oriented with the readout end upwards, while the horizontal modules

are oriented with the readout end towards the left along the beam direction.

7.3.2 Data Acquisition

The data collection was handled by a standalone Data Acquisition (DAQ) system.
Each run lasted 4 hours, with a new run starting automatically every 4 hours. The
data transmission was daisy-chained within the upstream and downstream panels

separately, and the data was recorded separately for each panel.
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(a) (b)

Figure 7.9 (a) A cartoon demonstrating the CRT Beam Telescope geometry. (b) The
actual installation for the bottom panel in the SBND CRT Beam Telescope.
Figures from Reference [241].

Both the distribution of time reference signals and the trigger circuit for X — Y
coincidence were designed to loop within each 3x3 module set, as the downstream
panel. As shown in Figure @ (a), both the "T0” (GPS pulse per second) reference
signal and the "T1” (beam warning) reference signal are distributed across different
FEBs with daisy-chains. The chain was terminated with 50 () at the last FEB to avoid
signal reflections. The cable delay was measured and is presented in Figure
and measurements were saved in a database for later corrections. Figure @ (b)
shows the design of the circuit performing the X-Y coincidence to locate the energy
deposition. Two loops connect the "TOUT” and “TIN” from the vertical and
horizontal modules, allowing triggers from charged particles to come from both
directions. The signal from each loop is a 150 ns-long pulse for the event trigger

to be formed.

7.3.3 File Processing

The output data format from the standalone DAQ is binary, which differs from
the data collected using the artdaq framework [242]. Typically used for LArTPC
experiments, artdaq files are optimised for input into downstream reconstruction and
analysis. To facilitate this, a specific workflow has been designed to convert the data
format, as illustrated in Figure m
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Figure 710 (a) A cartoon demonstrates the distribution of time reference. (b)
A schematic design of local X —Y coincidence loops. Figures from

Reference [241].

Time w.r.t the beam
reference signal

Figure 7.11 A schematic diagram to show the file processing to convert the recorded
binary data format to standard CRT format for further reconstruction and
analysis.

The binary data files were recorded separately for downstream and upstream. In both
files, the data is organised by individual SiPM, so a pair builder was first employed
to replicate the 2-SiPM coincidence. Once paired, a macro is executed to convert the
binary data into the standard CRT data format produced by the artdag framework,
which includes timing, ADC values, FEB number, and flags to indicate the validity
of the data.
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7.3.4 Collected Dataset

The protons-on-target (POT) represent the number of protons delivered to the target,
measuring the intensity of the neutrino beam. Since the POT information was not
stored during data collection, it can only be retrieved from the accelerator database

using the time when the event is registered with respect to the beam reference signal.

The data collection spanned from July 2017 to June 2018, with a total collected POT of
2.95 x10%°. Figure|7.12 shows the accumulated POT over time for the data collected

with CRT Beam Telescope.
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Figure 7.12 Accumulated POT for collected dataset with the CRT Beam Telescope.

7.4 Summary

This chapter provided an overview of the CRT system in SBND, detailing the
hardware design of the modules and readout electronics. It explained the process
of trigger formation within the CRT and the logistics of the readout in CRT.
Additionally, the chapter introduced the CRT-only setup in SBND, known as the
CRT Beam Telescope detector. The dataset collected in 2017 from the Beam Telescope
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will be used in the analyses described in Chapter[10|and Chapter|[11}
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Calibration and Commissioning of
the SBND CRT system

SBND entered the commissioning stage while the author was at Fermilab. During
this time, the author joined the CRT commissioning team and actively participated
in the CRT commissioning. The author gained extensive experience with CRT
hardware, the DAQ system, and the trigger system. This chapter will highlight one
of the tasks the author was responsible for: determining the single PE response
as a function of bias voltage per SiPM channel. The commissioning work was
carried out with a test stand prior to installation. Additionally, the author designed
an automation system for data collection with different configurations and a user-

friendly automated analysis tool to produce results.

8.1 Detector and Readout Setup

The goal of the CRT commissioning was to test all the modules before installation.
The commissioning work was conducted using the so-called A-frame test stand, a
wooden frame where the CRT modules were placed during their delivery from Bern
to Fermilab. In collaboration with other members of the experiment, we designed a
comprehensive procedure for module testing, which included light leak tests, timing-
related tests, FEB readout electronics tests, single PE response measurements with

various bias voltages, and the equalisation of the Analog-to-Digital (ADC) response.
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Overall, the SBND DAQ system integrates various components into one triggered
event for further analysis. For the CRT commissioning data collection, we aimed to
maintain the structure of the DAQ system but used a simplified version. As shown

in Figure a dedicated trigger and readout system was designed.

Readout

Function Generator

Penn Trigger

Board

Trigger signal
CAEN 1730SB V

Event Builder
Server

Master Trigger Card Analog (MTC/A)

4

\-/ PDS Trigger

Figure 8.1 The CRT commissioning data collection design. The function generator
sends a signal to trigger the CAEN digitiser, which then sends a signal
to the Master Trigger Card Analog (MTC/A) and then Penn trigger board
to initiate the readout for the CRT module. The CRT data is then sent to the
event builder server.

A function generator sends out a signal around 1 Hz to trigger a CAEN V1730
digitiser board M The CAEN board, used in SBND for the PDS readout, sends a
trigger signal once the trigger condition is satisfied. For the standard SBND trigger
design, this condition is a certain number of PMTs above a threshold. For the A-frame

data collection, the trigger condition is the 1 Hz signal.

Triggered by the function generator, the CAEN board sends a trigger signal to
the Master Trigger Card Analog (MTC/A) [244], which sums all the signals and
compares them to three individually programmed thresholds to define the signal as
high, medium, or low. This signal is then passed to the Penn trigger board []@],
which creates the final trigger decision to initiate the readout cycle to different
subsystems, in this case, the CRT modules on the A-frame. Additional inputs, such as
the beam signal and CRT trigger, can be combined within the Penn trigger board in
the standard SBND trigger design. The CRT readout data is sent to the event builder

server to build the event and store the data.
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8.2 Measurement of CRT-Module SiPM Response

One of the primary objectives of CRT commissioning was to equalise the charge
response (in ADC) for all the strips in the CRT modules. SBND employed cosmic
muon data to develop the tools for this equalisation. To optimise the design of
these tools, it is useful to consider the different components the CRT response can be

factorised into:

The number of photons generated by the deposited energy from charged

particles, Photongen.

The photon propagation efficiency of the CRT strip, €strip.

The efficiency of the coupling between strips and SiPMSs, €coupling-

The detection response of the SiPMs, Responseg;py.

In summary, this CRT response can be expressed as:

Responsecgy = Photongen X €strip X €coupling X Responseg;py (8.1)

Assuming Photongen, €syip and €coupling the SiPM response, Responsegp,,, can
be used as a baseline to guide the equalisation of the CRT charge response for
cosmic muons. Depending on the calibration goals, some experiments, such as
ICARUS, have calibrated their CRT modules using the SiPM response. SBND has
expanded this method to include trigger efficiency for the CRT module calibration,
characterising the SiPM response remains crucial and beneficial. In addition, it
provides information on converting the ADC response to the number of PEs, which
will be stored in the database for high-level CRT reconstruction. During my stay at
Fermilab, I was primarily responsible for understanding and characterising the SiPM

response.

8.2.1 Methodology

The measurement aims to establish the relationship between the single PE response
(ADC response per PE) and the bias voltage applied to the SiPM. This section will

outline the methodology developed for this measurement.
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Source

The rate of cosmic muons in the SBND detector building is significantly lower than
the rate of beta and gamma photons from ambient radioactivity, mainly due to K
contained in the concrete. These radiation processes yield charged particles that can
trigger the CRT strips, making them suitable sources for measurements. It is worth
noting that the charged particles produced by gamma photons from the radiogenic
background typically have relatively low energy, making it challenging for them
to traverse two modules and generate an X-Y coincidence. Therefore, during data
collection, the X-Y coincidence was disabled by disconnecting the “TIN” and "TOUT”
ports from the FEB. However, the two-fold SiPM coincidence was still maintained

while collecting data.

Determining the Single PE Response

For a given bias voltage, our goal is to quantify the SiPM response for a single PE.
The SiPM response (in ADC) depends on the number of detected PEs. Figure [8.2
illustrates analogue SiPM readout waveforms for one PE and two PEs. Since the CRT
readout is designed to save only the peak value rather than the entire waveform,

ADC; and ADC, represent the respective charge readout responses.

ADC

ADC, [reeessesmmannaanncane.

ADC] """"
/\1 PE 2 PE

Figure 8.2 A schematic diagram illustrates the analogue SiPM waveforms for one PE
and two PEs, with the peak values ADC; and ADC; saved correspondingly.

Baseline

145



The first step to establish the single PE response involves reproducing the distinct
peaks in the ADC response of the triggered channel, which correspond to different PE
levels, as illustrated in Figure[8.3] The ADC distribution of the SiPM is characterised
by these distinct peaks, with each peak representing the detection of a specific
number of photons. This distribution, commonly referred to as the “finger” plot
for SiPM, provides insight into the single PE response, which effectively converts the

detected PE into an ADC value.
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Figure 8.3 ADC distribution for one SiPM, the values of each peak of ADC corresponds
to a subsequent number of PEs.

To reproduce these distinct ADC peaks, the amplifier settings for CRT channels need
to be adjusted, which helps to separate the ADC peaks from one another. This is
done by modifying the configuration files used during data collection. Specifically,
an array can be modified to fine-tune the configuration on a channel-by-channel basis.
Additionally, this array can be used to adjust the bias voltage applied to each channel.
More details about the array and its configuration are provided in Appendix [B|

To ensure sufficient statistics, data collection with the adjusted amplifier lasted for
two hours. Once the finger plots were obtained, peak values were determined
by fitting multiple Gaussian curves to the peaks. The ADC response per PE was
established by calculating the difference between two adjacent peaks. The single
PE response, defined as the slope of a linear fit representing the ADC response

correlation, is illustrated in Figure 8.4/
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Figure 8.4 Upper: the ADC distribution fitted with multiple Gaussian curves. Bottom:
the fitted peak values of the individual ADC peaks as a function of the
number of peaks. The linear fit is used to extract the single PE response (the
slope) and the pedestal (the y intercept)

Bias Voltage Scanning

To characterise the correlation between single PE response and applied bias voltage,
a total of five different bias voltages were tested. By repeating the aforementioned
procedure, single PE responses corresponding to each bias voltage were calculated,
as shown in Figure[8.5| Applying a linear fit to these data points allows us to derive

a parameterisation that characterises this relationship. The linear fit is defined as:
SPR = p1 * Wy + p0, (8.2)

where SPR is the single photon response, Vs is the voltage applied to the SiPM, p;
is the slope of the linear fit, and py is the intercept of the SPR when W,;,s = 0. This
parameterisation allows for the calculation of the single PE response for a specific
bias voltage, and vice versa. Once the appropriate bias voltage is determined for
CRT operation, the corresponding single PE response will be stored in the database

and used for reconstruction.

147



SBND Work in Progress

90

w = | %2/ ndf 49.7/3
& o Prob 9.276e-11 +
o 8 -1884 +15.13
(a] 80: pi 29.1+0.2258
< 3 v
o =
% 75E
5 TOF :
] =
= 65F
L =
60F +
55F
50F pe

664 666 668 67 672 674 676 678

Bias voltage [V]

Figure 8.5 The fitted single PE response values with different bias voltages for a
selected SBND SiPM. The linear fit is applied to the data points, and the

parameterisation that characterises this relation is shown as p0 and p1 in
the legend.

8.3 The Automated Analysis Box Design

The SBND CRT system consists of seven walls, each comprising at least 16 modules,
with each module containing 32 SiPMs. Conducting measurements manually for all
SiPMs at five different bias voltages would therefore be highly impractical. Given
that the procedure to obtain the single PE response for each SiPM is consistent and
must be repeated for each channel at each bias voltage, an automated analysis tool,
referred to as the ”analysis box” was developed to streamline this process as much

as possible.

The analysis box plots the ADC distribution for each SiPM for each given bias voltage
and automatically identifies the peaks using the TSpectrum [246] algorithm. It is
worth noting that this algorithm may encounter challenges such as failing to locate
the peak or identifying the incorrect peak. Additionally, small peaks near the pedestal
level may appear in some noisy channels, potentially influencing the results if not
addressed properly. To mitigate these issues, the code incorporates examination
mechanisms to correct false or missed peaks, as well as peaks near the pedestal
level. This enhances the accuracy and reliability of the analysis. Once the peaks are
identified, multiple Gaussian curves are used to fit the peaks locally to extract the
single PE response per SiPM for the given bias voltage. A separate analysis macro
links all bias settings together and derives the single PE response with respect to the

bias voltages for each SiPM.
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The analysis box is designed to operate on raw data files, requiring minimal user
input while offering a high degree of flexibility and thoroughness. The code preserves
results from each step of the data analysis process, including the ADC distribution
before fitting, the fitted ADC distribution, and the resulting fit outcomes. The unfitted
ADC distribution is saved to allow for manual fitting of specific channels if the

automated fitting fails.

