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Abstract

The Deep Underground Neutrino Experiment (DUNE) aims to set new limits
on parameters associated with neutrino oscillations, neutrino astrophysics, and
beyond the Standard Model (SM) searches such as nucleon decay. DUNE will
quantify the magnitude of CP violation in the lepton sector, and determine the
neutrino mass ordering. These benefit highly from the large target mass and
excellent imaging, tracking, and particle identification capabilities of Liquid Argon
Time Projection Chambers (LArTPCs). Detector calibration is essential to make
precise physics measurements. For instance, accurate energy reconstruction is
necessary for measuring many of the aforementioned quantities with the precision
required for discovering new physics and fully exploiting the capabilities of the
detector. Cosmic muons are a freely available natural source of calorimetric data
and can be used for calibrating various detector parameters. This thesis provides an
analysis of simulated cosmic-ray muon events generated with the Muon Simulation
Underground (MUSUN) generator in the DUNE horizontal drift (HD) far detector
(FD). The study focuses on analysing the energy and angular distribution of various
classes of muon events, as well as characterising the different particles produced by
cosmic muon interactions. The analysis of π0 → 2γ events within the cosmic-ray
muon sample is presented in this thesis with a detailed study of reconstructing
electromagnetic showers. The π0 mass is reconstructed within the DUNE FD,
yielding a value of (136± 7) MeV/c2. Additionally, the thesis introduces methods
for dE/dx calibration using simulated and reconstructed muon tracks. A calibration
constant Ccal = (5.469± 0.003)× 10−3ADC× tick/e is obtained through a model-
dependent calibration process, where 1 tick corresponds to 500 ns of sampling time
of an ADC. Furthermore, a calibration technique is presented, demonstrating precise
translation from dQ/dx to dE/dx. This calibration method is applied to stopping
muons, charged pions, and protons in the DUNE FD, addressing the measurement
of energy loss in the detector volume. These are important calibrations of the DUNE
FD and will contribute to achieving the exciting physics goals of the experiment.
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Chapter 1

Introduction

Neutrino physics, a fascinating and challenging field of study, offers unparalleled
insights into the fundamental aspects of the universe. The Deep Underground
Neutrino Experiment (DUNE) [1, 2, 3, 4] facilitates in-depth studies, designed to
unravel the mysteries surrounding neutrinos. This covers long-baseline neutrino
physics, exploring phenomena such as neutrino oscillations, CP violation, neutrino
mass ordering, and studies related to supernova neutrinos. Moreover, DUNE will
probe other beyond the standard model (BSM) physics, including the search for
nucleon decay.

The work included in this thesis is presented as follows. Chapter 2 presents
the theoretical background of the neutrino physics. Commencing with a historical
perspective on the discovery of neutrinos, the chapter unfolds the role of neutrinos
within the Standard Model, providing a fundamental understanding of neutrino
oscillations. Subsequent sections explore neutrino interactions, including both
neutral and charge current interactions. A detailed derivation is carried out on the
phenomenon of neutrino oscillations, discussing oscillations in both vacuum and
matter, CP violation, and the concept of neutrino mass hierarchy. Concluding with
an exploration of experimental measurements of neutrino oscillation parameters,
this chapter sets the stage for the experimental focus on DUNE.

In DUNE, a critical aspect of conducting neutrino oscillation studies is to
thoroughly understand the detector’s response to particles produced in neutrino
interactions. Precise energy reconstruction is important for accurately measuring
CP violation and fully utilizing the detector’s capabilities. Accurate dE/dx recon-
struction for particle tracks is crucial for determining the total energy of particles
and for particle identification. Stopping particles such as muons, pions, and protons
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are invaluable as a calibration source for LArTPCs due to their well-understood
energy loss in liquid argon.

Chapter 3 introduces Liquid Argon Time Projection Chambers (LArTPCs),
focusing on their use of liquid argon as a detection medium and the operating
principles. The chapter discusses particle interactions, track formation (muons,
protons, charged pions), and shower formation (electrons, photons). Emphasising
ionisation signals, it covers the formation, implications, charge production, ionisation
charge drift, and detection. The role of scintillation light signals in production,
transmission, and detection is also discussed.

In Chapter 4, attention is directed towards the DUNE experiment. The chapter
offers a brief overview of the experimental design, the neutrino beam, and the roles
of both near and far detectors. Special emphasis is placed on the single-phase
horizontal drift and anode plane assembly within the DUNE far detector (FD). The
description presented in this chapter exclusively focuses on the DUNE FD. At the
end of this chapter, the physics goals of DUNE are discussed, with a specific focus
on neutrino oscillation and proton decay searches.

In Chapter 5, the discussion revolves around the simulation and reconstruction of
events in the DUNE FD. Starting with Monte Carlo simulations, particle generation,
and propagation, the chapter explores event reconstruction methods using Pandora,
a reconstruction framework for the analysis of the data from the DUNE FD.
Additionally, brief discussions are presented on two reconstruction algorithms: the
cosmic reconstruction chain (CRC) and the neutrino reconstruction chain (NRC).
The simulated events using these reconstruction chains are used in the analysis
presented in the subsequent chapters on the reconstruction of neutral pion and
energy calibration.

Chapter 6 presents a detailed study of cosmic-ray muons in the DUNE FD, com-
mencing with an overview of cosmic-ray muons produced in the Earth’s atmosphere
and further discusses the cosmic-ray muons at the Earth’s surface. Cosmic muons
are produced and simulated in the DUNE FD using the MUSUN generator. The
analysis focuses on angular and energy distributions of generated muons and those
entering the DUNE FD. The study also presents the energy deposition in the liquid
argon by muons, along with the analysis of different particles produced in the liquid
argon. The event display of cosmic muons is showcased through CRC and NRC,
demonstrating the effectiveness of particle reconstruction in the DUNE FD.

Chapter 7 presents the neutral pion analysis for the DUNE FD, delving into the
complexities of reconstructing showers produced by neutral pions originating from
cosmic-ray muons. The chapter covers Monte Carlo simulations, reconstruction
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studies, and a detailed analysis of invariant mass reconstruction of neutral pion,
contributing to the effectiveness of shower reconstruction. The neutral pion is then
successfully reconstructed in the DUNE FD, allowing for electromagnetic shower
energy calibration.

In Chapter 8, the focus turns to calibrating the DUNE FD using cosmic-ray
muons. The chapter outlines the two developed calibration methods for stopping
muons, charged pions, and protons, providing an accurate conversion of charge
to energy. Moreover, the validation of these procedures is performed through
comparisons with theoretical predictions, ensuring the precision and reliability of
the calibration process.

In Chapter 9 of this thesis, a summary of the research findings is provided,
focusing on three main areas important to the DUNE experiment: cosmic-ray
muons, neutral pion analysis, and energy calibration for the DUNE FD. The
chapter presents key results from the generation and simulation of cosmic-ray
muons, including analysis of their angular and energy distributions, evaluation of
various reconstruction algorithms, and production statistics of different particles
in the DUNE FD. Moreover, it discusses the implications of neutral pion analysis,
particularly regarding the reconstructed mass of neutral pions and its significance for
DUNE’s sensitivity to shower energy and, consequently, neutral pion reconstruction.
Furthermore, the chapter highlights the results of two energy calibration methods,
emphasizing their precision, reliability, and critical role in calibrating LArTPC
detectors essential to the success of the DUNE experiment. Overall, these findings
underscore the importance of this study in advancing the goals and capabilities of
the DUNE experiment.





Chapter 2

Neutrinos

This chapter provides a concise exploration of neutrinos, starting with the intro-
duction and discovery of neutrinos. Section 2.2 briefly overviews neutrinos within
the standard model. Section 2.3 discusses various types of neutrino interactions,
exploring the underlying mechanisms. Section 2.4 focuses on neutrino oscillations,
covering the theoretical formulation in a vacuum and briefly discussing the impact
of matter on neutrino oscillations. A brief discussion on CP violation and the
neutrino mass hierarchy is also included in this section. Section 2.5 discusses the
measurement of oscillation parameters in various experiments. Finally, Section 2.6
briefly discusses the current and future neutrino experiments.

2.1 Introduction and discovery of the neutrinos

Neutrinos are the most abundant massive fundamental particles in the universe.
Despite their abundance, they are among the least understood particles within the
standard model (SM). Within the SM, neutrinos are among the most intriguing
particles, as they display flavour oscillations, which constitute one of the earliest
observed phenomena that extend beyond the standard model [5]. Neutrinos are
characterised by their remarkably low interaction probabilities, allowing them to
effortlessly traverse vast amounts of matter without being stopped. This property
offers potential insights into the origin of the universe. Neutrinos interact via
the weak force or gravity, posing a significant challenge for their detection and
study, given their electrically neutral nature. Neutrino presence is everywhere,
with approximately 100 trillion neutrinos passing through the human body every
second [6]. Natural sources of neutrinos include stars (including the Sun), supernovae,
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the Earth’s atmosphere, and radioactive decay. By studying neutrinos, we have the
potential to answer one of the most significant open questions: ‘Why is the matter
more than antimatter in the observable universe?’ and, most fundamentally, to
understand our existence [1, 2].

The existence of neutrinos was first indicated by observing a continuous spectrum
of electrons in β-decay of radioactive elements by J. Chadwick [7, 8] in 1914. This
unexpected observation contradicted the principle of energy conservation [9]. A
sharp peak of electron energy was expected in two-body decay. Therefore, this
result was initially met with scepticism, with some suggesting it could be due to
experimental or theoretical artefacts [10]. However, after a thirteen-year wait, in
1927, Ellis and Wooster [11] conducted an experiment on Radium E (now known
as 210Bi), providing direct evidence that the electron spectrum was continuous. In
1930, Wolfgang Pauli proposed the existence of a third particle emitted alongside
the electron in β-decay [8] and initially named it a ‘neutron’. Later, it was renamed
‘neutrino’ by E. Fermi. Pauli’s proposal resolved the issue of the continuous spectrum
and preserved the conservation law.

In 1934, Enrico Fermi [12] proposed a theory of β-decay, assuming β-decay is
a process where neutrons decay into electrons, protons and neutrinos. Fermi also
assumed that the nucleus is composed of protons and neutrons only with 1/2 spin
each. At the time of Pauli’s proposal of the neutrino, the nucleus was believed to
be composed of protons and electrons only. Neutron was discovered in 1932 by
Chadwick [13]. This theory resolved the problem of the continuous energy spectrum
of electrons, preserved the conservation laws and correctly explained the nuclear
structure.

After 22 years since Fermi’s theory, in 1956, the neutrino was experimentally
observed by Reines and Cowan in their famous experiment at the Savannah River
Plant in South Carolina, USA [14]. The experiment measured the positron and
neutron produced in the interaction of an antineutrino with a proton in the inverse
β-decay process:

ν̄e + p→ n+ e+. (2.1)

The nuclear reactor served as the source of antineutrinos. By comparing the rate
of neutrino events to the detection rate when the reactor was shut down, Reines
and Cowan were able to identify a significant excess of events, ultimately leading to
their groundbreaking discovery.

In the late 1950s, Davis and Harmer conducted an experimental test to address
whether neutrinos and antineutrinos are identical particles [6]. Based on the findings
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of Reines and Cowan, the cross-reaction

νe + n→ p+ e− (2.2)

must occur at the same rate as the process described in Equation 2.1. Davis looked
for similar reactions using antineutrinos

ν̄e + n→ p+ e−. (2.3)

However, this does not occur, concluding that neutrinos and antineutrinos are
distinct particles.

In 1962, Lederman, Schwartz, Steinberger and their collaborators [15] conducted
an experiment using antineutrinos from π− decay and observed the interaction

ν̄µ + p→ µ+ + n, (2.4)

but not a single interaction
ν̄µ + p→ e+ + n, (2.5)

was observed, which confirmed the evidence of a second type of neutrino, “muon
neutrino” [6].

In 2000, the Direct Observation of the Nu Tau (DONUT) experiment conducted
at Fermilab detected the final type of neutrino, known as the tau neutrino [16]. This
observation was achieved by detecting tau leptons generated through a neutrino
beam, as anticipated since the discovery of the tau lepton.

In 1968, Ray Davis et. al. [17] led an experiment to detect electron neutrinos
produced by the Sun (solar neutrinos). This experiment took place deep underground
at the Homestake Gold Mine in South Dakota to remove backgrounds from cosmic
rays. The detector measured only about one-third of solar neutrinos predicted
by the standard solar model (SSM) [18, 19], this is known as the solar neutrino
problem. To address the issue, Bruno Pontecorvo suggested that the electron
neutrinos originating from the Sun might transform during their journey, changing
into a distinct type of neutrino, such as muon neutrinos, to which Davis’s experiment
was not sensitive [20]. Several experiments have been conducted to detect solar
neutrinos following the Homestake experiment, as mentioned in Section 2.5. In 2002,
the Sudbury Neutrino Observatory (SNO) provided key insights and confirmed
solar neutrino oscillations [21]. Unlike Davis’ experiment, SNO had the capability
to detect all three types of neutrinos.
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Atmospheric neutrinos originate from the decay processes of muons and charged
pions generated through collisions involving primary cosmic-ray protons in the
Earth’s atmosphere. The Super-Kamiokande (Super-K) experiment [22] conducted
research on atmospheric neutrinos following the Kamiokande experiment [23] and
similarly observed evidence of oscillations in 1998. Other notable experiments
on atmospheric neutrino oscillations are mentioned in Section 2.5. The Super-K
examined the neutrino flux from various angles and noted that neutrinos arriving
directly from above followed the expected flavour ratio of 2:1 for muon and electron
neutrinos. However, those coming from the opposite side of the Earth did not
exhibit this pattern. These observations strongly suggest that neutrinos travelling
longer distances had a higher tendency to transform into another flavour, confirming
the phenomenon of neutrino oscillation.

2.2 Neutrinos in the Standard Model

The Standard Model (SM) of particle physics [24, 25, 26] is based on the framework
of quantum field theory [27] and explains the strong, electromagnetic and weak
interactions of elementary particles. The neutrinos in the SM are described by
the electroweak (EW) theory (unification of electromagnetic and weak interaction)
based on gauge SU(2) × U(1) symmetry. The weak interactions are mediated by
the SU(2) gauge bosons, which include the charged W± and the neutral Z0. The
electromagnetic interaction is mediated by photons described by U(1).

Fermions, such as neutrinos, which have half-integer spin, are governed by
the SU(2) × U(1) theory. They are characterised by four component fields
ψ (spinors) that satisfy the Dirac equation. The four distinct components of ψ
describe the particle and antiparticle. These particles and antiparticles can have
two spin projections S = ±1/2. The Dirac spinor ψ can be expressed in terms of a
two-component spinor [27]:

ψ =
(
ψL

ψR

)
(2.6)

The two-component objects ψR and ψL are called right-handed and left-handed
Weyl spinors. The ψL and ψR are chosen using γ5 matrix1

ψL = PLψ, ψR = PRψ, (2.7)

1The γ5 matrix used in this chapter is a preferred choice for the study of relativistic particles
such as neutrinos. Other representations of γ5 matrices exist that satisfy the anticommutation
relation {γµ, γν} = 2gµν [28].
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where PL = (1−γ5)
2 and PR = (1+γ5)

2 are projection operators and γ5 is

γ5 =
I 0

0 −I

 , (2.8)

and I is a 2 × 2 unity matrix.
In the standard model, the neutrino fields have only left-handed components [28,

29, 30]. The left-handed charged lepton (lL) and neutrino fields (νlL) are doublets
of the SU(2) group

ψlL =
(
νlL

lL

)
, (2.9)

where l = e,µ, τ . The right-handed components of charged lepton fields are singlets
of the group. The neutrino fields enter the SM Lagrangian for charge and neutral
current interactions. The standard weak interactions of neutrinos result from the
interaction between leptons and the W and Z vector bosons, which are defined by
the interaction component of the standard model Lagrangian. These interactions are
called the charged current (CC) and neutral current (NC) interaction Lagrangians

Ll
CC = − g

2
√

2
jρCCWρ + h.c., (2.10)

Ll
NC = − g

2 cos θW

jρNCZρ, (2.11)

where θW is the Weinberg angle given as tan θW = g/g
′ , g and g

′ are the coupling
constants (strength of the electroweak interactions) associated with the group SU(2)
and U(1) respectively [28]. The Weinberg angle is the fundamental parameter of
the electroweak theory and mixes the gauge fields of SU(2) and U(1) and also
called mixing angle. Wρ and Zρ are the fields of the W± and Z0 vector bosons. The
notation ‘h.c.’ denotes the Hermitian conjugate. The leptonic charge current jρCC

and neutrino neutral current jρNC are given by

jρCC = 2
∑

l=e,µ,τ

ν̄lLγ
ρlL, (2.12)

jρNC =
∑

l=e,µ,τ

ν̄lLγ
ρνlL, (2.13)

where γρ (ρ = 0, 1, 2, 3) is gamma matrices [28]. The various types of neutrino CC
and NC interactions are discussed in Section 2.3.

In the SM, neutrinos are considered massless [30]. This characteristic is a
consequence of the fact that, within the SM framework, neutrinos are described
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solely by the left-handed chiral fields νeL, νµL, ντL. The corresponding right-handed
fields νeR, νµR, and ντR do not exist in the SM. Neutrino mass is included in the SM
with the Dirac mass term generated by the Higgs mechanism, assuming right-handed
singlet neutrino fields also enter into the SM. In this case, the neutrino mass term
in the Lagrangian takes the form:

LD = −
∑
l,l′

ν̄lRM
D
ll′νl′ L + h.c., (2.14)

where l′ , l = e,µ, τ and MD is a complex 3× 3 matrix. MD can be diagonalised [29]
by unitary transformation

MD = V m̂ U †, (2.15)

where V and U are 3× 3 unitary matrices. m̂ is a diagonal matrix with positive
eigenvalues expressed as m̂kj = mkδkj, where k, j = 1, 2, 3 are matrix indices. Thus,
the Dirac mass term takes the form

LD = −
3∑

k=1
mkν̄kνk (2.16)

with νlL and νlR mentioned in Equation 2.14 are

νlL = −
3∑

k=1
UlkνkL, (2.17)

νlR = −
3∑

k=1
VlkνkR, (2.18)

where l = e,µ, τ .
Hence, considering the Dirac mass term (Equation 2.14), the three neutrino flavour
fields νlL(l = e,µ, τ) are constructed as linear combinations of the left-handed
components νkL (Equation 2.17) of three fields of neutrinos (neutrino mass states)
with masses mk(k = 1, 2, 3). The unitary mixing matrix U in Equation 2.17 mixes
flavour states and mass states of neutrinos. The matrix U is called the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) mixing matrix, leading to neutrino oscillations.
Neutrino oscillations are discussed in detail in Section 2.4.

The presence of a Dirac mass term (Equation 2.14) for the neutrino suggests
the existence of a right-handed neutrino. In the standard weak interaction, right-
handed fields of neutrinos (Equation 2.18) are not observed. As a result, these
right-handed singlets are considered sterile or, in other words, serve the purpose
of providing mass to the neutrinos without engaging in electroweak interactions.
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Alternatively, a neutrino can be described as a Majorana neutrino. A Majorana
fermion is considered to have identical particle and antiparticle states. In simpler
terms, charge conjugation has no impact on a Majorana fermion field. This chapter
does not discuss the theory related to Majorana neutrino; a detailed discussion can
be found in [31, 28].

2.3 Neutrino interactions

2.3.1 Introduction to neutrino interactions

Neutrinos interact with other particles through the weak force mediated by the W±

boson or Z0 boson. Neutrino interactions mediated by a charged W and neutral Z
are called charge current (CC) and neutral current (NC) interactions, respectively.
Example Feynman diagrams of these interactions are shown in Figure 2.1. Neutrino
interactions are identified by detecting secondary particles produced in neutrino
interactions.

W

e−

νe

νe

e−

(a)

Z

e−, p, n

νe, νµ, ντ

e−, p, n

νe, νµ, ντ

(b)

Figure 2.1. Example Feynman diagrams of neutrino interactions in matter: a)
charged current (CC) interaction for νe mediated by a W boson, b) neutral current
(NC) interaction for three flavours of neutrinos mediated by a neutral Z boson [28].

In long-baseline oscillation experiments, neutrino energies range from approx-
imately 0.1 to 10 GeV [32], and various neutrino interaction channels become
relevant. Charged current channels are of particular significance because they
involve charged leptons in the final state, essential for flavour tagging. These are
discussed in Section 2.3.3. Consequently, CC interactions allow for a reasonably
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accurate estimation of neutrino energy. On the other hand, neutral current channels
do not leave behind any flavour information and typically result in missing energy,
as neutrino exits the detector without detection. Therefore, NC interactions can
introduce backgrounds in oscillation measurements, necessitating careful event
selection strategies to mitigate them. However, it is worth noting that NC events
can serve other experimental purposes, such as particles like pions for calibrating
detectors.

These two interactions, CC and NC, are subdivided into elastic, quasielastic
(QE), resonant (RES), deep inelastic (DIS), and coherent (COH), etc., scattering
according to the nature of the interactions and energy of neutrino as shown in
Figure 2.2. A concise description of each of these interaction types is provided in
the following discussion.

(a) (b)

Figure 2.2. The total and individual cross sections of different types of charged-
current interactions for an isoscalar target: a) neutrinos and b) antineutrinos. The
plots show normalised cross sections as a function of neutrino energy. In the figure,
various processes are indicated: quasielastic (QE) scattering, represented by dashed
lines; resonant scattering (RES), shown with dotted-dashed lines; and deep inelastic
scattering (DIS), denoted by dotted lines. The figure is taken from Ref. [33].

2.3.2 Neutral current interactions

In a neutral current interaction, the final state (anti)neutrino remains the same as
the incoming (anti)neutrino interacting with the target nucleus [34]:

νl(ν̄l) + A→ νl(ν̄l) +X, (2.19)

where l = e,µ, τ , A is the nucleus, and X is the hadronic final state. The NC
interaction is further classified as [28, 33]:
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1. Elastic scattering: Neutrinos and antineutrinos can undergo elastic scatter-
ing with both protons and neutrons within the target material

νl(ν̄l) +N → νl(ν̄l) +N, (2.20)

where N = p, n.

Low-energy neutrinos and antineutrinos also interact with electrons elastically

νl(ν̄l) + e− → νl(ν̄l) + e−. (2.21)

This type of neutrino interaction has no threshold because the final state is
identical to the initial state. The primary effect redistributes the total energy
and momentum between the two participating particles in this process. These
interactions are the most straightforward to model, and, as a result, they are
often employed to investigate fundamental form factors and nuclear models.

2. Resonant scattering (RES): At high energy (> ∼1 GeV), the neutrino
has more energy to transfer to the target, and thus nucleons get excited to
a baryon resonance (N∗), for example, a ∆ baryon. These resonance states
subsequently undergo a decay process, primarily leading to the emission of a
pion. However, the specific outcomes can vary, depending upon the type of
resonance involved, and may include kaons or multiple pions. The resonant
single pion production is given as [33, 35]:

νµ(ν̄µ) +N → νµ(ν̄µ)+N∗,

N∗ → π +N
′
,

(2.22)

where N,N ′ = n, p. A few examples of neutral current nuclear resonance are:

νµ + p→ νµ + p+ π0, ν̄µ + p→ ν̄µ + p+ π0. (2.23)

νµ + p→ νµ + n+ π+, ν̄µ + p→ ν̄µ + n+ π+. (2.24)

3. Coherent scattering: In addition to resonance production, at low four-
momentum transfers, there exists the possibility that the neutrino interacts
not only with an individual nucleon but interacts coherently with the entire
nucleus, transferring negligible energy to the target nucleus (A) and produces
a single pion in the final state. This phenomenon is known as coherent
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scattering (COH). Most of the single pion coherent scattering is measured at
energy >∼2 GeV. Examples of NC coherent pion production are [33]:

νµ + A→ νµ + A+ π0, (2.25)

ν̄µ + A→ ν̄µ + A+ π0. (2.26)

4. Deep inelastic scattering: At high energy (>∼ 20 GeV), (anti)neutrinos
can also interact with nucleons through the process called NC deep inelastic
scattering (DIS). In this process, (anti)neutrinos can probe the individual
quark constituents within the nucleon. During this process, the (anti)neutrino
interacts with a quark in the nucleon by exchanging a Z0 boson, resulting
in a (anti)neutrino and hadron(s). Quarks quickly recombine, resulting in a
hadronic shower [28, 33]:

νl(ν̄l) +N → νl(ν̄l) +X, (2.27)

where l = e,µ, τ , N = p, n, and X is set of hadrons.

2.3.3 Charge current interactions

In a charged current interaction, the incoming (anti)neutrino interacts with the
target nucleus and transforms into a charged partner lepton [34]:

νl(ν̄l) + A→ l−(l+) +X, (2.28)

where l = e,µ, τ , A is the nucleus, and X is hadronic system.
The CC interaction is further classified as [28, 33, 34]:

1. Quasielastic scattering: At momentum transfer above ∼500 MeV, neutrinos
and antineutrinos interact with nucleons via a process called quasielastic (QE)
charge current interaction. In this process, a neutrino or antineutrino scatters
off a nucleon and has lepton and a single nucleon in the final state

νl + n→ p+ l−,

ν̄l + p→ n+ l+,
(2.29)

where l = e,µ, τ .
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The neutrinos interact mainly through the QE process for energy Eν <∼2 GeV.
As a result, they serve as a source of signal events in neutrino oscillation
experiments that operate within this energy range. The dominant CCQE
interactions are:

νµ + n→ p+ µ−,

ν̄µ + p→ n+ µ+.
(2.30)

Muon neutrinos with energy above the muon production threshold can interact
with electrons through CCQE interaction and produce a muon in the final
state

νµ + e− → νe + µ−. (2.31)

This process is also known as inverse muon decay.

2. Resonant scattering (RES): The process of charge current resonant scat-
tering is similar to NC resonant scattering. The difference is that the neutrino
transforms into the charged partner lepton. At energy greater than ∼ 1 GeV,
the charge current resonant single pion production is measured. The process
can be described as [33, 35]:

νµ(ν̄µ) +N → µ−(µ+) + N∗

N∗ → π +N
′
,

(2.32)

where N ′
, N = n, p. A few examples of charge current nuclear resonance are:

νµ + p→ µ− + p+ π+ ν̄µ + n→ µ+ + n+ π− (2.33)

νµ + n→ µ− + p+ π0 ν̄µ + p→ µ+ + n+ π0 (2.34)

3. Coherent scattering: In addition to resonance production, charge current
coherent pion production is also possible at low 4-momentum transfer. The
coherent scattering is mostly observed at an energy greater than ∼2 GeV. The
mechanism is similar to the NC coherent scattering, except that a charged
partner lepton is produced in the final state. Examples of CC coherent pion
production are [33]:

νµ + A→ µ− + A+ π+ (2.35)

ν̄µ + A→ µ+ + A+ π− (2.36)
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4. Deep inelastic scattering: At high energies (>∼ 20 GeV), where the
neutrino energy significantly exceeds the nucleon mass, CC neutrino-nucleon
interactions are primarily governed by deep inelastic scattering (DIS) processes.
This process can be described as follows [28, 33]:

νl +N → l− +X,

ν̄l +N → l+ +X,
(2.37)

where l = e,µ, τ , N = p, n and X is set of hadrons. The deep inelastic
scattering processes are particularly significant at high energies for studying
neutrino interactions with nucleons. They provide valuable insights into the
internal structure of nucleons and the dynamics of strong interactions in
high-energy neutrino experiments.

2.4 Neutrino oscillations

Neutrino oscillation is the phenomenon of neutrino changing flavour while travelling
through vacuum or matter. Neutrino oscillation was proposed by B. Pontecorvo in
1957-58 [36, 37] and developed by Maki, Nakagawa, and Sakata in 1962 [38]. The
evidence of neutrino mixing was observed in the experiment by the Super-K [22]
and SNO [39, 40] experiments, for which Takaaki Kajita (Super-Kamiokande) and
Arthur McDonald (SNO) received the Nobel Prize in 2015 for the discovery of
neutrino oscillations. When neutrinos are produced, they have defined flavour
eigenstates, the eigenstates of the weak interaction. When they propagate, flavour
states form a linear superposition of the states with definite momenta known as mass
eigenstates. Neutrino oscillations are the consequence of differences in neutrino
flavour and mass eigenstates. The flavour and mass eigenstates are related by
mixing matrix U , as stated in Equation 2.17.

2.4.1 Neutrino oscillations in vacuum

The neutrino flavour states (νe, νµ, ντ ) and mass states (ν1, ν2, ν3) are related as

νe

νµ

ντ

 = U


ν1

ν2

ν3

 , (2.38)
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where

U =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 . (2.39)

The matrix U is a 3× 3 matrix that satisfies the unitary condition: UU † = I, where
I is an identity matrix of order 3. The U is parameterised using three mixing angles
(θ12, θ13, θ23) and one phase δ, given as [28, 29]

U = R23(θ23)ΓδR13(θ13)Γ †
δ R12(θ12) (2.40)

where

R23(θ23) =


1 0 0
0 cos θ23 sin θ23

0 − sin θ23 cos θ23

 ,

R13(θ13, δ) = ΓδR13Γ
†
δ =


cos θ13 0 sin θ13e

−iδ

0 1 0
− sin θ13e

iδ 0 cos θ13

 ,

R12(θ12) =


cos θ12 sin θ12 0
− sin θ12 cos θ12 0

0 0 1

 ,
Γδ = diag(e−iδ, 1, 1).