The code can automatically detect the FEB number from the raw data but also
provides the option for users to input this information manually if needed. Moreover,
a predefined fit range for the ADC distribution concerning single PE peaks is
available, yet the code also allows users to manually fine-tune this fit range as
required. All these settings are configurable parameters, enabling users to freely
modify the values as needed. The analysis box automatically produces a summary
with all fitting plots across different stages for the users, as shown in Figure [8.6/ with

an example.

Bias Voltage 174 — Module 82

Figure 8.6 An example of the summary of produced results for a FEB with a given bias
voltage, with a potential broken channel identified from the analysis box.

There are some additional features of the analysis box worth mentioning. It produces
a summary plot for single PE responses for one FEB, as shown in Figure [8.7| For a
given bias voltage, an expected range of the single PE response can be estimated and
plotted as a purple band, serving as a reference for the user. This plot is useful for

identifying any channels exhibiting unusual behaviour.
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Figure 8.7 The summary plot of single PE response across 32 channels of a CRT
module. The purple band represents the expected range for the single PE
response and serves as a reference.

The analysis box can also detect dead channels, which are reported at the end of the
analysis run and also shown in the summary results, as shown in Figure M As a
final output, the parameterisation describing the correlation between the single PE
response and the bias settings is calculated and saved as text files. These files can

later be stored in the SBND database to be used in the high-level reconstruction.

8.4 Results from the CRT North Wall Commissioning

The infrastructure described in the previous sections for commissioning CRT
modules was initially tested using A-frames prior to the installation of the CRT
North (downstream) wall in April 2023, over a two-week period. Despite the short
timeline, the data collection with the automated script and overall procedure for CRT
module test were successful, with no light leaks identified in any of the modules. All
channels demonstrated reasonable responses, with only two dead channels detected,
indicating overall good performance among the modules. Following the test, all
modules were installed as a CRT wall and positioned downstream of the SBND

detector, as shown in Figure 8.8
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Figure 8.8 Pictures of CRT north wall installation.

The results from measuring the SiPM response indicated a reasonable shape for a
given bias voltage. Additionally, the fitted single PE response increased as expected
with higher bias voltages, as illustrated in Figure [8.9 The relationship between the
single PE response and the bias voltage was characterised, with the slope (€) from
the linear fit shown in Figure[8.10. All channels exhibited a similar response within
the range of 20 to 35. The data point around 0 is attributed to the presence of a dead

channel in the modules.
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Figure 8.9 The fitted single PE response with 5 different bias voltages for all channels
for CRT north wall channels.
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Figure 8.10 The distribution of the slope (€) extracted from the linear fit from the
relationship between the single PE response and the bias voltage.

8.5 Summary and Outlook

This chapter presented the commissioning work designed and tested for the SBND
CRT system and its application on the modules installed in SBND’s North wall. The
dedicated readout and trigger system facilitated smooth data collection within a short
timeline. The test for the CRT North wall modules was successful, with results
showing that most channels, except for two, were functional and demonstrated

reasonable responses.

Specifically, we outlined the methodology for characterising the SiPM response
at a given bias voltage. The parameterisation derived from this characterisation
will be saved in the SBND database to aid in converting the ADC response to
the number of PEs for high-level reconstruction. The automated analysis box
proved significantly useful during the commissioning period. After the author left
Fermilab, the methodologies and automated scripts developed for the North wall
commissioning were reused for the commissioning of other walls without any major
difficulties. All modules from the remaining walls were tested in the summer of 2023.
As of the time of writing this thesis, SBND has installed all CRT walls.
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Simulation and Reconstruction of
the CRT Beam Telescope

Similar to the TPC and PDS systems in LArTPC experiments, the simulation and
reconstruction algorithms for the auxiliary CRT system are also implemented within
the LArSoft framework and follow the same workflow, as described in Chapter |5}
This chapter provides a specific overview of the simulation and reconstruction
processes for the CRT-only setup, the CRT Beam Telescope detector, described in
Chapter |7l It will detail both the simulation and reconstruction of charge and timing
signals, as well as the trigger simulation. Additionally, it will describe reconstruction
algorithms and the calibration including these tailored for the analysis outlined in
Chapter [10/and Chapter [11]

The simulation and reconstruction work, which had significant contributions from
the author, laid the foundation for the analyses described in Chapter @] and
Chapter [11}
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0.1 CRT Simulation

The CRT simulation for the CRT Beam Telescope includes the detector geometry
setup and a simulation workflow, including event generation through different
generators and particle propagation in GEANT 4, which is shared with the TPC

and PDS system simulations.

The CRT simulation uses the GEANT 4 deposited energy from charged particles
within each CRT scintillator strip as input. This energy is then divided between two
fibres on either side of the strip based on the lateral position of the energy deposition.
The attenuation of light and time delay are simulated based on the longitudinal
distance from the deposition to the readout, using phenomenological models. The
model for light attenuation is derived from the CRT Beam Telescope data, while the
model for the time delay is based on the CRT "Module-0” test stand results at Bern
in July-August 2015. The CRT “Module-0” test stand, shown in Figure was set
up with a full-size CRT module and employed a pulsed laser with A = 400 nm to
measure these parameters. The fitted data provided a set of parameters used for
simulation and further reconstruction. Additionally, the electronic response at the
front-end board (FEB) and the trigger for reading out a single ADC value from all 32

channels were also simulated.

Figure 9.1 The Module0 with attached FEB under test procedure at the University of
Bern. Figure from Reference [247].
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The simulated events, after the procedure described above, will be in the same
format as raw data from the CRT. From this point onwards, reconstruction to extract
high-level information for further analysis should be applied to both data and MC

simulations in the same way.

9.1.1 Geometry

As mentioned in Section [5.1.1} a precise geometry is necessary for an accurate
simulation of the data. The CRT Beam Telescope was set up in the SBND building
and in the pit where the current detector is located. Therefore, the geometry was
obtained by modifying the standard SBND geometry file using GDML, specifically
sbnd_v02_00.gdml. Since the modules from the Beam Telescope are from the bottom
panel of the SBND CRT system, these modules from the geometry file were reused
and placed in the position and orientation where the Beam Telescope was set up.
Additionally, since LArSoft will fail if the LArTPC is completely removed from the
geometry file during simulation, the entire SBND cryostat was modelled as floating
above the building around 30 m, as shown in Figure [9.2] This geometry will be

referred to as the “floating” SBND geometry from now on.

The cryostat is chosen to be floating in the air in the simulation to prevent any
interactions with the beam simulation. For the cosmic simulation, CORSIKA
simulates cosmic events originating from a surface at the roof of the cryostat,
extended by 10 m in each direction, and propagates them backwards to a higher
surface approximately 20 m above. After modifying the geometry, the surface has
been adjusted to be the roof of the CRT panels, with the simulated particles still
propagating backwards to a higher surface but below the floating cryostat. Therefore,
the cosmic simulation for the CRT modules in the Beam Telescope should not be

affected by the floating cryostat.

9.1.2 Charge Response Simulation

In the GEANT 4 simulation, the basic unit is the scintillation strip. Moreover,
very limited tracking information for scintillation photons is available in individual
CRT strips, and thus the energy deposition is assumed to be point-like. The true

interaction point is estimated to be the centroid of the entry and exit points.

The data collected with the CRT Beam Telescope can be used to model the number

of PEs detected as the distance to the readout increased; the results are shown in
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\‘ “Floating” SBND Cryostat

Figure 9.2 The "floating” SBND geometry represents the CRT Beam Telescope detector
setup.

Figure The attenuation can be modelled by a 1/7? dependence, where r is the

distance to the readout. The number of detected scintillation photons is modelled as

A Q

e B

(9.1)
where A = 1.39 x 108 cm? and B = —1133.15 cm are both extracted from the fitting.
Q is the GEANT 4 deposited energy, and Q° is the most probable value (MPV) for
minimum ionising particles (MIPs). Q is calculated by simulating MIP muons with
momenta of 500 MeV/c to estimate the deposited energy spectrum, as shown in
Figure A Landau-Gaussian convolution function is used to extract the MPV,
resulting in Q¥ = 1.68 MeV.

Subsequently, the number of PE produced before accounting for the attenuation effect
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Figure 9.3 The number of PEs as a function of distance to the readout from CRT Beam
Telescope data.
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Figure 9.4 Deposited energy for MIP muons with momenta of 500 MeV /¢, fitted with
a Landau-Gaussian convolution function. The fit results are shown in the
figure.

can be estimated as:

A Q
NPE, produced — ? X @ 9.2)

Each strip has two optical fibres to transport photons to the optical detectors (SiPMs).

Once the scintillation photons are produced, they propagate laterally into the two
fibres, as shown in Figure M The attenuated Npg is partitioned between the two
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Propagation SV
fibres SiPM 2
Figure 9.5 A schematic diagram illustrating the scintillation photon propagation to two
optical fibres.

fibres according to an exponential absorption model described as

e dLi/T

Npg,; = (9.3)

e—dL0/T 4 p—dia/T’

where i = 0,1, dy, is the lateral distance from the scintillation point to the fibre, and
T = 85 cm [248]. The simulated number of photons as a function of the lateral
position is shown in Figure

3 C
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Figure 9.6 Number of PE per fibre as a function of the lateral (transverse) distance from
the left edge of the strip. Figure from Reference [248].

The simulated number of expected PE per SiPM is smeared by a Poisson distribution.
The final step of the charge response simulation is to model the response of the
SiPMs. The conversion from the number of PEs per fibre to a 12-bit ADC count is
given by

ADC; = Npg,i - Qstope + Qpedestal/ 94)

where Qqope is the SiPM response that converts PE to ADC values, and Qpedestal 18
the pedestal value of the SiPM. In the simulation, Qgjope is assumed to be 40 ADC/PE
across all channels, and Qpedestat = 0 for simplicity. The saturation at 4095 ADC is

also simulated.
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9.1.3 Timing Response Simulation

The timing response of the CRT module is also simulated. Starting from the GEANT 4
true time tiye, two delay effects are considered in the simulation. The first-order effect
is the light propagation time tpop. The second timing delay t1wg arises from the CRT
hardware’s “time walk” effect, as shown in Figure[9.7] The hit timing is recorded once
the amplitude of the ADC count exceeds the threshold. Since the rising time in the
CRT hardware is fixed, a larger pulse, having a steeper rising slope, will be registered
earlier. In hardware, an interpolator [249] is installed on the FEB electronics to correct
for the time walk effect, but it does not completely eliminate it. Therefore, the time

walk effect still needs to be modelled and simulated.
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Figure 9.7 The time walk effect arises from using a fixed threshold to register signals,
causing a larger pulse to appear earlier than a smaller pulse, even if they
start simultaneously.

Both the propagation delay and the time walk effect were measured with the test
stand “"Module-0” at Bern. Figure [9.8 shows the trigger delay time and uncertainty
as a function of signal amplitude (number of PEs), measured by a laser positioned 25

cm and 375 cm from the readout edge.

The light propagation time was measured to be 6.1 + 0.7 ns/m. Therefore, the
simulation for the light propagation time is estimated by taking the mean value and
its uncertainty as a Gaussian distribution, and then multiplying this by the distance

from the scintillation point to the readout.

The time walk effect is simulated using a phenomenological model based on the fit
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Figure 9.8 Trigger delay time (left) and uncertainty (right) as a function of the number
of photons in the scintillator strip. Figure from Reference [247].
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Figure 9.9 Trigger delay time as a function of the number of photons in the scintillator
strip, fitting with a Gaussian function (top) and an exponential function
(bottom), for distance to the readout of (a) 25 cm and (b) 375 cm.

results from the "Module-0” test. First, the mean value of the trigger delay time is
corrected for the light propagation effect. Parameterisations are then extracted from
the corrected results and used for the simulation. Initially, the mean value of the
trigger delay time was modelled with a Gaussian function, as shown in both top plots
of Figure However, the original Gaussian fit function with an offset can result
in negative values when the number of PE exceeds 60. To avoid these unphysical
values, an exponential function is used to model the trigger delay time as a function
of PE Npg, as follows:

fTWE, mean = @ eib.NPE, (95)

where a = 15.455 is the scaling factor extracted from the average value of fitting

results at 25 cm and 375 cm, and b = 0.055 is the exponential decay scale factor.

The uncertainty for the delay can also be modelled as a function of the number of
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Figure 9.10 Uncertainties of the trigger delay time as a function of the number of PEs
for distances to the readout of (a) 25 cm and (b) 375 cm. For both cases, the
new fit (red curves) and the old fit (light blue curves) are shown alongside
the data points.

PEs Npg using a combination of a Gaussian function and an exponential function.
The uncertainties are expected to increase with the distance to the readout, r, as
shown in Figure M (b). However, the initial fitting model does not account for
this dependence. Additionally, as shown in Figure [9.10, the old parameterisations
do not accurately describe the data for the readout distance of 25 cm. While the old
parameters offer a slightly better fit for the 375 cm readout distance when the number
of PEs exceeds 10, the overall agreement is still improved with the new fit function.

Therefore, a new Gaussian plus exponential model is used, described as

(Npg—41)2
o

_ Npg—»A
e T

tTWE, RMS = 1] - €~ +a-r+B. (9.6)

A linear relation a - r 4- B is considered for the distance dependence. The obtained

fitting parameters are listed as follows:

¢ 5 = 2.02 is the Gaussian scaling factor,

A1 = 10.34 is the Gaussian shift,

o = 68.87 is the sigma in the Gaussian function,

Ay = 1137.51 is the exponential shift,

T = 416.16 is the exponential scaling factor,

a = 1.37 x 1072 is the slope of the linear relation,

B = —11.74 is the offset of the linear relation.
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After determining fTwg, mean and ttwg, rvs based on the number of PEs, trwg is
obtained by sampling from a Gaussian distribution with fTwg, mean as the mean and
tTwE, rms as the standard deviation. The time when the signal arrives at the SiPM can

then be calculated as

tarrived = ftrue + tprop + tTWE- 9.7)

9.1.4 Trigger Simulation

So far, both the charge signal and the timing of a signal arriving at the SiPM have been
simulated. To replicate actual data taking, triggers need to be simulated as well. The
first trigger is the two-SiPM trigger. In the simulation, a SiPM is labelled as triggered
if the ADC value exceeds the threshold, which is set to 60. If a trigger is fired, the
adjacent SiPM is checked to see whether it is also triggered within the coincidence
window (100 ns). A strip is labelled as triggered if the two-SiPM coincidence is
satisfied, and subsequently, the module is marked as triggered as well. The timing

for all 32 signals is recorded with the earliest time from the SiPM.

Once a triggered module is identified, another coincidence window (150 ns) is opened
for the X — Y coincidence. All data from hits within this fixed coincidence window
are saved. As in reality, after this window, a dead time (22 wus) is applied to the

triggered module to prevent any additional triggers from being created within this

period.
Digitized from oscilloscope waveform Digitized from oscilloscope waveform
200 B —— Waveform 100 —— Particle A
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Figure 9.11 (a) A SiPM waveform from real data. (b) An illustration of two particles
crossing two strips in the same module with a 20 ns delay; the green
dotted waveform is shifted for the visualisation purpose. Figures from
Reference [248].

As for the charge signal of a triggered event, the FEB is configured to save the ADC
value after a fixed time delay following the trigger. This delay is set to the shaping
time when the waveform reaches its peak, as shown by the dot in Figure 9.11 (a).
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However, if a second particle arrives in the same module with a delay At but within
the coincidence window, the value saved will not correspond to the peak of the
waveform for this second particle, as demonstrated in Figure 9.11 (b). The reduced

simulated ADC value for the second particle can be estimated by

wf(tpeak - At)

ADCreduced = wf(t k)
pea

- ADCpeak, (9-8)

where wf is a function representing the waveform.

0.2 CRT Reconstruction

The CRT reconstruction process involves FEB readout data, including the time
relative to the PPS (ty), the time relative to the early beam warning signal (t;), and
32 ADC values. As with PDS and TPC, a simpler hit-finding procedure is used
to identify hits. The positions of these hits are reconstructed based on the X — Y
coincidence. Both timing signals are corrected for light propagation effects and time
walk effects. The ADC values are corrected for attenuation and then converted to the

number of PE for further analysis.

9.2.1 Strip Hit Reconstruction

The hit-finding algorithm selects strips of interest for each module by looking for
concurrent pairs of channels with ADC values at least 60 counts above their pedestals.

The lateral position within the selected strip is reconstructed as:

(14 tanh(log(iggj ), 9.9)

d=

N g

where w is the strip width, and ADC; and ADC, are the ADC counts for the two
channels of the selected strip. The logarithmic ratio is used to represent the light
distribution between the two channels, whereas the hyperbolic tangent function, with
its range of (-1,1), ensures that the position is confined within the physical boundaries
of the strip. Along with the reconstructed lateral position, the reconstructed object
also includes ADC values and pedestal values for the two SiPMs, timing information,
channel number, and FEB number. For data reconstruction, both timing information
to and t; are corrected for the cable delay using values saved in the database. All of

this information is relevant for downstream reconstruction.
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0.2.2 CRT Hit Reconstruction

The next stage of the reconstruction involves using X — Y coincidence to reconstruct
3D CRT hits from strip hits. By combining strips from vertical and horizontal
directions within a 20 ns coincidence window, a CRT hit can be identified, and
its position can be determined based on the overlap with the reconstructed lateral

position in the CRT strip hit.

As described in Section the CRT Beam Telescope detector was set up as a 3x3
module set. In each set, all modules overlap with each other in both vertical and
horizontal orientations. If more than one charged particle passes through a module
set within the coincidence window, the reconstruction algorithm cannot determine
the correct combinations for the X — Y coincidence. For instance, if two particles
arrive at a similar time, as shown in Figure the algorithm is designed to save
all possible combinations, resulting in four reconstructed CRT hits. Of these, two
reconstructed hits will have real particles associated with them, while the other two

will not and will be referred to as ”“fake hits” from now on.

Reconstructed CRT hits w/ true energy deposition

¢! Reconstructed CRT hits w/o true energy deposition

Figure 9.12 A schematic diagram illustrating the CRT hit reconstruction for the
scenario where two true particles pass through the CRT module set at
similar times result in four reconstructed hits based on the algorithm, with
only two hits correctly linked to real particles.

The reconstructed three-dimensional positions enable corrections to be applied

to both timing and charge signals. The timing signal is corrected for both the
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propagation effect t,rp and the time walk effect tTwg with the same set of parameters
used in simulation. Based on whether the channel is saturated or not, the number of

PEs converted from the ADC count is corrected for the attenuation effect by

N (7’—B)2 -f .
pE- 5, if ADC is unsaturated,

N PE, corrected — (9.10)

NpE, if ADC is saturated,

where r and B are the same as in the Equation|9.1|

Hit Reconstruction Performance

A "backtracking” algorithm was developed to identify the simulated energy de-
positions contributing to each reconstructed CRT hit, enabling the linking of truth
particles with the reconstruction information. The algorithm also helps assess the
accuracy of the CRT hit reconstruction. Figure [9.13 illustrates both the resolution
of reconstructed position and timing for CRT hits. Results indicate a good

reconstruction accuracy for both aspects.
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Figure 9.13 Accuracy of (a) position reconstruction and (b) timing reconstruction for
CRT hits.
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The reconstruction algorithm is also applied to the CRT Beam Telescope data.
Figure (a) shows the number of PE after corrections as a function of distance
to the readout. The observed non-uniformity in corrected PE across distances
results from the presence of fake hits in the reconstruction. When only one hit is
selected during reconstruction to avoid fake hits, the corrected PE remains consistent
regardless of the distance to the readout, as shown in Figure (b). Appendix
investigates whether CRT hits with real energy depositions influence the behaviour
of the corrected number of PE. The results indicate that fake hits lead to an increase

in the number of PE after attenuation corrections across different readout distances.
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Figure 9.14 Corrected vs. uncorrected PE for events with (a) multiple hits and (b) only
one hit in CRT Beam Telescope data.
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Figure 9.15 The CRT hit position in the X — Y plane for the CRT Beam Telescope
upstream panel, showing a clear beam profile.
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CRT Beam Telescope Data
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Figure 9.16 The reconstructed timing relative to the early beam warning signal, with
the beam bucket structure reconstructed in the CRT Beam Telescope data.

As previously introduced, SBND is situated just 110 metres from the beam source,
allowing for a clear observation of the beam structure. Figure[9.15 illustrates the beam
structure in the upstream panel of the CRT Beam Telescope detector. Section [4.2| de-
scribes the neutrino beam’s delivery in proton bunches, and Figure w demonstrates

this beam structure observed in the reconstructed CRT timing information.

9.2.3 CRT Track Reconstruction

The final stage of CRT reconstruction involves combining CRT hits from the upstream
and downstream panels to form CRT tracks that represent the trajectory of a particle
passing through the detector. As shown in Figure [9.17, two CRT hits can form a
track if they are within 100 ns of each other. The start and end points of the track
correspond to the positions of the two CRT hits. All possible combinations of CRT
hits from the two panels are reconstructed into CRT tracks. It is important to note
that while the CRT tracks are used for calibration, as explained in the next section,
they were not used for the analysis detailed in Chapter [10/and Chapter [11|
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Beam line

8.57 m CRT hit 2 .

CRT hit 1 286m |
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Figure 9.17 A schematic diagram illustrating the CRT track reconstruction from two
CRT hits from two panels.

9.3 Calibration of CRT Charge Signals

The charge signal in the CRT reconstruction is represented as the number of PE.
The SiPM response Qgope, Which converts ADC counts to the number of PE, is
expected to vary from strip to strip. However, this information is not recorded
during data acquisition, and the current reconstruction uses a constant value across
all channels. Additionally, in the actual detector setup, the CRT panels may not be
installed vertically along the beam direction, leading to varying propagation lengths
within the CRT module. Due to these factors, the number of PE for each panel can
vary significantly, making it necessary to calibrate the number of PE. A data-driven
calibration converting PE to deposited energy was performed for the charge signals
in the CRT modules.

Using CRT tracks, the offset angles 6 with respect to the beam-line, as shown in
Figure [9.17, can be calculated. Combined with the thickness of the CRT modules (2
cm), the energy loss dQ/dx can be calculated and plotted, as shown in Figure[9.18.
The ADC counts are corrected for the attenuation effect using the correction factor
described in Equation [9.10. The distribution of dQ/dx can be well described

by a Landau-Gaussian convoluted function, from which the most probable value,
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Figure 9.18 The dQ/dx distribution for the downstream panel in the simulation.

(dQ/dx)mpy, can be extracted. The energy deposition can be reconstructed as

QO

, 9.11
MPV/ Qslope ( )

Edeposited, reco — NPE, corrected * ( d Q / dx)

where Qgjope = 40 ADC/PE and Q% = 1.68 MeV is the MPV of energy deposition
of MIP particles. The fitted (dQ/dx)mpy values for the upstream and downstream
panels, for both data and simulation, are listed in Table[9.1]

Upstream [ADC/cm] | Downstream [ADC/cm]
Data 2239.51 2475.66
MC 3139.33 3134.69

Table 9.1 Extracted (dQ/dx)upy for the upstream and downstream panels, for both
data and simulation.

The reconstructed deposited energy for a CRT hit is compared with the true energy
deposition to assess the resolution. As shown in Figure[9.19, the difference is centred
around 0 with a reasonable distribution. Given that the true energy deposition is
approximately 4 MeV, this results in an energy resolution of around 25%. This
outcome is considered good, given both the calibration approach we have established
and the fact that the CRT records only a single ADC count rather than the entire

waveform for the charge signal.
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Figure 9.19 Accuracy of reconstructed energy deposition for CRT hits.

9.3.1 Comparison of Simulation to Data

The reconstructed deposited energy from the MC samples is compared with the
data. The simulation primarily consists of so-called dirt neutrinos, i.e., neutrino
interactions occurring in the surrounding material. For data, events are first selected
from within the beam window, and a time window of the same length outside the
beam window is used to estimate the cosmic background. By subtracting the cosmic
window histogram from the beam window histogram, a dirt-neutrino-dominant

sample of data can be obtained.

As shown in Figure w, this comparison uses CRT hits from the downstream panel;
results for the upstream panel are presented in Appendix|C| The simulation demon-
strates contributions from various particle types, including muons, protons, pions,
electrons, and fake hits. As expected, muons are the dominant particles produced
from the dirt simulation. The fake hits arise from the CRT hit reconstruction process,
as previously described. When comparing data to MC, a total fractional difference
of -12.76% was observed, indicating that the simulation overestimated the deposited
energy relative to the data. Although there is reasonable agreement around the peak

region, the high-energy tail of the distribution shows a notable discrepancy.
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Figure 9.20 The distribution of deposited energy for downstream panel from MC
samples compared with CRT Beam Telescope data, broken down by
particle type: muon, proton, pion, electron, and fake hits. Simulation with
QGSP_BERT physics list.

Simulation with an Alternative Physics List in GEANT 4

The tail region in Figure M' where the largest discrepancy is observed, is dominated
by protons. One possible explanation for this discrepancy could be an overestimation
of proton production from neutron interactions in the GEANT 4 simulation. As
explained in Section|5.3.1) GEANT 4 uses physics lists to simulate particle interactions
with matter. The default physics list used by SBN experiments is QGSP_BERT. An
alternative physics list is QGSP_BERT_HP, which includes a high-precision neutron

model.

A different simulation using the high-precision list was produced and compared
with the data, as illustrated in Figure |9£ With the new physics list, contributions
of high energies have been significantly reduced. Most importantly, the data and MC
now demonstrate excellent agreement. Consequently, the QGSP_BERT_HP list has been
selected as the default model for the beam telescope, and SBN currently uses it by

default due to these improved results.
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Figure 9.21 The distribution of deposited energy for downstream panel from MC
samples compared with CRT Beam Telescope data, broken down by
particle type: muon, proton, pion, electron, and fake hits. Simulation with
QGSP_BERT_HP physics list.