(2.41)

R12, R13, R23 are 3-dimensional rotational matrices. Γδ is related to CP-violation.
The rotation matrices are defined in such a way that mixing angles are real and
defined in the interval [0, π/2]. The CP-violating phase may vary in the range
δ ∈ [0, 2π]. The matrix (R12) that incorporates θ12 is commonly known as the solar
mixing matrix, with its parameters primarily established through solar neutrino
experiments. Similarly, the matrix (R23) encompassing θ23 is denoted as the
atmospheric mixing matrix. The reactor matrix (R13) comprises θ13 and the phase
δCP.

The PMNS matrix can be expressed in terms of rotational matrix elements as

U =


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − c12c23s13e

iδ c23c13

 (2.42)

where cij = cos θij and sij = sin θij. This is the parameterisation given by Particle
Data Group [41]. In the case of Majorana neutrino, in which neutrinos are their
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own antiparticles, the matrix U of Equation 2.42 will contain two additional phases
and need to be multiplied to the right by an additional diagonal matrix

UMajorana = U × diag(1, eϕ1 , eϕ2). (2.43)

A neutrino created in charge-current weak interaction with flavour α and momentum
p⃗ is described by flavour state |να⟩. A pure flavour state can be written as a
superposition of mass eigenstates |νk⟩,

|να⟩ =
3∑

k=1
U∗
αk|νk⟩, (2.44)

where |να⟩ with α = e,µ, τ are the three known active neutrino flavour states and
|νk⟩ with k = 1, 2, 3 are the neutrino mass states. The flavour and mass states
satisfy orthonormality conditions:

⟨να|νβ⟩ = δαβ,

⟨νk|νj⟩ = δkj.
(2.45)

The Kronecker delta, δij, is defined as:

δij =

1, if i = j,

0, if i ̸= j.
(2.46)

The mass states of neutrino |νk⟩ are eigenstate of the Hamiltonian Ĥ,

Ĥ|νk⟩ = Ek|νk⟩, (2.47)

The energy eigenvalue of the above equation is given by

Ek =
√
|⃗p| 2 + m2

k (2.48)

Here, p⃗ and mk are the momentum and mass of the neutrino state, respectively.
This chapter uses natural units (c = ℏ = 1).

The time-dependent Schrodinger equation for massive neutrino state |νk⟩

i
d
dt |νk(t)⟩ = Ĥ|νk(t)⟩ (in natural unit, ℏ = 1) (2.49)
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leads to the fact that the quantum state |νk⟩ evolves with time as:

|νk(t)⟩ = e−iEkt|νk⟩. (2.50)

Using 2.44 and 2.50, the time evolution of flavour state |να⟩ can be written as

|να(t)⟩ =
3∑

k=1
U∗
αke

−iEkt|νk⟩. (2.51)

At time t = 0, a neutrino is created with a definite pure flavour α such that

|να(t = 0)⟩ =
3∑

k=1
U∗
αk|νk⟩ = |να⟩ (from Equation 2.44) (2.52)

The unitarity condition satisfies the conditions

U †U = I,∑
α

U∗
αkUαj = δjk

(2.53)

and
UU † = I,∑

k

UαkU
∗
βk = δαβ.

(2.54)

A derivation of unitary conditions is carried out in Appendix A.1. The massive
neutrino states |νk⟩ can be written in terms of flavour states |να⟩ using Equation 2.44,
2.53 and 2.46 as:

|νk⟩ =
3∑

α=1
Uαk|να⟩. (2.55)

The time-evolved flavour state |να⟩ in Equation 2.51 can be expressed in terms of
flavour state using Equation 2.55

|να(t)⟩ =
∑

β=e,µ,τ

( 3∑
k=1

U∗
αke

−iEktUβk

)
|νβ⟩. (2.56)

In Equation 2.56, |να(t)⟩ which is the superposition of massive neutrino state, and is
a pure flavour state at t = 0 as mentioned in Equation 2.52, becomes a superposition
of different flavour states at time t.
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Thus, the amplitude of flavour change να → νβ is given as

Aνα→νβ(t) ≡ ⟨νβ|να(t)⟩ =
3∑

k=1
U∗
αke

−iEktUβk (2.57)

The probability of observing a flavour state |νβ⟩ at time t evolving from a flavour
state |να⟩ at t = 0 is determined as

Pνα→νβ(t) =
∣∣∣Aνα→νβ(t)

∣∣∣2 = |⟨νβ|να(t)⟩|2

= (⟨νβ|να(t)⟩) (⟨νβ|να(t)⟩)∗

=
(∑

k

U∗
αke

−iEktUβk

)∑
j

U∗
αje

−iEjtUβj

∗

=
∑
k,j

U∗
αkUβkUαjU

∗
βje

−i(Ek−Ej)t.

(2.58)

In the case of ultrarelativistic neutrinos (mk/p≪ 1), Equation 2.48 can be approxi-
mated as

Ek ≃ E + m2
k

2E , (2.59)

where
E = |⃗p| (2.60)

is the neutrino energy, ignoring the mass term. Hence, the difference in energy
eigenvalue of k and j mass state can be approximated as

Ek − Ej ≃
∆m2

kj

2E , (2.61)

where ∆m2
kj ≡ m2

k −m2
j . The probability in Equation 2.58 can be written as

Pνα→νβ(t) =
∑
k,j

U∗
αkUβkUαjU

∗
βj exp

(
−i

∆m2
kjt

2E

)
. (2.62)

The above equation uses natural units where c = ℏ = 1. In neutrino oscillation
experiments such as DUNE [1], the length or baseline L is measured between the
source and the detector instead of the propagation time t. The propagation time can
be approximated as t = L (in natural units, c = 1), considering the ultrarelativistic
neutrino travels nearly equal to the speed of light. Hence, Equation 2.62 can be
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expressed as

Pνα→νβ(t) =
∑
k,j

U∗
αkUβkUαjU

∗
βj exp

(
−i

∆m2
kjL

2E

)
. (2.63)

The phase of the neutrino oscillations, which depend on the experimental parameters
L and E is defined as

Φkj = −
∆m2

kjL

2E . (2.64)

The squared mass difference ∆m2
kj is a physical constant.

Equation 2.63 can be expressed in terms of real and imaginary parts. A derivation
for the expression of oscillation probability is carried out in Appendix A.1. A
simplified expression of oscillation probability can be written as

Pνα→νβ(L,E) = δαβ − 4
∑
k>j

Re
[
U∗
αkUβkUαjU

∗
βj

]
sin2

(
∆m2

kjL

4E

)

+ 2
∑
k>j

Im
[
U∗
αkUβkUαjU

∗
βj

]
sin

(
∆m2

kjL

2E

)
.

(2.65)

A similar expression for the oscillation probability of antineutrinos can be
deduced starting with the equation

|ν̄α⟩ =
3∑

k=1
Uαk|ν̄k⟩, (2.66)

where |να⟩ with α = e,µ, τ . For the antineutrino case, the probability of ν̄α → ν̄β

oscillation follows similar steps as that of να → νβ. The only difference is the flavour
antineutrino state in Equation 2.66, the elements of the mixing matrix are complex
conjugate with respect to the flavour state used in Equation 2.44. The antineutrino
oscillation probability can be written as

Pν̄α→ν̄β(L,E) = δαβ − 4
∑
k>j

Re
[
U∗
αkUβkUαjU

∗
βj

]
sin2

(
∆m2

kjL

4E

)

− 2
∑
k>j

Im
[
U∗
αkUβkUαjU

∗
βj

]
sin

(
∆m2

kjL

2E

)
.

(2.67)

It can be noted that the only change is to the sign of the imaginary part of the cor-
responding neutrino oscillation probability. Thus, Equation 2.65 and Equation 2.67
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together can be expressed as

Pνα→νβ(ν̄α→ν̄β)(L,E) = δαβ − 4
∑
k>j

Re
[
U∗
αkUβkUαjU

∗
βj

]
sin2

(
∆m2

kjL

4E

)

+ (− ) 2
∑
k>j

Im
[
U∗
αkUβkUαjU

∗
βj

]
sin

(
∆m2

kjL

2E

)
.

(2.68)
The oscillation probability of neutrinos and antineutrinos in Equation 2.68

depends on the same kinematic properties. The oscillation length is the same for
neutrinos and antineutrinos. For the antineutrino, the mixing matrix is a complex
conjugate of the elements of the neutrino mixing matrix. The different sign of the
last term is responsible for getting different oscillation probability values for the
case of neutrino and antineutrino. The difference arises due to the imaginary part
of the quartic product of the elements of the mixing matrix.

2.4.2 Neutrino oscillations in matter

Neutrinos interact with electrons, protons and neutrons while propagating through
matter such as Earth. Neutrinos of any flavor can interact with matter through
neutral current interactions, whereas only νe can specifically interact with electrons
through charge current interactions, as illustrated by their respective Feynman
diagrams in Figure 2.1. The imbalance among neutrino flavours can be explained
by introducing an effective potential due to the presence of matter. The charge
current potential for electron neutrinos interacting with electrons is given by [28]

VCC =
√

2GFNe, (2.69)

where GF is the Fermi constant, and Ne is the electron density of the medium.
The effective potential of neutral current is contributed only by neutrons since the
neutral current potential of electrons and protons cancel each other. The effective
potential of neutral current is given by

VNC = −1
2
√

2GFNn, (2.70)

where Nn is the neutron density of the medium. The presence of matter modifies
the effective Hamiltonian, which describes the flavour evolution of neutrinos. The
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effective Hamiltonian Ĥ in Equation 2.47 is modified as

Ĥ = Ĥ0 + Ĥ1, (2.71)

with
Ĥ0|νk⟩ = Ek|νk⟩,

Ĥ1|νk⟩ = Vα|να⟩,
(2.72)

where Vα is the effective potential of flavour neutrinos due to the presence of matter.
A complete description and derivation of neutrino oscillation in matter is discussed
in [28]. The final expression for oscillation probability for νµ → νe, considering
constant matter density, can be given as [42]

Pνµ→νe(ν̄µ→ν̄e) = sin2 θ23 sin2 2θ13
sin2 (∆31 − aL)

(∆31 − aL)2 ∆2
31

+ sin 2θ23 sin 2θ13 sin 2θ12
sin (∆31 − aL)

(∆31 − aL)

×∆31
sin (aL)

(aL) ∆21 cos (∆31 + (−) δCP)

+ cos2 θ23 sin2 2θ12
sin2 (aL)

(aL)2 ∆2
21,

(2.73)

where
a = +(−)GFNe/

√
2,

∆kj =
∆m2

kjL

4E ,

∆mkj = m2
k −m2

j .

(2.74)

The terms a and δCP are positive for νµ → νe oscillation, and negative for ν̄µ → ν̄e

oscillation. The asymmetry between neutrino and antineutrino oscillations is
caused by CP violation (δCP) as well as due to matter effects (a). As indicated
by Equation 2.73, the matter effects introduce sensitivity to the sign of ∆31, a
parameter that defines the neutrino mass ordering. The matter effect asymmetry
occurs because of the presence of electrons and the absence of positrons in the
Earth [43]. In the energy range of a few GeV, the asymmetry resulting from the
matter effect increases with increasing baseline, as neutrino traverse more matter.
Therefore, an experiment with a longer baseline becomes more sensitive to the
mass hierarchy. With a baseline longer than ∼1200 km, the asymmetry arising
between matter and CP violation effects can be distinguished [44]. Therefore, the
DUNE experiment [1, 2] with a baseline ∼1300 km will be able to unambiguously
determine the mass ordering and δCP [45].
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2.4.3 CP violation in neutrino oscillations

The operation of charge conjugation Ĉ transforms particles to their antiparticles
and vice versa. A right-handed antineutrino changes to a right-handed neutrino
under charge conjugation operation. Since only left-handed neutrinos participate
in the weak interaction, C-symmetry is thus violated in the weak interaction. The
parity operator P̂ transforms a particle in a state (t,x) to the state (t,−x). Hence,
a (right)left-handness changes to (left)right-handness under parity operation. Thus
CP transformation transforms neutrinos into antineutrinos and reverses the helicity

να
CP←→ ν̄α. (2.75)

Hence CP operation on να → νβ is

να → νβ
CP←→ ν̄α → ν̄β. (2.76)

The oscillation probability of neutrino να → νβ in Equation 2.65 is different from
the oscillation probability of ν̄α → ν̄β in Equation 2.67 and Equation 2.73 for
vacuum and matter cases respectively, which manifests the CP violation in neutrino
oscillation. The observable quantities in real experiments for the detection of CP
violation could be

∆PCP
αβ = Pνα→νβ − Pν̄α→ν̄β ̸= 0. (2.77)

To measure CP violation, the difference of oscillation probabilities of neutrino
and antineutrino modes can be calculated, which is given by [42],

∆PCP
αβ = Pνα→νβ − Pν̄α→ν̄β

= −16 Jαβ sin ∆12 sin ∆23 sin ∆31
(2.78)

where
Jαβ ≡ Im

(
Uα1U

∗
α2U

∗
β1Uβ2

)
= ±J, (2.79)

J = s12c12s23c23s13c
2
13 sin δCP = Jmax sin δCP. (2.80)

where cij ≡ cos θij and sij ≡ sin θij. J is called Jarlskog invariant [46] and contains
all known neutrino mixing matrix parameterisations. In the case of CP violation,
J ̸= 0, thus, it serves as an experiment-independent quantity to quantify CP
violation. The value of Jmax is 0.03359 ± 0.0006 (±0.0019) at 1σ (3σ) [47] after
combining the mixing angles. From the expression in Equation 2.80, it is clear that
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there is no CP violation for three generations of neutrino mixing in a vacuum if
δCP = 0 or π.

In long baseline experiments such as DUNE [2], in which the neutrino beam
passes through the Earth, the matter effect comes into play and modifies the
measurements of CP violation. Equation 2.73, which varies oscillation probability
with the value of δCP in matter, suggests that it is possible to experimentally
determine the value of δCP at a fixed baseline. This can be achieved by only
analysing the observed shape of νµ → νe or ν̄µ → ν̄e appearance signal across
an energy range that spans at least one complete oscillation interval, fitting it
to Equation 2.73. A measurement indicating a value for δCP other than 0 or π,
under the assumption of three-flavour neutrinos, would signify the presence of CP
violation.

2.4.4 Neutrino mass hierarchy

Neutrino oscillation probabilities depend on the difference of the squared neutrino
masses, as shown in Equations 2.68 and 2.73 for vacuum and matter, respectively.
The experimental measurements of neutrino oscillations do not impose constraints on
the absolute neutrino masses of neutrinos. However, upper limits of neutrino masses
have been measured in neutrino experiments. Recent cosmological measurements
suggest a tighter limit on neutrino masses as ∑3

i=1 mνi
< 0.12 eV [48]. The current

direct detection limit from the Karlsruhe Tritium Neutrino Experiment (KATRIN)
is mν < 1.1 eV [49]. Solar and atmospheric neutrino experiments have determined
the value of ∆m2

12 and ∆m2
32, respectively and termed them as ∆m2

12 ≡ ∆m2
SOL

and ∆m2
32 ≡ ∆m2

ATM. The measurement of oscillation probability in the solar
neutrino oscillation experiment allowed us to determine that ∆m2

21 > 0 [41]. The
recent experiment determined that ∆m2

32 or, equivalently ∆m2
31 is the order of

O(10−3) eV2, whose sign is currently unknown. Two possible hierarchies of neutrino
mass are:

1. Normal mass hierarchy (NH) or normal mass ordering (NO), (m1 < m2 < m3):

m1 = m0,

m2 = m0 +
√

∆m2
SOL,

m3 = m0 +
√

∆m2
SOL +

√
∆m2

ATM.

(2.81)
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2. Inverted mass hierarchy (IH) or inverted mass ordering (IO), (m3 < m1 < m2):

m3 = m0,

m1 = m0 +
√

∆m2
ATM,

m2 = m0 +
√

∆m2
SOL +

√
∆m2

ATM.

(2.82)

where m0 is the unknown minimal mass.
The current best-fit values for these parameters are [50]

∆m2
21 = 7.50× 10−5 eV2,

|∆m2
31| (NO) = 2.55× 10−3 eV2,

|∆m2
31| (IO) = 2.45× 10−3 eV2.

(2.83)

The normal and inverted mass hierarchies are shown in Figure 2.3. The coloured
bands represent the probability that a particular neutrino mass eigenstate is a
combination of flavour eigenstates (νe, νµ, ντ ).

Figure 2.3. An illustration of the two possible neutrino mass hierarchies, referred
to as the normal (left) or inverted (right) mass ordering. The colours in the figure
represent the flavour composition of neutrino mass states νi with mass mi. The
value of the lightest neutrino mass is unknown. The figure is taken from Ref. [51].
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2.5 Experimental measurements of neutrino
oscillation parameters

In the context of three neutrinos, the probability of a neutrino oscillating between
different flavours is governed by six parameters: ∆m2

21, |∆m2
31|, θ12, θ13, θ23, and

δCP. These parameters collectively define the oscillation behaviour of neutrinos.
Numerous experiments have been conducted to measure these parameters. Global
fit analyses, such as [50], combine the results from various experiments to provide
the best estimates of these parameters.

Solar neutrino oscillation experiments primarily provide sensitivity to θ12 and
∆m2

12. The results from experiments such as SAGE [52], GALLEX/GNO [53],
Homestake [54], Borexino [55, 56], Kamiokande [57], Super-Kamiokande [58, 59,
60], SNO [61] are combined with KamLAND results [62, 63, 64]. This combination
of experiments allows for the precise determination of parameters ∆m2

21 and θ12.
Besides KamLAND, there are several other reactor neutrino oscillation experiments,
such as RENO [65] and Daya Bay [66], which are quite close to the nuclear power
plants, unlike KamLAND. These experiments provide greater sensitivity to θ13 and
also contribute to determining |∆m2

31|.
The oscillation parameters, θ23 and ∆m2

23, are established through atmospheric
neutrino oscillation experiments that measure neutrinos produced in the atmosphere.
In particular, both Super-Kamiokande [67] following the Kamiokande [23] and the
DeepCore detector within the IceCube experiment [68, 69] play pivotal roles in
recent analyses concerning these parameters.

Long baseline neutrino experiments such as T2K [70], K2K [71], MINOS [72],
and NOνA [73] typically possess sensitivity to a range of oscillation parameters
and provide essential contributions to the measurement of |∆m2

31|, θ23 and θ13. As
neutrinos pass through the Earth, the baseline of these experiments also introduces
matter effects as discussed in Section 2.4.2. Furthermore, these experiments can
explore matter-antimatter asymmetry by comparing oscillation measurements be-
tween neutrino and anti-neutrino modes, and thus δCP can be quantified. Data from
the NOνA and T2K experiments provide constraints on δCP. Figure 2.4 shows the
∆χ2 measurements for the δCP obtained from the analysis of the data from these
two experiments. This includes combining all long-baseline data (black) and the
global fit (green), including data from the Super-Kamiokande experiment.
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(a) (b)

Figure 2.4. ∆χ2 profile for δCP measurement based on the analysis of NOνA (red)
and T2K (blue) experiments, including all long-baseline data (black) and from the
global fit (green): a) normal ordering, b) inverted ordering. The figure is taken
from Ref. [50].

For normal neutrino mass ordering, as shown in Figure 2.4a, there exists a tension
in the determination of δCP based on data from the T2K and NOνA experiments.
However, this tension is not observed for inverted ordering, as shown in Figure 2.4b,
where NOνA demonstrates greater sensitivity to δCP and has better agreement with
the measurements from T2K.

The global combination of data provides the best-fit value for the CP phase at
δCP = 1.08π(1.58π) for normal ordering (inverted ordering). The value δCP = 0,
which conserves CP, is disfavored, with ∆χ2 = 9.1(11.3) in normal ordering (inverted
ordering), while the other CP-conserving value, δCP = π, is favoured with ∆χ2 = 0.4
in normal ordering but is excluded with ∆χ2 = 14.6 in inverted ordering.

The preference for normal mass ordering over inverted mass ordering is indicated
by a lower ∆χ2 for ∆m2

31 > 0 compared to ∆m2
31 < 0. The data combining all

the long-baseline accelerator experiments, favoured inverted mass ordering (IO)
with ∆χ2 = 2.4. This outcome arises as a consequence of the tension observed in
the measurement of δCP by NOνA and T2K experiments. In a combined analysis
that incorporates data from both accelerator and reactor experiments, normal mass
ordering (NO) is favoured with ∆χ2 = 1.4. This enhanced support for normal mass
ordering is primarily attributed to the difference observed in the measurements of
|∆m2

31| between accelerator and reactor experiments. The precise determination
of δCP and the mass hierarchy remains an ongoing challenge in neutrino physics.
Future neutrino experiments, such as DUNE [2], are designed to address these
open questions and are expected to provide more precise measurements of these
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parameters. To conclude, a summary of the best-fit values [50] for the oscillation
parameters and their main contributors from the different classes of experiments
are reported in Table 2.1.

Table 2.1. Neutrino oscillation parameter values are best estimated from the global
data fit. NO and IO denote normal ordering and inverted ordering, respectively.
The uncertainty represents 1σ value [50].

Parameter Main contributor Best fit values

NO IO
∆m2

21 [10−5 eV2] KamLAND 7.50+0.22
−0.20 7.50+0.22

−0.20

|∆m2
31| [10−3 eV2] LBL + ATM + REAC 2.55+0.02

−0.03 2.45+0.02
−0.03

θ12 [degree] SOL 34.3± 1.0 34.3± 1.0

θ23 [degree] LBL + ATM 49.26± 0.79 49.46+0.60
−0.97

θ13 [degree] REAC 8.53+0.13
−0.12 8.58+0.12

−0.14

δCP [degree] LBL 194+24
−22 284+26

−28

2.6 Current and future neutrino experiments

Currently, there are two operational accelerator-based, long-baseline neutrino os-
cillation experiments: T2K (Tokai to Kamioka) [74] in Japan and NOνA [75] in
the United States. These experiments have been collecting data since 2009 and
2014, respectively. Both experiments observe the disappearance of νµ(ν̄µ) and the
appearance of νe(ν̄e) with baselines of 295 km and 810 km for T2K and NOνA,
respectively. T2K data exhibit a pronounced asymmetry in νµ → νe compared to
ν̄µ → ν̄e, thus indicating a preference for CP-violating values of δCP, whereas NOνA
lacks this asymmetry, leading to a slight tension between the experiments [76]. The
NOνA and T2K collaborations are engaged in joint analyses of their oscillation data
to leverage their complementary designs (e.g., differing balances of matter-induced
and potential CP violation induced oscillation asymmetries) and to address joint
systematic uncertainties. Fermilab and J-PARC/Kamioka [77] have planned to host
next-generation neutrino experiments aimed at addressing unresolved questions in
neutrino oscillations. The current generation of long-baseline oscillation experiments
is limited by statistical considerations; therefore, next-generation experiments will
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need to substantially increase the baseline and the size of detector and enhance
constraints on systematic uncertainties.

DUNE [2] is the next phase in Fermilab’s program, while T2HK [77] builds
upon the successful Super-K and T2K experiments. DUNE and T2HK are the long
baseline experiment with baseline 1300 km and 295 km, respectively. T2HK will
utilize a beam from J-PARC and established water Cherenkov detector (WCD)
technology to rapidly collect the statistical data required for precise measurements.
DUNE is configured as a precision experiment, employing LArTPCs to enable
precise imaging of all final-state particles. The baseline length of T2HK is too short
for the matter effect so T2HK has poor sensitivity to the mass hierarchy. Therefore,
the sign degeneracy of mass ordering can pose a significant challenge in determining
δCP at T2HK. On the other hand, the baseline length of DUNE is comparable to
the typical length which is estimated by the matter effect, so DUNE is expected to
be sensitive to the mass hierarchy. DUNE and T2HK, especially when combined,
provide a valuable opportunity to explore physics beyond the standard model.



Chapter 3

Liquid Argon Time Projection
Chambers

The Liquid Argon Time Projection Chamber (LArTPC) is currently a popular and
rapidly developing detector technology for neutrino and dark matter experiments.
The LArTPC is an evolved version of Charpak’s Multi-Wire Proportional Chamber
(MWPC) [78], which was further developed by Nygren in the late 1970s [79].
Originally, TPCs were typically filled with noble gases, with argon being the
preferred choice in most cases. In 1977, Carlo Rubbia [80] proposed using liquefied
argon as the target medium in TPCs. DUNE is a future experiment currently under
construction, which utilises this technology for the study of neutrino oscillations and
astroparticle physics due to its good spatial and energy resolution, as well as excellent
particle identification capability. The dark matter experiments such as DarkSide-
20k [81], employ dual-phase LArTPCs to detect dark matter candidates, particularly
WIMPs. LArTPC is sensitive to both the scintillation light and the ionisation
electrons produced by WIMP interactions in the liquid argon. Understanding the
detector’s effects is crucial for achieving the physics goals of experiments.

In this chapter, a brief introduction to the LArTPC detector technology is
presented, encompassing in-depth explanations of the specific LArTPC detectors
pertinent to the research outlined in this thesis. The first section discusses the
general description and operating principles of LArTPCs. Section 3.2 provides an
overview of how particles deposit energy in the detector in the context of track and
shower formation. Section 3.3 covers the production, propagation, and detection of
the ionisation signal, and finally, Section 3.4 discusses the production, transmission
and detection of the scintillation signal.
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3.1 Detector medium and operating principle

Efficient particle detection by a TPC relies on several key properties of the active
medium. These properties include ionisation and scintillation yields, electron-
ion pair recombination, interaction length of electromagnetic (EM) and hadronic
interactions, density, transparency to its own scintillation light, and the boiling
point [82]. These factors play a crucial role in determining the overall performance
and capabilities of the TPC detector in accurately detecting and reconstructing
particle interactions. Liquid argon (LAr) possesses distinctive characteristics that
make it an excellent choice for neutrino detectors [80]. With a relatively high
density of 1.41 g/cm3, it enhances the probability of neutrino interactions within
the detector. Moreover, due to its chemical inertness, argon remains unreactive and
enables the migration of ionisation charges generated by interacting particles across
distances spanning multiple meters. Furthermore, argon possesses a ‘high light yield’
and exhibits transparency to its own scintillation light, ensuring accurate timing
measurement of a prompt signal. Argon becomes liquid at approximately 87 K,
making it suitable for large-scale cooling using easily available liquid nitrogen. The
aforementioned properties of liquid argon, its abundance in the atmosphere, and its
cost-effectiveness make liquid argon an outstanding option for neutrino detectors
on a large scale.

An illustration of the basic operation of the LArTPC detector is shown in
Figure 3.1. Interacting neutrinos produce secondary charged and neutral particles
in liquid argon. The charged particles ionise and excite the argon atoms, and
as a result, ionisation electrons are produced. The ionisation electrons then drift
by an applied uniform electric field towards the wires of the anode planes on a
few millisecond timescale and produce an electric signal. Argon atoms in the
excited states emit scintillation photons during the de-excitation process, which are
subsequently captured by photon sensors like photomultiplier tubes (PMTs). These
detectors are typically positioned behind the wire planes, where the scintillation
light signal travels at a faster speed and is detected more rapidly compared to the
drifted ionisation charge. Therefore, it allows the triggering of the detector readout
system, determining the interaction time in the TPC (t0) and facilitates comparisons
with the arrival time of electrons at the anode. The anode plane comprises three
parallel planes of conducting wires, each wire positioned at varying angles to one
another. This arrangement enables precise 2D localisation of ionisation by capturing
charge induction signals from all three sense wires. Typically, the wires intersect at a
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single point in all three planes, facilitating accurate measurement. By incorporating
timing information and creating two-dimensional representations of the ionisation
charge movement in space, the system achieves a three-dimensional high-resolution
image of neutrino interactions. The collected charge also provides information on
the energy deposited by the charged particle (referred to as calorimetry information).
The number of electrons on each wire corresponds to the particle’s energy loss for a
given distance travelled, known as dE/dx. Further elaboration on this topic will be
provided in the subsequent sections.

Figure 3.1. The basic operating principles of a LArTPC [2] detector, showing how
charged particles cause ionisation of the liquid argon and generate electron-ion pairs.
Ionisation electrons are guided towards the anode wire readout by a continuous
electric field. Signal induction and collection occur on the wire planes, which are
oriented at different angles to one another and offer distinct viewpoints of the event.
The figure is taken from Ref. [2].

3.2 Particle interactions in LArTPC

As charged particles move through the LArTPC, they produce tracks and showers
of ionisation electrons that move towards the anode wires. Although neutrinos and
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other neutral particles cannot be directly detected, their presence can be indirectly
observed by identifying secondary charged particles that are generated when they
interact with liquid argon.

3.2.1 Track formation: muons, protons and charged pions

Charged particles such as muons and pions (charged pions, unless otherwise stated)
produce tracks of ionisation electrons in the LArTPC. An example of an event
display of a cosmic muon interaction in the LArTPC, producing track-like energy
deposition, is shown in Figure 3.2.