9.4 Summary

This chapter described the simulation and reconstruction processes for the CRT Beam
Telescope. The simulations for charge signal, timing, and triggers are data-driven,
relying on measurements from both the Beam Telescope and the Module-0 test at
Bern. The CRT hit information obtained from the reconstruction discussed in this
chapter will be used for the BSM searches in Chapter [10/and Chapter [11]

A calibration of the charge signal was performed. By comparing MC simulations
to the collected dataset, it became evident that the high-precision physics list
QGSP_BERT_HP provides a more accurate representation and must be incorporated
correctly into our simulations. As a result, the QGSP_BERT_HP list has been selected
as the default model for both the Beam Telescope detector and the broader SBN

program.
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10

Long-lived Dark Neutrino Searches
with the SBND CRT Beam

Telescope

This chapter describes searches for dark neutrinos with masses of O(100) MeV using
the SBND CRT Beam Telescope detector. Dark neutrinos are produced through
neutrino up-scattering with nuclei, decaying with the signature Np — vI~IT (I =
e, ). The resulting lepton pairs from these decays can be detected within the CRT
Beam Telescope detector. This chapter presents results from a search for long-lived
dark neutrinos. The preliminary results for scenarios with a different lifetime will be

presented in Appendix [E}

Starting with the dark neutrino model and its simulation, this chapter will discuss
the kinematic distributions at the truth level for the signals. The designed box
selections will then be introduced, followed by the refinement of the selection process
using a Boosted Decision Tree (BDT) to enhance signal significance. Additionally,
the calculation of systematic uncertainties from various sources will be presented.
Finally, with the calculated systematic uncertainties, the MC will be compared to the

data to assess their agreement.

The searches presented in this chapter were conducted in collaboration with
phenomenologists K. J. Kelly (Texas A&M University) and P. A. N. Machado (FNAL).
The phenomenologists handled the theoretical aspects of the analysis, while the

author focused on the experimental part.
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10.1 Model and Simulation

Dark neutrinos, as introduced in Section 2.4, are produced by the BNB neutrino beam.
For the study detailed in this chapter, the original model has been expanded. Firstly,
the mass of the dark-sector boson myz, is assumed to be 1.25 GeV, with the masses
of the dark neutrinos assumed to be sub-GeV. As a result, dark neutrinos decay
”off-shell” into vI~ It rather than undergoing a two-step decay into Zpv followed by
Zp — 171", Secondly, the decay of dark neutrinos is no longer considered as prompt,

allowing them to travel a certain distance after their production.

Short-lived dark neutrinos Long-lived dark neutrinos

<:
decay e~

SBND Pit

v Ny o
- P—

scattering  decay

Dirt SBND Pit

Figure 10.1 A bird’s-eye view schematic illustration of short-lived dark neutrino decays
into a muon-antimuon pair (left) and long-lived dark neutrino decays into
an electron-positron pair (right) in the SBND beam telescope geometry.

Depending on the decay position of the dark neutrinos, two separate cases are
considered in the dark neutrino model. If dark neutrinos decay before reaching the
Beam Telescope, they are classified as short-lived dark neutrinos. Conversely, if the
dark neutrinos decay between the two panels within the detector, they are referred to
as long-lived dark neutrinos, as illustrated in Figure For the long-lived case, the
lepton pair is selected to be e”e™ due to the initial interest in exploring the potential
explanation of the MiniBooNE LEE with the e"e™ channel. In contrast, u~u™ pairs
are chosen for the short-lived dark neutrinos, as e”e™ pairs tend to stop quickly once

produced in the upstream surroundings, and so would not be detectable.

The generation of simulated dark neutrinos for both scenarios and their subsequent
decays follows the method described in Section To achieve high efficiency
in signal production, a box volume is defined around the CRT Beam Telescope,
extending three metres along both the vertical and horizontal directions of the CRT
panel. Only dark neutrinos with decay positions within this defined volume are
saved. Furthermore, instead of generating multiple events per kinematic case, a
scaling factor, commonly referred to as a weight, is saved per event to represent
the probability of that event occurring. The decay products are then used as input
for simulation and reconstruction through the workflow chain outlined in Chapter 5|
and Chapter |9}
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mpy, [MeV] | Number of Events
140 180.08
400 2358.10

Table 10.1 Details of the dark neutrino MC simulation samples generated for long-
lived dark neutrinos are provided. In each mass, the number of events is
not an integer due to the weight applied to each event.

Two mass assumptions are considered for the MC simulation samples of long-
lived dark neutrinos. The samples are generated assuming 6.6 x 102 POT and are
summarised in Table [10.1. The number of events is calculated as the sum of the

weights per generated event.

For the background simulation, the SBND simulation of neutrinos from the BNB
beam, as described in Section [5.2.3| was used during the development of the signal
selections. A total of approximately 5,282,121 events were generated corresponding
to 2.78 x 102! POT, which is 9.43 times the total POT of the CRT Beam Telescope data.
Neutrino interactions are expected to be the primary background. However, cosmic
ray activities can potentially contribute additional background, but they are expected
to a sub-dominant background. To confirm this, an overlay sample combining
cosmic and neutrino backgrounds was generated with 2.74 x 10! POT, allowing for
confirmation of whether cosmic rays introduce significant background. Due to the
high computational demands of simulating cosmic events, a larger sample has not

yet been produced.

10.2 Signal Kinematics

The distribution of kinetic energy for electrons and positrons detected by the Beam
Telescope is shown in Figure [10.2 for dark neutrino masses of 140 MeV and 400
MeV, respectively. The average kinetic energies for electrons and positrons are
approximately 150 MeV for the 140 MeV dark neutrino mass and around 400 MeV
for the 400 MeV dark neutrino mass.

The opening angle between electrons and positrons is presented in Figure [10.3 for
both the 140 MeV and 400 MeV mass cases. For both masses, the electrons and
positrons are not highly boosted, as indicated by the peak of the distribution being
above 25°. This is because dark neutrinos decay off-shell, with a third particle, v,
carrying away part of the energy. Comparing the distribution for the 400 MeV case
to the 140 MeV case, we observe that lower masses result in greater boosting of the

lepton pairs, leading to a relatively smaller opening angle.
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Figure 10.2 The kinetic energy distribution of electrons and positrons for dark neutrino
masses of (a) 140 MeV and (b) 400 MeV.
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Figure 10.3 Opening angles between electrons and positrons for dark neutrino masses
of (a) 140 MeV and (b) 400 MeV.

10.3 Event Selection

A series of selections has been applied to attempt to extract a clean sample of signal
events. These selections were developed using the dark neutrino MC sample and 20%
of the total neutrino MC background (referred to as the dirt sample from now on),
while the remaining 80% of the dirt sample was reserved to test the effectiveness
of the selections. Additionally, the cosmic overlay sample was used to evaluate
whether cosmic ray activities would affect background rejection efficiency. The
results presented in this section focus on dark neutrinos with a mass of 400 MeV,
with equivalent results for dark neutrinos with a mass of 140 MeV provided in
Appendix D]
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10.3.1 Minimal Selections

The first stage of selections involves applying a set of basic requirements. First,
events are required to interact with either of the CRT Beam Telescope panels during
the beam spill. In addition, since long-lived dark neutrinos decay between the two
CRT panels, the upstream panel is used as a veto to reject dirt events originating from
the upstream direction along the beam. Given that the signal will appear as an e e™
pair, the downstream panel is expected to register four reconstructed CRT hits due

to the fake-hit creation, described in Section [9.2.2

2 2
< 1 <
r —— signal 400 MeV —— signal 400 MeV
o.8f
[ B dirt backgroundg " F | [ e dirt background
0.6_—
0af | |
02f | i
L I‘l—i eraa: il inT 1 Lo, ] 1 1 | | 1 1
0012345678910 6 7 8 9 10
Number of upstream hits Number of downstream hits

(@ (b)

Figure 10.4 Number of hits for the (a) upstream and (b) downstream panels, for
dark neutrinos with a mass of 400 MeV, compared with the dirt neutrino
background.

Figure [10.4 shows the number of hits for both the upstream and downstream
panels for the signal and background. As expected, the signal predominantly
shows zero hits in the upstream panel, with the non-zero-hit events attributed to
electron/positron backscattering after production. By using the upstream panel as a

veto, the majority of dirt background can be effectively rejected.
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For the downstream panel, most events in the signal sample exhibit only one hit,
indicating that only one particle interacts with the panel, as shown in the event
display in Figure [10.5 (a). Several factors contribute to this outcome. Firstly, as
shown in Figure [10.5 (b), the reconstructed beam centre is positioned significantly
higher than the Beam Telescope. Since dark neutrinos are produced via neutrino
up-scattering, even when the e"e™ pair travels towards the downstream panel, the
particles are not highly boosted. As a result, capturing both particles on the relatively
small downstream panel (2.7 m x 2.7 m) becomes unlikely. Even though the one-hit
case is dominant in the signal sample, it is difficult to distinguish it from background
events. Therefore, the selection criteria still require four hits to ensure a cleaner

sample.
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Figure 10.5 (a) An event display with one hit in the downstream panel in the signal
sample, where the green line represents true particle, red cubes represent
reconstructed CRT hits. (b) Reconstructed neutrino beam centre as a
reference of the upstream panel of the Beam Telescope [250].

Scanning through the dirt samples after applying the minimal selections, a set
of events passes the four hits selection but shows a very different arrangement
compared to the typical rectangle shape formed by two real energy depositions, as
illustrated in Figure [10.6. To address this, a requirement was added on top of the

four hits selection, ensuring that the selected hits form a rectangle shape.

Selection Matrix After the basic requirements, the selected candidates are posi-
tioned at the four corners of a rectangle. As a result, the two diagonal pairs are the
potential candidates corresponding to the two real energy depositions. To identify the

true diagonal pair with genuine energy depositions, a selection matrix was developed
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Figure 10.6 An event display from the dirt sample shows four reconstructed hits that
do not form a rectangle. This arrangement of CRT hits does not typically
indicate two real energy depositions and hence rejected.

to choose the correct pair for further analysis. As shown in Figure[10.7, each CRT hit
includes reconstructed timing and ADC information for both vertical and horizontal
strips. For each CRT hit, the difference in timing and ADC values is calculated to aid

in selecting the correct pair, the difference takes the form:

At1 :|tl,x - tl,y‘/
Aapc =|ADC, — ADC, |,

(10.1)

The true diagonal pair is expected to exhibit both a smaller A;, and Aapc. Therefore,
the selection matrix is designed as follows: first, the mean A value is calculated
for both diagonal pairs. If one pair has a smaller value than the other, that pair is
selected as the “real” diagonal pair. If the timing differences are equal, the selection
is made by choosing the pair with the smaller Axpc. The selection matrix results in

around 60% accuracy of selecting the correct hit pair.

10.3.2 Distance between Hits

The distribution of the distance between hits within diagonal pairs is drawn for
both signal and background, as shown in Figure |10.8. A peak is observed at
shorter distances for the dirt background, while the signal exhibits a more uniform

distribution.
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Figure 10.7 A schematic diagram illustrating the two possible diagonal pairs for four
reconstructed hits situation. t;,, ADC,, t1y, ADCy are used for the
selection matrix.

A two-dimensional range scanning algorithm was developed to determine the
optimal selection range, combining different minimum and maximum values to
calculate S/+/BG, where S is the number of signal events and BG is the number of
background events. The algorithm identified the region where S/+/BG is maximised,
which in this case occurs at distances greater than 22 cm. The POT-normalised
histogram was used as the input for the selection algorithm, but the same results
were obtained from an area-normalised plot. Therefore, the area-normalised plot
was chosen to show for visualisation purposes, as the signal is very small compared

to the background, and this will be consistent for other handles.

The feature that many events in the dirt sample exhibit very small distances between
hits in the diagonal pairs was unexpected. To investigate this, a truth-level study was
conducted. As shown in Figure [10.9 (a), the dominant pairs are muon-proton pairs.
When plotting the starting points of the muons and protons, the results indicate
that the points of neutrino interactions are mostly within the downstream panel, as
illustrated in Figure [10.9 (b).
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Figure 10.8 The distance between two diagonal hits, for dark neutrinos with a mass of
400 MeV, compared with the dirt neutrino background.

10.3.3 Deposited Energy

Since dark neutrinos are expected to decay into electrons and positrons, which are
typical minimum ionising particles (MIPs) in the scintillator, their behaviour contrasts
with some background events. The opening angle of the electron-positron pairs
for dark neutrinos with mass of 400 MeV peaks around 40°, whereas in the dirt
sample, background events can involve low-momentum protons which are not MIPs
or particles hitting the CRT panel at larger angles, leading to higher deposited energy
than the signal, as shown in Figure[10.10} Again, the area-normalised plot was chosen
for visualisation purposes. The selection algorithm identified a deposited energy

range between 1.8 and 4.7 MeV as optimal for maximising S/ BG.

10.3.4 Timing Difference Selection

With the selected diagonal pair, the timing difference between the two CRT hits is
used to further refine the signal selection. As shown in Figure [10.11} the signal and
background exhibit similar timing distributions. This similarity is likely to arise from
the time coincidence requirement when reconstructing CRT hits, meaning that having
four CRT hits is more likely to result from the same neutrino interaction, making the
background resemble the signal. To optimise the selection, the algorithm determined

that a timing difference within 10 ns could further reduce the dirt background.
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Figure 10.9
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(a) Distance between hits based on truth information. (b) The distribution
of starting points for muon-proton pairs: blue dots represent the starting
points of the pair, while the red rectangle represents the upstream and
downstream panels.
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Figure 10.10 The distribution of deposited energy for selected diagonal pair, for dark
neutrinos with a mass of 400 MeV, compared with the dirt neutrino
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Figure 10.11 The distribution of timing difference between two hits in the selected
diagonal pair, for dark neutrinos with a mass of 400 MeV, compared with
the dirt neutrino background.
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10.3.5 Summary of Selection

A summary of the applied selections and their performance in terms of efficiency
is presented in Table [10.2. Both the number of events and the efficiencies for signal
selection and background rejection are provided. The selections were applied to
two signal samples and background samples described in Section [10.1. For the
background, the majority of events were successfully rejected by the selections. The
overlay sample, which includes cosmic ray activities, was also tested, and no events

from cosmic rays were observed after the application of these selections.

In both signal cases, a significant portion of events were lost when requiring four
hits in the downstream panel. This loss is primarily due to the challenges posed
by the detector’s setup: its position is too low relative to the beam centre, and the

downstream panel is not large enough to capture both hits.

Dirt neutrino Dark neutrino 400 MeV | Dark neutrino 140 MeV

Deposited energy in detector within beam spill | 560272 (100.00 %) 222.56 (100.00 %) 18.35 (100.00 %)
No hit in the upstream panel 94075 (16.79 %) 199.78 (89.77 %) 17.75 (96.73 %)
Four hits in the downstream panel 1572 (0.28 %) 17.9 (8.04 %) 2.23 (12.15 %)
Rectangle shape requirement 1469 (0.26 %) 17.81 (8.00 %) 2.22 (12.10 %)
Distance between diagonal hits 767 (0.14 %) 16.18 (7.27 %) 1.99 (10.85 %)
Deposited energy 180 (0.03 %) 10.26 (4.61 %) 1.31 (7.14 %)
Timing diff between diagonal hits 171 (0.03 %) 9.98 (4.48 %) 1.27 (6.92 %)

Table 10.2 Numbers of events at each stage of the event selection for the long-lived
dark neutrino case (normalised to 2.95 x10%° POT).

10.4 The Boosted Decision Tree Method

Based on the "box-cut” selection described above, the signal for a 400 MeV dark
neutrino appears more promising compared to the 140 MeV case. However, the
minimal selection criteria, particularly the four cuts on the downstream panels, result
in the majority of signals being rejected. To optimise the significance (S/+/BG), two
possible approaches can be taken: one involves testing different combinations of
values and the order of the selection criteria described in the previous section, while

the other involves using a machine learning tool, such as the BDT method.
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The BDT method is a powerful multivariate tool used for classification tasks, and
it has been widely applied in high-energy physics [251]. BDT training involves a
series of decision trees, also known as weak learners. Each decision tree is trained
sequentially, with each subsequent tree focusing on correcting the errors made by
the previous ones. The output of each tree is typically a weight proportional to its
accuracy. The outputs of all the decision trees are then combined through a weighted
sum, a process known as boosting. After training, the BDT assigns a score to each

event in a sample, representing how signal-like it is.

The BDT was trained using the Toolkit for Multivariate Data Analysis (TMVA)
package [252], a machine learning framework integrated into ROOT, specifically
designed for the needs of high-energy physics. TMVA supports multiple machine-
learning classifiers, including BDT, Neural Networks, Fisher discriminants, and
likelihood methods. All these classifiers were tested for signal and background
separation, and BDT demonstrated the best performance for the simulated samples.

Hence, BDT was chosen as the selection tool to maximise the significance.

10.4.1 BDT Variables

A few variables used in the box selection can be directly applied in the BDT, such as
the number of hits in the upstream, the number of hits in the downstream, whether
the reconstructed hits in the downstream panel form a rectangle, the distance
between the diagonal hits, and the timing difference between the selected diagonal

pairs.

A few variables, such as deposited energy, are two-dimensional because, for each
selected diagonal pair, the information from both hits was used in the box selection.
Since the BDT can only accept one-dimensional variables, different parameters are
introduced to represent the statistical distribution. Firstly, the mean value of the
deposited energy for the selected pair is calculated and used as an input variable.
The ratio between the two deposited energies from the selected diagonal pair is also
included, as signals are expected to have a ratio closer to 1. Additionally, a variable
is constructed to represent the deviation of deposited energy among all four hits,

calculated as the sample deviation:

, (10.2)

std — \/Zi(Edeposited,i - Ecleposi’recl,CV)2
B n—1
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where Egeposited,i Tepresents the deposited energy for each of the four hits, Egeposited,cv
is the average deposited energy, and n = 4. The sample deviation, rather than the
standard deviation, is chosen because it is calculated per event, which represents a
subset of the entire population. In addition to the distance between the diagonal
pairs, the width of the rectangle (defined in the horizontal direction) is also used
as a BDT variable to represent the shape of the two particles interacting with the
downstream panel. This variable is correlated with the combination of the opening
angle and the propagation length. Figure [10.12|shows the four additional variables
introduced as BDT handles for training. Table[10.3 lists all the variables used in the
BDT training.
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Figure 10.12 Distributions of BDT variables for the signal and the dirt background:
(top left) mean deposited energy between the selected diagonal pair, (top
right) ratio of the two deposited energies, (bottom left) sample deviation
of deposited energy from the four reconstructed hits, (bottom right) the
width (defined in the horizontal direction) of the formed rectangle.
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Variable Description
n_hits_upstream Number of hits in the CRT upstream panel.
n_hits_downstream Number of hits in the CRT downstream panel.
CanFormARectangle A boolean variable indicating whether the arrangement of
the CRT hits forms a rectangle.
Distance between hits The distance between diagonal hits.
Rectangle width The width in the horizontal direction to indicate the shape of the rectangle,
with a value set to -1 if it is not a rectangular shape.
Deposited energy mean The mean value of the deposited energy within the selected diagonal hits.
Deposited energy std The sample deviation of the deposited energy across all CRT hits.
Deposited energy ratio between hits The ratio of the deposited energy between the selected diagonal hits.
t1 diff between hits The timing difference between the selected diagonal hits.

Table 10.3 The variables used in the training of the BDT models.

10.4.2 BDT Training and Overtraining Checks

The BDT was trained using the same dirt background and 400 MeV dark neutrino
sample that were used for developing the selections in Section [10.3. Prior to training,
a minimal requirement was applied: the number of hits in the downstream region
had to be greater than two. This condition was necessary because many of the BDT
variables, such as the distance and deposited energy ratio, require at least two hits to

be present for accurate evaluation.

A BDT model can become overtrained if it picks up features that are only present in
the training sample but not in a broader dataset. Overtraining may occur when
the training sample is too small or if too many iterations are performed during
training. To check for overtraining, the sample is typically split into test and
training sets. TMVA provides this functionality by default, and the results from both
samples are shown in Figure [10.13| For both the test and training samples, the BDT
score distributions are quite similar, indicating that overtraining has not occurred.

Therefore, the BDT model was confirmed as reliable for further selections.

10.4.3 Overlapping Region

A significant overlapping region in the BDT score distribution between signal and
background was observed. To investigate the underlying cause, the BDT variables
were plotted for both signal and background within this overlapping region, as
shown in Figure [10.14, The majority of events in this region have two hits in the

downstream panel, with only a few having four hits.
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with the BDT scores from both the training and test samples.
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Figure 10.14 Distributions of all BDT variables for the signal and the dirt background
in the overlapping region of the BDT score.
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To further understand the cause, event hand-scans were carried out. Figure M
presents several event displays to illustrate the topology behind the events in the
overlapping region. The majority of events in the overlapping region involve only one
true particle propagating through the panel. However, this particle may propagate
between two strips, or a secondary particle, such as a Compton photon with sufficient
energy to trigger just one strip, could introduce an extra hit during the reconstruction,
as shown in Figures [10.15/(a) and (b).

Additionally, two real particles can pass through a single strip if the decay position
is very close to the panel. This can lead to only two hits being reconstructed, as
illustrated in Figure [10.15|(c). In cases where four hits are recorded, if the opening
angle is large, it could result in higher deposited energy and lead to misclassification
as background events, as shown in Figure w (d).

10.4.4 BDT Performance and Selection

A Receiver Operating Characteristic (ROC) curve is typically used to describe the
true positive rate versus the false positive rate for a given classifier. The ROC curve
is generated by scanning through the signal selection efficiency and the background
rejection efficiency. The area under the curve (AUC) is commonly used as a metric
to evaluate the performance of a BDT model. A perfect classifier would completely
separate the signal from the background, yielding an AUC of 1. A random classifier
(the baseline) would not distinguish between signal and background, resulting in an
AUC of 0.5.

Figure [10.16| shows the ROC curve for the trained BDT model, with a dashed line
indicating the baseline. The AUC is calculated to be 0.826, demonstrating that the

BDT is a reasonably effective classifier.

The BDT distribution for both signal and background is normalised to 2.95 x10%
POT to observe the actual distribution, as shown in the left panel of Figure [10.17}
Since the signal is very small, it is scaled up 100 times for comparison with the
dirt background. The selection is performed by scanning through the modified
significance, defined as S/ /S + BG, to find its maximum, as shown on the right
panel of Figure [10.17] The maximum occurs at a BDT score of 0.188, where 0
background events remain, with 0.88 signal events. Since the number of signals is

less than one, this point is discarded.
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(c) (d)

Figure 10.15 Event Displays of Signal Events in the Overlapping Region of BDT
Distributions: (a) An electron/positron intersecting two CRT vertical
strips, resulting in two reconstructed hits. (b) An electron/position
propagating through the CRT panel with a secondary Compton photon
triggering only a vertical strip, leading to two reconstructed hits. (c)
Electron and positron propagating through the CRT panel, only two
closely spaced hits are reconstructed due to the angle and the vertex. (d)
An electron-positron pair with a large opening angle propagating through
the CRT panel at big intersection angles.

The second maximum, at a BDT score of 0.062, gives a significance of 0.822 and is
used for selection. After this selection, approximately 16.86 signal events and 404
background events remain. For reference, in the box selection, only 17 signal events
were left after applying the four-hit selection. However, the background was reduced

from 1,572 events to 404, representing a significant improvement.
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Figure 10.17 Left: the distribution of the BDT score, with both signal and background
normalised to 2.95 x10% POT. Right: the modified significance
S/+/S + BG as a function of the BDT score.

10.5 Signal-like Background Events

Around 400 background events remain after the selections. The neutrino interaction
types that produce these signal-like background events are investigated, as shown in
Figure [10.18] The majority of signal-like background events are generated from RES
and DIS interactions, with smaller contributions from QE, COH, and MEC.
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Figure 10.18 Interaction type of the signal-like background events after selection.

QE and MEC Signal-like background events are introduced by leptons, pre-
dominantly muons, though electrons are also possible, produced by neutrino
interactions in the surrounding concrete. For a muon, as it propagates through
the concrete, a secondary particle, typically an electron, can be produced via muon
ionisation or decay near the surface. This secondary electron may either escape the
concrete directly and interact with the downstream panel or undergo a series of
electromagnetic interactions. In the latter case, the electron generally first emits a
photon via Bremsstrahlung. The photon can then produce an electron-positron pair
through pair production in the concrete, air, or upon contact with the CRT panel. One
of these electrons deposits energy and creates a CRT hit, while the other escapes. In
the case of an electron as the primary lepton, signal-like background events can be
caused either by the primary electron and its secondary particles or by the secondary

particles generated through electromagnetic interactions of the electron.
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RES, DIS, and COH The same causes observed for QE and MEC interactions can
also occur in RES, DIS, and COH interactions. In addition, pion production in
these processes leads to an increased number of signal-like background events. A
significant source of background is the decay of a 0 particle into a photon, which
then undergoes electromagnetic interactions, eventually leading to the detection of
electron-positron pairs by the CRT through pair production. In another scenario,
both a primary muon and a primary pion can hit the downstream panel, generating
signal-like events. Although secondary particles produced by these muon and pion
interactions are more likely to be detected by the CRT. It has also been observed that
a muon and a proton with momentum above 1 GeV, where the proton behaves as a

MIP, can also be misclassified as signal events.

In summary, combining all neutrino interactions, the majority of signal-like back-
ground events are caused by secondary particles produced by the primary lepton or

pion as they propagate towards the CRT.

10.6 Uncertainties on the Background

The uncertainties can be categorised into statistical and systematic uncertainties.
Statistical uncertainty depends on the number of measurements. For a binned
histogram, the statistical uncertainty per bin is calculated as the Poisson error, given
by V/N, where N is the number of entries in the bin.