Figure 3.2. An event display of MicroBooNE data showing a cosmic-ray muon
event from a small region of the TPC volume. The muon produces a long ionising
track which stops in the TPC and decays to a positron (Michel electron) and
neutrinos, creating a Bragg peak shown in red at the end of the track. The red
colour at the end of the track indicates a large amount of energy being deposited.
Highly ionising segments appear in yellow and red along the muon track, indicating
δ-rays produced by the muon while traversing the detector [83].

The charged particles interact within the LArTPC, losing energy over time
as they travel through the medium. The Bethe-Bloch formula [41] models the
average energy deposition per unit length, dE/dx, along the resulting tracks. It can
be expressed as follows, representing the energy loss due to ionisation and atom
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excitation:〈
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〉
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]
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where K = 4πNAr
2
emec

2 = 0.307075 MeV mol−1 cm2, NA = 6.023× 1023 mol−1 is
Avogadro’s number, re = e2

4πϵ0mec2 is the classical radius of electron orbit, z is the
charge number of the incident particle, and Z and A are the atomic numbers and
the atomic mass of the traversed medium respectively. Additionally, β = v/c, where
v is the particle velocity, and γ = 1/

√
1− v2

c2 . The term Wmax is the maximum
energy transfer to an ionisation electron in a single collision, while I denotes the
mean excitation energy. The quantity δ(βγ) represents the density effect correction
to ionisation energy loss.

Equation 3.1 remains applicable within the range of 0.1 ≲ βγ ≲ 1000. This
equation describes the mass stopping power, measured in MeV g−1 cm2. The linear
stopping power, denoted as ρ ⟨dE/dx⟩, is expressed in MeV/cm, where ρ is the
density of the medium in g/cm3. Figure 3.3 illustrates the Bethe-Bloch curves for
muons, pions, and protons in various mediums are exactly the same if the x-axis is
plotted as a function of p/Mc, where p is the momentum and M is the mass of the
particle. The corresponding momentum of these particles, which depends on their
particle masses, is also indicated on the secondary x-axis. The average energy loss
relies on both the particle type and the detector medium. Most relativistic particles,
such as cosmic-ray muons, have energy loss rates close to the minimum and are
known as minimum ionising particles (MIPs). At low βγ, the energy loss increases
much faster with the decrease of the momentum than at high βγ. Consequently,
as particles decelerate, they exhibit an increasing ionisation effect, depositing a
significant amount of energy at the end of the track when they come to a stop.
This energy loss peak formed at the end of the track is known as the Bragg peak.
The particles that emerge from accelerator neutrino interactions in LArTPCs span
a range of energies, from approximately a hundred MeV to several GeV. As a
result, muons and pions are primarily produced in the region where ionisation is
minimised, whereas protons are often produced in the low-momentum region and
exhibit high ionisation. The average energy loss per unit distance (dE/dx) for a
minimum-ionising particle in liquid argon is approximately 2.1 MeV/cm [84].

The ionisation energy loss (dE/dx) of the charged particles in the medium
follows a Landau distribution [85]. Large energy transfers from the particle to the
atom of liquid argon can result in the emission of electrons with sufficient energy
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Figure 3.3. The Bethe-Bloch curves illustrate the average energy loss experienced
by muons, pions, and protons in different media, depending on their momentum.
Different x-axes show the momentum of different particle types [41].

to produce further ionisation. These emitted electrons are commonly known as
knock-on electrons or δ-rays [86]. Figure 3.2 illustrates instances of δ-ray activity
occurring at various points along the muon’s ionising track. Depending on the
energy of the emitted δ-ray, there are two possible outcomes: either a couple of
anode plane sense wires will register a higher dE/dx, or in the case of higher energies,
a distinct track will be formed, which can be detected by multiple anode plane
wires.
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3.2.2 Shower formation: electrons and photons

The electromagnetic (EM) showers are generated by electrons and photons. These
showers consist of a series of secondary particles that are produced within a medium
when high-energy (E > 100 MeV) electrons or photons interact. At such high ener-
gies, electrons primarily lose their energy through radiation, usually bremsstrahlung,
while photons lose their energy by generating an electron-positron pair through pair
production.

At low energies, electrons and positrons experienced multiple Coulomb scattering
(MCS) effects. As electrons traverse a medium, they are deflected by many small-
angle scatters, with most of the deflection resulting from Coulomb scattering off
nuclei [87, 88, 89, 90]. These Coulomb scattering are well described by Molière’s
theory [91]. The cumulative effect of these interactions significantly alters the
electrons’ paths, broadening their overall trajectory in the medium.

In terms of the shower’s behaviour within a detector, electrons and positrons
exhibit similar characteristics. Figure 3.4 shows the electron kinetic energy contri-
bution to the collision (ionisation) and radiation processes. Figure 3.5 illustrates
the dependence of cross section on the photon energy for different interaction types
in liquid argon. At low energies (E < 0.1 MeV), photons make a more significant
contribution to the overall cross section through photoelectric absorption. As the
energy increases, Compton scattering becomes the dominant process. Above about
20 MeV, pair production becomes the primary interaction mechanism for photons
in liquid argon.
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Figure 3.4. Energy loss for electrons in argon obtained from NIST ESTAR
tables [92]. The density of liquid argon is taken as 1.39 g/cm3.
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Figure 3.5. Cross sections of photon interactions in liquid argon obtained from
NIST XCOM tables [93].
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Figure 3.6. The development of electromagnetic showers: a) initiated by an
electron, b) initiated by a photon. These two showers can be separated by analysing
the energy loss at the start of the shower. In the case of electron shower, the energy
loss is given by a single MIP particle whereas for photon shower it is given by two
MIP particles.

Figure 3.6 shows an electromagnetic cascade that is initiated by an electron
and a photon. The shower continues to grow until radiation losses become equal
to ionisation/excitation. The showers produced by electrons and photons can be
distinguished by analysing the energy loss at the beginning of the shower. For an
electron shower, energy loss is given by a single MIP particle while for a photon
shower, it is given by two MIP particles. In LArTPC detectors, electromagnetic
cascades manifest as showers composed of electrons and positrons. Figure 3.7
presents an observed event of a charged pion interaction within the ProtoDUNE
detector. It showcases two distinct electromagnetic showers originating from photons
from the decay process of π0 → 2γ. Additionally, the interaction results in two
resembling tracks: one from the primary π+ and another from the secondary proton
that is produced by the π+. Moreover, there is a cosmic ray muon overlapping with
the incident π+.
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Figure 3.7. An event display showing a π+ interacting in the ProtoDUNE-SP
LArTPC. During this occurrence, a π+ travels into the detector from the left side
and engages in a charge exchange process. This interaction leads to the production
of a proton and a π0. The proton comes to rest, while the π0 undergoes decay,
generating two photons that cause electromagnetic showers. Additionally, there is
an overlapping cosmic ray muon alongside the incoming π+. The figure is taken
from Ref. [94].

3.3 Ionisation signals: formation and
implications

3.3.1 Charge production

During ionisation, pairs of e− and Ar+ are produced. For an incident particle, X,
interacting with liquid argon, the ionisation process is

X + Ar→ e− + Ar+ +X
′
. (3.2)

The ionisation energy of liquid argon is 23.6 ± 0.3 eV [95]. Therefore, 1 MeV of
deposited energy can produce ∼ 40,000 electron-ion pairs if all of this energy is
utilised in ionisation. However, a fraction of this energy goes into the excitation
of argon, producing scintillation light. The energy carried by electrons within a
cluster of ionisation charge is insufficient to induce further ionisation. When a
minimum ionising particle (MIP) which has an energy loss rate close to the minimum
(Figure 3.3), like a low-energy muon, traverses liquid argon at a temperature of
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approximately 87 K, it deposits 2.1 MeV of energy per centimetre of track length [84].
In the case of a minimum ionising particle subjected to an electric field of 0.5 kV/cm,
the measured electron yield is ∼ 29, 000 e−/MeV [96].

In the absence of an electric field, the ionisation electrons e− and Ar+ ions
recombine, resulting in the creation of argon atoms and the emission of scintillation
light. However, when an electric field is present, a fraction of the ionisation pairs
separate before recombination. The ionisation electrons move towards the anode
plane wires, while the Ar+ ions move towards the cathode plane. The quantity of
charge gathered at the anode plane wires is influenced by the strength of the electric
field. LArTPC detectors typically maintain an electric field strength of 0.5 kV/cm.
This value is selected to strike a balance between the energy transferred to the
ionisation electrons and the production of scintillation light. At very low electric
fields, only a small amount of charge is collected, whereas, at high electric fields,
the production of scintillation light is minimal. Recombination is also affected by
the density of ionisation charge [97], with higher ionisation charge densities leading
to a greater likelihood of recombination. The density of ionisation electrons e− and
Ar+ ions produced is higher when a highly ionising particle, such as a proton,
interacts with LAr. Figure 3.8 shows the recombination factor as a function of
applied electric field for 364 KeV from 113Sn [98], 976 KeV electron from a 207Bi [99]
radioactive sources. The recombination factor is defined as Q = R×Q0; where Q
is collected charge, Q0 is the intial ionisation, and R is recombination factor. Q0 is
related to the energy needed to produce an electron pair (ionisation energy)[100].
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Figure 3.8. Recombination factor as a function of the electric field for 364 KeV
electrons • [98], 976 KeV electrons ◦ [99], and minimum ionising particles (ICARUS).
The figure is taken from Ref. [100].

3.3.2 Ionisation charge drift

The free electrons e− and argon Ar+ pairs that escape the recombination travel
towards the anode and cathode respectively under the influence of the applied
electric field. The drift velocity depends on the applied electric field as well
as the temperature of the medium [101]. At a temperature of T = 87 K and
at electric field 0.5 kV/cm, the electron drift velocity is measured as ve− = 1.6×
103 m/s (1.6 mm/µs), while the positive ions have a drift velocity of 8×10−3 m/s (8×
10−6 mm/µs) [102].

Electronegative impurities like oxygen and water, found in liquid argon, have the
ability to capture drifting electrons. As a result, the amount of charges accumulated
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on the anode wires is reduced, leading to a decrease in signal amplitude. This effect
is given by the formula [94]:

Q(t) = Q0 exp (−(thit − t0)/τ), (3.3)

where Q(t) represents the charge detected on an anode wire, and Q0 represents
the initial charge resulting from argon ionisation. t0 denotes the time of ionisation,
and thit signifies the time when the drifting charge reaches the anode wire. The
symbol τ refers to the lifetime of drift electrons. A greater τ value indicates a purer
liquid argon state, as fewer drifting electrons will adhere to impurities during their
journey towards the anode wire. An infinite electron lifetime implies that there are
no impurities present in the liquid argon. Through argon purification systems as
used in ProtoDUNE, contemporary LArTPCs can attain electron lifetime ∼ 100 ms,
corresponding to an impurity level in the detector of approximately 3 parts per
trillion (ppt) of oxygen equivalent [94].

Electron clouds originating from the ionisation point can spread out (diffuse)
while propagating toward the anode plane. The electric field causes the diffusion to
be anisotropic. Electrons that diffuse parallel to the drift direction are referred to
as ‘longitudinal diffusion’, while those diffusing perpendicular to the drift direction
are termed ‘transverse diffusion’. Electron clouds originating near the cathode
are most affected by diffusion since they have the furthest distance to propagate.
The spatial resolution of a LArTPC in the plane perpendicular to the anode wire
plane is influenced by longitudinal diffusion, which causes the signal waveforms to
spread out as the drift time increases. Close to the anode, where the drift time
is short, the waveform has a high amplitude and small width. However, as the
drift time lengthens, the pulses become of lower amplitude and wider [103]. The
spatial resolution in the plane parallel to the readout wire plane is influenced by
the transverse component. Transverse diffusion causes electrons to spread across
multiple readout wires, resulting in an averaging effect that can modify the observed
shape of the energy deposition per unit length (dE/dx). This effect is particularly
significant close to the Bragg peak, where the dE/dx changes rapidly. The Bragg
peak is described in Section 3.2.1. Consequently, this phenomenon has the potential
to distort the distribution of dE/dx in this region more than in other areas, thus
affecting the particle identification capabilities of LArTPCs [104, 105]. In most
substances, transverse diffusion is more than the longitudinal diffusion [105]. The
longitudinal and transverse diffusion coefficient at an electric field of E = 0.5 kV/cm
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and a temperature of T = 87 K in liquid argon have been calculated to be 6.6 cm2/s
and 13.2 cm2/s respectively [106].

The Ar+ ions have a drift velocity approximately 2 – 4× 105 times slower than
that of ionisation electrons when subjected to an electric field of 0.5 kV/cm. As a
result, over the time scale of electron drift in a TPC, the Ar+ ions will appear to
be motionless. These positively charged ions can accumulate in the detector over
time, leading to distortion of the electric field. This phenomenon is referred to as
the space charge effect (SCE). These distortions in the electric field can alter the
trajectory of ionisation electrons during their drift within the detector. Consequently,
the reconstructed positions of the ionisation charge may differ from their actual
origin in the detector. Furthermore, the electric field distortions can impact the
recombination of electrons and ions at locations where energy is deposited in the
detector. Additionally, the accumulated Ar+ ions can attach to drifting electrons
from subsequent events. These effects can modify both the particle’s energy loss
per unit distance dE/dx and its trajectory, resulting in complications in identifying
particles within a LArTPC detector. The SCE becomes particularly significant when
the LArTPC is exposed to a high flux of cosmic rays, which leads to a substantial
production of Ar+ ions [107]. This is especially relevant for detectors located at the
surface of the Earth or at shallow depths.

3.3.3 Ionisation charge detection: signal formation

The drifted ionisation electrons approach the LArTPC anode planes in the presence
of the uniform external electric field. The TPC anode consists of three parallel planes
of sense wires (sensitive to the ionisation charge) and one plane of shielding wires
that are perpendicular to the electric field direction. The wire plane arrangement
begins with an outermost layer consisting of an uninstrumented shielding (grid)
plane, succeeded by two induction planes, and ultimately concluded with the
collection plane. These four planes are biased at different potentials, causing
electric field lines to terminate only at the last collection plane, where they collect
electrons. Meanwhile, the other two induction planes allow electrons to pass through,
remaining transparent to drifting electrons. As drifting electrons travel through the
first two induction planes, a bipolar signal is induced. When the drifting electrons
are collected on the wires of the collection plane, they induce a unipolar signal.
Figure 3.9 shows the field simulation and an illustration of the signal observed
on the anode wire planes. The shield plane primarily serves the purpose of pulse-
shaping and remains disconnected from the electronics readout. This arrangement
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prevents signal induction until the charge surpasses the shield plane, leading to a
more clean bipolar signal. Without the shield plane, the signal becomes noticeably
asymmetric, with the first part of its bipolar shape spreading over a longer time.
The DUNE SP LArTPC detectors utilise these shield planes to simplify and enhance
the reconstruction of the ionisation signal. However, other studies [108, 109] opt not
to employ them, partially due to the cost and complexity involved in manufacturing
the additional wire plane that lacks instrumentation.

(a) (b)

Figure 3.9. An illustration of electric field lines (i.e., electron trajectories) and
signal formation of a LArTPC SP HD in DUNE: a) electric field lines [4], b) signals
induced on wires of anode planes by an ionising track [110]. The drifted ionisation
electrons induce a bipolar signal on the wires of the induction planes u and v, which
are then collected on the wires of the collection plane x resulting in a large unipolar
signal. X represents the drift direction and Z is the direction perpendicular to the
wires in the collection plane. The wire pitch of the induction planes and collection
plane in the DUNE HD FD is 4.7 mm and 4.8 mm respectively. The distance
between the wire planes is 4.8 mm. The wires in the induction plane u and v are
inclined at ± 37.5 degrees with respect to wires in the x plane.

LArTPCs act as multi-channel waveform recorders, recording the signal induced
on wires within a predefined time window. To generate a three-dimensional repre-
sentation of interacting particles within the LArTPC, a minimum of two sensitive
wire planes must be employed. These two planes enable the determination of two-
dimensional coordinates within the wire plane. By combining the wire coordinates
from two different planes, a two-dimensional reconstruction can be achieved in
the plane perpendicular to the drift direction. For 3D reconstruction, the charge
drift time needs to be calculated by knowing the charged particle’s arrival time
in the TPC (t0) and the electron’s arrival time at the anode. This determines
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the location of interacting particles in the direction of the electric field, and hence
the third coordinate is determined. The most modern LArTPC detectors, such as
DUNE and ProtoDUNE, use three instrumented planes. Even when the particle is
moving parallel to the wires in one of the planes, this technology provides precise
three-dimensional imaging.

The quantity of charge induced or collected on the wires is directly proportional
to the amount of energy deposited by traversing particles into the detector. An
estimate of the charge signal size on the collection plane can be given for a track
that is parallel to the wire plane and perpendicular to the wires, as follows [4, 111]:

• For a MIP, the most probable energy loss of 170 keV/mm, a 5 mm track will
produce 170 keV/mm× 5 mm/(23.6 eV/e) = 3.60 × 104 electrons = 5.76 fC.

• Following the occurrence of an initial recombination loss (at an electric
field strength of 0.5 kV/cm), the expected outcome would be as: 3.60 ×104

electrons × 0.70 = 2.52× 104 electrons = 4.04 fC. Tracks in proximity to the
wire planes would exhibit the maximum signal.

• Considering the simulated electron lifetime τ = 3 ms in DUNE FD SP
LArTPC, the fraction of electrons which survive after drift time 2.19 ms
(maximum drift distance 3.5 m with drift speed 1.6 mm/µs) calculated using
Equation 3.3 is ∼ 0.482.

• The expected signal for 5 mm wire spacing is then 2.52×104 electrons × 0.482
= 1.21 × 104 electrons = 1.94 fC.

• The induction signals on the first and second wire planes are smaller as shown
in Figure 3.9.
To detect the small charge signal collected on the collection wires and the even
lower current induced on the induction wires by drifting ionisation charge,
low electronic noise is required. The development of cold electronics is a key
breakthrough, achieving a very good signal-to-noise ratio. A key feature of
the DUNE far detector design is the use of cryogenic (cold) electronics [111,
4] on the TPC wire planes, ensuring very low noise levels in charge readout
and high signal-to-noise ratios for signal events of interest.

The particle energy loss per unit distance, dE/dx, is calculated using the collected
charge or the number of electrons collected on the wires of the anode plane.
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3.4 Scintillation light signal

3.4.1 Production

The production of scintillation light in liquid argon occurs as a result of the ionisation
and excitation of charged particles traversing through it. An excited argon atom
(Ar∗) combines with a neutral argon atom (Ar) and forms an excited argon dimer
(Ar∗

2). This dimer then decays, emitting a scintillation photon. The process can be
represented as follows [112]:

Ar∗ + Ar→ Ar∗
2 → 2Ar + γ. (3.4)

Additionally, the ionised argon atom (Ar+) can pair with a neutral argon atom and
produces an ionised argon dimer (Ar+

2 ),

Ar+ + Ar→ Ar+
2 . (3.5)

The ionised argon dimer can further recombine with the ionisation electron and
produces an excited argon dimer (Ar∗

2), which subsequently de-excites by emitting
a scintillation photon,

Ar+
2 + e− → Ar∗

2 → 2Ar + γ. (3.6)

The scintillation light produced in both the above processes has a wavelength of
128 nm Vaccum Ultra-Violet (VUV) photon.

Excited argon dimers form singlet or triplet excited states. When these states
return to the ground state, scintillation light is emitted. The singlet state has a
relatively short lifetime of about 6 ns (τfast), while the triplet state has a longer
mean lifetime of approximately 1.5 µs (τslow) [4]. These two states are commonly
referred to as the fast (or prompt) and slow (or late) components, respectively. In
the context of underground neutrino detectors, scintillation light serves as a trigger
for detecting proton decay, supernova neutrinos, and atmospheric neutrinos [112].
Additionally, in neutrino and dark matter experiments, scintillation light proves
valuable for particle identification. The proportion of fast to slow component
intensities is influenced by the ionisation density of LAr and varies depending on
the ionising particle. Highly ionising particles generate a greater concentration
of electrons locally compared to cosmic-ray muons, resulting in an increased rate
of singlet decay. The ratio of singlet to triplet decays, therefore, offers a means
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to distinguish highly ionising particles from muons and assists in the rejection of
cosmic-ray spallation backgrounds [113].

Liquid argon emits about 40,000 photons per MeV of energy deposited by
minimum ionising particles in the absence of an external electric field [4]. The
presence of an electric field suppresses electron recombination, which leads to the
formation of excited argon dimers, and consequently reduces the photon yield.
For the DUNE SP HD LArTPC, which operates at an electric field strength of
0.5 kV/cm, the photon yield is approximately 24,000 photons per MeV. The presence
of impurities in the argon, such as nitrogen or oxygen, can absorb scintillation
photons produced during the de-excitation of argon dimers, further reducing the
total photon yield [96, 114].

3.4.2 Transmission

The scintillation light emitted by excited argon dimers can travel long distances
within liquid argon due to its high transparency to the light [82]. The mean free
path of the emitted photons is primarily influenced by Rayleigh scattering and
absorption caused by impurities. Although Rayleigh scattering does not affect the
number of photons in transit, it does alter their trajectory [115]. Depending on their
position and the distance they travel, this scattering can either impede or enhance
the chances of light reaching photon detectors. The light that scatters before
reaching a photon detector takes a longer path compared to directly propagating
light. As a result, there is a significant variation in the arrival times of photons,
which can be interpreted as a lengthening effect, particularly for the fast component
of scintillation light. Consequently, the travel time of scintillation light in large-scale
liquid argon detectors can vary from a few to several tens of nanoseconds.

3.4.3 Detection

To detect the scintillation light in LArTPC detectors, the use of photon detectors
(PDs) capable of functioning at extremely low temperatures (∼ 87K) is necessary.
The prevailing technology employed in LArTPC detectors [116, 117, 118] for photon
detection is the cryogenic photomultiplier tube (PMT). While these PMTs offer
quantum efficiencies (QE) of up to 30%, their substantial dimensions pose challenges
in terms of integration and impact the active space within the LAr. However, there
has been a growing interest in employing silicon photomultipliers (SiPM) due to
their advantages, including low power consumption, compact size, excellent noise
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performance at liquid argon temperatures, and high QE of up to 40% [119]. Current
and future detectors such as ProtoDUNE [120] and DUNE [4] are shifting towards
using Silicon Photomultipliers (SiPMs). Light guide bars or light trap devices, like
the ARAPUCA or X-ARAPUCA devices [121], can amplify light collection via
SiPMs in LArTPC detectors.

To detect the VUV light, the prevailing approach involves applying a coating of
a wavelength-shifting (WLS) compound on the PDs. This compound converts the
128 nm light to a longer wavelength, which can be detected by a PMT [122]. By
absorbing the VUV light and emitting light in the UV spectrum, the WLS compound
enables PDs to detect it effectively. However, due to the random scattering of the re-
emitted light, WLS-coated PDs experience a reduction in efficiency of approximately
50% as the emitted light deviates from the active surface. In the case of large-scale
LArTPC used in neutrino detectors, PDs are typically positioned behind planes of
instrumented wires [120, 4].





Chapter 4

Deep Underground Neutrino
Experiment

The Deep Underground Neutrino Experiment (DUNE) [1, 2, 3, 4] is a cutting-edge
experiment for neutrino science and nucleon decay searches. DUNE is currently
under construction in the USA and involves two sites; Fermilab and Sanford
Underground Research Facility (SURF). DUNE will employ the LArTPC technology
at an unprecedented scale. DUNE will capture and reconstruct neutrino interactions
in the ∼GeV range and above to study neutrinos and search for new physics using
neutrinos from a Fermilab-generated beam and from the atmosphere. This includes
long-baseline neutrino physics, which involves exploring phenomena such as neutrino
oscillations, CP violation, and mass hierarchy. DUNE’s dynamic range also allows
sensitivity to neutrinos with energies around 5 MeV, enabling it to detect bursts of
neutrinos expected from a galactic core-collapse supernova. Additionally, DUNE
will investigate beyond the standard model (BSM) physics, including the search for
nucleon decay.

This chapter commences with the experimental design of DUNE, outlined in
Section 4.1. The description of the neutrino beam is presented in Section 4.2, while
Section 4.3 briefly discusses the design of the DUNE near detector (ND). The
research undertaken in this thesis centres on studies within the framework of the
DUNE far detector (FD). A comprehensive description of the DUNE FD is presented
in Section 4.4. Finally, Section 4.5 discusses the physics goals of DUNE, including
neutrino oscillation, proton decay, low energy physics searches, and physics beyond
the standard model.
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4.1 Experimental design

The DUNE comprises a near detector at Fermilab, a far detector located 1.5 km
underground and 1300 km away from the near detector at SURF, and the neutrino
beam, originating from Fermilab. Figure 4.1 shows a schematic of the facilities at
the two sites. Following an upgrade from its initial power of 1.2 MW to 2.4 MW,
the beam will become the most intense neutrino beam ever operated. The neutrino
beamline and conventional facilities, such as excavation and installation of detectors
for the ND and FD, will be provided by the Long-Baseline Neutrino Facility (LBNF)
project [1]. The far detector is designed to comprise four modules [2]. The first
module will be a single-phase (SP) horizontal drift (HD) LArTPC, with a total
mass of 17.5 kton of liquid argon and a minimum fiducial mass of 10 kton, followed
by a SP vertical drift (VD) LArTPC [123] for the second module. The design of
the third and fourth modules will remain flexible, allowing us to incorporate lessons
learned during the construction of the initial two modules.

Figure 4.1. Schematic of the DUNE project: Fermilab, the host lab and the house
of the ND are shown on the right. The neutrino beam will be produced at the
Fermilab. The SURF laboratory is shown on the left. DUNE FD at SURF will
receive the neutrino beam from Fermilab, 1300 km away. The distance between the
ND and FD will define the baseline for neutrino oscillation [1].

4.2 Neutrino beam

The neutrino beam for DUNE will be produced at Fermilab’s neutrino complex.
A proton beam with an energy 120 GeV and a beam power of 1.2 MW will be
generated at the start of the DUNE operations. A total of 1.1 × 1021 protons
on target (POT) per year will be delivered with a proton beam momentum of
120 GeV/c [2]. The high-energy proton beam strikes a graphite target, producing
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hadronic showers of pions. Magnetic horn will focus these pions into a 194 m long
decay pipe, where hadrons decay into muons and muon neutrinos. By choosing the
polarity of the magnetic focusing horns, the selection of positive and negative pions
is made, allowing the beam to run in neutrino or antineutrino mode. To address
potential contamination of electron neutrinos produced in muon decay, muons are
stopped in a shielding after the decay pipe. Figure 4.2 illustrates the neutrino
beamline at the DUNE ND site. The neutrino flux will be first measured at ND
and then detected at FD for precision oscillation measurements. Figure 4.3 shows
the neutrino energy spectra at DUNE FD while the beam operates in neutrino and
antineutrino modes.

(a) (b)

Figure 4.3. Neutrino fluxes at DUNE FD operating at different modes: a) neutrino
mode, b) antineutrino mode. The figure is taken from [124].

4.3 Near detector

The Near Detector plays a crucial role in the DUNE experiment, functioning as
both an experimental control centre and a valuable component of the experiment. It
measures and monitors the beam, and constrains systematic uncertainties [2]. The
near detector measures various critical parameters, including the total beam neutrino
flux, the rate of unoscillated neutrino interactions, and the initial energy spectra of
unoscillated neutrinos or antineutrinos, all in proximity to the production point.
The measurements conducted in the ND hold immense importance in establishing
the oscillation signal spectrum within the FD.
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As depicted in Figure 4.2, the ND will be positioned 574 m downstream from
the beam source. This detector setup will comprise three distinct detectors. Two
of them are capable of off-axis movement, allowing for exploring diverse neutrino
energy spectra. The three detectors, ND-LAr, multi-purpose detector (MPD), and
System for on-Axis Neutrino Detection (SAND), are strategically positioned along
the neutrino beam direction [2]. Figure 4.4 shows the arrangement of these detectors,
with the beam direction oriented from right to left. A brief description of each is
provided below.

1. ND-LAr: ND-LAr consists of 35 LArTPCs and is constructed using Ar-
gonCube technology [2, 125]. The fiducial mass of ND-LAr is 67 ton, with
dimensions of 5 m (in beam direction) × 7 m × 3 m (height). ND-LAr dimen-
sions were carefully chosen to optimise the containment of complex hadronic
showers that may result from neutrino interactions within the LArTPC active
volume. While closely resembling the FD, ND-LAr modifies the charge readout
system due to the need to handle a high rate of interactions. Neutrino interac-
tions produce high-energy leptons, mainly GeV-scale muons and recoil hadrons.
The acceptance for highly energetic muons above 0.7 GeV/c in standalone
ND-LAr starts to decrease due to limitations in containment. Given that
muon momentum and charge are crucial for neutrino energy determination, a
magnetic spectrometer is essential downstream of ND-LAr to measure these
parameters precisely.

2. MPD: MPD will be positioned directly downstream to determine the charge
and momenta of muons escaping ArgonCube. The MPD is composed of a
high-pressure gaseous argon Time Projection Chamber (HPgTPC) surrounded
by an electromagnetic calorimeter (ECAL) within a 0.5 T magnetic field. Util-
ising high-pressure gaseous argon time projection chambers (HPgTPCs) offers
better measurement precision, particularly at lower energies, when compared
to LArTPCs. Furthermore, these HPgTPCs offer enhanced identification
capabilities, particularly for charged pions and protons. These advanced capa-
bilities are crucial for imposing tighter constraints on systematic uncertainties
for the long-baseline oscillation analysis.