For systematic uncertainties, the approach depends on the impact of the uncertainty.
Some are related to the overall rate of the sample and are thus trivially assumed to
follow a flat distribution across a binned histogram. For other types of systematic

uncertainties, the multisim technique is employed for calculation.

The multisim technique, like the unisim technique introduced in Section 6.8} is
an alternative approach for estimating systematic uncertainties, particularly when
the uncertainties depend on multiple parameters. Similar to the unisim method, a
central value (CV) sample is first produced with all parameters set to their nominal
values. Then, all parameters are randomly sampled based on their uncertainties, with
these newly sampled parameters referred to as a universe. This parameter-sampling
process is typically repeated multiple times, generating multiple universes, hence the

method is called the multisim technique.

Subsequently, histograms are generated for both the CV universe and all sampled

universes. The histograms from the sampled universes reflect the variations due to
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the modified parameters. The covariance matrix between the bins can be defined as:
1Y cv cv
Ej= 5 L —x)(x—x), (10.3)

where i and j are bin indices, xl.CV is the entry for bin 7 in the CV universe, x} is the
entry for bin i in universe s, and N is the total number of sampled universes. The

uncertainty is 0; = /E;; for the iy, bin.

Generating samples from all universes can be computationally heavy. Therefore,
alternative approaches have been developed to mitigate this problem. For systematics
related to flux, neutrino modelling, and reinteraction modelling in SBN experiments,
the multisim approach is implemented using re-weighting tools, which provide N
weights per event in the CV sample for N universes. As of the time of writing this
thesis, this tool has not been fully implemented in SBND; however, an attempt [253]
was made to estimate these systematic uncertainties, and it will be used for this
analysis for the time being. For systematics related to reconstruction effects, an
alternative approach involves manually smearing the selection handles by their

uncertainties N times and re-simulating the sample to generate N universes.

The following sections will describe the sources of different systematics and the
calculation of uncertainty from each source. Since the signal is predominantly
affected by statistical uncertainties, the systematic uncertainties are calculated only

for the background samples.

10.6.1 Neutrino Flux

Neutrino flux uncertainties can be grouped into three main categories. The first
arises from uncertainties in modelling hadron production (7, K), resulting from
proton collisions with the Beryllium target. Once produced, these hadrons can
further interact with the target or the focusing horn, adding additional modelling
uncertainties. The final source comes from uncertainties in the current applied to the

beam’s focusing horn, which further affects the accuracy of the flux simulation.
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As described in Section 4.2} the flux simulation was developed by the MiniBooNE
experiment and is used by SBN experiments. This simulation incorporates all
relevant uncertainties and provides a tool to reweight the flux prediction using 13
parameters [170]. Systematic uncertainties related to the flux can be estimated by
using this reweighting tool to generate multiple universes. Previous results indicate
that the flux uncertainty is approximately 13% [253], and this value is applied for
this analysis. A more precise calculation of the neutrino flux uncertainties will be

performed in the future.

10.6.2 Neutrino Model

As described in Section [5.2.3| the GENIE generator is used to model neutrino
interactions. Various models are implemented within GENIE to simulate these
interactions, and each model its own set of parameters with associated uncertainties.
These uncertainties can introduce systematic errors into the analysis. The systematic
uncertainty in the model predictions can be estimated using the multisim method,
with reweightable parameters provided by the GENIE software [204]. An estimation
of the systematic uncertainty due to neutrino interactions is approximately 13% [253].
The dedicated calculation of systematic uncertainties related to the neutrino model is

planned as part of future work.

10.6.3 Reinteraction Model

Primary particles produced by neutrino interactions propagate through various
media, such as concrete, air, or polystyrene. During propagation, these primary
particles can potentially re-interact with the surrounding medium. These reinterac-
tions are simulated using the GEANT 4 toolkit, as described in Section M The
Geant4Reweight tool [254] was developed to use the multisim approach to estimate

the systematic uncertainties associated with these reinteractions.

Previous results from studies with argon suggest that these uncertainties are on the
order of 1% [253]. For this analysis, reinteraction uncertainties are expected to be
more significant, as the CRT primarily detects secondary particles produced by these
reinteractions. Therefore, the systematic uncertainties are estimated to be 5% for the

time being and a dedicated production is planned to calculate these more precisely.
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10.6.4 Reconstruction Effects

The BDT variables (selection handles) rely on reconstruction information, where each
reconstruction has a resolution compared to the true values. The resolution can
introduce a source of systematic uncertainty. In Section [9.2.2 and Section 9.3} the
resolutions for position, time, and deposited energy reconstruction are presented. To
estimate the systematic uncertainties regarding each handle, the multisim technique
is applied. Since no specific tool has been developed for handling reconstruction
effects, the multisim approach is implemented by smearing each handle with an
offset generated by a Gaussian random generator based on the associated resolution
to create the universes. For each universe, the offsets for each handle are fixed at the
same values. A workflow has been developed specifically to automate the generation
of the universes. For all three handles, 100 universes are generated for the systematics

uncertainty calculation.

Figures [10.19} [10.20, and [10.21] display the BDT distributions for the generated
universes compared to the CV-universe, after smearing the position, time, and
deposited energy handles, respectively. Among these handles, deposited energy
introduces the largest systematic uncertainties, which is expected given that the
energy resolution is around 25%. The contributions from position and time
systematics are approximately 5% and 15%, respectively. Although the last two
bins show slightly higher uncertainty, they are primarily dominated by statistical

fluctuations of these universe samples.
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Figure 10.19 Distribution of the BDT score for the various position-smeared universes

compared to the CV for (a) all events and (b) a zoomed-in view of the
signal region.
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Figure 10.21 Distribution of the BDT score for the various deposited-energy-smeared
universes compared to the CV for (a) all events and (b) a zoomed-in view
of the signal region.

10.6.5 POT Counting

The number of Protons on Target (POT) determines the number of events. The rate

of protons arriving upstream of the target is measured by a toroid monitor, which

is capable of measuring POT with an accuracy of 2% [255]. For this analysis, a flat

distribution with a 2% uncertainty is assumed for POT counting.
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10.6.6 Contributions summary

Figure [10.22 shows the total combined uncertainties on the background BDT score
in the left panel, along with a zoomed-in view of the signal region on the right. The
combined uncertainty is approximately 40%, with deposited energy reconstruction
effects being the dominant source. This large systematic uncertainty highlights the
need for a more thorough understanding of each contributing source. In future
work, dedicated calculations of systematic uncertainties related to flux, the neutrino
model, and the reinteraction model for this experimental configuration will be
performed. Once these are determined, a covariance matrix will be constructed to

further constrain and reduce the overall uncertainty.
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Figure 10.22 The total fractional uncertainties as a function of the BDT score for (a) all
events and (b) a zoomed-in view of the signal region.

10.7 Data-MC Agreement

With the combined uncertainties, the simulation samples were further compared
to the data. Although no cosmic contribution was identified in the simulation,
running the analysis workflow on the data revealed a substantial contribution from
the cosmic window, which is defined with the same duration but outside the beam
spill. This indicates that cosmic ray interactions are underestimated in the simulation.
Understanding the deficiencies in the cosmic simulation will be an important aspect

of future work.

For now, the beam spill data are corrected by subtracting the cosmic window data to
estimate the dirt neutrino background, which is then compared with the background
model, as shown in Figure [10.23] Overall, the results show good agreement between
the MC and data in the lowest BDT scores, but excesses are observed in some bins at

higher scores. These discrepancies will require further investigations.
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Figure 10.23 The BDT score from the MC compared with data, with combined
statistical and systematic uncertainties shown for both (a) all events and
(b) a zoomed-in view of the signal region.

10.8 Summary and Future Work

In this chapter, a search for long-lived dark neutrinos and an extended model-
independent search was performed using the CRT Beam Telescope detector. The
dark neutrinos are produced via SM neutrino upscattering, propagate, and decay
into lepton pairs. Depending on where the decay occurs, dark neutrinos can be
classified as long-lived or short-lived. This chapter focused on the long-lived dark
neutrino search, where the decay occurs between the two panels, with the considered

lepton pair being e~ e™.

This analysis employs a novel detector setup, and significant work has been done
by the author to enable a proper analysis. A “box-cut” selection was initially
developed to understand the SM neutrino background in the context of CRT, air, and
concrete. Due to the limited selection handles available, the BDT method was applied
to maximise selection efficiency. The BDT significantly improved the significance;
however, since the dark neutrino signal is produced via SM neutrino interactions
and the Beam Telescope detector is positioned too low relative to the neutrino beam

centre, many events were lost during minimal selections.

There is still work required to finalise this analysis. As mentioned in the chapter,
part of the systematic uncertainties have derived from a previous attempt, and a
thorough calculation of these uncertainties is needed for the final limit exclusion plot
using data. Additionally, further investigation is necessary to fully understand the

data-MC agreement.
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11

Model-Independent Searches with
the SBND CRT Beam Telescope

The analysis of the baseline long-lived dark neutrino model presented in the previous
chapter has shown that after applying the selection cuts insufficient signal events
would remain compared with the background. This means that the detector may
be sensitive to models where the coupling is higher resulting in a larger signal
production rate. However, this is non-trivial for dark neutrino models because the
coupling constant also affects the lifetime of the dark neutrino, significantly altering

the decay location.

Meanwhile, the dark neutrino model produces an electron-positron pair signature in
the detector, a signature that could also be generated by other BSM particles, such
as HNLs and dark photons, suggesting a model-independent approach could be
feasible. The results from the dark neutrino model can be projected onto a model-
independent search using the framework introduced in Section [2.5| This approach
considers a generic long-lived BSM particle, providing more flexibility in adjusting

the BSM-SM coupling and therefore the expected event rate.

This chapter will describe the method used to expand the dark neutrino results into
a model-independent long-lived particle search, including the calculations of scaling
factors for different lifetimes with statistical tests, and the principles of these tests will
be explained. Additionally, the sensitivity of the Beam Telescope was determined for
different lifetimes, and these results will be discussed. This search was performed in
collaboration with phenomenologists K. J. Kelly (Texas A&M University) and P. A.
N. Machado (FNAL).
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11.1 Principle of Statistic Method Used

The end-to-end scaling factor calculation is performed using the pyhf package [256,
257], which implements likelihood-based hypothesis testing [258]. Hypothesis testing
is a statistical method that assesses the consistency between the observed data and
the expected background distribution, combined with the signal distribution with
a scaling factor. In this method, the test statistic distribution is constructed using
likelihood functions that represent probability distributions for different hypotheses
under varying parameters. By scanning through different scaling factors and
calculating the confidence level (CL) using the CLs method [259, [260], the scaling
factor that satisfies the predefined 90% CL can be determined.

11.1.1 Hypotheses Definition

The first step in a statistical test is to define the hypotheses. A hypothesis H can be
constructed using the signal scaling factor y, which is an unconstrained parameter
typically referred to as the parameter of interest. The other parameters in the

hypothesis are collectively represented as 8 and are known as nuisance parameters.

In a BSM search, two hypotheses are typically involved: one representing the
background only and another representing a superposition of background and signal.
Following pyhf nomenclature, the hypothesis with the superposition of signal and
background is referred to as the null hypothesis, while the background-only scenario
is called the alternative hypothesis. This counterintuitive definition and naming is
introduced to avoid hypothesis rejection by fluctuations in dominant background

samples. In a summary, these hypotheses can be expressed using parameters as:

null hypothesis :H,., = H(u =1,60),
yP stp = H(p ) a11)

alternative hypothesis :H, = H(u =0, 0),

11.1.2 Likelihood-based Test Statistic

Both hypotheses will be tested using a frequentist approach to quantify the level
of agreement with the observed data. Since binned BDT score histograms after
selections for both signal and background samples are used as input for the statistical
test, the likelihood function L(u, 6) is chosen to form the test statistic. This function

represents the probability of observing the data given a hypothesis H(y, 0).
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To test the null hypothesis, the likelihood for each bin is given by a Poisson

distribution:
e~ 1 +b) (s 4 b)"

n!

L(p) = , (11.2)

where s and b are the expected numbers of signal and background events for that bin,
and 7 is the number of observed data events. Assuming the entries in each histogram
bin are independent, the likelihood for the entire histogram (i.e., for all bins) is the

product of the likelihoods for each bin. This can be expressed as [258]:

N (usi +0)" e
L(r,0) = [T U0 ot T ey (ay | ), (113)
i=1 ! 0eo
where the first product term is the likelihood for N bins, and the second product term
represents the contribution from nuisance parameters 6, with a constraint function

cg(ag | 0) with the measurement 4, constraining each nuisance parameter 6.

For a tested value of y, the profile likelihood ratio is defined as [258]:

A(u) = M (11.4)
L(#,9)

where the numerator is the maximised likelihood function for the tested value y,

with é( i) being the nuisance parameter values that maximise the likelihood for the

given yi. The denominator in Equation [11.4 corresponds to the maximised likelihood

function with both p and 8 unconstrained, determined by the best fit to the observed

data. In this case, fi and O represent the best-fit values for the signal scaling factor

and nuisance parameters, respectively.

The scaling factor y can only take non-negative values since the signal process can
only increase the number of observed events. If the best fit of the data yields a
negative value for fi, the denominator in Equation [11.4 is constrained to 1 = 0. Thus,
Equation M takes the form [258]:

~

(1O())

- b= 1 <0,
Au) = { todo) F (11.5)
L(n, H(H)) ﬁ >0
L(p.0) -
where 0(0) are nuisance parameters when fi = 0.
The test statistics can be constructed as [258]:
i —2InA(p), p<p,
Gu = (11.6)
0, >y

202



The region where fI > u arises from upward fluctuations in the observed data. To

account for this, the test statistic 4, is set to 0 in such cases.

To test the agreement between the two hypotheses and the observed data, p-values
are used to quantify the level of agreement. The p-values for both hypotheses can
be calculated from the probability density function (PDF) of the test statistic, f(§|y’),
where ' represent a different strength and p/ # p. The p-value calculation takes the
following form: N

posli,0) = [ F(a, | w)da,

iy L7
po(0,0) = [ F( | 0)d

The probability density function (PDF) typically does not have an analytical ex-
pression, so alternative methods are necessary to generate the PDF distribution.
By default, the pyhf package uses asymptotic approximations, which assume that
fi follows a Gaussian distribution with a mean of ;' and a standard deviation of
0. Another common method is known as toy throwing, where a large number of
pseudo-experiments, or “toys,” are generated by randomly sampling the nuisance
parameters 6 within their allowed constraints. Each toy produces a possible value of

4(pu), and a significant number of toys are required to build an accurate distribution.

The toy throwing method is computationally intensive, which is why the asymptotic
approximations approach is used by default in pyhf. A comparison of these different

approaches will be conducted as part of future work.

11.1.3 The CL; Method

The p-value under the null hypothesis H;;; can be calculated, and if p,y; < a, the
null hypothesis can be excluded with a confidence level of 1 — a. However, if the
background is poorly modelled, fluctuations in the background model can lead to

false exclusions, potentially resulting in an incorrect rejection of the null hypothesis.

The CL; method is a modified frequentist approach commonly used in particle
physics to set upper limits and calculate discovery significance [259, 260]. It is defined

using the p-values from the two previously defined hypotheses as follows:

_ CLsyp  Psyw
CLs = cL, 1 —_— (11.8)
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Because 1 — p;, ranges from 0 to 1, the CL; value is always greater than pg,;. This
makes the CL; method more conservative in quantifying significance compared to
the traditional p-value approach. A 90% confidence level (CL) means that CL; <
(1 -10.9), and therefore the number to set for statistical test for CL; method will be
0.1.

11.2 Scaling Factor Calculation

For a given model, pyhf scans over a range of u values and outputs the value of
p that is closest to achieving a 90% confidence level (CL). The constraint on the
nuisance parameters, cg(ag | 0), is defined by the uncertainties of the histogram.
Depending on the type of uncertainties, the constraint can take different forms. Since
the systematic uncertainties for this analysis have not been fully calculated, only

statistical uncertainty is currently accounted for during testing.

In addition, for the sensitivity calculation, the tested dataset uses simulated back-
ground. For future limit exclusion results, the CRT Beam Telescope data will be used.
The base model for calculating the scaling factor u at 90% CL is the BSM model with
a 400 MeV mass. Since the signal obtained from the dark neutrino is very small, and
pyhf can only scale down by default, an initial scaling factor of 100 was applied before
the test. An example is shown in Figure [11.1, where the CL, quantity is calculated
by scanning y values up to 0.05. By the intersection with the CL; line (illustrated in
red), the corresponding value of y is determined to be 1.9046 after correcting for the
pre-scaling factor of 100. In this way, for each tested model, the scaling factor can be

calculated and subsequently interpreted to generate the sensitivity plot.

11.3 Different Lifetime Assumptions

To map out the sensitivity for the model-independent search in the Beam Telescope
detector, the mass of the generic long-lived BSM particle is fixed at 400 MeV, while
the particle’s lifetime is varied. A new sample with different lifetimes is simulated

by reweighting each event using a scaling factor r, given by:

—1
e AV*ﬁ*lnew, unboosted

T R — (11.9)

e AY"ﬁ*lold, unboosted
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Figure 11.1 The CL; value as a function of the signal strength factor u. The observed
and expected CL; curves overlap, as the background simulation is used as
test data. The expected 10 and +20 deviations are shown as green and
yellow shaded regions, respectively. The red horizontal line represents the
90% confidence level (CL).

Where v+ = E/m, B = \/m, | is the decay length, and Iyq unboosted iS the
initial un-boosted decay length, set to 306.53 cm. A total of twelve new un-boosted
decay lengths were considered to either increase or decrease ly14, unboosted- FOr each
considered lifetime, a new Dark neutrino BDT with the same set of variables is
trained, with selections made based on the maximum S/v/BG. The selected region
of the BDT distribution is then used as input for the statistical test to calculate the
scaling factor. The BDT score distributions, selections, and statistical test results for

each considered lifetime are shown in Appendix D}

Lifetime (unboosted) [cm] | 3.0635 | 30.635 50 100 306.35 | 1000 2000
uat 90% CL N/A | 155.9418 | 53.7548 | 11.5847 | 1.9046 | 0.4535 | 0.4035
Lifetime (unboosted) [cm] | 3063.5 4000 5000 7000 9000 | 10000 | N/A
u at 90% CL 0.4454 | 0.3417 | 0.3870 | 0.3282 | 0.3244 | 0.2647 | N/A

Table 11.1 Calculated scaling factor of signal strength u for different unboosted
lifetimes.

The scaling factors are listed in Table [11.1. The N/A result for the tested unboosted
lifetime of 3.0635 cm occurs because the lifetime is too short, resulting in the decay
vertex not occurring between the two panels. Consequently, the particle cannot be

considered long-lived, causing the BDT designed for long-lived particles to fail.

205



11.4 Sensitivity Results

The model used to calculate the scaling factor assumes a specific scattering cross-
section for generation via neutrino upscattering. Scaling up the signal rate
corresponds to an increase in this cross-section. Therefore, the sensitivity plot can
be represented by mapping the cross-sections, derived from the scaling factor, which
represents the product of the production rate of long-lived BSM particles and their
decay rate into an e~ e pair, as a function of the particle’s lifetime. The parameter

space explored is fairly general.

Figure [11.2 shows the 90% CL sensitivity in the parameter space for the model-
independent search using the SBND CRT Beam Telescope. A conservative exclusion
limit from MiniBooNE was estimated by phenomenologists and compared with the
CRT Beam Telescope sensitivity. As this is the first exploration of BSM particles
in this specific parameter space, we are still determining the best way to compare
these results with existing studies, which will be done in collaboration with the
phenomenologists involved in this analysis. At this early stage, it appears that there

is a region of the phase space excluded by this measurement.

il()‘36 MiniBooNE

10-43 L1111l [ [
107! 10° 10! 102
et [m]

Figure 11.2 Sensitivity plot for the model-independent search, showing the product of
the production rate of long-lived BSM particles and their decay rate into
an e~ et pair, as a function of the particle’s lifetime.
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11.5 Summary and Future Work

This chapter presented a search for a generic long-lived particle using the SBND CRT
Beam Telescope detector. By interpreting the dark neutrino results within a model-
independent framework via a common e e' signature, the model-independent
search results can be inferred from the dark neutrino analysis. The model-
independent approach offers greater flexibility in adjusting the scaling factor, which

helps mitigate the problem of having too few signal events for dark neutrinos.

The scaling factor was calculated using statistical tests, and various lifetimes were
tested to generate the sensitivity plot for the model-independent search using the
CRT Beam Telescope detector setup. The sensitivity plot was presented in this chapter
and compared with a conservative MiniBooNE exclusion limit. Since this parameter
space is being explored for the first time, we will collaborate with phenomenologists
to translate existing results to the parameter space explored in this study as part of

future work.
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12

Conclusions and QOutlook

Modern particle physics detectors are typically complex and comprise various
subsystems to enable high-precision particle identification. In the case of a LArTPC
detector for neutrino experiments, the design of these detectors has expanded
to include three main subsystems: the TPC, the PDS, and the CRT. While the
combination of these subsystems maximises particle detection efficiency, each
subsystem is intricate enough on its own to explore different aspects of physics. This
thesis primarily focuses on the PDS of MicroBooNE and the CRT system of SBND.

Scintillation light is predominantly used for event triggering in LArTPC experiments,
but in recent years, it has been recognised that it could have broader applications.
Therefore, having a good understanding of light propagation and detection and the
accuracy of its simulation is crucial. In Chapter |6, we present a novel method to
measure the light yield using point-like isolated protons. This method allows for
testing different simulation approaches and evaluating the assumptions used in the
simulation. Two different Rayleigh scattering lengths were tested and compared with
data, with a preference for a 100 cm Rayleigh scattering length determined using
MicroBooNE data, and a hint that the true length might be even longer. This method
can also be applied for the calibration of light signals in other experiments, such as
SBND.

The CRT system in SBND is designed to tag cosmic ray activity. ~Chapter [§|
details the commissioning work on the characteristics of the SiPM response to a
single photoelectron. This process was used to commission the modules prior
to installation, and the response data will be stored in a database for future

reconstruction efforts.

208



If one is creative enough, a simple technology like the CRT and a basic setup like the
CRT Beam Telescope can be used for intriguing BSM searches. What began as an off-
hand idea has since evolved, with significant work needed to make the concept more
realistic. In Chapter @ we described the simulation, reconstruction, and calibration

efforts that were developed to lay the groundwork for the BSM search.

Finally, in Chapter [10] the dark neutrino search using the Beam Telescope detector
was presented. The journey of conducting this analysis came with many surprises.
Neutrinos proved to be surprisingly active, with interactions occurring in concrete,
air, and even the CRT panels. Additionally, reinteractions during particle propagation
introduced unexpected background events. The detector’s relatively low position
and the smaller size of the CRT panels contributed to unexpected signal loss. Despite
the limited selection handles provided by the CRT, a BDT classifier with improved

performance was successfully developed.

However, even with the BDT, the signal remained relatively low compared with
the background, and the constraints of the dark neutrino model made it difficult
to naively increase the signal rate. As a result, in Chapter [11] the dark neutrino
results were re-interpreted in a model-independent search framework, focusing only
on the predicted final state without relying on a specific model. The scaling factors
for the model-independent search were calculated, and the sensitivity of the CRT

Beam Telescope particles’ lifetime was established.

To finalise the model-independent BSM analysis, a few missing pieces still need
to be addressed. First, the systematic uncertainties related to flux, the neutrino
model, and the reinteraction model need to be calculated. Additionally, a thorough
understanding of the data-MC agreement is required. Once these elements are in
place, a final limit exclusion plot can be generated for the SBND CRT Beam Telescope,

which is anticipated to be published.
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Appendix A

Total Light Yield Map in the y — z

Plane with Different x Position

This appendix shows the light yield map in the y-z plane at different x positions to
examine uniformity. When the drift position is within 100 cm, the light yield changes
significantly with location, as shown in Figure [A.1] As the position moves further

away from the PMTs, the light yield becomes more uniform.
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Figure A.1 Light yield map in y — z plane with various drift positions.
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Appendix B

FEB configurations for Single PE

Response Measurement

This appendix details how to set the configuration for CRT channels during data
collection. This is achieved by modifying the array on a channel-by-channel basis, as

illustrated below:

FEBConfiguration_singlePEVoltagel140.channel_configuration:

[
(o, 0, 1, 140, 1, 52, 47, 0, 0, 1], # Channel O

Each of 32 lines in the array represents one specific configuration for one channel.

There are 10 numbers in each line:

The 15 and 2" numbers are used to tune the threshold for the channel, range

from 0 to 15

e The 3™ number is used to swap the bias voltage range, either 2.5 V or 4.5 V; 1

means 4.5 V.

e The 4" number is used to tune the bias setting of the SiPM, ranging from 0 to
255.

e The 5 number is used to enable/disable the channel to fire the trigger. Setting

this number to be 0 is to prevent the channel from firing the trigger.
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e The 6 and 7" numbers are the amplifier settings for the high ADC and low
ADC region. The 6/ number is used for increase the amplifier for the single PE

response measurement. The interpretation of the values can be found in Figure

B.1l

e The 8 and 9" numbers enable the charge injection for calibration of the
amplifiers for the high ADC and low ADC region.

e The 10" value is set to 1 to enable the preamp. If the channel is extremely noise,
disabling the preamplifier effectively kills it and keeps the noise from spreading
to other channels.