ND-LAr and MPD are notably equipped with a flexible rail system, enabling
them to move off-axis by up to 33 meters. This system, known as DUNE
PRISM [2], provides adaptability that allows for measuring neutrino flux
from various angles. This flexibility separates neutrino fluxes and interaction
cross-sections, contributing to a more comprehensive analysis.
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3. SAND: The System for on-Axis Neutrino Detection (SAND) is the third
detector, serving as a neutrino spectrum monitor [2] and remains in a fixed
position. SAND comprises 3D scintillator trackers within a superconducting
magnet at 0.6 T. Its primary function is to monitor the neutrino flux on-axis
while ND-LAr and MPD are positioned off-axis. SAND is an alternative
detector technology that uses a different target than the far detector, al-
lowing for comparisons and systematic cross-checks with the neutrino flux
determinations from ND-LAr.

Figure 4.4. An illustration of the ND hall showcases the various detector subcom-
ponents. ND-LAr is the foremost component in the direction of the beam, which
travels from right to left in this image. Immediately downstream from ND-LAr
is MPD, which functions as a muon spectrometer for ND-LAr. Extending further
beyond MPD is SAND [2].

4.4 Far detector

4.4.1 Overview of the far detector

The primary purpose of the Far Detector (FD) is to fulfil the core physics objectives
outlined in Section 4.5. A crucial prerequisite for the success of DUNE’s scientific
goals lies in the FD’s ability to reconstruct neutrinos with exceptional efficiency and
achieve precise energy resolution across a broad spectrum of energies [2, 4]. The
significance of this detector is emphasised by its ability to provide millimetre-level
spatial precision for tracking the trajectories of charged particles. This charac-
teristic holds the potential for precise reconstruction of neutrino interactions and
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the investigation of rare interactions. The detector design is aimed to identify
interactions down to the MeV scale, encompassing both solar and Supernova Burst
(SNB) neutrino energies.

The DUNE FD will comprise four modules, each with a 10 kt fiducial mass [4].
The LArTPCs fit inside a cryostat which is 65.84 m long, 18.94 m wide, and 17.84 m
high [3]. The cryostat is filled with liquid argon with a total mass of 17.5 kton.
Each cryostat will be enclosed within an insulated double membrane, employing
a technology frequently used in industrial settings to contain liquefied natural
gas. Figure 4.5 shows the cavern layout for the DUNE FD. The first detector
module will be placed in the east end of the north cavern, whilst the second will
be installed in the east end of the south cavern. The first two detector modules
have distinct designs. The first detector module utilises the single-phase horizontal
drift technology (FD1-HD). This technology has been used successfully in several
previous experiments including ProtoDUNE, SBND and MicroBooNE [108, 109,
120]. The second far detector module implements the single-phase vertical drift
technology (FD2-VD) [123].

Figure 4.5. Underground cavern and cryogenics systems at SURF in South Dakota.
The large red boxes illustrate the first two far detector modules. Situated amidst the
two cryostat caverns, the central cavern hosts the data acquisition (DAQ) system
and cryogenic facilities. The Ross Shaft, the vertical shaft providing access to the
DUNE underground area, appears on the right [123].
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4.4.2 Single-phase horizontal drift

A comprehensive description of LArTPC technology used in the far detector can be
found in Chapter 3. The FD active volume measures 12.0 m ×14.0 m × 58.2 m [4].
This volume is partitioned into four drift regions, each with a drift length of 3.5 m,
and has five alternating anode and cathode walls, each wall measuring 58 m × 12 m.
In the DUNE FD, starting from the anode, there are three anode and two cathode
walls. The cryostat encompasses the LArTPCs module, as depicted in Figure 4.6,
with the LAr maintained at a temperature of 88 K (−185◦C). An electric field is
applied between the anode plane assembly (APA) and the cathode plane assembly
(CPA) to create the drift region within the active volume. Each cathode wall in a
module is called a CPA array. The CPA is a 1.2 m × 4 m panel from which the
CPA arrays are formed, with each array containing 150 CPAs. The anode walls
are each made up of 50 APA units, each measuring 6 m × 2.3 m. The APAs hang
vertically, with each anode wall consisting of two APAs in height and 25 APAs in
width. There will be 150 APAs and 300 CPAs in a 10 kt module of DUNE FD. The
critical parameters of the SP HD module are listed in Table 4.1.

Table 4.1. Key specification of 10 kt SP HD FD module. The U and V are
induction planes, X is the collection plane and G is the shielding plane of an APA [4,
3].

Item Quantity
TPC size 12.0 m × 14.0 m × 58.2 m
Nominal fiducial mass 10 kt
APA size 6.0 m × 2.3 m
CPA size 1.2 m × 4.0 m
Number of APAs 150
Number of CPAs 300
U, V plane wire spacing 4.669 mm
X, G plane wire spacing 4.790 mm
Number of X-ARAPUCA PD bars 1500
X-ARAPUCA PD bar size 209 cm × 12 cm × 2 cm
Design drift voltage - 180 kV
Design drift field 500 V/cm
Drift length 3.5 m
Drift speed 1.6 mm/µs
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Figure 4.6. Schematic of a 10 kt DUNE FD SP module illustrates the arrangement
of alternating APAs and CPAs, accompanied by the field cage, detector support
system, and cryostat. The detector module is segmented into four drift volumes.
Each drift volume has dimensions 58.2 m long, 3.5 m wide, and 12.0 m high. The
figure is adopted from [3].
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4.4.3 Anode plane assembly

The anode plane assembly is designed with two sides, featuring three active wire
planes and an additional shielding layer known as the grid layer [4]. The plane
wires are wrapped around the frame maintaining ∼ 5 mm wire spacing on the
layers. Figure 4.7 shows a schematic of an APA. The first wire plane encountered by
drifting electrons is the grid plane (G). Its function is to shield against charges that
are far away, promoting greater field line stability near the wire planes. Notably,
the grid wire plane is not connected to the readout system. Following the grid
plane, the subsequent planes are induction wire planes (U and V). These planes
have a bias voltage such that electrons will not be collected but will induce charge
when drifting electrons pass through the planes. The U and V planes are completely
transparent to the drifting electrons. The last wire plane, a collection wire plane
(X), collects the drifted electrons. Table 4.2 shows the bias voltages of wire planes
of an APA. The X wires are oriented parallel to the y-axis of the detector, while the
U and V wires are wrapped around at a relative angle of ± 35.7◦ with respect to
the X wire orientation. This strategic configuration guarantees that every X wire
intersects with each U and V wire exactly once. This intersection pattern facilitates
the precise mapping of ionisation depositions onto the yz plane, which corresponds
to the face of the APA. Figure 4.8 shows a completed APA covered in a protective
layer produced at Daresbury laboratory in the United Kingdom (UK).

Figure 4.7. An illustration of the DUNE APA structure and wire wrapping scheme
showing small portions of the wires. Each APA comprises four wrapped induction
wire planes and two collection wire planes. The photon detector is sandwiched
between two collection wire planes that span the width of an APA [4].
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Figure 4.8. A completed APA built at the Daresbury APA production factory in
the UK [126].

Table 4.2. Baseline bias voltages for the wire planes of an APA [4].

Anode Plane Bias Voltage
G - Grid − 665 V
U - Induction − 370 V
V - Induction 0 V
X - Collection 820 V
Grounding Mesh 0 V
Cathode − 180 kV

The photon detection system is integrated into an APA frame to measure
interaction time. Figure 4.9a illustrates the integration of the photon detectors
within the APAs. An individual PD unit comprises a light guide and 12 Silicon
Photomultipliers (SiPMs) [4]. Each APA frame contains ten equally spaced PD units.
A wavelength shifter plate is used in the PD system, which converts the 127 nm
scintillation photons into UV light of wavelength 430 nm. A specially designed
device called X-ARAPUCA collects this wavelength-shifted light illustrated in
Figure 4.9b.
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(a) (b)

Figure 4.9. Photon detection system in APA modules: a) the photon detectors,
X-ARAPUCA mounted inside an APA, b) X-ARAPUCA module spanning the
width of an APA. There are 24 X-ARAPUCA cells grouped into four supercells [4].

4.4.4 Cathode planes and high voltage

The single-phase DUNE FD has two cathode plane assembly arrays formed from 150
CPAs (50 along the length, stacked three high) as shown in Figure 4.6. Each CPA
has an independent high voltage (HV) supply of −180 kV [4]. With the APA arrays
held close to the ground, this setup creates a uniform electric field of 500 V/cm
across the drift volume. A typical minimum ionising particle passing through the
argon produces about 60,000 ionisation electrons per centimetre, which drift toward
the anodes at approximately 1.6 mm/µs [4]. The time to cover the full drift distance
is about 2.2 ms.

4.4.5 Field cage

In the single-phase DUNE FD module, a field cage (FC) covers the top, bottom,
and end walls of all the drift volumes as depicted in Figure 4.6. This setup provides
the necessary boundary conditions to ensure a uniform electric field, unaffected by
the presence of the cryostat walls. The FC is constructed from adjacent extruded
aluminium open profiles (electrodes) running perpendicular to the drift field. These
electrodes are set at increasing potentials along the 3.5 m drift distance, from the
CPA HV (−180 kV) to ground potential at the APA sensor arrays [4].
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4.5 Physics goals of DUNE

The DUNE includes a wide range of physics programmes [2]. As a long-baseline
neutrino experiment, the primary goals of DUNE include measuring CP violation
in the leptonic sector and determining the neutrino mass ordering through high-
precision measurements of neutrino oscillation parameters. Among other DUNE
primary objectives are nucleon decay searches across various decay modes and
detecting and precisely measuring the neutrino flux originating from core-collapse
supernova bursts.

Beyond its primary objectives, the DUNE science programs include further
accelerator-based search for the BSM phenomena [2]. These include measurements
related to charge, parity, and time reversal symmetry (CPT), investigations into
sterile neutrinos, heavy neutral leptons, and the measurement of tau neutrino
appearance. Moreover, DUNE includes the measurement of neutrino oscillation
phenomena through the study of atmospheric neutrinos, dark matter searches, and
non-accelerator searches for neutron-antineutron oscillation as part of its BSM
physics efforts. The ND is also involved in additional neutrino interaction physics
programs, spanning a diverse range of neutrino cross-section measurements and
studies of nuclear effects. Some of the key physics goals of DUNE are briefly
discussed in the subsequent subsections.

4.5.1 Neutrino oscillation physics at DUNE

Neutrino oscillation confirms the non-zero neutrino mass and manifests CP violation
in the lepton sector [5, 21, 127, 128]. To determine the neutrino mass ordering
(hierarchy) and quantify the CP violation parameters, DUNE will take a compre-
hensive study of νµ disappearance and νe appearance using νµ and ν̄µ beam from
Fermilab [2]. The two measurements will be repeated, looking for ν̄µ disappearance
and ν̄e appearance [124]. The concept of “disappearance” arises from the observation
that the DUNE neutrino beam primarily consists of muon neutrinos. Consequently,
the far detector is anticipated to register a diminished count of muon neutrinos
compared to the near detector, attributable to neutrino oscillations. The neutrino
energy spectra at DUNE FD are shown in Figure 4.3 illustrating the beam operation
in neutrino and antineutrino modes. The “appearance” study will measure the
increased rate of electron neutrinos as a consequence of the oscillation of muon
neutrinos into electron neutrinos. For the appearance studies, DUNE will look at
the appearance of νe and ντ from the νµ beam.
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Figures 4.10a and 4.10b present the oscillation probability of νµ converted into
νe, P (νµ → νe), and ν̄µ converted into ν̄e, P (ν̄µ → ν̄e), respectively, at the far
detector location. Both distributions are constructed assuming the normal ordering
of the neutrino mass hierarchy.

(a) (b)

Figure 4.10. Appearance probability at a baseline of 1285 km in DUNE as a
function of neutrino energy for δcp values −π/2, 0, and π/2: a) νµ being converted
into νe, b) ν̄µ being converted into ν̄e [124].

The sensitivities to the mass hierarchy and CP violation are determined by
comparing oscillated far detector spectra in each oscillation channel to unoscillated
near detector spectra, taking into account the systematic uncertainties [124]. Fig-
ure 4.11 shows the simulated sensitivity with which CP violation can be observed
as a function of true δCP values. Figures 4.11a and 4.11b represent the sensitivity
for exposures corresponding to seven and ten years of data in normal ordering
and inverted ordering, respectively [124]. The DUNE experiment follows a staging
plan, which involves running the experiment with varying exposure over different
years. The sensitivity exhibits a distinctive double-peak pattern which arises due
to the fact that CP violation is maximal at δCP = ± π/2 and decreases around
the CP conserving value of δCP = 0. Following an exposure of seven years under
normal ordering, the median CPV sensitivity attains a 5σ for a small range of
values. However, with extended exposure of ten years, the median CP violation
sensitivity achieves a 5σ significance level across a broader range of δCP values. In
inverted ordering, DUNE exhibits slightly stronger sensitivity to CP violation and
achieves a 5σ significance for a wide range of values after seven years of exposure.



4.5 Physics goals of DUNE 65

(a) (b)

Figure 4.11. The significance of the CP violation (δCP ≠ 0 or π) discovery by
DUNE as a function of the true value of δCP: a) normal ordering, b) inverted
ordering. The width of the transparent bands covers 68% spread of the value. The
solid lines show the median sensitivity [124].

Figure 4.12 shows the sensitivity of the DUNE for neutrino mass ordering as a
function of true δCP values for exposures of seven and ten years [124]. Figure 4.12a
shows the significance with which normal mass ordering can be observed, while
Figure 4.12b illustrates the significance of inverted ordering. DUNE would achieve
a significance above 5σ regardless of the value of δCP. The distinctive shape arises
due to the degeneracy between matter and the CP violation effect. For normal
ordering, it occurs close to δCP = π/2 while for inverted ordering δCP is close to
−π/2.
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(a) (b)

Figure 4.12. The significance of the determination of normal mass ordering by
DUNE as a function of the true value of δCP: a) normal ordering, b) inverted
ordering. The width of the transparent bands covers 68% spread of the value. The
solid lines show the median sensitivity [124].

Figure 4.13 shows the significance with which CP violation and mass ordering
can be observed as a function of exposure in kt ·MW · years [124]. Figure 4.13a
shows the significance with which CP violation can be determined assuming normal
mass ordering for 75% and 50% of δCP values, and when δCP = −π/2. The width
of the band shows the impact of applying an external constraint on θ13 [2]. The
observation of CP violation can achieve a 5σ significance level in approximately seven
years (equivalent to 336 kt ·MW · years) when δCP is set to −π/2. Similarly, when
considering 50% of δCP values, CP violation can be detected with 5σ significance in
approximately ten years (equivalent to 624 kt·MW·years). Finally, CP violation can
be observed at a 3σ significance level for 75% of δCP values after a running period of
about thirteen years. Figure 4.13b shows the significance with which normal mass
ordering can be determined for 100% of δCP values, and when δCP = −π/2. The
width of the band shows the impact of applying an external constraint on θ13. The
observation of mass ordering can achieve a 5σ significance level after exposure of
66 kt ·MW · years corresponding to 2 years of data taking for all δCP values [124].
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(a) (b)

Figure 4.13. a) The significance of the CP violation as a function of exposure
in kt ·MW · years for the case when δCP = −π/2, for 75% and 50% of δCP values.
b) The significance of the determination of normal mass ordering as a function of
exposure in kt ·MW · years for the case when δCP = −π/2, and for 100% of δCP
values. The width of the band shows the impact of applying an external constraint
on θ13 [124].

4.5.2 Proton decay searches at DUNE

Nucleon decay is a rare event in high energy physics predicted by several grand
unified theories (GUTs) [129, 130, 131] beyond the SM. Nucleon decay searches
provide the most direct way to probe baryon number conservation in the SM and
test the GUTs in the energy scale 1015 – 1016 GeV. This energy range cannot be
achieved by accelerators. However, it can be studied by large underground detectors.
The DUNE has the ability to probe different nucleon decay channels due to the
size of the fiducial mass, excellent imaging and particle identification capabilities
with the LArTPC technology. The two dominant decay modes predicted by GUT
models are p→ e+ + π0 and p→ K+ + ν̄ [132, 133, 134, 135].

The proton decay mode p→ e+ +π0 is often predicted to have a high branching
ratio of the two decay modes. In this decay, the mass of a proton is converted
into electromagnetic shower energy of π0 and e+. This channel is a comparably
more straightforward experimental signature for water Cherenkov detectors like
Super-Kamiokande, where electromagnetic showers produce a ring of Cherenkov
light and signal can be identified [136]. In the case where a neutral pion interacts
in the nucleus by absorption, scattering, or charge exchange after a proton decay
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event, the correct reconstruction of proton mass and momentum (which is expected
to close to zero) becomes challenging. However, a water molecule, having two
free protons, remains unaffected by such pion interaction, contributing to the high
efficiency of water Cherenkov detectors. In the LAr, the detection efficiency for
the p→ e+ + π0 is limited due to inelastic intra-nuclear scattering of the neutral
pion. DUNE will have the capability to detect this mode but it is less likely to
outperform the limit placed by the Super-Kamiokande and Hyper-Kamiokande
experiments [136, 137]. Figure 4.14 shows a lifetime comparison of experimental
limits on key decay modes predicted by GUTs [2]. A more complete analysis gave a
less favourable prediction for the mode with a kaon [138].

The proton decay mode p → K+ + ν̄ is particularly interesting in DUNE
since LArTPCs can detect and identify the K+ produced in this channel by its
distinctive dE/dx signature [2]. The kaon produced in this decay has energy below
the Cherenkov threshold and cannot produce Cherenkov light, hence, it cannot be
detected by the Cherenkov detector. LArTPC provides the opportunity to observe
all decay modes with a charged kaon in the final state. The K+ produced in this
channel has a higher ionisation density than lower mass particles such as pions
and muons which results in higher detection efficiency in LArTPC compared to
water Cherenkov, and many final state K+ decay would be fully reconstructable in
LArTPC. Given a signal efficiency of 30% and an anticipated background rate of
one event per Mt · year, the experiment can set a 90% confidence level (CL) lower
limit on the proton lifetime for the p→ K+ + ν̄ decay channel which is 1.3× 1034

years [138], assuming no signal is observed over ten years of running with a 40 kt of
fiducial mass. The current lifetime limit placed by Super-K for this decay channel
is 5.9× 1033 years [136].
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Figure 4.14. Summary of experimental nucleon decay searches and predicted
lifetime limits from past and currently running experiments. The limits shown are
90% confidence level (CL) lower limits on the partial lifetimes; τ/B, where τ is
the total mean lifetime and B is the branching fraction. Marker symbols indicate
published experimental limits as labelled by the colours on top of the figure. The
figure is taken from [2].

4.5.3 Low energy physics searches at DUNE

DUNE will be capable of detecting low-energy (∼5–100 MeV) astrophysical neutrinos
from supernovae and the Sun [139, 140, 2]. DUNE will also look for physics beyond
the standard model, such as dark matter searches. This includes the detection of
weakly interacting massive particles (WIMPs) through low-energy nuclear recoils
(∼100 keV) in the detector [141]. Figure 4.15 shows the low-energy physics targets
and their energy ranges. Radiological backgrounds have a critical role in detecting
these experiments. Important backgrounds and sources are also shown in the figure.
Some of the low-energy physics searches at DUNE are discussed next. A discussion
of the radiological backgrounds of these experiments can be found in Ref. [141].



70 Deep Underground Neutrino Experiment

Figure 4.15. Low energy physics targets and their energy ranges with primary
radiological backgrounds of these experiments [141].

1. Supernova neutrino searches at DUNE:

One of the primary physics goals of DUNE is to detect and measure the νe flux
from a core-collapse supernova within our galaxy. A core-collapse supernova
occurs when a massive star reaches the end of its life. The core-collapse
neutrino signal primarily composed of νe from the reaction e−+p→ νe+n [139].
Liquid argon is particularly sensitive to the νe component of a supernova
neutrino burst, through the dominant interaction, CC absorption of νe on
40Ar, represented as: νe + 40Ar → e− + 40K∗. The observable outcome of
this interaction is the electron plus de-excitation products from the excited
40K∗ final state. DUNE will bring unique νe sensitivity via νe charged-current
(νeCC) interactions from around 5 MeV to several tens of MeV. The most
famous supernova in particle physics, Supernova 1987A, released a burst of
neutrinos that travelled 50 kiloparsecs before reaching the Earth [142, 143].
A few dozen antineutrinos were detected between Kamiokande-II, IMB, and
Baksan [144]. Should a supernova occur during DUNE’s lifetime, DUNE will
be able to make leading observations of supernova features [2]. The neutrinos
from a supernova burst (SNB) carry intrinsic information about the progenitor
star, the collapse, the explosion, and the outcome of the supernova—whether
a neutron star or black hole forms.

2. Solar neutrino searches at DUNE: Solar neutrinos originating from the
Sun, are produced as a byproduct of nuclear fusion in its core. Detect-
ing solar neutrinos is uniquely challenging due to their very low energies
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(< ∼18 MeV) [145]. DUNE is sensitive to νe in the MeV range (> 5 MeV)
making it a prime candidate for detecting solar neutrinos [2]. At DUNE, solar
neutrinos can be detected by the CC interaction: νe + 40Ar → e− + 40K∗.
Above 5 MeV electrons can be detected with high efficiency in DUNE. The
solar neutrino event rate in a 40 kt LArTPC is ∼100 per day [2]. DUNE can
measure solar mass splitting ∆m2

21 and mixing angle sin2 θ12 with higher preci-
sion than previous measurements [52, 54, 55, 61, 146, 147], which can explain
the anomaly of the ∆m2

21 value between solar and reactor measurements [2, 64,
140]. Also, DUNE is in a competitive position to make the first measurement
of the hep neutrino flux, 8B neutrino flux, and potentially measure the CNO
neutrino flux, a sub-dominant helium production mechanism in the Sun [2,
140]. Measuring the CNO flux would also help to assess the Sun’s metallicity.

4.5.4 Beyond the standard model physics

DUNE could perform a wide range of additional beyond standard model searches.
Some of these are discussed below.

1. Search for active-sterile neutrino mixing: Experimental results that
question the three-neutrino-flavor paradigm, potentially indicating mixing
between the known active neutrinos and one or more sterile states [148, 149].
This has prompted a rich and diverse program of searches for oscillations
into sterile neutrinos. DUNE is sensitive to a wide range of potential sterile
neutrino mass splittings by looking for the disappearance of charged current,
and neutral current interactions over the long distance between the near
detector and the far detector [2]. With a longer baseline, a more intense
beam, and a high-resolution large-mass far detector compared to previous
experiments, DUNE offers a unique opportunity to significantly improve the
sensitivities of the existing probes [2]. This greatly enhances the ability to
explore the extended parameter space if a sterile neutrino is discovered.

2. Search for light-mass dark matter: Cosmological and astrophysical
evidence strongly supports the existence of dark matter (DM), constituting
about 27% of the universe’s mass-energy. However, its nature and potential
non-gravitational interactions with regular matter remain unknown [48]. The
lack of evidence for WIMPs at direct detection has prompted a reconsideration
of the WIMP paradigm. DUNE, with its high-flux neutrino beam, can
probe dark matter parameter space that cannot be covered by either direct
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detection or collider experiments [150, 151, 152, 2]. In DUNE, light-mass dark
matter (LDM) may be produced through proton interactions in the target
and detected in the near detector through neutral current-like interactions
with either electrons or nucleons in the detector material via elastic scattering.
This makes DUNE’s search for LDM both competitive and complementary to
other experiments.

3. Search for boosted dark matter: A representative model consists of
heavy and light dark matter components, with the lighter one produced from
the annihilation of the heavier one in locations such as the Sun or galactic
centre [153, 154, 155]. The relativistic lighter dark matter component, boosted
dark matter (BDM), can be detected via its interaction with the standard
model particle in the detector [156, 157]. BDM energetically scatters off
the nucleus inside the detector and can be observed through the signature
of electron or nucleon recoil. DUNE will be able to search for boosted
dark matter using its large detector modules [2]. The low energy detection
threshold of DUNE has the ability to probe the BDM, allowing various physics
opportunities within BDM.



Chapter 5

Simulation and reconstruction of
the DUNE FD

In modern physics experiments, simulations play a crucial role in the development
and understanding of event reconstruction, event selection, and achievable physics
outcomes. These simulations rely heavily on Monte Carlo (MC) methods [158],
which involve random sampling from predefined distributions to generate results
that closely resemble experimental data. DUNE benefits from a standardised
approach to simulation and reconstruction across experiments, facilitated by the
widely used LArSoft [159] software package. LArSoft represents a comprehensive
simulation, reconstruction, and analysis package developed for LArTPCs [160], and
it serves various experiments such as MicroBooNE [108], ICARUS [161], SBND [109],
ProtoDUNE [94] and DUNE [2]. The architecture of LArSoft is built on the art [162]
particle physics event processing framework which is written in C++ [163]. LArSoft
seamlessly integrates external packages such as GENIE [164], CORSIKA [165]
and MUSUN [166] for particle generation, GEANT4 [167] for particle propagation,
and the Pandora [168] pattern recognition package for particle reconstruction and
identification.

To provide a comprehensive overview, the chapter focuses on simulation and
reconstruction in LArTPC detectors, with an emphasis on the techniques employed
by the DUNE experiment. Following the structure of LArSoft simulation, it covers
event generation, particle propagation, charge and light simulation, detector response
simulation, and reconstruction.
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5.1 Monte Carlo simulation

The Monte Carlo (MC) simulation process in DUNE FD comprises three key stages.
Firstly, in the particle generation stage, kinematic properties such as momenta are
assigned to primary particles, establishing their initial states. These properties
serve as inputs for the second stage, where particle propagation takes place. During
this stage, the initial particle states interact with the detector material, generating
secondary particles based on established cross-sections and physical laws. Lastly,
the third stage involves simulating the detector’s response to the signals produced
by different particles and their energy depositions.

5.1.1 Particle generation

LArSoft is designed to incorporate several external packages, including GENIE for
studying neutrino interactions and nucleon decays, CRY [169] and CORSIKA [165]
for simulating cosmic ray events at surface detector locations. Additionally, users
have the option to utilise a single particle generator, allowing them to specify particle
types, initial momenta, positions, and directions as needed. Furthermore, a muon
generator MUSUN [166, 170] is available, which uses the output of MUSIC [171].
MUSIC first propagates muons through a user-defined medium for given initial
energies. The work presented in this thesis utilises MUSUN to simulate cosmic-ray
muons at the deep underground location in the DUNE FD. Details about MUSUN
are provided in Chapter 6.

5.1.2 Particle propagation

At the next stage, particles are propagated through the detector and surrounding
materials using GEANT4 [167]. Each particle is transported using the step method
which is determined by the possible physics processes (interactions or decay) of
a particular particle in liquid argon and hence their trajectory is tracked. The
selection of the physics process and the number of steps are determined based
on the output necessary for the simulation. After each step information such as
particle position, energy and momentum are recorded and the particle trajectory
is determined. The process stops when the particle energy reaches a threshold
below which the energy deposited by the particle is undetectable, or when the
particles leave the detector. All secondary particles resulting from interactions
during the propagation are preserved and later simulated using the same approach,
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with tracking of their corresponding parent particle. The energy deposited by
the particle is utilised to compute the production of both ionisation charge and
scintillation light, which are subsequently employed in the detector simulation.

5.2 Detector simulation: charge and light

The interactions within the detector lead to the production of signals, such as
scintillation light or ionisation charge as described in Chapter 3. The ionisation
charge produced by a charged particle induces a current on the induction wire plane
while drifting toward the collection plane. This process produces signals on the
wire planes. The charge ionisation and signal formation are already discussed in
Section 3.3. The current i induced on a wire is proportional to drifting charge q
given as [2, 172, 173]:

i = −q · E⃗w · v⃗q (5.1)

where E⃗w and v⃗q are weighting field at the location of charge and the velocity of
drifting charge respectively. The E⃗w depends on the geometry of the electrode
while v⃗q depends on the external electric field. The function describes the induced
current at a given wire, and the drift path over a period of time is characterised by
the field response function, which is simulated using 2D Garfield [174]. Each plane
has a separate field response function. The response function is further used in the
TPC detector signal simulation. The energy deposited by a particle is taken as an
input for the detector signal simulation and outputs a digitised waveform using an
analogue-to-digital converter (ADC). The detector signal simulation incorporates
effects such as noise which is mostly generated due to readout electronics and other
detector effects as discussed in Chapter 3.

The produced scintillation light propagates towards the photon detectors. The
generation of scintillation light in LArTPC is discussed in Section 3.4. For the
response of photon detectors, the detector is divided into small volumes which
are called voxels [2]. A pre-generated photon library is used to determine the
probability of a photon reaching any of the photon detectors (PDs). The library
also encompasses the relationship between the response and the position of the PDs,
which accounts for the attenuation occurring between the photon emission point
and its detection by the silicon photomultipliers (SiPMs).
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5.3 Event reconstruction in the DUNE FD

The simulated events and data follow the same reconstruction procedure. To achieve
effective LArTPC reconstruction, it is essential to accurately reconstruct tracks and
showers in three dimensions, identify particles, and determine particle momentum
and energy. The reconstruction process starts by detecting signals on individual
wires surpassing a specified threshold and then constructing "hits" from each signal
pulse. There are different reconstruction methods available for DUNE FD such as
Wire-Cell, TrajCluster and Pandora [2]. This section will centre on charge signal
reconstruction using Pandora, which is pertinent to the research presented in the
thesis.