. . Cfeedback gain HG gain LG
setting setting in binary

(FF) amplifier  amplifier

63 111111 0 0 0 i
62 111110 25 60.00 600.00
61 111101 50 30.00 300.00
60 111100 75 20.00 200.00
59 111011 100 15.00 150.00
58 111010 125 12.00 120.00
57 111001 150 10.00 100.00
56 111000 175 8.57 85.71
55 110111 200 7.50 75.00
54 110110 225 6.67 66.67
53 110101 250 6.00 60.00
52 110100 275 5.45 54.55
51 110011 300 5.00 50.00
50 110010 325 4.62 46.15
49 110001 350 4.29 42.86
48 110000 375 4,00 40.00
47 101111 400 3.75 37.50
46 101110 425 3.53 35.29
45 101101 450 3.33 33.33
44 101100 475 3.16 31.58
43 101011 500 3.00 30.00
42 101010 525 2.86 28.57
41 101001 550 2.73 27.27
40 101000 575 261 26.09
39 100111 600 2.50 25.00
38 100110 625 2.40 24.00
37 100101 650 231 23.08
36 100100 675 2.22 22.22
35 100011 700 2.14 21.43
34 100010 725 2.07 20.69
33 100001 750 2.00 20.00
32 100000 775 1.94 19.35
31 11111 800 1.88 18.75

Figure B.1 Interpretation of the gain settings
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Appendix C

Additional CRT Reconstruction
Plots

C.1 PE Corrections Relative to True Energy Depositions

Figure [C.1] shows that when true energy depositions are present behind the

reconstructed CRT hits, the corrected PE is uniform across the entire distance to the

readout. In contrast, if no real particles are associated with the hits, the uncorrected

PE is uniformly distributed. In this case, the corrections lead to over-correction,

resulting in a non-uniform distribution across the distance.

PE

+ +
sttt e T
R T

[ LTI PE N

+ .§.++++

—I— Uncorrected PE —|— Corrected PE

1 1 1 1
100 150 200 250 300
Distance to the readout [cm]
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- 100fF to+
[ + + +++ ++ +
[ 4t
80 +++ + '+
: +++1 et + o+
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Distance to the readout [cm]

(b)

Figure C.1 Corrected vs. uncorrected PE for (a) with real hits behind and (b) without
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C.2 Different Physics List Comparison for Upstream CRT

panel

Figure [C.2] illustrates a comparison of different physics lists used in the GEANT4

simulation for the upstream panel. Figure [C.2| (b) shows that the high precision list
QGSP_BERT_HP performs better than the others.

CRT hits

Frac diff

160[—MC: 680378 = 824 [ Background: muon

140[— Fractional diff: -1.60%

x10°

I Data: 669641 + 818
r l:l Background: proton

- Background: pion

120 :_ D Background: electron
100~ [ Background: fake hits
E —+— CRT Beam Telescope Data
80— [y
60
40 b
20F 1
% 6 7 8 9 10
0.6
0.4+
0.2
0
-0.2
-0.4
-0.|

1 2 3 4 5 6 7 8 9 10
Deposited E [MeV]

(a)
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[ MC: 703066 = 838
[ Data: 669641 = 818
[~ Fractional diff: -4.99%

E] Background: muon

l:l Background: proton

- Background: pion

D Background: electron
|:| Background: fake hits
—+— CRT Beam Telescope Data

7
-
N
(2]
S

5 6 7 8 9 10
Deposited E [MeV]

(b)

Figure C.2 Distribution of deposited energy with (a) QGSP_BERT list and (b)
QGSP_BERT_HP list in GEANT 4 simulation.
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Appendix D

Additional Plots for Dark Neutrinos

Searches

D.1 Long-lived Dark Neutrino with Mass of 140 MeV

Figure [D.1] shows the procedure for optimizing the selection criteria for the dark

neutrino signal, assuming a mass of 140 MeV.
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Figure D.1 Distributions of selections of 140 MeV signal compared with the dirt

background.

217



D.2 BDT Distribution for Long-lived Model-Independent

Searches

Figure [D.2} [D.5| show the distribution of the trained BDT score for each unboosted
decay length assumption. The selections on the BDT score are determined by
maximizing S/+/ BG, and the BDT scores for these selections are listed in Table

Lifetime (unboosted) [cm] | 3.0635 | 30.635 | 50 100 | 306.35 | 1000 | 2000
u at 90% CL N/A | 0.02 |0.062 | 0.062 | 0.062 | 0.062 | 0.048
Lifetime (unboosted) [cm] | 3063.5 | 4000 | 5000 | 7000 | 9000 | 10000
u at 90% CL 0.062 | 0.02 | 0.034|0.062 | 0.02 | 0.006

Table D.1 The selection on BDT scores with the maximised S/ BG.
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Figure D.2 BDT distribution (left columns) and the significance as a function of the
BDT score (right columns) for (a) 30.635 cm (b) 50 cm.
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Figure D.3 BDT distribution (left columns) and the significance as a function of the
BDT score (right columns) for (a) 100 cm (b) 1000 cm and (c) 2000 cm.
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Figure D.4 BDT distribution (left columns) and the significance as a function of the
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Figure D.5 BDT distribution (left columns) and the significance as a function of the
BDT score (right columns) for (a) 7000 cm (b) 9000 cm and (c) 10000 cm.
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D.3 Scaling Factor Calculated From Statistical Test

Figure and illustrate the signal scaling factor obtained from statistical tests
using the pyhf package.
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Figure D.6 The CL;s value as a function of the signal strength factor y for different
unboosted decay length.a
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Figure D.7 (Continued) The CL; value as a function of the signal strength factor y for
different unboosted decay lengths.
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Appendix E

Preliminary Results: Short-lived
Dark Neutrino in the SBND CRT

Beam Telescope

This section presents preliminary results for the short-lived dark neutrino searches
in the CRT Beam Telescope detector. Similar to the long-lived dark neutrino case, the
signal kinematics will be shown first. At the time of writing, only preliminary box

selections have been developed for this scenario. These selections will be refined and

finalised in future work.

Table [E.1|lists the generated samples of three masses of dark neutrino considered in

this analysis.

my, [MeV] | Number of Events
250 366.98
400 21384.51
600 9873.41

Table E.1 Details of the dark neutrino MC simulation samples generated for short-
lived dark neutrinos are provided. The number of events is not an integer
due to the weight applied to each event.
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E.1 Signal Kinematics

The lepton pair for the short-lived dark neutrino search is chosen to be muon pairs.
This choice is made because the dark neutrinos decay within the upstream dirt,
making it difficult for electrons to escape and propagate through the detector. Three
masses are considered: 250 MeV, 400 MeV, and 600 MeV. Figure |Iﬂ| illustrates the
kinetic energy distributions for muons and anti-muons for these three mass cases.
The average kinetic energies are approximately 230 MeV for 250 MeV dark neutrinos,
330 MeV for 400 MeV dark neutrinos, and 500 MeV for 600 MeV dark neutrinos.
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Figure E.1 The kinetic energy distribution of muons and anti-muons for dark neutrino
masses of (a) 250 MeV, (b) 400 MeV and (c) 600 MeV.

The opening angle between muons and anti-muons is shown in Figure [E.2| for all
three mass cases. Similar to the long-lived dark neutrino scenario, lower masses
result in greater boosting of the lepton pairs, leading to smaller opening angles.
However, in the short-lived case, the variation in opening angle with mass is more
pronounced. The 250 MeV mass is significantly more boosted compared to the other

mass assumptions, resulting in much smaller opening angles.
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Figure E.2 Opening angles between muons and anti-muons for dark neutrino masses
of (a) 250 MeV, (b) 400 MeV and (c) 600 MeV.

E.2 Event Selection

This section describes the event selection process designed for the short-lived dark
neutrino signal. These selections were developed using the dark neutrino MC sample
with a 400 MeV mass, alongside the full neutrino MC (dirt) background.

E.2.1 Minimal Selections

Similar to the long-lived dark neutrino selections, the first stage involves a set of
minimal selections. The initial requirement is that events must interact with either
panel during the beam spill. Since short-lived dark neutrinos decay in front of the
upstream panel, producing a y~ u ™ pair, four reconstructed hits are expected in the

upstream panel and four in the downstream panel, respectively.
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However, the detector setup is positioned below the beam centre, leading to the loss
of many events with the minimal selections. Additionally, because the downstream
panel is smaller than the upstream panel and the y~u™ pair is not highly boosted,

many events hit the upstream panel but miss the downstream panel, as shown in

Figure

{‘""””I

Figure E.3 An event display illustrates that a signal event hits the upstream panel but
not the downstream panel.

E.2.2 Topological Selection

The topological selection involves two cuts because the produced pu~u* pair

originates from the same vertex with an opening angle.

Area Selection

The first selection simply calculates the area formed by the four hits in the upstream
panel and the four hits in the downstream panel. The area in the upstream panel is

required to be smaller than that of the downstream panel.
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Similarity Ratio Selection

As shown in Figure [E.4|(a), if two particles are produced from the same vertex, the
two rectangles formed by the hits on the parallel planes should be similar to each
other. Therefore, a similarity ratio rsimjlarity is defined as:

a/a
TSimilarity = b/b’ (E.1)

where a and b are the width and length of the upstream rectangle, and 4’ and V' are

the width and length of the downstream rectangle.
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0.15F I:l Max S//BG at 0.93, 1.20
b T v
. 0.1 1
D CRT hits upstream r : {
Y v.a c A A
L 0.05 ey
. ’ = H
! : ......
° Dark nu decay vertex T T T T T e
0 02040608 1 1214 16 1.8 2
Similarity Ratio
(a) (b)

Figure E4 (a) A schematic diagram illustrating a pair of charged particles interacting
with two CRT panels parallel to each other, with a,b and a’, b’ representing
the width and length of the rectangles formed in each plane. (b) The
distribution of the similarity ratio for both signal and background.

Figure M (b) shows the similarity ratio for both signal and background. The
signal peaks around 1 but with significant smearing, while the background is more
dominant around 0. Several potential reasons may explain why the similarity ratio
distribution for the signal is smeared. First, the position reconstruction resolution is
around 1.88 cm, and for candidates passing the minimal selections, the four hits are
likely very close to each other, as shown in Figure|[E.5| Therefore, even a small change

in position can have a significant impact on the similarity ratio.
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Figure E.5 An event display of an event with a similarity ratio outside the selection
region.

E.2.3 Time of Flight Selection

The next selection handle involves using time of flight (t.o.f) to further distinguish
the signal from the background. Figure|E.6|shows the t.0.f distribution for both signal
and background. The minimal distance between the upstream and downstream
panels is 9.46 m, so for a particle travelling at the speed of light, the t.o.f should
be above 32 ns. However, unphysical values are observed in the current calculation.
A correction, such as reconstruction unfolding to retrieve the true underlying

distribution, will be addressed in future work.
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Figure E.6 Time of flight for dark neutrino signal and background.
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E.2.4 Deposited Energy Selection

Since the dark neutrino decays into a p~ ™ pair, which are minimum ionizing
particles (MIPs), the deposited energy is used for further selection. Figure [E.7]
shows the distribution of deposited energy for the selected hits in the upstream

and downstream panels, respectively. The selection is made based on the maximum
significance S/ BG.
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Figure E.7 The deposited energy for selected hits for (a) upstream and (b) downstream
panel.

E.2.5 Summary of Selection

Table [E.2|shows preliminary results illustrating the number of events remaining after
each selection stage. While the dark neutrino with 400 MeV appears to be the most
promising case, like other masses considered, most signal events are lost during the
minimal selections. The similarity ratio proves to be a powerful tool for eliminating
the majority of the background, though it also significantly reduces the signal. These

selection handles will need to be revisited and improved in future work.

Dirt neutrino Dark neutrino 250MeV | Dark neutrino 400MeV | Dark neutrino 600MeV
Deposited energy in detector within beam spil | 560273 (100.000 %) 3.1882 (100.000 %) 279.396 (100.000 %) 170.148 (100.000 %)
Four reco hits in the upstream 12362.2 (2.206 %) 0.609198 (19.108 %) 53.3196 (19.084 %) 24.0396 (14.129 %)
Four reco hits in the downstream 28.7449 (0.005 %) 0.0174604 (0.548 %) 1.00728 (0.361 %) 0.278351 (0.164 %)
upstream hit area < downstream hit area 22.805 (0.004 %) 0.0174604 (0.548 %) 1.00727 (0.361 %) 0.264043 (0.155 %)
Similarity Ratio 1.27284 (0.000 %) 0 (0.000 %) 0.270128 (0.097 %) 0.0609833 (0.036 %)
t.o.f 0.742487 (0.000 %) 0 (0.000 %) 0.255113 (0.091 %) 0.0580964 (0.034 %)
Deposited energy 0.10607 (0.000 %) 0 (0.000 %) 0.0725392 (0.026 %) 0.0333992 (0.020 %)

Table E.2 Numbers of events at each stage of the event selection for the short-lived
dark neutrino case (normalised to 2.95 x10%° POT).
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E.3 Remaining Background

Even though the cut-flow table suggests that a background-free search could be
possible with enhanced signal strength, further examination of the remaining
background reveals surviving events involving a muon and a pion, as shown in
Figure These events closely resemble the signal, and without the introduction of

additional selection handles, removing them will be challenging.

Figure E.8 An event display demonstrating the remaining background after selections.
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