5.3.1 Signal processing and hit finding

The signal produced on each wire in a plane is converted into a raw waveform in
the format of ADC counts as a function of the TPC tick and is recorded by the
data acquisition system (DAQ). ADC counts define the amplitude of the signal
and a tick is a detector timing unit which corresponds to 0.5 µs on each plane in
the DUNE FD [2]. The reconstruction procedure starts with the identification of
ionising electrons arriving at the anode planes. This is done by using a deconvolution
algorithm. The recorded signal is a convolution of noise, electronic responses and
detector effects as mentioned in the previous section and discussed in Chapter 3. The
process used to correct for these detector effects is called deconvolution. Figure 5.1
illustrates the induction U-plane signal processing. After the deconvolution process,
the bipolar signal is transformed into a unipolar signal, thereby simplifying the
hit-finding procedure [2].

Following the processing of raw signals, the next step involves the procedure
of hit finding. A "hit" is a 2D object representing the charge deposited on a single
wire at a given time. Hence signal on a wire can be considered as a hit(s). The
width of a hit is calculated using the Gaussian fit of a waveform peak produced
on a wire. The area of each hit is proportional to the amount of charge deposited
on a wire. Figure 5.2 displays the hit reconstruction of a deconvolved waveform
using Gaussian fitting. In this example, a total of three hits are reconstructed.
The signal on a waveform is fitted to a Gaussian. The total charge is represented
by the area and the mean of the Gaussian represents the hit peak time. For the
measured waveform, the unit is ADC and for the deconvolved waveform, the unit is
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Figure 5.1. A measured raw waveform (black) and deconvolved waveform (red)
from induction U-plane of ProtoDUNE-SP before and after the signal processing
procedure. After the deconvolution process, bipolar signal shapes are converted
into unipolar signal shapes [2].

Figure 5.2. Hit reconstruction on a single wire from ProtoDUNE-SP data [94].
Three hits are reconstructed out of a waveform produced on a single wire.

the number of electrons. A calibration constant is used to convert ADC values to a
number of electrons. The calibration studies are performed in Chapter 8.

5.3.2 Pandora overview

The Pandora software development kit [168] is a multi-algorithm framework for
the pattern recognition used in the various LArTPC experiments such as Micro-
BooNE [83], ProtoDUNE [94] and DUNE [2]. Pandora takes the reconstructed hits
as input and advances through the following key stages:
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1. Hit clustering: The first stage of Pandora pattern recognition is the cluster-
ing of hits for each wire plane independently, referred to as 2D reconstruction.
It begins with simple clustering, where hits forming a continuous straight line
are grouped, assuming a track-like structure for simplicity. This process aims
to group hits that are supposed to have originated from the same interacting
particle. Subsequently, a sequence of algorithms is employed to merge these
clusters across gaps in the detector and address ambiguities arising from fac-
tors like intersecting or interacting particles. Then Pandora starts matching
for the 2D cluster in all three wire planes by finding candidate clusters in
other planes. Once clusters are identified, Pandora proceeds to establish a 3D
position for each hit, termed a space point.

2. Track reconstruction: The track reconstruction by Pandora is performed
using clustered hits. The track reconstruction is processed by identifying the
combination of hit clusters on each plane representing the same track-like
particle. This is achieved by selecting two clusters on different planes and
predicting the potential 3D cluster projection onto the third plane. The
projected position is then compared with nearby reconstructed 2D clusters
on that plane. Pandora lists all hit clusters as reconstructed "PFParticles".
Here PF denotes particle flow. Each different track or shower is assigned with
PFParticle which is associated with the list of hit clusters. Characterisation
algorithms play a crucial role in classifying each cluster as either track-like or
shower-like at different stages of the reconstruction procedure.

3. Shower reconstruction: Pandora uses a series of metrics to identify whether
a hit cluster is track-like or shower-like. It employs the track reconstruction
algorithm to determine the initial vertex and trajectory of the shower. Sub-
sequently, the reconstruction of the shower revolves around this initial axis,
achieved by recognising adjacent clusters of hits exhibiting shower-like charac-
teristics. This reconstruction is extended until the termination point of the
shower is reached.

5.3.3 Pandora reconstruction chains

Pandora has over 100 algorithms that can be used. Each algorithm is developed
for a specific role in the reconstruction chain. Two distinct Pandora reconstruction
pathways are defined by default in the DUNE FD [2, 168]: PandoraCosmic and
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PandoraNu. Both reconstruction pathways utilised a chain of various algorithms.
Many algorithms are shared between the two pathways.

1. Cosmic reconstruction chain (CRC): The reconstructed hits are pro-
cessed by PandoraCosmic reconstruction. The set of algorithms used in this
reconstruction pathway is strongly track-oriented and mainly developed for
the reconstruction of cosmic-ray muons assuming particles will leave a long
track in the detector volume. The showers produced are assumed to be an
activity of delta electrons that are produced by muons ionising the argon
and transferring a significant fraction of their energy to delta electrons and
considered as a daughter particle of the cosmic-ray muon. The reconstructed
vertex of an object is presumed to be positioned at a higher value of the
detector y-coordinate.

2. Neutrino reconstruction chain (NRC): The reconstructed hits are pro-
cessed by PandoraNu. This reconstruction utilizes a set of algorithms to
identify the vertex of a neutrino interaction, which is then used to assist in
reconstructing all particles originating from that vertex. Special attention
is dedicated to reconstructing both tracks and showers. Initially, particles
identified as emerging from the interaction vertex are considered, and the
particle exhibiting the highest consistency with being an incoming particle is
identified as the primary particle. Parent-child relationships are then estab-
lished between the primary particle and the other particles originating from
the interaction vertex.

The characterisation of tracks and showers of both the cosmic reconstruction chain
and neutrino reconstruction chain is carried out in Section 6.6 including an event
display from both reconstruction pathways.

5.4 Energy reconstruction

To measure dE/dx of showers and tracks, the process begins by measuring the
charge deposition per unit length dQ/dx on a single wire at the collection plane. The
charge dQ is determined as the area of the Gaussian fit to the hit, initially expressed
in units of ADC as discussed in Section 5.3.1. The distance dx is then calculated
using the shower (electron) or track direction to determine the actual distance
that the particle traverses in the TPC between adjacent wires. This distance is
calculated as the wire pitch divided by the cosine of the angle between the track
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direction and the direction normal to the wire in the wire plane [94]. The conversion
from dQ/dx to dE/dx utilises the calibration constants. The ProtoDUNE-SP has
employed the modified box model developed by the ArgoNeuT collaboration [97]
to obtain the calibration constant. Calibration studies, including the modified box
model for the DUNE FD, are discussed in Chapter 8.



Chapter 6

Muon production

Cosmic-ray muons are a naturally occurring source capable of penetrating deep
underground and can be used for different studies such as detector calibration.
Cosmic-ray muons are also a background in experiments looking for rare events such
as nucleon decay deep underground. Muons can be used as a standard candle because
they have a well-understood energy loss profile. The uniformity of the detector
response can be calibrated using through-going and stopping muons. Stopping muons
are used to determine the energy scale. Muons inside the detector may produce both
charged and neutral pions. These pions can be utilised for calibrating the DUNE
FD, specifically for the detector’s response to electromagnetic shower activity and
the energy scale. Using the MUon Simulation UNderground (MUSUN) particle
generator, cosmic muons have been simulated and analysed within the dedicated
software framework for liquid argon experiments, LArSoft. These simulated cosmic
muons are used in calibrating the DUNE far detector (FD).

This chapter begins with a discussion of cosmic muon production in the atmo-
sphere in Section 6.1 and their characteristics are discussed in the context of surface
and underground experiments in Sections 6.2 and 6.3, respectively. The simulation
of muons in DUNE FD is covered in Section 6.4, including a discussion of the muon
particle generator MUSUN. Section 6.5 discusses muon distributions at the DUNE
FD, including the characterisation of cosmic muon events and different particles
produced in the LArTPC. Section 6.6 discusses the two different reconstruction
chains used in the reconstruction process, including the event displays for each case.
Finally, Section 6.7 provides a summary of this chapter.
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6.1 Muon production in the atmosphere

The high-energy primary cosmic rays, which consist of charged energetic particles
and nuclei, incident on the top of the atmosphere and produce secondary particles
when interacting with atmospheric nuclei. The predominant particles produced in
the cosmic ray interactions are pions and kaons. Muons are produced from the
decay of pions and kaons around 15 km above the Earth’s surface. Muons can travel
deep underground due to their relative stability and small interaction cross-sections.
The main process involved in the production of cosmic-ray muons with the decay
probabilities are [47]:

π± → µ± + νµ(ν̄µ) ∼ 100% (6.1)

K± → µ± + νµ(ν̄µ) ∼ 63.5%. (6.2)

The mean lifetime of the muon is 2.2 µs and high-energy muons survive the distance
to the Earth’s surface and deep underground due to the time-dilation effect.

Charged pions are unstable and produce muons as they decay [47]:

π+ → µ+ + νµ, (6.3)

π− → µ− + ν̄µ. (6.4)

Lower energy muons from the interactions 6.3 and 6.4 decay in flight into [47]:

µ+ → e+ + νe + ν̄µ, (6.5)

µ− → e− + ν̄e + νµ. (6.6)

producing electrons, positrons, and neutrinos. Electrons and positrons further
produce low-energy electromagnetic showers.

6.2 Cosmic-ray muons at the Earth’s surface

The cosmic muon energy spectrum at the production of muons at a given height in
the atmosphere can be derived by using two-body decay kinematics of the parent
mesons π → µ+ν and K → µ+ν with their production spectrum [175]. Muons lose
about 2 GeV to ionisation before reaching the Earth. The muon flux or intensity
depends on the energy and angle.
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The cosmic-ray muon flux at sea level is given by modified Gaisser’s parametri-
sation which includes large zenith angles (Earth curvature) [176] and muon decay
in the atmosphere (low energy) as [177, 178, 170]:

dIµ0

dEµ0dΩ
(Eµ0 , θ0) ≈

0.14× A× E ′
µ

−γ

cm2· s · sr ·GeV × Pd

×

 1
1 + 1.1E′

µ cos θ∗

115GeV

+ 0.054
1 + 1.1E′

µ cos θ∗

850GeV

+Rc

 ,
(6.7)

where dIµ0
dEµ0 dΩ

(Eµ0 , θ0) is the differential muon intensity at sea level in units of
cm−2·s−1·sr−1·GeV−1, Eµ0 is the muon energy in GeV at the surface, θ0 is the muon
zenith angle at the surface, θ∗ is the muon zenith angle at the height of muon produc-
tion. The relationship between θ0 and θ∗ is given by cos θ∗ =

√
1− 0.99(1− cos2 θ0).

E
′
µ is the muon energy at the height of the production, E ′

µ = Eµ0 + ∆Eµ0 , where
∆Eµ0 = 2.06× 10−3(1030/ cos θ∗ − 120) is the muon energy loss in the atmosphere,
which is the correction term for low energy muons [179]. Pd is the survival prob-
ability of muons in the atmosphere which can be expressed as Pd = ab, where
a = 120

1030/ cos θ∗ and b = 1.04
cos θ∗(Eµ0 +∆Eµ0 /2) as mentioned by [179, 180].

The first term inside the bracket describes the muon contribution from the pion
decay (ϵπ = 115 GeV), and the second term describes the muon contribution from
the kaon decay (ϵK = 850 GeV), where ϵ denotes the critical energy. Here, the
critical energy is defined as the energy at a particular height where the probability of
decay is similar to the probability of interaction. Rc is the ratio of prompt muons to
pions. Prompt muons are produced in charmed particle decays. Charmed particles
are produced together with pions and kaons, but have much shorter lifetimes
and decay immediately. An upper limit on Rc = 2 × 10−3 was set by the LVD
experiment [178], although the prompt muon flux does not contribute significantly
to the intensities at large depths underground.

The normalisation factor A and spectral index γ can be determined according
to the best fit of the particular experimental data. The Gaisser recommendation of
these parameters for shallow depths (less than 1-1.5 km w. e. at vertical) is A =1,
γ = 2.70. For larger depths, the best-fitted values of γ vary from 2.75 – 2.78. In
many deep underground laboratories for depths greater than 3 km w. e., values
of A =1.95 and γ = 2.78 provide a good fit of the data as obtained in the LVD
experiment based on muon intensities measurement at Gran Sasso laboratory [180].
The muon energy spectra at sea level from the LVD [180], MSU [181], ASD [182],
and MACRO [183] experimental datasets are shown in Figure 6.1. The best fits
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were calculated using Equation 6.7. The upper and lower solid curves represent the
errors in parameters.

Figure 6.1. Vertical muon energy spectra at sea level measured in different
experiments. The different data • [180], ◦ [182], △ [181] are represented with
different symbols from different experiments. The solid curve represents the best fit
from LVD [180] using modified Gaisser’s Equation 6.7 and the dashed curve shows
MACRO [183] best fit. The upper and lower solid curves represent the errors in
parameters. The figure is taken from Ref. [180].
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6.3 Muon distributions underground

6.3.1 Cosmic-ray muon in underground experiments

Muon transport through matter and their properties underground play various
roles in many areas of particle and astroparticle physics. Two important roles
played by cosmic-ray muons in deep underground experiments are a) a source of
background for many physics measurements and b) a standard candle for detector
calibrations. Cosmic-ray muons are the main source of background for the deep
underground experiments looking for rare events such as proton decay, neutrino
oscillation studies, dark matter experiments, neutrino-less double-beta decay (0νββ),
and other neutrino searches [184]. Muons can be mis-reconstructed which can mimic
neutrino-induced events in a search for astrophysical neutrinos at GeV-TeV energies.
At higher energies (GeV) neutrons from muons can produce a signature similar
to proton decay for the decay channel p → ν̄ + K+, where K+ is the only signal
in the detector. A cosmic muon can mimic the signal by producing a long-lived
neutral kaon K0

L outside the detector. The kaon can propagate into the detector
and it could produce K+ in a charge exchange and be misidentified as K+ from
the p→ ν̄ +K+.

6.3.2 Muon propagation through matter

All charged particles lose energy in traversing through different types of materials.
Muons are charged particles and they interact mainly via the electromagnetic force
with nuclei and atomic electrons in a medium. Muons lose energy in two ways:
ionisation (and excitation) when muon interacts with atomic electrons and due to
radiative processes when muon interacts with an atomic nucleus or electrons. In
general, the mean energy loss rate of muons is given by [84]:

〈
−dE
dx

〉
= a(E) + b(E)E. (6.8)

where x represents the path length (in units of g/cm2), E is the total energy,
a(E) is the electronic losses (ionisation + excitation) and b(E) accounts for the
radiative losses. The two processes are discussed next.

1. Ionisation

Muons travel through the medium and transfer their energy to atomic electrons,
ionising or exciting the atom depending on the energy and proximity of the
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muon. The energy loss of a muon of energy E due to ionisation and excitation
is described by the Bethe-Bloch formula [41], as discussed in Section 3.2.

2. Radiative processes

Muons lose energy through radiative processes such as bremsstrahlung, pair
production, and photonuclear interactions. At very high energy (momentum
> 100 GeV/c), radiative contribution becomes significant [185]. The function
b(E) of Equation 6.8 can be expressed as:

b ≡ bbrems + bpair + bnucl (6.9)

(a) Bremsstrahlung: As the muon passes close to the atomic nucleus
it decelerates in the electric field produced by the nucleus or atomic
electrons and radiates a photon. The energy of the radiated photon is
the same as the energy loss of muon. High-energy radiated photons may
also produce electron-positron pairs.

(b) Pair-production: A muon can radiate a virtual photon in the electro-
magnetic interaction. The virtual photon associated with muon converts
into a real electron-positron pair:

µ + nucleus→ µ + e+ + e− + nucleus. (6.10)

(c) Photonuclear interaction: The photonuclear interaction is the process
of inelastic lepton-nucleon scattering,

µ +N → µ + (hadrons), (6.11)

where N denotes a nucleon.

In Equation 6.8, both terms a(E) and b(E) are slowly varying functions of E. The
energy at which radiative and ionisation losses become equal is defined as the critical
energy Ec

µ. Ec
µ depends on the material through which the muons propagate. The

critical energies for standard rock and liquid argon are given in Table 6.1 with their
material properties. The energy losses of muons in these two materials are also
shown.
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Table 6.1. Muon energy loss rate and critical energy for the standard rock and
liquid argon with their material properties. The average atomic number is considered
for the standard rock [84].

Material Atomic number Density Critical energy Energy loss
[g/cm3] [GeV] [MeV cm2/g]

Standard rock 11 2.650 693 1.688
Liquid argon 18 1.396 483 1.508

Figure 6.2 shows the muon intensity vs depth. Muon intensity decreases as
the thickness of the rock increases. After a depth of around 11 km w. e., the
neutrino-induced muons dominate.

Figure 6.2. Underground depth dependence of the muon intensity. The exper-
imental data is compiled from: △: SNO [186], ◦: LVD [187], •: MACRO [183],
□: Baksan [188], ■: FREJUS [189] and ♢: Crouch [190]. The shaded region at large
depth is for neutrino-induced muons of Eµ > 2 GeV. The upper line represents
horizontal neutrino-induced muons while the lower one represents vertically upward
muons. The DUNE FD will be at a depth of approximately 4 km w. e. considering
rock density = 2.70 g cm−3 and depth = 1478 m. The figure is taken from Ref. [191].
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6.4 Simulation of muons in the DUNE FD using
MUSUN

6.4.1 Muon generator MUSUN

MUSUN (MUon Simulation UNderground) [166] is the muon generator useful for
sampling muons in underground laboratories according to their energy and angular
distributions. MUSUN uses the results of muon transport through matter carried
out with MUSIC (MUon SImulation Code) [171, 192]. MUSIC first propagates
muons through a user-defined medium for given initial energies. At the first stage,
muons with various energies in the range 102 GeV and 107 GeV with a step of ∆logE
= 0.025 are propagated through matter and their energy distributions are stored at
depths from the initial point to distances ranging from 100 m w. e. to 15000 m w. e.
Energy losses due to all processes mentioned in Section 6.3.2 are considered. The
output of MUSIC, along with the surface profile, rock composition, etc. is then used
by MUSUN to generate muons with energy and angular distributions at a given
detector location. MUSUN is incorporated into the DUNE software framework —
LArSoft. LArSoft has been discussed in Chapter 5.

6.4.2 Generating muons

The DUNE FD is located 1480 m underground at Sanford Underground Research
Facility (SURF) [193]. The global coordinates of the DUNE are 44◦20′45.2′′ North
and 103◦45′16.13′′ West [194]. The dimensions of the DUNE FD with cryostat
are 63.6 m long, 16.7 m wide, and 15.6 m high. The average rock composition is
calculated as < Z > = 12.09 and < A > = 24.17 using Refs. [195, 196]. The average
density of rock is taken to be 2.70 g/cm3 in the MUSIC simulation for the SURF.
The vertical muon flux measurement at SURF at a depth of 1480 m performed by
the active veto system of the Davis’ experiment is 5.38× 10−9 cm−2·s−1·sr−1 [197].
This result agrees very well with the vertical muon flux calculated for the Davis
cavern by MUSIC/MUSUN, which is 5.18× 10−9 cm−2·s−1·sr−1 [170].

Muons were transported through the rock deep underground using MUSIC. After
the muon transport the differential muon intensities underground, dIµ

dEµdΩ
(Eµ, θ),

were calculated using equation [194, 198, 170]:

dIµ
dEµdΩ

(Eµ, θ) =
∫ ∞

0
P (Eµ, X(θ), Eµ0) dIµ0

dEµ0dΩ
(Eµ0 , θ0) dEµ0 , (6.12)
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where dIµ0
dEµ0 dΩ

(Eµ0 , θ0) is the muon spectrum at the surface modified for large zenith
angle, taking into account the curvature of the Earth, given by Equation 6.7 and
P (Eµ, X(θ), Eµ0) is the probability of a muon with initial energy at surface Eµ0 to
have an energy Eµ at a depth X.

The simulated muons for DUNE FD are sampled on the top and side of the
surface of a box enclosing the detector geometry. The box is chosen so that muons
would travel at least 7 m of rock above the cavern and 5 m of rock around the
cavern. The dimensions of the box which the muons are sampled from are 77.22 m
long, 29.54 m wide, and 30.18 m high. This is to ensure that muons pass through a
sufficient amount of rock to produce particle showers. The energy range of simulated
muons using MUSUN ranges from 1 GeV – 106 GeV. Figure 6.3 shows the positions
of 105 sampled muons over and around the box enclosing the DUNE FD as generated
by LArSoft using the MUSUN generator. The initial positions of muons are shown
as red points. The black box represents the cryostat encompassing DUNE FD TPCs
and every single box in blue represents the individual TPCs. Muons are sampled
according to their energy spectrum, the vertical depth of the laboratory, and the
range of zenith angle and azimuthal angle. The charge of the generated muons
is defined in accordance with the ratio measured for the high-energy muons, and
the ratio is taken to be µ+/µ− ≈ 1.38 [199]. The rate of generated cosmic muons
through the box upon which muons are sampled is 0.164 Hz or 14,118 per day. The
muon rate inside the TPC is 0.054 Hz. A total of 1.85× 106 muons are generated
which corresponds to 131 days of data at the DUNE FD.

Figure 6.3. The initial positions of 105 muons sampled over and around the DUNE
FD. The initial positions of sampled muons are shown in red points. The cryostat
box encompassing the detector is shown in black. Each TPC is shown in blue boxes.
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6.5 Muon distributions at the DUNE FD

The event statistics of different particles produced in the sample are shown in
Table 6.2. The energy distribution of generated muons at the DUNE FD is shown in
Figure 6.4. The mean energy of the generated muons is 284 GeV. Generated muons
that enter the active volume of the DUNE TPCs are termed primary muons. The
energy distribution of primary muons at the start of the active volume of DUNE
FD is shown in Figure 6.4 (in black) and compared with generated muons (in red).
About one-third of the simulated muons passed through the active volume of the
detector. Muons with larger zenith angles fail to hit the detector.

Table 6.2. Event statistics of the generated cosmic muon sample for the DUNE
FD. The characterisation of different particles produced in the sample in active
volume is described in the first column. The second column shows the number
of counts. Per-day statistics in the third column is calculated using the rate of
the sampled muons. The fraction in the last column is calculated with respect to
primary muons reaching the active volume except the fraction of primary muons in
the active volume which is calculated with respect to the total number of generated
muons. The data corresponds to 131 days of live time at the DUNE FD.

Characterisation Total number Per day Fraction [%]
Total generated events 1.85× 106 1.41× 104

Primary µ in TPC 6.24× 105 4.76× 103 33.72± 0.04
Any stopping µ in TPC 2.28× 104 174 3.65± 0.02
Primary stopping µ in TPC 1.13× 104 86 1.81± 0.02
All Michel electrons in TPC 2.01× 104 153 3.21± 0.02
Michel from primary µ in TPC 6.84× 103 52 1.10± 0.01
π0 in TPC 2.76× 104 210 4.42± 0.03
Events in which π0 are produced 4.89× 103 37 0.78± 0.01
Stopping π+ in TPC 2.72× 104 207 4.35± 0.03
Events in which π+ are produced 4.71× 103 36 0.75± 0.01
Stopping π− in TPC 3.15× 104 240 5.04± 0.03
Events in which π− are produced 4.90× 103 37 0.78± 0.01
Stopping protons in TPC 3.32× 105 2.53× 103 53.20± 0.09
Events in which protons are produced 2.05× 104 156 3.28± 0.02
Stopping K+ in TPC 1.50× 103 11 0.24± 0.01
Events in which K+ are produced 5.66× 102 4 0.09± 0.00
Stopping K− in TPC 6.68× 102 5 0.11± 0.00
Events in which K− are produced 3.38× 102 3 0.05± 0.00



6.5 Muon distributions at the DUNE FD 91

1 10 210 310 410 510
 Energy [GeV]

3−10

2−10

1−10

1

10

210

310

410

510
 N

um
be

r 
of

 e
ve

nt
s

 SimulationDUNE Generated muons

 Muons at TPC

Figure 6.4. The energy distributions of generated muons (red) and the primary
muons as they enter the DUNE TPCs (black). A total of 1.85×106 simulated muon
events are used. About 33% of muons enter into the DUNE FD.

The surface profile of a region 4×4 km2 above the location of the DUNE FD SP is
shown in Figure 6.5a [194], where the centre of the map is the location of the detector.
Each quadrant of the map is divided into 22.5◦ intervals for comparison with the
azimuthal angle distribution in Figure 6.5b. Figure 6.5b shows the two-dimensional
distributions of the zenith and azimuthal angle of generated muons. The azimuthal
angle is calculated from East (pointing to the right in Figure 6.5a) to North in the
counterclockwise direction reflecting the surface profile above the DUNE FD. The
troughs and peaks in the muon azimuthal angle distribution correspond to the peak
and trough of the surface profile moving from East to North. Figure 6.6a shows the
zenith angle distribution of generated and muons that entered the TPC. The zenith
angle distribution depicts the fact that most of the muons inside active volume
are directed vertically downwards reflecting cosmic muons encounter the least rock
overburden. Figure 6.6b shows the distribution of the azimuthal angle of generated
and muons that enter the TPC.

The path length distribution of muons in argon in the TPCs is shown in
Figure 6.7. The peak of this distribution is about 12 m. The peak corresponds to
the height of the detector’s active volume which is 12 m. The average path length
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(a) The surface profile above the DUNE FD site at SURF [194].
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(b) Two-dimensional representation of zenith and azimuthal angle dis-
tribution of generated muons.

Figure 6.5. The correlation between the surface profile and azimuthal angle
distribution of 1.85 × 106 generated muons at the DUNE FD site. The surface
profile quadrant is divided in the step of 22.5◦ moving from East (horizontal line to
the right) to North in the counterclockwise direction. The troughs and peaks in
the surface profile (Figure 6.5a) correspond to peaks and troughs in the azimuthal
angle distribution of Figure 6.5b.
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(a) The zenith angle distribution of generated muons.
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(b) The azimuthal angle distribution of generated muons.

Figure 6.6. Angular distributions of 1.85× 106 generated muons over and around
the DUNE FD. a) Zenith angle distribution of generated and muons that enter the
TPC. Most of the muons are directed vertically from the top of the detector. b)
Azimuthal angle distribution of generated and muons that enter the TPC reflect
the surface profile at the DUNE FD.
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of about 10.5 m. The energy loss distribution of muons that enter the TPC is
shown in Figure 6.8. The mean energy loss is 3.66 GeV. The peak around 3.5 GeV
is because most of the muons are vertical and through-going and therefore they
travel approximately the same distance in the detector. Muons that enter from
the sides of the DUNE FD have a short track length and lose a smaller amount of
energy thus energy loss corresponding to these muons is less than 3.5 GeV. Some
muons which pass diagonally through the detector lose more energy due to longer
tracks. Some more energetic muons can also lose large amounts of energy in a single
interaction with nuclei where they usually initiate particle showers. Figure 6.9
shows the distribution of energy loss of muons that enter the TPC per unit path
length inside the active volume. The mean value of this distribution is 3.52 MeV/cm
and peaked at around 2.5 MeV/cm.
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Figure 6.7. Distribution of path length of 6.24× 105 muons that enter the TPC
volume of the DUNE FD.
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Figure 6.8. Energy loss distribution of 6.24 × 105 muons that enter the TPC
volume of DUNE FD.
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Figure 6.9. Energy loss per unit path length of 6.24× 105 muons that enter the
TPC volume of DUNE FD.
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6.6 Cosmic muon events in different
reconstructions

6.6.1 Cosmic and neutrino oriented reconstruction
methods

Generated muon events are propagated through the detector using GEANT4 [167]. A
full detector simulation, including detector response, is carried out. These simulated
events were reconstructed using Pandora [168] software which is integrated into
LArSoft as discussed in Chapter 5. Two distinct methods are used to reconstruct
an event: the cosmic reconstruction chain (CRC) and the neutrino reconstruction
chain (NRC). The neutrino reconstruction chain is tuned to reconstruct neutrino
interactions whilst the cosmic reconstruction chain is tuned to reconstruct cosmic-
ray muons and other particles produced by muons that leave mainly tracks in
the TPC. These two reconstructions are discussed in Section 5.3.2. A sample of
muons reconstructed with the NRC contains 1.48× 106 events equivalent to 105
days of data at DUNE FD whilst the events reconstructed with the CRC contain
3.71× 105 events equivalent to 26 days of data at DUNE FD. In the cosmic-oriented
reconstruction, showers are fragmented and some showers are also reconstructed as
tracks. Thus the number of tracks and showers reconstructed in the cosmic oriented
chain is significantly larger than in the neutrino oriented reconstruction. Table 6.3
compares cosmic muon events analysed using these two reconstruction methods.

Table 6.3. Event statistics of generated cosmic muon sample in two reconstruction
methods for the DUNE FD. The NRC events correspond to 105 days of live time at
DUNE FD and CRC events correspond to 26 days of live time at DUNE FD. Fraction
is calculated with primary muons in TPC except the fraction of primary muons in
TPC which is calculated with respect to total generated events. For reconstructed
tracks and showers, the fraction represents the number of reconstructed tracks and
showers per primary muon event.

Characterisation Total number Daily rate Fraction [%]
NRC CRC NRC CRC NRC CRC

Total generated events 1.48× 106 3.71× 105 1.41× 104 1.41× 104

Primary µ in TPC 4.98× 105 1.26× 105 4.74× 103 4.84× 103 33.64 33.96
Reconstructed tracks 9.19× 105 1.88× 106 8.75× 103 7.23× 104 1.84 14.92
Reconstructed showers 8.37× 105 3.26× 106 7.97× 103 1.25× 105 1.68 25.87
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Figures 6.10 and 6.11 show the number of reconstructed tracks and showers in
the NRC and the CRC respectively. In the cosmic-oriented reconstruction, showers
are fragmented and some showers are also reconstructed as tracks.
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(a) Reconstructed tracks of NRC events.
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(b) Reconstructed tracks of CRC events.

Figure 6.10. The number of reconstructed tracks in 1.26×105 CRC and 4.98×105

NRC events in TPCs. a) Reconstructed tracks of NRC events. b) Reconstructed
tracks of CRC events.
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(a) Reconstructed showers of NRC events.
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(b) Reconstructed showers of CRC events.

Figure 6.11. The number of reconstructed showers in 1.26×105 CRC and 4.98×105

NRC events in TPCs. a) Reconstructed showers of NRC events. b) Reconstructed
showers of CRC events.
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6.6.2 Event display

Simulated events in LArTPCs can be visualised using Pandora pattern recognition.
Figure 6.12 shows the event display of a cosmic muon event simulated in the
DUNE FD using the NRC and CRC. Figure 6.12a shows the neutrino oriented
reconstruction of a cosmic muon event. Different colours show different particle
tracks and showers. Showers produced by photons from π0 decay are shown in
triangles. The Pandora NRC algorithm merges different particle tracks with shower
as shown by sky blue. Figure 6.12b shows the cosmic oriented reconstruction of the
cosmic muon event. The cosmic oriented chain fragments one shower into many.
Yellow, green, pink, and teal inside the triangle are fragmented showers which are
produced by a photon. The fragmentation of showers and tracks occurs significantly
more frequently in CRC events which are shown in Table 6.3 and Figures 6.10
and 6.11. The track reconstruction is more effective in CRC whilst the shower
reconstruction is more effective in NRC.

(a) Reconstructed NRC event. (b) Reconstructed CRC event.

Figure 6.12. Event display of a reconstructed cosmic muon event in a DUNE FD
TPC. The muon interaction inside the TPC produces a π0. Two showers emerging
from π0 are shown in triangles. Different colours represent different tracks and
showers. a) The reconstruction is performed with the NRC. Parts of the showers
from one photon are merged with other showers and tracks as shown by the sky
blue. b) An event display of the same cosmic muon reconstructed with the CRC.
The CRC often fragments one shower into many.
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6.7 Summary

Cosmic-ray muon events are simulated with the MUSUN generator within the
DUNE FD. A total of 1.86× 106 cosmic muons are generated corresponding to 131
days of data at DUNE FD. The rate of muons entering the DUNE FD is 4.76× 103

per day. About 33 % of generated muon enters into the DUNE FD. The mean
energy of muons that entered the DUNE FD is 283 GeV. The mean energy loss
inside the DUNE FD of muons is 3.66 GeV. The mean energy loss of muon per
unit length inside DUNE FD is 3.52 MeV/cm. The characterisation of various
particles produced in liquid argon is carried out. The event displays of the two
distinct reconstruction chains: CRC and NRC, provide valuable insights into the
reconstruction processes. The event display shows the neutrino-oriented algorithm
merges different particle showers and tracks into one whilst cosmic-oriented chain
fragments one shower into many. The fragmentation of showers occurs significantly
more frequently in CRC events than in NRC events. For showers, the NRC is
more effective, as it exhibits less shower fragmentation than the CRC. Conversely,
for tracks, the CRC is more effective because it reconstructs particle tracks more
efficiently than the NRC, which sometimes merges tracks with showers.





Chapter 7

Neutral pion analysis

A critical aspect of conducting neutrino oscillation studies in DUNE is to have a
comprehensive understanding of how the detector responds to the particles produced
in the neutrino interactions, all of which have energy dependence. Accurate energy
reconstruction is necessary for measuring CP violation and fully exploiting the
capabilities of the detector. Two principles which are important to DUNE involve
the neutral pion (π0). First, the neutral pion is the major background to the
electron neutrino appearance signal. The π0 produced in the neutral current
neutrino interaction: νµ + p → νµ + p + π0 can mimic the neutrino appearance
signal: νe + n→ p+ e− if the showers produced by π0 → 2γ are mis-reconstructed
either by two showers reconstructed as one or only one shower is reconstructed.
Hence, a careful study is required in order to reduce systematic uncertainties.
Second, its decay signature π0 → 2γ provides a means for calibrating the energy of
electromagnetic showers. The determined mass of the reconstructed π0 relies on the
overall energy scale of its γ showers. The true mass of π0 can be used as a standard
candle for calibration. By comparing the reconstructed mass to the true π0 mass, a
scale factor can be obtained and utilised to correct the shower energy. In DUNE,
the reconstructed neutrino energy is calculated from the reconstructed energy of its
interaction products, including showers. Hence electromagnetic shower calibration
is important in DUNE. This chapter presents the analysis of π0 → 2γ produced
in cosmic-ray muon events, demonstrating the reconstruction of the π0 mass from
the reconstructed energy of two showers emerging from the π0 → 2γ and its use in
shower energy calibration.

The chapter begins with a brief introduction to neutral pions including their
kinematics and their production in the DUNE FD. The next Section 7.2, describes
a layout of the analysis and discusses its procedure. Truth-level properties of
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neutral pions are discussed in Section 7.3. A detailed study of reconstructed photon
showers from π0 → 2γ focussing on angle and energy reconstruction is carried out
in Section 7.4. The π0 invariant mass is reconstructed using the energy and opening
angle of the photon showers from the π0 → 2γ decay, this is discussed in Section 7.5.
Finally, Section 7.6 summarises this chapter.

7.1 The neutral pion

The neutral pion is the lightest strongly interacting particle observed in nature [200].
Neutral pions are commonly produced in hadronic, photonuclear, and neutrino inter-
actions [35, 201]. It has zero electric charge and has a mass of 135 MeV/c2. Neutral
pions decay quickly as they have a very short lifetime 8.4± 0.6× 10−17 s [202] and
hence they do not travel a considerable distance before decaying. Two foremost
decay modes of π0 exist. The most dominant decay of neutral pion is π0 → 2γ with
a branching ratio of 0.98823. In LArTPCs, this decay ideally translates to two
electromagnetic showers originating from the same vertex. The second most impor-
tant decay channel of the neutral pion is π0 → e+ + e− + γ with a branching ratio
of 0.01174, resulting in up to three showers within the detector. This decay channel
is not considered in this analysis due to its rarity.

Neutrino interactions lead to the creation of π0 via two different mechanisms as
mentioned in [35, 203] including references therein:

ν +N → l + ∆→ l + π0 +N (resonant) (7.1)

ν + A→ ν + A+ π0 (coherent) (7.2)

where N denotes a nucleon (proton or neutron), l is the outgoing charged lepton
(neutrino) in CC (NC) interactions and A is a nucleus.

In resonant π0 production, a(n) (anti) neutrino interacts directly with a nucleon,
exciting the nucleon into a baryonic resonance ∆+ or ∆0 particle depending on the
charge of the nucleon. This excited state regains the original form by producing a
π0. In coherent π0 production, a small amount of energy is exchanged between the
(anti)neutrino and the nucleon and the neutrino excites the whole nucleus. Thus
nucleus is left intact and a π0 is produced.

In DUNE FD, π0 is also produced by cosmic-ray muons in photonuclear in-
teraction and subsequently hadronic interaction by the process of lepton-nucleon
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scattering:
l +N → l +X (7.3)

where l, N , and X denote leptons, nucleons, and hadrons, respectively. The hadrons
produced in this interaction include π0, π+, and π−. Charged pions interact with
nucleons in nuclei of LAr and produce neutral pions as follows:

π+ + n→ π0 + p, (7.4)

π− + p→ π0 + n. (7.5)

7.1.1 Neutral pion kinematics

The π0 → 2γ decay kinematics are shown in Figure 7.1. In the rest frame of the
π0, each photon shares exactly half of the π0 mass in the form of energy. These
photons are emitted in the opposite direction to conserve the system’s momentum.
In the lab frame (detector frame), the vector sum of the photon’s momenta from the
π0 decay is non-zero. The photons produced from the π0 → 2γ decay are boosted
in the direction of their parent particle. The energy of emitted photons in the lab
frame depends on the angle of the photon from the π0 direction (θ∗) of the rest
frame:

E1,2 = γ mπ0

2 (1± β cos θ∗) (7.6)

where E1 and E2 correspond to the energy of the leading and subleading photons
respectively in the lab frame, β = v/c where v is the velocity of the π0 and
γ = 1/

√
1− β2 is the Lorentz factor. In the special case where β = 0 or θ∗ = 90◦,

the energy of both photons becomes γmπ0/2.
The angle between two photons (opening angle) from a π0 decay in the lab

frame can be expressed in terms of the π0 energy as follows:

cos θ = 1− 2m2
π0

E2
π0(1− α2) (7.7)

where
α = E1 − E2

E1 + E2
(7.8)

and θ is the opening angle between two photons and Eπ0 is the neutral pion energy
in the lab frame. The parameter α represents the asymmetry between the two
photons and is defined in terms of their energy. As the initial π0 energy increases,
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Figure 7.1. A graphical representation illustrating the kinematics of π0 decay.
The process π0 → 2γ decay observed in the particle rest frame (left) and in the lab
frame (right) where π0 has some momentum. E1 and E2 denote the momentum
of two photons γ1 and γ2 respectively. θ∗ denotes the angle of the photon from
π0 direction in the rest frame and θ is the opening angle between two photons from
π0 → 2γ decay in the lab frame.

the opening angle between the two photons decreases asymptotically, eventually
approaching near 0.

The invariant mass of the π0 can be determined using the energies and opening
angle of the two photons of π0 → 2γ, and this quantity can be expressed as follows:

mπ0 =
√

2E1E2(1− cos θ). (7.9)

The mass of the neutral pion remains unaffected by the particle’s kinetic energy
and the decay photons’ angle. This property enables the energy calibration of the
reconstructed quantities, particularly the photons’ reconstructed energy.

7.1.2 Neutral pion in the DUNE FD

The electromagnetic showers produce two photons from π0 decay and serve as
the primary signature for detecting the presence of π0 in the detector. Figure 7.2
depicts the formation of an electromagnetic shower from a π0 decay. A photon
from the π0 decay undergoes electron-positron pair production and e± splits further
producing bremsstrahlung photons [204]. Every particle undergoes a splitting after
travelling a distance. The number of particles grows by 2n after n splitting. The
pair production and bremsstrahlung stop when the individual energy of e± drops
below the critical energy where the ionisation losses begin to exceed radiative losses.



7.1 The neutral pion 105

γ

n = 4

n = 3

n = 2

n = 1

e−e+

e−
γ

e−
γ

e+
γ

e+
γ e− e+ e−

e+

Figure 7.2. A schematic of an electromagnetic shower. The incoming photon is a
decay product of a π0. The photon creates an e+e− pair at level n = 1. Both the
electron and positron generate photons via bremsstrahlung radiation at level n = 2.
These photons also create electron-positron pairs at level n = 3, leading to more
bremsstrahlung photons, which will again generate more e+e− pairs. This process
ceases if the energy of e± is not sufficient anymore for the bremsstrahlung process.
The figure is not to scale.

Two characteristics of the π0 decay complicate matters inside DUNE FD. Firstly,
showers exhibit a scattered hit distribution in comparison to tracks. They are made
up of numerous individual particles (depending on the energy of photons) which
make showers more cloud-like than track-like. Photons produced within the showers
may travel a significant distance before creating a sub-shower and thus create a
substantial gap between shower hits. The disconnected clustering of showers makes
it challenging for Pandora to properly reconstruct hits within the same object. This
also makes it challenging to identify the starting point and the direction of the
shower. This impacts the reconstruction of energy and opening angle and ultimately
the reconstructed invariant mass of the π0 as mentioned in Equation 7.9.

Secondly, a complication arises from the fact that photons from π0 decays travel
undetected until they interact with the liquid argon in the DUNE FD. This separates
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the shower from its parent particle π0 origin as well as the showers from one another
and makes it more difficult to recognise that the showers originated from the same
vertex. Showers from photons that travel far from the π0 vertex before interacting
may fail to be identified as a daughter of their true origin by Pandora.

Figure 7.3 shows an event display of a reconstructed muon event in DUNE FD.
A cosmic muon enters from the top of the DUNE FD and produces a neutral pion
after interacting with liquid argon. The neutral pion further decays to two photons
γ1 and γ2 which produce electromagnetic showers in the detector.

Figure 7.3. Event display of a reconstructed muon event in the DUNE FD. The
muon interaction inside TPC produces a π0. The muon track is shown in light
magenta. The neutral pion decays to two photons γ1 and γ2. Two showers emerging
from π0 are shown in green and light pink.

7.2 Analysis framework

Simple analysis can be directly performed within LArSoft modules. LArSoft has
pre-written analysis modules for specific or general purposes. The main challenge
arises when complex or dedicated studies have to be performed. The number of
simulated events used in the analysis is large, containing 1.5 million events. Each
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reconstruction file contains 500 simulated cosmic muon events and has a size of
∼1.8 gigabytes. These events on average stored approximately thousands of Monte
Carlo (MC) particles and hundreds of true and reconstructed hits. This makes the
analysis a lengthy and time-consuming process running on the Fermilab computing
facilities. For these reasons, a custom LArSoft analysis module is written for a
particular analysis and is used exclusively for the extraction of relevant particles and
their information based on the analysis goal from the main reconstruction file. The
analysis module writes the values of relevant quantities of each event in a simple
ROOT [205] file having a tree-structured format. Most of the information from the
reconstruction file can be copied without any changes such as position, direction,
particle data group (PDG) code [202] and basic information on their hits. To avoid
storing all MC hit information, simple calculations are performed to store quantities
such as purity and completeness of reconstructed objects. These quantities are
defined in Section 7.4.1. ROOT tree-based parameters can be easily accessed in a
later stage for plotting histograms and calculating other analysis-specific quantities
such as opening angle and reconstructed invariant mass using ROOT scripts. A
graphical representation of the analysis framework is shown in Figure 7.4. Green
boxes represent the earlier stages which are already performed for the studies
described in Chapter 5.

Performs analysis-oriented task

Run reconstruction stage 

Performs G4 and detsim 
stage

Cosmic muon events
generation using MUSUN

Root file containing energy 
loss and detector response 
information 

Root file containing  
reconstructed object/hit 
information  

LArSoft analysis module for 𝜋! 
analysis on FNAL grid 

A single analysis root file

Plots on MC simulation 
studies, reconstructed 
shower ⁄𝑑𝐸 𝑑𝑥, 
reconstructed 𝜋! invariant 
mass, etc.

Tree containing selected 
hit information

Tree containing selected 
primary daughter 
information

Root scripts

Figure 7.4. Analysis layout of π0 used in this chapter. Green boxes represent
the earlier stages that have already been performed for the studies described in
Chapter 5, whilst blue boxes represent the stages which are carried out for the
π0 analysis.



108 Neutral pion analysis

7.3 Monte Carlo simulation studies

Simulated cosmic muon events in the DUNE FD are the source of the π0 sample
for this study. In this section, various parameters are analysed considering only the
truth information of simulated events. Cosmic muon events are reconstructed using
two different algorithm chains, neutrino-oriented and cosmic-oriented reconstruction.
These two reconstruction chains have been discussed in Section 6.6. For this study,
1.48 × 106 neutrino-oriented reconstructed events which correspond to 105 days
of data at DUNE FD are considered. A sample of 3.20 × 105 cosmic-oriented
reconstructed events which correspond to 22 days of data at DUNE FD is also
considered for the comparison. Table 7.1 analyses the π0 statistics in the sample.

Table 7.1. Event statistics of the generated cosmic muon sample used in this study.
The second column shows the number of counts in neutrino and cosmic-oriented
reconstruction. Daily rate statistics in the third column is calculated using the rate
of the sampled muons. The fraction in the last column is calculated with respect to
muons reaching the active volume, except for the fraction of muons in TPC volume
which is calculated with respect to the total number of generated muons.

Characterisation Total number Daily rate Fraction [%]
NRC CRC NRC CRC NRC CRC

Generated events 1.48× 106 3.20× 105 1.41× 104 1.41× 104

Muons in TPC 4.99× 105 1.08× 105 4.76× 103 4.77× 103 33.69± 0.06 33.81± 0.12
Events with π0 3.92× 103 9.54× 102 37.36 42.09 0.79± 0.01 0.88± 0.03
π0 in TPC 2.27× 104 4.97× 103 2.17× 102 2.19× 102 4.56± 0.03 4.59± 0.07

The first step of this study is to select events containing at least one π0. Higher-
energy muons can generate particle cascades in the detector. This can lead to
more than one neutral pions in an event. The 3D location of each π0 particle’s
vertex produced in the DUNE FD is shown in Figure 7.5. Figure 7.6a shows the
distribution of neutral pions multiplicities produced in each event inside the DUNE
FD. The zenith angle distribution of the π0 sample is shown in Figure 7.6b. Most of
the neutral pions are pointing downwards following the direction of the interacting
muons. The mean of the cosine of the zenith angle is -0.47.
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Figure 7.5. Location of π0 particles produced in the DUNE FD. Each red dot
represents the 3D location of the π0 particle’s vertex. Some of the muon events
produce hadronic cascades and thus generate several neutral pions.
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Figure 7.6. Multiplicity and zenith angle distributions of neutral pions inside the
DUNE FD: a) The number of neutral pions produced in each event, b) the zenith
angle distribution of π0. The majority of the events have one π0 but there are a
few events which have several π0 particles. Most of the pions are directed vertically
downward following the direction of parent muons.

The total energy of neutral pions and their photon daughters are shown in
Figure 7.7. The π0 energy produced in an event ranges from a few MeV to tens of
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GeV. The rest mass is the minimum energy a particle can have; hence, the energy
spectrum of the neutral pion starts from 135 MeV/c2. The energy spectrum of
π0 is shown in Figure 7.7a. The mean energy is 0.53 GeV. Neutral pion energy is
distributed asymmetrically between its two daughter photons. Figure 7.7b shows
the energies of the leading and subleading photons from the π0 decay. Higher energy
photon in π0 → 2γ decay is termed as leading photon whilst lower energy photon is
termed as subleading photon. The distribution of subleading photon energies peaks
at 60 MeV, presenting a significant challenge in the reconstruction of these showers.
Electromagnetic showers have a nebulous nature in LArTPC, making it difficult for
the clustering algorithm to identify smaller shower objects and distinguish them
from the noise. Reconstructed parameters will be discussed in the coming sections.
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Figure 7.7. Energy distribution of neutral pions and their daughter photons inside
the DUNE FD: a) energy distribution of π0, b) energy distribution of leading and
subleading photons.

The last parameter used to reconstruct the π0 mass is the opening angle of two
daughter photon showers coming from π0 decay as shown in Figure 7.8a. Showers
that emerge at very low opening angles may overlap with the second shower from
π0 decay, hence reconstructed shower energy may be imperfectly reconstructed.
This issue is also discussed in later sections. The calculated π0 mass using the truth
values of the opening angle and energy of two photons from π0 → 2γ decay using
Equation 7.9 is shown in Figure 7.8b. The peak at 135 MeV/c2 shows the correct
matching of two decaying photons with π0, hence giving the correct π0 rest mass.
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Figure 7.8. Opening angle of two photons from π0 → 2γ decay and π0 mass
distributions inside the DUNE FD: a) opening angle distribution of two photons, b)
true π0 mass calculated from the truth values of opening angle and energy of two
photons using Equation 7.9. The peak at 135 MeV/c2 shows the rest mass of π0.

The link between simulated and reconstructed particles is not directly built
into the reconstruction chain for the simulated events. However, there is a useful
feature called BackTracker [206] which is separately incorporated in LArSoft. The
BackTracker identifies the origin of each reconstructed hit [2] object by finding
the match with the simulated charge depositions. These simulated charges have
links to potential MC particle objects. A reconstructed object is a collection of hits
that may have originated from different sources. Hence a reconstructed object is a
cluster of particle traces. Individual MC particle hits may scatter far apart, leading
to their division into multiple reconstructed objects. Consequently, in this chapter,
each reconstructed shower selected is associated with a single MC particle chosen
based on the total number of hits contributed to that reconstructed shower.

7.4 Reconstruction studies

7.4.1 Completeness and purity

The reconstructed invariant π0 mass mainly depends on how track and shower re-
constructions are accomplished. Before considering whether a particle is successfully
reconstructed, it is essential to evaluate the quality of the reconstruction process
itself. The quantities which define the properties of reconstruction are completeness
and purity [2]. These two quantities can be determined after establishing links
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between the reconstructed object (track or shower) and an MC particle. The
completeness of a reconstructed object is defined as the fraction of hits created by
the corresponding MC particle that are successfully captured by the reconstructed
object. A completeness of 1 indicates that the reconstructed object includes all of
the particle hits. The purity of the reconstructed object is defined as the fraction of
hits within the reconstructed object that originated from the linked MC particle.
Their definitions are described in Equations 7.10 and 7.11.

Completeness = Number of shared hits between reconstructed and MC objects
Number of hits in MC object

(7.10)

Purity = Number of shared hits between reconstructed and MC objects
Number of hits in the reconstructed object (7.11)

To understand completeness and purity qualitatively and quantitatively, a
simplified event display is considered. Figure 7.9 illustrates the Pandora event
display of a cosmic event in which a neutral pion is produced and decays to two
photons. Both photons produce EM showers in the detector which are shown in
triangles. Different colours represent different reconstructed tracks and showers.
Each small rectangular box represents hits reconstructed by Pandora. On the left
part of the figure, a back-tracked hit cluster algorithm is used within Pandora which
matches the reconstructed hits with MC objects and then hits are clustered as
reconstructed objects. On the right part of the figure, the hits are reconstructed
without the back-tracked hit cluster algorithm. In the case of photon 1, Pandora
creates shower objects out of selected hits (small blue rectangles on the right
part). Only 78 out of 98 original photon hits are captured in the reconstructed
objects, calculating the completeness 78/98 = 0.8. A few hits from another particle
(hits circled in blue) are included in the shower object, making the purity 78/104,
approximately 0.75.
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Figure 7.9. An elucidated event display of a reconstructed cosmic muon event in
the DUNE FD producing a single π0 that subsequently decays into two photons.
The invisible photons generate electromagnetic showers in the detector, which are
represented by triangles. Different colours distinguish various tracks and showers.
Each small rectangular box corresponds to hits reconstructed by Pandora. On the
left side of the figure, Pandora utilises a back-tracked hit cluster algorithm, matching
reconstructed hits with MC objects. On the right side of the figure, no back-tracked
information is used for reconstruction. For photon 1, Pandora generates shower
objects including hits from the other particles circled in blue.

Figure 7.10 shows the distribution of completeness and purity of reconstructed
photons produced from π0 → 2γ in the events. It includes all π0 where either or
both photons are reconstructed from the π0 decay, as well as all showers in case of
multiple showers reconstructed for a photon. It can be noticed that only 50 % of
reconstructed showers have a purity > 0.8. The completeness distributions show a
dual peak structure which can be due to the contribution of leading showers towards
higher value since leading showers have better completeness than subleading showers.
The extent of completeness directly impacts the process of energy reconstruction
— the higher the completeness the better the energy of the reconstructed shower.
Sub-leading photon showers are not well reconstructed since they have low energy
compared to leading photon showers. Figure 7.11 shows the completeness and purity
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of leading and subleading photon showers from π0 decay, where both photons are
reconstructed from the π0 decay. The number of π0 in which both photons are
reconstructed is lower compared to the total number of π0 produced in the DUNE
FD, as shown in Table 7.2. In the case of multiple shower formation by Pandora,
the maximum energy shower is selected.
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Figure 7.10. Completeness (a) and purity (b) distribution of reconstructed photons
from π0 → 2γ in DUNE FD, where either or both of the photons are reconstructed
from the π0 decay.

0 0.2 0.4 0.6 0.8 1

Completeness

0

20

40

60

N
um

be
r 

of
 p

ho
to

ns

Leading
Subleading
 

 SimulationDUNE

(a)

0 0.2 0.4 0.6 0.8 1

Purity

0

20

40

60

80

100

120

N
um

be
r 

of
 p

ho
to

ns

Leading
Subleading
 

 SimulationDUNE

(b)

Figure 7.11. Completeness (a) and purity (b) distribution of leading and subleading
reconstructed photons from π0 → 2γ decay in DUNE FD, where both photons are
reconstructed from the π0 decay.

Completeness and purity are significantly influenced by the size of the recon-
structed shower. Smaller showers tend to have lower completeness because their
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shape is not well defined and becomes challenging for reconstruction. Conversely,
larger showers tend to overlap with other objects, leading to a decrease in their
purity. Figure 7.12 shows the completeness and purity of reconstructed showers
of leading and subleading photons based on their size of hits. Linking truth and
reconstructed information can be beneficial as it allows for the selection of well-
reconstructed objects with high accuracy, even in cases where truth information is
not available. By using such links, more complete photon showers can be effectively
chosen through a cut on the minimum number of hits.
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Figure 7.12. Completeness and purity distribution of leading and subleading
reconstructed photons from π0 → 2γ decay as a function of the number of hits in
the reconstructed objects: a) leading photon, b) subleading photon. The colour
band shows a 1σ spread of the values in each bin.

7.4.2 Reconstructed showers

The reconstructed shower energy is the essential quantity to reconstruct the
π0 invariant mass. Biases in the photon energy reconstruction can be understood
by correlating the true and reconstructed π0 mass. A table containing statistics of
the reconstructed showers is shown in Table 7.2. Figure 7.13 shows the distribution
of the number of reconstructed showers produced in an event containing π0 in CRC
and NRC samples. In many cases, Pandora does not identify the showers from a
π0, resulting in significantly reduced matching of reconstructed showers with true
photons for events π0 → 2γ. These events are also included in the figure. The single
π0 events are simpler and the identification of the shower is easier. Events that
have exactly one neutral pion are also included in the figure. The cosmic-oriented
sample has more reconstructed showers in an event. It can be due to the Pandora
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algorithm being more tuned to track like objects rather than shower objects and
hence one big shower may be reconstructed as many small shower objects.

Table 7.2. An extended version of event statistics presented in Table 7.1 including
reconstructed shower quantities. The second column shows the number of counts
produced in NRC and CRC samples. The daily rates shown in the third column
are calculated using the rate of sampled muons. The fraction in the last column is
calculated with respect to muons reaching the active volume except the fraction of
muons in TPC which is calculated with respect to the total generated muons. The
fraction of the total number of events π0 → 2γ and shower matched with photons
is calculated with respect to the total events with π0 and the fraction for the last
three characterisations is calculated with respect to the total number of π0 in TPC.

Characterisation Total number Daily rate Fraction [%]
NRC CRC NRC CRC NRC CRC

Generated events 1.48× 106 3.20× 105 1.41× 104 1.41× 104

Muons in TPC 4.99× 105 1.08× 105 4.76× 103 4.77× 103 33.69± 0.06 33.81± 0.12
Events with π0 3.92× 103 9.54× 102 37.36 42.09 0.79± 0.01 0.88± 0.03
π0 in TPC 2.27× 104 4.97× 103 2.17× 102 2.19× 102 4.56± 0.03 4.59± 0.07
Reconstructed showers
associated with π0 7.62× 103 1.60× 104 72.69 7.05× 102 1.53± 0.02 14.76± 0.13

(Per π0 = 0.33) (Per π0 = 3.21)
Number of events with π0 → 2γ
where showers are matched with photons 6.25× 102 6.85× 102 5.96 30.22 15.96± 0.67 71.80± 3.60
Number of π0 which decay
to 2γ where showers are matched with photons 6.67× 102 1.46× 103 6.36 64.37 2.93± 0.12 29.37± 0.87
Number of π0 which decay to 2γ
and exactly 1 shower is matched with photon 5.32× 102 1.86× 102 5.07 8.21 2.34± 0.10 3.74± 0.28
Number of 1 π0 events with π0 → 2γ
where showers are matched with photons 2.35× 102 2.56× 102 2.24 11.29 1.03± 0.07 5.15± 0.33

Photons from π0 → 2γ may have multiple reconstructed showers by Pandora.
The fragmentation of the shower affects reconstructed photon energy and opening
angle and consequently reconstructed π0 mass. Figure 7.14 shows the distribution
of the number of reconstructed showers produced from a photon in two different
samples. The cosmic oriented reconstruction sample has more shower fragmentation,
resulting in a long tail in the distribution shown in Figure 7.14b.
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Figure 7.13. Distributions of reconstructed showers in π0 → 2γ events in two
samples with different reconstruction algorithms: a) neutrino oriented reconstruction
sample corresponding to 105 days at DUNE FD, b) cosmic oriented reconstruction
sample corresponding to 22 days at DUNE FD. Events containing at least one
π0 are shown by a solid black histogram and the dashed black histogram represents
an additional selection if both photons have at least one matched reconstructed
shower. Events containing exactly one π0 are shown in a solid red histogram and
the dashed red histogram represents an additional selection if both photons have
exactly one matched reconstructed shower.
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Figure 7.14. Reconstructed shower multiplicity of photons from π0 → 2γ in two
samples with different reconstruction algorithms: a) neutrino oriented reconstruction
sample, b) cosmic oriented reconstruction sample. The grey shaded area represents
cases where either photon from π0 → 2γ has at least one matching reconstructed
shower, while the red shaded area indicates cases where both photons from π0 →
2γ have at least one matching reconstructed shower.
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7.4.3 Reconstructed shower energy

The reconstructed shower energy of photons from π0 → 2γ with various selections
is shown in Figure 7.15. Low energy photons seem not well reconstructed as many
of the showers in the figure have very low values. In cosmic-oriented reconstruction,
the shower’s energy peaks near zero. This is because in cosmic reconstruction,
shower fragmentation is higher and as a result, each fragmented shower has a low
reconstructed energy value. Many of the photons from π0 have not been associated
with reconstructed showers. Using a selection on π0 with at least one matching
shower to photons from π0 → 2γ reduces the π0 statistics to 3% of the total
π0 produced in the DUNE FD. Single neutral pion events are simpler and the
identification of showers is easier. Selecting only one π0 event further reduced the
statistics to 1% of the total π0 produced in the DUNE FD.
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Figure 7.15. Reconstructed shower energy distribution from π0 → 2γ events in two
samples with different reconstruction algorithms: a) neutrino oriented reconstruction
sample, b) cosmic oriented reconstruction sample. The solid black histogram shows
at least one reconstructed shower matched with either photon and the dashed black
histogram represents an additional selection if both photons from π0 → 2γ have at
least one matching reconstructed shower. The solid red histogram shows one π0 event
and reconstructed shower matched with either photon from π0 and the dashed red
histogram represents an additional selection if both photons from π0 → 2γ have a
matching reconstructed shower.

The bias of shower energy reconstruction with respect to the photon energy
can be further analysed with leading and subleading true photons from neutral
pions decaying to 2γ. The energy distribution of leading and subleading photons
and reconstructed showers are shown in Figure 7.16. Subleading showers have low
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energy reconstruction performance in comparison to leading showers. The highest
energy shower is selected in case of multiple reconstructed showers associated with
a photon from π0 → 2γ in all figures.
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Figure 7.16. True and reconstructed shower energy distribution of leading and
subleading photons from π0 → 2γ events in two samples with different reconstruc-
tion algorithms: a) neutrino oriented reconstruction sample, b) cosmic oriented
reconstruction sample. The events are selected with π0 → 2γ and at least one
shower is matched with either photon. The maximum shower energy is chosen in
case of multiple reconstructed showers associated with a photon.

A comparison between true and reconstructed photon energy is useful to un-
derstand how well the photon energy is reconstructed. Figure 7.17 shows the
distribution of reconstructed shower energy as a function of true photon energy.
The red line denotes the average of the values in each bin. It can be seen that the
neutrino-oriented reconstruction sample has a better correlation between recon-
structed and true photon energy than the cosmic-oriented reconstruction sample
due to less fragmentation of showers in the neutrino-oriented reconstruction sam-
ple. Many of them pile up near low energy indicating the poor performance of
reconstruction.

To evaluate the quality of the photon shower energy reconstruction, a valuable
metric is the relative difference between the reconstructed and true (MC), expressed
as (Ereconstructed − EMC)/EMC. Figure 7.18 shows the relative difference between
reconstructed and true photon energy. The peak near -1 (Ereconstructed = 0) indicates
that the energy reconstruction does not perform very well for many of the showers.
In the cosmic reconstruction sample, it even gets more shifted near -1 indicating
the energy reconstruction is not well performed. Considering the limitations of



120 Neutral pion analysis

 

0 200 400 600 800

True energy [MeV]

0

200

400

600

800

R
ec

on
st

ru
ct

ed
 e

ne
rg

y 
[M

ev
]

5

10

15

20 SimulationDUNE SimulationDUNE

 

(a) (b)

Figure 7.17. True and reconstructed shower energy distribution from π0 →
2γ events in two samples with different reconstruction algorithms: a) neutrino-
oriented reconstruction sample, b) cosmic-oriented reconstruction sample. The
events are selected in which π0 → 2γ and at least one reconstructed shower are
associated with either photon. The red line denotes the average of the values in each
bin. The neutrino-oriented reconstruction sample shows a better correlation between
true and reconstructed shower energy than the cosmic-oriented reconstruction
sample.

previous studies on the cosmic-oriented sample, which did not perform well in
terms of shower reconstruction, only the neutrino-oriented reconstruction sample is
considered for the analysis moving forward.
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Figure 7.18. The relative difference between reconstructed and true energy
(Ereconstructed − EMC)/EMC from π0 → 2γ events in two samples with different
reconstruction algorithms: a) neutrino oriented reconstruction sample, b) cosmic
oriented reconstruction sample. The events are selected in which π0 → 2γ and at
least one shower is associated with either photon.
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The metric (Ereconstructed−EMC)/EMC is considered as a function of the number
of hits in Figure 7.19. From the plot, it is evident that small shower objects have
energies that fall below the true energy of the photon, mainly because of their low
completeness. On the other hand, larger objects show an energy surplus, which can
be attributed to the reduction in purity. The reconstructed energy rises to a value
above the original photon energy when the shower mistakenly includes the other
particle hits. The relative energy difference approaches 0 for showers containing
150 or more hits for the leading showers and 100 or more hits for the subleading
showers. The selection of the number of hits improves the quality of reconstructed
showers, leading to an enhancement in the reconstructed π0 mass as discussed in a
later section. However, implementing cuts on these hits reduces the statistics.
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Figure 7.19. The distribution of relative energy difference (Ereconstructed −
EMC)/EMC of leading and subleading photons as a function of the number of
hits from π0 → 2γ events: a) leading photons, b) subleading photons. The solid
black line denotes the average of the values in each bin. The black dashed line shows
the perfect match at 0. Only π0’s that have at least one matching reconstructed
shower for both photons are selected.

7.4.4 Reconstructed opening angle

The opening angle between photons from π0 → 2γ decay provides the last ingredient
for the reconstruction of the neutral pion mass. Obtaining an accurate reconstructed
opening angle requires that the direction of each reconstructed shower represents
that of its parent photon. Figure 7.20a shows the angle between π0 daughter photons
and their associated reconstructed objects for leading and subleading showers. In
the case of multiple shower formation for a photon, the maximum energy shower is
selected. It can be seen that many of the showers have an angle greater than 90
degrees. This could be because Pandora wrongly identified the shower direction
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or maybe showers were reconstructed backwards. To examine further whether it
depends on the case where multiple showers are reconstructed for either photon
from π0 → 2γ decay, Figure 7.20b displays the photon-shower angle for leading and
subleading photons when exactly one shower is reconstructed for each photon from
π0 → 2γ. This also follows a similar trend.
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Figure 7.20. The three-dimensional angle between photons and their associated
shower objects from π0 → 2γ decay for leading and subleading photons: a) including
multiple reconstructed showers from either photon, b) only one shower reconstructed
for each photon.

The photon-shower angle is further analysed with the number of hits which
make up the reconstructed showers. Figure 7.21 shows the angle between photons
and their associated reconstructed objects from π0 → 2γ decay as a function of
the number of collection plane hits contained within the shower object. The plot
exhibits a similarity between the leading and subleading π0 daughter photons, apart
from the shortage of large subleading showers. This also follows a similar trend
as in Figure 7.20. Many of the showers are reconstructed backwards, significantly
towards lower numbers of hits.

The distribution of reconstructed and true opening angle between two photons
from π0 → 2γ decay is shown in Figure 7.22. Figure 7.22a shows the opening angle
of reconstructed showers from π0 → 2γ decay. The mean of the angle distribution
is 68 degrees. To analyse shower angle reconstruction performance, the distribution
of the reconstructed opening angle as a function of the true opening is shown in
Figure 7.22b. At a low angle, the reconstructed shower opening angle is more
populated at higher values indicating that at a low opening angle, the shower angle
reconstruction is not well performed.



7.4 Reconstruction studies 123

 

0 100 200 300 400 500

Number of hits

0

50

100

150

200

P
ho

to
n 

- 
sh

ow
er

 a
ng

le
 [d

eg
re

e]
 

 SimulationDUNE SimulationDUNE

 

(a)

 

0 100 200 300 400 500

Number of hits

0

50

100

150

200

P
ho

to
n 

- 
sh

ow
er

 a
ng

le
 [d

eg
re

e]
 

 SimulationDUNE SimulationDUNE

 

(b)

Figure 7.21. The angle between photons and their associated shower objects
from π0 → 2γ decay as a function of the number of hits: a) leading photons, b)
subleading photons.
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(b)

Figure 7.22. The distribution of true and reconstructed opening angle between
photons from π0 → 2γ decay: a) reconstructed opening angle, b) reconstructed
opening angle vs. true opening angle.

The quality of the reconstructed opening angle θ between two-photon showers
from the π0 → 2γ decay can be evaluated using various methods. Figure 7.23
presents two such approaches: the absolute difference between the reconstructed
and true opening angles and a metric more suited for reconstructing the π0 invariant
mass.

In particular, the factor C, defined as C = 1− cos θ, plays a direct role in the
calculation of the invariant mass as described in Equation 7.9. Both distributions
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in Figure 7.23 show peaks around 0, indicating that the reconstructed opening
angles are generally close to the true values. However, the wide spread of the
distributions suggests that there are variations in the reconstructed opening angles.
The comprehensive studies on shower reconstruction performance carried out in
previous sections may account for this variation in the reconstructed opening angles.
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(b)

Figure 7.23. The difference between reconstructed and true opening angles of pho-
ton showers from π0 → 2γ decay: a) the absolute difference between reconstructed
and true opening angles and b) the relative difference between reconstructed and
true C = 1− cos θ. The black dashed line shows the perfect reconstruction.

Figure 7.24 explores the poorly reconstructed opening angles by examining the
relative difference in factor C as a function of the reconstructed opening angle.
The plot reveals that reconstruction is poor for all angles, and angles below ∼ 20◦

degrees tend to exhibit a higher tendency to be less well-reconstructed.
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Figure 7.24. The relative difference between reconstructed and true C = 1− cos θ
as a function of the reconstructed opening angle. Notably, the reconstructed opening
angles below ∼ 20◦ have a high tendency of being imperfectly reconstructed. The
black dashed line shows the perfect reconstruction.

7.5 Reconstructed π0 mass

To select the best fraction of the sample, given the performance of the reconstruction,
the selection can be made on the number of shower hits and the reconstructed open-
ing angle of photons showers. These selections reduce the π0 statistic significantly.
Table 7.3 shows the cuts applied on different quantities and the number of π0 being
left after the cuts applied for the reconstructed neutral pion invariant mass studies.
The total number of π0 before these two cuts is 667 with a daily rate of 6.36, which
has at least one matching reconstructed shower for both photons in π0 → 2γ. The
cosmic muon event sample taken for this analysis is mentioned in Table 7.1
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Table 7.3. The cuts applied on different quantities. The total number of π0 before
these cuts is 667. The cut on the number of reconstructed shower hits reduces
statistics significantly. These two cuts together reduce π0 number to 156 which
corresponds to a daily rate of 1.49.

Quantities Cuts Number of π0 Daily rate
Number of shower hits > 100 187 1.78
Reconstructed opening angle > 20◦ 611 5.83

The distribution of reconstructed mass using Equation 7.9 after selection men-
tioned in Table 7.3 is shown in Figure 7.25. To quantify the results, a Gaussian
fit was performed within the range (135± 115) MeV/c2. The reconstructed mass
has a mean (136 ± 7) MeV/c2, which is consistent within the statistical uncer-
tainty of 5% with the expected π0 mass [124]. The standard deviation of the fit is
(54± 7) MeV/c2.

0 100 200 300 400 500

]2Reconstructed mass [MeV/c

0

5

10

15

0 π
N

um
be

r 
of

 

 

 SimulationDUNE

 

Figure 7.25. The reconstructed mass of π0 determined from reconstructed shower
pairs from π0 → 2γ. The shower pairs shown here are subjected to two requirements:
an opening angle greater than 20◦ and a minimum of 100 collection plane hits per
shower. The shower pairs are matched with photons from π0 → 2γ. The red dashed
line shows a Gaussian fit applied within the range (135± 115) MeV/c2. The true
π0 mass is shown with a vertical dashed line.
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7.6 Summary

The reconstruction of neutral pion is important in the DUNE FD as it serves as
a background for the electron neutrino appearance signal. Additionally, it can be
used as a means of calibrating electromagnetic showers. Studies were performed
on neutral pion reconstruction produced in cosmic-ray muon events in DUNE
FD. The mean value of the reconstructed invariant π0 mass after applying the
Gaussian fit is reconstructed as (136± 7) MeV/c2, which is consistent within the
statistical uncertainty of 5% with the expected π0 mass. Several improvements
are needed especially in shower energy reconstruction. The shower clustering and
direction reconstruction algorithm is not perfectly tuned by Pandora. The two
selections are applied to reconstructed showers: an opening angle greater than 20◦

and containing at least 100 collection plane hits per shower. In the DUNE FD,
the daily rate of neutral pions that decay to 2γ, and each photon has at least one
matching reconstructed shower, is 6.36. After applying these two selections, the
daily rate reduces significantly to 1.49. Further enhancing the energy and direction
reconstruction of photon showers may lead to improvements in the accuracy of
the reconstructed invariant mass measurement. By achieving a more accurate
and precise reconstruction, the resulting peak in the reconstructed invariant mass
distribution becomes sharper and better defined which will allow more reliable
electromagnetic shower energy calibration.





Chapter 8

Energy calibration of the DUNE
FD using stopping particles

This chapter presents the energy calibration methods developed and employed for
the DUNE FD, with a primary focus on utilising stopping cosmic-ray muons as a
standard candle for energy scale calibration and subsequent validation with charge
pions and protons. Section 8.1 discusses the specifics of energy calibration using
stopping muons, starting with the selection of stopping muon events. Section 8.2
presents energy calibration techniques developed for the DUNE FD, utilising stop-
ping cosmic-ray muons. The first method discussed is model-dependent, employing
the modified box model that was first developed in the ArgoNeuT experiment [207]
and is now implemented for the first time in the DUNE experiment. Conversely, the
second method, termed the absolute energy scale method, stands as an independent
development by the author, and is implemented in the DUNE for the first time.
Furthermore, the same calibration method is applied to charged pions and protons
for dE/dx reconstruction, establishing a relation for translating reconstructed charge
to energy for these particles, discussed in Section 8.3 and Section 8.4, respectively.
Section 8.5 presents a comparison between theoretical dE/dx and reconstructed
dE/dx as a function of different variables such as kinetic energy, residual range, and
p/m for stopping muons, pions, and protons. The good agreement between theoret-
ical and reconstructed dE/dx validates the absolute energy calibration method for
particles in LArTPC. Section 8.6 presents a comparison of reconstructed dQ/dx as
a function of different quantities such as kinetic energy, residual range, and p/m for
stopping muons, pions, and protons. Finally, Section 8.7 summarises this chapter.
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8.1 dE/dx calibration using stopping muons

8.1.1 Introduction

The fundamental strengths of LArTPC technology include its exceptional ability to
precisely reconstruct both the direction of particle tracks and their energy. However,
various factors, including space charge effects, electron attenuation, diffusion, and
recombination, can potentially degrade the energy resolution of the detector. These
effects are discussed in detail in Chapter 3. Therefore, precise detector calibration
is essential, particularly for accurate dE/dx (energy loss per unit track length)
measurements. This calibration is crucial for particle identification, particularly in
the distinction of muons, pions and protons in liquid argon.

Stopping muons prove an invaluable calibration source for LArTPCs due to
their well-understood energy loss in liquid argon. Muons that come to a stop within
the active volume prove to be effective calibration tools, enabling a detailed study
of the detector response to specific energy depositions. Determining their energy at
any point along the trajectory, measured by the distance from the end of the track,
known as the ‘residual range’, allows for a more detailed understanding of how the
detector responds to the energy deposition by particles. A calibration constant is
determined to convert ionisation charge per unit length dQ/dx to particle energy
loss per unit length dE/dx.

8.1.2 Event selection

For this study, a sample of 3.62× 105 simulated cosmic-ray muon events of cosmic-
oriented reconstruction which correspond to 25 days of data at DUNE FD is
considered. The simulation and types of reconstruction used in generating cosmic
muon event and their characterisation are discussed in detail in Chapter 6. For the
selection of truth stopping muons, the first step is to select all muons tagged as
primary particles, which means that they do not originate from any other particle.
After selecting primary muons (generated muons that entered the DUNE FD), events
are confirmed as stopping muons if the particle’s truth end position (x, y, z) is within
the TPC. Reconstruction will identify primary cosmic-ray muons by recognizing
tracks that have entered the TPC volume from the outside (track-related energy
deposition at the edge of the TPC). This process results in a total of 2169 stopping
muons in the active volume consisting of 1284 µ+ and 885 µ−. All µ+ produces a
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Michel electron after decaying

µ+ → e+ + νe + ν̄µ, (8.1)

while µ− either decays or is captured by the nucleus. Out of 885, 229 µ− are decays
as

µ− → e− + ν̄e + νµ, (8.2)

and 656 µ− are captured by a proton in the nucleus as

µ− + p→ νµ + n. (8.3)

The capture of µ− has a rate of 74%. These values of decay and captured events of
µ+ and µ− are consistent with cosmic muons data analysed by the ICARUS liquid
argon TPC [208].

8.1.3 Reconstructed track selections

For the selection of reconstructed muon, the following criteria are used for stopping
muon selection:

1. Volume criteria: The selected reconstructed track should match with truth
stopping muons, which originate outside the TPC volume and stop inside the
TPC volume.

2. Angular criteria: The reconstruction capability of a LArTPC is limited for
tracks passing parallel to a wire or in the plane containing drift direction and
a wire. For such tracks, all the charge from the incident particle gets deposited
in a single wire thus leading to the poor reconstruction of the deposited charge.
The two angles θxz (which is the angle made by the projection of a track
on the xz plane with the z-direction) and θyz (which is the angle made by
the projection of a track on the yz plane with the z-direction) are defined.
Figure 8.1 shows θxz and θyz for the coordinate system used in DUNE SP
HD. The distribution of average dQ/dx vs θxz and θyz for the collection plane
using stopping cosmic-ray muons is shown in Figure 8.2. Many tracks, mainly
short and broken, are mis-reconstructed as backward-going tracks. These
tracks are further removed as discussed in the next selection criteria. From
the figure, it is evident that the tracks at certain angular orientations have a
very low dQ/dx. The angular cuts are data-driven and different for various



132 Energy calibration of the DUNE FD using stopping particles

wire planes. Following are the angular cuts for the collection plane that are
used to remove events from further analysis:

• − 115◦ < θxz < − 60◦ or 65◦ < θxz < 120◦.

• − 105◦ < θyz < − 83◦ or 65◦ < θyz < 110◦.

Figure 8.1. The track direction angles θxz and θyz defined in DUNE FD [94].
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Figure 8.2. Average dQ/dx distribution as a function of θxz and θyz in the collection
plane. The colour scale represents the average dQ/dx for a track in each bin. The
common regions of the dashed lines show the track incident angles excluded for the
selection of stopping muon track.
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3. Removing broken tracks: Due to reconstruction inefficiencies, certain
particle trajectories are mistakenly reconstructed as two or more tracks,
creating an appearance of a stopping muon even if the particle did not stop
inside the TPC. To obtain a pure sample of stopping reconstructed muons,
it is necessary to eliminate such tracks. Figure 8.3 shows the distribution of
the reconstructed track for each truth stopping muon in the TPC. In cases
where multiple tracks are reconstructed for a single muon, the tracks which
have minimum y-coordinates are selected considering the cosmic-ray muons
travel vertically downward.
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Figure 8.3. Reconstructed track multiplicity of stopping muons. In some cases of
stopping muons, no track has been reconstructed, whilst some of them have more
than one reconstructed track. The distributions show if a stopping muon track has
been reconstructed in each plane and all three wire planes.

4. Selecting best plane tracks: Many of the tracks have been reconstructed in
all three planes differently as shown in Figure 8.3. The number of broken tracks
is different for different planes and thus the number of hits of a stopping track
is different in all three wire planes. The wire plane which has the maximum
number of reconstructed hits of a track is selected.

A total of 2140 muon tracks have successfully passed all the cuts.



134 Energy calibration of the DUNE FD using stopping particles

8.2 Analysis methods

The tracks that successfully pass the selections outlined in Sections 8.1.2 and 8.1.3
are utilised in the dE/dx calibration. The Landau-Vavilov theory accurately predicts
the theoretical most probable dE/dx for stopping muon in liquid argon [85, 209].
Figures 8.4a and 8.4b show the theoretical most probable dE/dx as a function of
kinetic energy and residual range, respectively. This chapter presents two methods
for energy calibration. The first one is model-dependent and is referred to as the
modified box model. The second method is the absolute energy scale, which is
independent of any specific model.
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Figure 8.4. The theoretical most probable of stopping muons based on Landau-
Vavilov theory [85, 209] obtained from the data [210]: a) dE/dx vs. kinetic energy,
b) dE/dx vs. residual range.

8.2.1 Model dependent: modified box model

The experimental dE/dx values are derived from dQ/dx values using the mod-
ified box model [207] with the calibration constant treated as a free parameter.
Equation 8.4 describes the modified box model equation.

(
dE

dx

)
calibrated

=
exp


(

dQ
dx

)
calibrated
Ccal

β
′
Wion

ρE

− α

(ρE
β ′

)
, (8.4)

where
Ccal = Calibration constant used to convert ADC values to the number of electrons,
Wion = 23.6× 10−6 MeV/electron, is the work function of argon,
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E = 0.50 kV/cm (DUNE FD drift electric field),
ρ = 1.39 g/cm3 (LAr density at temperature 87 K),
α = 0.93, and
β

′ = 0.2.12(kV/cm)(g/cm2)/MeV.
The last two parameters α and β

′ are measured by the ArgoNeuT experiment at
an electric field strength of 0.481 kV/cm [207].

As per the given equation, the accurate determination of the calibration con-
stant Ccal, which translates “ADC/cm” to “number of electrons/cm” is crucial
for establishing the absolute energy scale. The objective of dE/dx calibration is
to determine the calibration constant Ccal. The calibration constant Ccal is nor-
malised such that the unit (“ADC × tick”) corresponds to 200 electrons, where
1 tick corresponds to 500 ns of sampling time of an ADC. In the ideal case of a
perfectly modelled detector response (e.g., in simulation), Ccal should be exactly
1/200 = 5× 10−3ADC× tick/e [94]. To obtain the calibration constant, we perform
a fit of the dE/dx derived from the dQ/dx along the muon track in the minimum
ionising region (corresponding to 120 to 200 cm from the stopping point of the
track). In this fit, Ccal is treated as a free parameter, and the fit is carried out
through χ2 minimisation. The methodology for the energy calibration using the
modified box model is outlined as follows:

1. For every track that satisfies the selection criteria mentioned in Section 8.1.3,
the first 200 cm from the end of the track is taken into consideration and
divided into 5 cm bins based on the distance from the stopping point (residual
range).

2. For every residual range bin, the value of dE/dx is calculated using Equa-
tion 8.4 with a chosen Ccal value. The distribution of resulting dE/dx is then
plotted and fitted to a Landau function convolved with a Gaussian [211]. The
Ccal value is randomly chosen from a range that is close to the minimum χ2.
The final χ2 is obtained through χ2 minimisation as discussed in the next
steps. This fitting process aims to determine the most probable dE/dx value
(MPV) for a specific residual range bin. Figure 8.5 illustrates the dE/dx
distribution for a particular residual range bin (ranging from 85 to 90 cm)
along with the corresponding Landau-Gaussian fit, utilised to extract the
most probable dE/dx value.

3. For every residual range bin, the mid value of the bin is selected as the
representative residual range, and this value is then transformed into kinetic
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Figure 8.5. Distribution of dE/dx in the residual range between 85 cm to 90 cm,
fitted to a Landau function convolved with a Gaussian.

energy using a cubic spline interpolation of kinetic energy versus residual range
values mentioned in [84]. The referenced [84] dataset serves as a representation
of the anticipated profile of kinetic energy vs. residual range for stopping
muons in liquid argon.

4. For bins with a residual range between 120 cm and 200 cm (or kinetic energy
between 250 MeV and 450 MeV), the values obtained in the previous step
are compared with the prediction made by the Landau-Vavilov theory [85,
209] and the χ2 value is calculated for a broad range of calibration constants.
These constants are chosen arbitrarily such that χ2 spans to a minimum value.
The χ2 is computed using the following relation:

χ2 =
∑(

(MPV(dE/dx)prediction −MPV(dE/dx)measured)2

σ2

)
(8.5)

where σ2 = σ2
fit. Here summation is over the bins ranges from kinetic energy

250 MeV to 450 MeV and σfit is the uncertainty associated with the most
probable value of the dE/dx distribution extracted by fitting a Landau function
convolved with a Gaussian to the dE/dx distribution.
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Figure 8.6 illustrates the χ2 values corresponding to various calibration constants.
The optimal or best-fit value is the one that yields the minimum χ2, indicating
the calibration constant that provides the most favourable agreement between
the data and the theoretical model. Figure 8.7 shows the χ2 − χ2

min values for
different calibration constants. To estimate the statistical uncertainty, Ccal values
are determined for χ2 − χ2

min = 1. The derived calibration constant value is
(5.469± 0.003)× 10−3 ADC× tick/e.
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Figure 8.6. Distribution of χ2 vs. calibration constant for stopping muons fitted
with a suitable polynomial function.
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Figure 8.7. Distribution of χ2 − χ2
min vs. calibration constant. The black solid

line represents the calibration constant at minimum χ2. The colour bands show the
uncertainty associated with a calibration constant Ccal.
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Figure 8.8 shows the comparison between the theoretical and reconstructed MPV
of dE/dx as a function of kinetic energy using the derived value of the calibration
constant. Figure 8.9 shows the comparison of reconstructed and theoretical MPV of
dE/dx as a function of residual range using the same derived value of the calibration
constant. Figure 8.10 shows the colour plot of the reconstructed dE/dx vs. residual
range of stopping muon tracks with the comparison of reconstructed and theoretical
MPV of dE/dx. Most of the reconstructed values agree very well with the theoretical
values. However, some differences between reconstructed and theoretical values
become apparent at lower residual ranges.
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Figure 8.8. Comparison between the reconstructed and Landau-Vavilov theory
most probable value dE/dx vs. kinetic energy for stopping muons. The magnitude
of the error is too small to be visible in the reconstructed values.



8.2 Analysis methods 139

0 50 100 150 200

Residual range [cm]

0

2

4

6
 M

P
V

 d
E

/d
x 

[M
eV

/c
m

]
Theory

Reconstructed

 

 SimulationDUNE

Figure 8.9. Comparison between the reconstructed and Landau-Vavilov theory
most probable value dE/dx vs. residual range for stopping muons. The magnitude
of the error is too small to be visible in the reconstructed values.
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Figure 8.10. The colour plot of reconstructed dE/dx vs. residual range of stopping
muon tracks. The reconstructed and theoretical most probable dE/dx vs. residual
range is also presented. The magnitude of the error is too small to be visible in the
reconstructed values.
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8.2.2 Model independent: absolute energy scale

In this analysis method, the author have developed a scaling procedure that is
independent of any specific model and relies on the residual range for translating
dQ/dx to dE/dx. The event selections as detailed in Sections 8.1.2 and 8.1.3 are
used for this analysis method. The methodology for this absolute energy scale
calibration method is outlined as follows:

1. For every track, the first 200 cm or less from the end of the track is taken
into consideration and divided into 5 cm bins based on the distance from the
stopping point (residual range).

2. For each residual range bin, the reconstructed dQ/dx distribution is plotted
and fitted to a Landau function convolved with a Gaussian to determine the
most probable value of dQ/dx for that specific residual range bin. Figure 8.11
shows the colour plot of reconstructed dQ/dx vs. residual range of stopping
muons. In Figure 8.12, the dQ/dx of a particular residual range bin, ranging
from 65 cm to 70 cm, is shown fitted to a Landau function convolved with a
Gaussian. The simulated energy resolution of the detector calculated from
the figure is 11.78%.
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Figure 8.11. The colour plot of reconstructed dQ/dx vs. residual range of stopping
muon tracks.
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Figure 8.12. Reconstructed dQ/dx distribution fitted to a Landau function
convolved with a Gaussian for residual range 65 cm to 70 cm.

3. For each residual range bin, the mid value of the bin is taken as a representative
residual range value of that bin and the corresponding theoretical most
probable value of dE/dx is calculated based on the Landau-Vavilov theory [85,
209]. The theoretical dE/dx as a function of the residual range is shown in
Figure 8.4b.

4. For each residual range bin, the ratio of the MPV of (dE/dx)theoretical to
MPV of (dQ/dx)reconstructed is calculated. The ratio is then plotted against
the residual range and fitted with a suitable function. Figure 8.13 shows the
ratio of the MPV (dE/dx)theoretical to the MPV (dQ/dx)reconstructed vs. residual
range of each bin together with the fit to a function:

f(r) = p0 + p1 × 1/r + p2 × r. (8.6)

Thus, a relation between MPV(dQ/dx)reconstructed and MPV(dE/dx)reconstructed

is obtained:

MPV(dE/dx)reconstructed

MPV(dQ/dx)reconstructed
= p0 + p1 × 1/r + p2 × r, (8.7)
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where r represents residual range and p0, p1 and p2 are the fitting parameters.
The values of the parameters of the fit function are shown in Table 8.1.
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Figure 8.13. The ratio of theoretical dE/dx to reconstructed dQ/dx of stopping
muons as a function of residual range and fitted with the function as described
by Equation 8.6. The magnitude of the error is too small to be visible in the
reconstructed values.

Table 8.1. The value of the parameters of the fit function shown in Figure 8.13

Fit parameters

p0 p1 p2

Value (5.962± 0.007)× 10−3 (5.731± 0.087)× 10−3 (1.613± 0.499)× 10−7

5. The reconstructed dQ/dx is converted to reconstructed dE/dx using Equa-
tion 8.7 and fit parameters obtained in Table 8.1. Figure 8.14 shows the
reconstructed MPV of dE/dx as a function of kinetic energy using the derived
relation from Equation 8.7 that translates dQ/dx to dE/dx compared with
the theoretical curve. Figure 8.15 shows the comparison of reconstructed and
theoretical MPV of dE/dx as a function of residual range. Figure 8.16 shows



8.2 Analysis methods 143

the colour plot of the reconstructed dE/dx vs. residual range of stopping
muon tracks with the comparison of reconstructed and theoretical MPV of
dE/dx. Most of the reconstructed values agree very well with theoretical
values and significantly improve the agreement in the low residual range bin
compared to the modified box model.
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Figure 8.14. The reconstructed most probable dE/dx vs. kinetic energy for
stopping muons and compared with the theoretical most probable dE/dx. The
reconstructed values show good agreement with the theoretical prediction, even
in the low kinetic energy. The reconstructed (red) and theoretical (black) points
overlap for most ranges. The magnitude of the error is too small to be visible in
the reconstructed values.
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Figure 8.15. The reconstructed most probable dE/dx vs. residual range for
stopping muons and compared with the theoretical most probable dE/dx. The
reconstructed most probable values show good agreement with the theoretical
prediction, even in the low residual range values. The reconstructed (red) and
theoretical (black) points overlap for most ranges. The magnitude of the error is
too small to be visible in the reconstructed values.
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Figure 8.16. The colour plot of reconstructed dE/dx vs. residual range of stopping
muon tracks. The reconstructed most probable dE/dx vs. residual range compared
with the theoretical most probable dE/dx is also presented.
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Further, to improve the agreement between theory and reconstruction at the
low residual range value, a variable width is considered. For this, a 2 cm bin size
is taken for the residual range 0 to 16 cm and a 5 cm bin size is taken for the
residual range 20 to 200 cm. Figure 8.17 shows the reconstructed MPV of dE/dx
as a function of kinetic energy using the derived relation from Equation 8.7 that
translates dQ/dx to dE/dx compared with the theoretical value. Figure 8.18 shows
the comparison of reconstructed and theoretical MPV of dE/dx as a function of
residual range. Figure 8.19 shows the colour plot of the reconstructed dE/dx vs.
residual range of stopping muon tracks with the comparison of reconstructed and
theoretical MPV of dE/dx.
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Figure 8.17. The reconstructed and theoretical most probable values of dE/dx
vs. kinetic energy for stopping muons. The smaller kinetic energy bins have low
statistics and higher statistical uncertainty compared to bigger kinetic energy bins.
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Figure 8.18. The reconstructed and theoretical most probable values of dE/dx vs.
residual range for stopping muons. The smaller bin ranges have low statistics and
higher statistical uncertainty compared to bigger residual range bins.
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Figure 8.19. The colour plot of reconstructed dE/dx vs. residual range of stopping
muon tracks. The reconstructed and theoretical most probable values of dE/dx vs.
residual range for stopping muons are also presented.
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The two dE/dx calibration methods, the modified box model, and the absolute
energy scale, employed within the framework of the DUNE experiment, reveal that
the absolute energy scale method demonstrates superior agreement, particularly
in low residual ranges. The key advantage of the absolute energy scale lies in
its independence from modelling and any parameters from other experiments. In
contrast, the modified box model relies on pre-calibrated dQ/dx and parameters
from another experiment before DUNE can perform these measurements itself.
This emphasises the efficiency and autonomy of the absolute energy scale method,
positioning it as a more favourable choice for dE/dx calibration in the DUNE
experiment.

8.3 dE/dx reconstruction of stopping charged
pions

After determining the absolute energy scale for stopping muons, as described in
the previous sections, the next step involves assessing how the dE/dx calibration
performs with pions (π+ and π−, unless otherwise stated). The dE/dx remains
constant for a fixed p/m, where p and m are the momentum and mass of particles
depositing energy in liquid argon, as described in Section 3.2. This verification
procedure ensures the robustness and applicability of the absolute energy scale
method for other particles in the DUNE FD.

8.3.1 Event selection

For the dE/dx calibration using charged pions, the analysis utilises the same sample
of cosmic-ray muons employed in the study of stopping muons. This sample consists
of 3.62× 105 simulated cosmic-ray muon events with cosmic-oriented reconstruction
which correspond to 25 days of data at DUNE FD. The charged pions produced by
the cosmic-ray muons interacting in the liquid argon are considered for this study.
The events are confirmed as stopping pions if the particle’s truth end position
(x, y, z) is within the TPC. The pions are also required to have originated inside
the DUNE FD. A total of 9.30 × 103 charged pions are produced in the sample.
The reconstructed pion track selection criteria are similar to stopping muons as
mentioned in Section 8.1.3.

For the angular criteria of reconstructed pion tracks, the distribution of average
dQ/dx vs. θxz and θyz is shown in Figure 8.20. The definition of θxz and θyz is
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shown in Figure 8.1. The tracks at certain angular orientations have a very low
dQ/dx and were removed from the selection. Following are the angular cuts for the
collection plane that are used to remove events from further analysis:

• − 105◦ < θxz < − 70◦ or 70◦ < θxz < 110◦.

• − 115◦ < θyz < − 80◦ or 80◦ < θyz < 110◦.
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Figure 8.20. Average dQ/dx distribution as a function of θxz and θyz of pions in
the collection plane. The colour scale represents the average dQ/dx for a track in
each bin. The common regions of the dashed lines show the track incident angles
excluded from the selection of pion tracks.

8.3.2 Analysis method

The selected tracks that pass the criteria mentioned in the above section are used
for dE/dx reconstruction. The theoretical most probable energy loss of pions in
liquid argon is calculated using Landau-Vavilov theory [85, 209] and then compared
with reconstructed dE/dx using the same analysis method used for stopping muons
described in Section 8.2.2.

For every track, the first 150 cm or less from the end of the track is considered
and divided into variable bin sizes. For this, a 5 cm bin size is taken for the residual
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range 0 to 10 cm and a 10 cm bin size is taken for the residual range 10 to 150 cm.
Figure 8.21 shows the distribution of reconstructed dQ/dx vs. residual range of
stopping pion tracks. The dQ/dx of a particular residual range bin from 40 cm to
50 cm fitted to a Landau function convolved with a Gaussian is shown in Figure 8.22.
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Figure 8.21. The colour plot of reconstructed dQ/dx vs. residual range of stopping
pion tracks.
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Figure 8.22. dQ/dx distribution of stopping pions fitted to a Landau function
convolved with a Gaussian for residual range 40 cm to 50 cm.
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For each residual range bin, the ratio of the MPV of (dE/dx)theoretical to MPV
of (dQ/dx)reconstructed is calculated. The ratio is then plotted against the residual
range and fitted with a suitable function. Figure 8.23 shows the ratio of the MPV
of (dE/dx)theoretical to the MPV of (dQ/dx)reconstructed vs. residual range of each bin
together with the fit to a function:

f(r) = p0 + p1 × 1/r + p2 × r. (8.8)

Thus, a relation between MPV(dQ/dx)reconstructed and MPV(dE/dx)reconstructed is
obtained:

MPV(dE/dx)reconstructed

MPV(dQ/dx)reconstructed
= p0 + p1 × 1/r + p2 × r, (8.9)

where r represents residual range and p0, p1 and p2 are the fitting parameters. The
values of the parameters of the fit function are shown in Table 8.2.
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Figure 8.23. The ratio of theoretical dE/dx to reconstructed dQ/dx of stopping
pions as a function of residual range and fitted with the function described in
Equation 8.8.
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Table 8.2. The value of the parameters of the fit function shown in Figure 8.23

Fit parameters

p0 p1 p2

Value (6.683± 0.042)× 10−3 (2.149± 0.350)× 10−3 (−8.031± 0.532)× 10−6

The reconstructed dQ/dx is converted to dE/dx using Equation 8.9 and fit
parameters obtained in Table 8.2. Figure 8.24 shows the reconstructed MPV
of dE/dx as a function of kinetic energy using the derived relation mentioned
in Equation 8.9 that translates dQ/dx to dE/dx compared with the theoretical
curve. Figure 8.25 shows the comparison of reconstructed and theoretical MPV of
dE/dx as a function of residual range. Figure 8.26 shows the colour plot of the
reconstructed dE/dx vs. residual range of stopping pion tracks with the comparison
of reconstructed and theoretical MPV of dE/dx.

0 50 100 150 200 250 300

Kinetic energy [MeV]

2

4

6

 M
P

V
 d

E
/d

x 
[M

eV
/c

m
]

Theory

Reconstructed

 

 SimulationDUNE

Figure 8.24. The reconstructed most probable value of dE/dx vs. kinetic energy
of stopping pions compared with the theoretical prediction. The reconstructed most
probable values show good agreement with the theoretical prediction, even in the
low kinetic energy values.
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Figure 8.25. The comparison between the reconstructed and theoretical value
of dE/dx vs. residual range for stopping pions. The reconstructed most probable
values show good agreement with the theoretical prediction, even in the low residual
range values.
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Figure 8.26. The colour plot of reconstructed dE/dx vs. residual range of stopping
pion tracks. The reconstructed most probable values of dE/dx vs. residual range
of stopping pions and comparison with the theoretical most probable values dE/dx
are presented.
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8.4 dE/dx reconstruction of stopping protons

After determining the absolute energy scale for stopping muons and pions as
described in the previous sections, the analysis extends to stopping protons. A
relation is established that translates the reconstructed dQ/dx to dE/dx. The
reconstructed dE/dx values are then compared to the theoretical prediction of the
most probable values of dE/dx based on the Landau-Vavilov theory [85, 209].

8.4.1 Event selection

For this study, the stopping protons produced by cosmic-ray muons interacting with
liquid argon are considered. The same cosmic-ray muon sample used in the stopping
muon study is employed for this analysis. A total of 5.43× 104 stopping protons
are selected. The selection criteria for reconstructed proton tracks are similar to
stopping muons mentioned in Section 8.1.3.

For the angular criteria of proton tracks, the distribution of average dQ/dx
vs. θxz and θyz is shown in Figure 8.27. The definition of θxz and θyz is shown in
Figure 8.1. The tracks at certain angular orientations have a very low dQ/dx and
were removed from the selection. Following are the angular cuts for the collection
plane that are used to remove events from further analysis:

• − 105◦ < θxz < − 70◦ or 70◦ < θxz < 110◦.

• − 115◦ < θyz < − 60◦ or 60◦ < θyz < 110◦.

A total of 2281 stopping proton tracks are selected.
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Figure 8.27. Average dQ/dx distribution as a function of θxz and θyz of protons
in the collection plane. The colour scale represents the average dQ/dx for a track
in each bin. The common regions of the dashed lines show the track incident angles
excluded from the selection of proton tracks.

8.4.2 Analysis method

The tracks selected based on the criteria outlined in the previous section are utilised
for dE/dx reconstruction. The analysis method employed for stopping protons
follows a similar approach to that described in Section 8.2.2.

For every track, the first 100 cm or less from the end of the track is considered
and divided into variable bin sizes. For this, a 2 cm bin size is taken for the residual
range 0 to 10 cm and a 10 cm bin size is taken for the residual range 10 to 100 cm.
Figure 8.28 shows the distribution of reconstructed dQ/dx vs. residual range of
stopping proton tracks. The reconstructed dQ/dx of a particular residual range
bin from 50 cm to 60 cm fitted to a Landau function convolved with a Gaussian is
shown in Figure 8.29.

For each residual range bin, the ratio of the MPV of (dE/dx)theoretical to MPV
of (dQ/dx)reconstructed is calculated. The ratio is then plotted against the residual
range and fitted with a suitable function. Figure 8.30 shows the ratio of the MPV
of (dE/dx)theoretical to the MPV of (dQ/dx)reconstructed vs. residual range of each bin
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Figure 8.28. The colour plot of reconstructed dQ/dx vs. residual range of stopping
proton tracks.

together with the fit to a function:

f(r) = p0 + p1 × 1/r + p2 × r. (8.10)

Thus, a relation between MPV(dQ/dx)reconstructed and MPV(dE/dx)reconstructed is
obtained:

MPV(dE/dx)reconstructed

MPV(dQ/dx)reconstructed
= p0 + p1 × 1/r + p2 × r, (8.11)

where r represents residual range and p0, p1, and p2 are the fitting parameters. The
values of the parameters of the fit function are shown in Table 8.3.
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Figure 8.29. The reconstructed dQ/dx distribution fitted to a Landau function
convolved with a Gaussian for the residual range 50 cm to 60 cm.
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Figure 8.30. The ratio of theoretical dE/dx to reconstructed dQ/dx as a function
of residual range for stopping protons and fitted with function as described in
Equation 8.10.
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Table 8.3. The value of the parameters of the fit function shown in Figure 8.30.

Fit parameters

p0 p1 p2

Value (7.253± 0.023)× 10−3 (1.262± 0.018)× 10−2 (−1.152± 0.041)× 10−5

The reconstructed dQ/dx is converted to dE/dx using Equation 8.11 and fit
parameters obtained in Table 8.3. Figure 8.31 shows the reconstructed MPV
of dE/dx as a function of kinetic energy using the derived relation mentioned
in Equation 8.11 that translates dQ/dx to dE/dx. The reconstructed value is
compared with the theoretical MPV of dE/dx. Figure 8.32 shows the reconstructed
and theoretical MPV of dE/dx as a function of the residual range. Figure 8.33
shows the colour plot of the reconstructed dE/dx vs. residual range of stopping
proton tracks with the comparison of reconstructed and theoretical MPV of dE/dx.
Most of the reconstructed values agree very well with theoretical values. However,
some differences between reconstructed and theoretical values become apparent at
a lower residual range. This could be a result of inefficient reconstruction at the
end of the tracks.
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Figure 8.31. The reconstructed and theoretical most probable values of dE/dx vs.
kinetic energy for stopping protons. The reconstructed values show good agreement
with the theoretical prediction. At low kinetic energy, the reconstructed value is
lower compared to the theoretical prediction.
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Figure 8.32. The reconstructed and theoretical most probable values of dE/dx vs.
residual range for stopping protons. The reconstructed values show good agreement
with the theoretical prediction. At a low residual range, the reconstructed value is
lower compared to the theoretical prediction.
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Figure 8.33. The colour plot of reconstructed dE/dx vs. residual range of stopping
proton tracks. The reconstructed and theoretical most probable values dE/dx vs.
residual range of stopping protons are shown with points and the curve, respectively.

8.5 Comparision of dE/dx reconstruction of
stopping particles

Understanding how the energy loss varies for different particles is essential for
characterising the behaviour of particles in the detector medium. In this section,
the reconstructed dE/dx values as a function of different quantities such as residual
range, kinetic energy, momentum and mass for stopping muons, pions and protons
are compared. Figure 8.34 shows the comparison of reconstructed and theoretical
dE/dx as a function of the kinetic energy of muons, pions and protons. The
dependence of energy loss of a particle on its mass in a medium can be inferred
from Equation 3.1. These particles show good agreement of reconstructed dE/dx

with theoretical prediction as a function of kinetic energy. At low kinetic energy,
protons show a difference between theoretical and reconstructed values. This could
be a result of inefficient reconstruction at the end of the tracks.
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Figure 8.34. The reconstructed most probable dE/dx as a function of kinetic
energy for muons, pions, and protons compared with theoretical values.

Figure 8.35 shows the comparison of reconstructed and theoretical dE/dx as a
function of the residual range of muons, pions and protons. A good agreement is
observed for reconstructed and theoretical dependences of dE/dx on the residual
range and kinetic energy for muons, pions and protons, except probably some
deviation for protons at low energy (residual range). This could be a result of
inefficient reconstruction at the end of the tracks.



8.5 Comparision of dE/dx reconstruction of stopping particles 161

0 20 40 60 80 100

 Residual range [cm]

0

5

10

15

20

 d
E

/d
x 

[M
eV

/c
m

]

 

 SimulationDUNE Reconstructed (muon)
Reconstructed (pion)
Reconstructed (proton)
Theoretical (muon)
Theoretical (pion)
Theoretical (proton)

 

Figure 8.35. Reconstructed most probable dE/dx as a function of residual range
for muons, pions, and protons compared with theoretical values. A good agreement
is observed for reconstructed and theoretical prediction based on the Landau-Vavilov
theory [85, 209].

The momentum-to-mass ratio (p/m) has the same values for different particles
within the medium, as described by the Bethe-Bloch Equation 3.1 and illustrated
in Figure 3.3. Figure 8.36 presents the reconstructed most probable of dE/dx as a
function of p/m for stopping muons, pions and protons. These particles demonstrate
the same p/m value (in natural units) in liquid argon. This, in turn, validates
the calibration process using the absolute energy scale method employed in the
conversion of dQ/dx to dE/dx for muons, pions and protons. The uniformity in
the p/m behaviour across all three particles confirms the accurate translation of
dQ/dx to dE/dx.
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Figure 8.36. Reconstructed most probable dE/dx as a function of p/m. The p/m
is almost the same for muons, pions and protons.

8.6 Comparision of dQ/dx reconstruction of
stopping particles

To further observe how dQ/dx varies with residual range, kinetic energy, and p/m

to understand its differences from dE/dx with these quantities, reconstructed most
probable dQ/dx values are plotted against these quantities. Figures 8.37 and 8.38
show the reconstructed dQ/dx as a function of the kinetic energy and residual range
of muons, pions, and protons, respectively. Figure 8.39 shows the reconstructed most
probable dQ/dx as a function of p/m for stopping muons, pions, and protons. The
reconstructed dQ/dx follows a similar trend of reconstructed dE/dx as a function
of residual range, kinetic energy, and p/m.
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Figure 8.37. The reconstructed most probable dQ/dx as a function of kinetic
energy for muons, pions, and protons.
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Figure 8.38. Reconstructed most probable dQ/dx as a function of residual range
for muons, pions, and protons.
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Figure 8.39. Reconstructed most probable dQ/dx as a function of p/m. The p/m
is almost the same for muons, pions, and protons.

8.7 Summary

In the energy calibration process based on cosmic-ray muons, the author derived
a calibration constant Ccal = (5.469± 0.003)× 10−3 ADC× tick/e for the DUNE
FD using stopping muons by the modified box model method as described in
Equation 8.4. Additionally, a method for establishing the absolute energy scale was
developed, enabling an accurate translation of dQ/dx to dE/dx for stopping muons.
This absolute energy scale was subsequently applied to other particles, such as
pions and protons, demonstrating good agreement between the reconstructed most
probable dE/dx and the theoretical prediction from the Landau-Vavilov theory.
This assumes that tracks of muons, pions, and protons can be identified before
utilising specific dQ/dx to dE/dx conversion. Differentiating between muons, pions,
and protons tracks may be relatively straightforward for cosmic-ray events, where it
can be assumed that all sufficiently long tracks originating from outside the detector
are muon tracks. Additionally, secondary tracks (excluding electrons, cascades,
and protons, which should ideally be reconstructed as such) can be assumed to be
pions. For neutrino events, muon calibration can likely be used for both muons and
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pions, especially when the track type is uncertain. This assumes, once again, that
protons, electrons, and cascades can be reliably identified as such. A comparison
was conducted for muons, pions, and protons with theoretical values, considering
various quantities such as kinetic energy, residual range, and p/m. The consistent
value for p/m across different particle types highlights the independence of the
momentum-to-mass ratio from particle type, thereby validating the calibration
method. This study demonstrates the versatility of the calibration techniques,
applicable to LArTPC, and valid for different particles.





Chapter 9

Conclusion

This PhD thesis has presented different studies focusing on the DUNE FD, including
the simulation and reconstruction of cosmic-ray muon events, the reconstruction of
electromagnetic showers, and the calibration of the DUNE FD.

Cosmic-ray muons are a naturally available source, are capable of penetrating
deep underground and can be used for different studies such as detector calibration.
Muons can be used as a standard candle because they have a well-understood energy
loss profile. Cosmic-ray muon events are simulated with the MUSUN generator in
the DUNE HD FD. A total of 1.86× 106 cosmic muons are generated corresponding
to 131 days of data at DUNE FD. The rate of muons entering the DUNE FD is
4.76× 103 per day. The energy of generated muons ranges from 1 GeV – 106 GeV.
About 33 % of generated muon enters into the DUNE FD. The mean energy of muons
that entered the DUNE FD is 283 GeV. The characterisation of various particles
produced in liquid argon, with a special emphasis on cosmic muons is presented. The
presented event displays showcased the effectiveness of two distinct reconstruction
chains: CRC and NRC, providing valuable insights into the reconstruction processes.
CRC is tuned to reconstruct cosmic muon tracks whilst NRC is tuned to reconstruct
neutrino events. The event display shows that the neutrino-oriented algorithm
merges different particle showers and tracks into one shower whilst the cosmic-
oriented chain fragments one shower into many. The fragmentation of showers
occurs significantly more frequently in CRC events than in NRC events. For showers,
the NRC is more effective, as it exhibits less shower fragmentation than the CRC.
Conversely, for tracks, the CRC is more effective because it reconstructs particle
tracks more efficiently than the NRC, which sometimes merges tracks with showers.

In DUNE, a crucial component of conducting neutrino oscillation studies involve
thoroughly examining the response of the detector to the particles produced in
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neutrino interactions. Accurate energy reconstruction is important for precisely
measuring CP violation and fully utilizing the detector’s capabilities. The production
of π0 in neutral current interactions is a background for the electron neutrino
appearance signal. The reconstruction of π0 becomes crucial, thus, requiring a
detailed study to reduce systematic uncertainties. Additionally, the decay signature
π0 → 2γ provides a valuable means for calibrating the energy of electromagnetic
showers. The neutral pion analysis involves the reconstruction of the π0 mass
from the reconstructed energy of two showers emerging from the π0 → 2γ process,
showcasing its application in shower energy calibration. The π0 mass is reconstructed
to be (136± 7) MeV/c2. This result is consistent within the statistical uncertainty
of 5% with the expected π0 mass. Several improvements are needed, especially in
shower energy reconstructions. The shower clustering and direction reconstruction
algorithm is not yet perfectly functioning.

The accurate dE/dx reconstruction for particle tracks is important for measuring
the total energy of stopping particles and for particle identification. Stopping muons
proves to be invaluable as a calibration source for LArTPCs due to their well-
understood energy loss in liquid argon. To convert charge per unit length (dQ/dx)
to particle energy loss per unit length (dE/dx), a calibration constant is determined.
In this study, a calibration constant Ccal = (5.469± 0.003)× 10−3ADC× tick/e is
derived for the DUNE FD using the modified box model method, translating dQ/dx
to dE/dx for stopping muon tracks as described in Equation 8.4. Additionally,
a method for establishing the absolute energy scale was developed, enabling an
accurate translation of dQ/dx to dE/dx for stopping muons. This absolute energy
scale was successfully applied to other particles, such as pions and protons, showing
good agreement between the measured most probable dE/dx and the theoretical
prediction from the Landau-Vavilov theory. A comprehensive comparison was
conducted for muons, pions, and protons with theoretical values, considering various
quantities such as kinetic energy, residual range, and p/m. The consistent value for
p/m across different particle types highlights the independence of the momentum-
to-mass ratio from particle type, validating the calibration method. This study
demonstrates the versatility of the calibration technique, applicable to LArTPC
and valid for all particle species.

The above-mentioned work carried out in this thesis has a significant and mul-
tifaceted impact on the DUNE experiment, both currently and in the future. A
fundamental understanding of cosmic-ray muons and their interactions in liquid
argon, particularly in the DUNE FD, plays a crucial role in enhancing the precision
and accuracy of DUNE’s neutrino experiments. The study of cosmic-muon rates
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and the secondary particles produced in the DUNE FD will aid various research
areas, such as detector calibration. Cosmic-ray muons are beneficial for calibration,
and certain classes of muon-induced events may serve as significant backgrounds
for DUNE’s physics analyses, especially in the search for proton decay. The de-
velopment of reconstruction algorithms for cosmic-ray muon events will support
the use of specific algorithms tailored to different analyses within DUNE. Further-
more, identifying issues in track and shower reconstruction will assist the DUNE
reconstruction group in improving particle reconstruction techniques.

In DUNE, accurately identifying the type of interacting neutrino is only one
aspect of the measurement process. Constructing a precise picture of neutrino
oscillation parameters requires determining the energy of incoming particles with
high accuracy. Neutral pions are produced in neutrino interactions in the DUNE
FD. Energy reconstruction of electromagnetic showers is essential for accurately
reconstructing the π0 mass. Electromagnetic showers, a primary component of
particle interactions in DUNE, require ongoing study in their reconstruction and
characterisation. This research is vital for the classification of neutrino-induced
interactions. As a crucial piece of the oscillation puzzle, it will ultimately aid DUNE
in answering some of the most outstanding questions in particle physics.

Two energy calibration techniques have been developed for the DUNE FD,
with the absolute energy calibration technique showing superior agreement with
theoretical predictions and independence from modelling or parameters from other
experiments. This advantage allows for precise calibration of the DUNE LArTPC
detector. The versatility of this calibration technique means it can be adopted in
other LArTPC experiments, such as ProtoDUNE. This capability will play a crucial
role in making precise physics measurements at DUNE, such as determining the
extent of CP violation in the neutrino sector, which requires accurate reconstruction
of particle energies and other kinematic quantities.
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Appendix A

Neutrinos

A.1 Neutrinos oscillation probability

The oscillation probability in Equation 2.58 can be written as

Pνα→νβ(L,E) =
∑
k,j

U∗
αkUβkUαjU

∗
βj exp

(
−i

∆m2
kjL

2E

)

=
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∗
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∗
βk +

∑
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U∗
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∗
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kjL

2E

)
(A.1)

The Euler’s formula is given as

e−iA = cosA− i sinA,

= 1− 2 sin2(A/2)− i sinA.
(A.2)
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Using Equation A.2, Equation A.1 can be expressed as

Pνα→νβ(L,E) =
∑

k
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(A.3)

Simplifying P1 and P2 terms together of Equation A.3

P1 + P2 =
∑

k
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(A.4)

The unitary matrix can be written as

U =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3
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e1 U∗
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Since unitary matrix satisfy the condition UU † = U †U = I, I is a 3 × 3 unity
matrix;
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Equating the matrix elements of Equation A.7, we get

∑
k

UαkU
∗
βk =

1, if α = β,

0, if α ̸= β.

= δαβ.

(A.8)

where δαβ is a Kronecker delta function.
Similarly,

U †U =


∑

α U
∗
α1Uα1

∑
α U

∗
α1Uα2

∑
α U

∗
α1Uα3∑

α U
∗
α2Uα1

∑
α U

∗
α2Uα2

∑
α U

∗
α2Uα3∑

α U
∗
α3Uα1

∑
α U

∗
α3Uα2

∑
α U

∗
α3Uα3

 =


1 0 0
0 1 0
0 0 1

 (A.9)

Equating the matrix elements of Equation A.9, we get

∑
α

U∗
αkUαj =

1, if j = k,

0, if j ̸= k.

= δjk.

(A.10)

where δjk is a Kronecker delta function.

From Equation A.8 and Equation A.4

P1 + P2 = δαβ. (A.11)
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Now, simplifying the term P3 of Equation A.3:
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Now, simplifying the term P4 of Equation A.3:
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=
∑
k>j

U∗
αkUβkUαjU

∗
βj sin

(
∆m2

kjL

2E

)
−
∑
k>j

U∗
αjUβjUαkU

∗
βk sin

(
∆m2

kjL

2E

)

(since sin x is an odd function: sin(∆m2
kjL/2E) = − sin(∆m2

jkL/2E))

=
∑
k>j

sin
(

∆m2
kjL

2E

)(
U∗
αkUβkUαjU

∗
βj − U∗

αjUβjUαkU
∗
βk

)

=
∑
k>j

sin
(

∆m2
kjL

2E

)(
U∗
αkUβkUαjU

∗
βj − UαkU

∗
βkU

∗
αjUβj

)

=
∑
k>j

sin
(

∆m2
kjL

2E

) [
U∗
αkUβkUαjU

∗
βj −

(
U∗
αkUβkUαjU

∗
βj

)∗]
(using relation: Im(z) = (z − z∗)/2i,

where z is a complex number and Im(z) is imaginary part of z)

= 2i
∑
k>j

Im(U∗
αkUβkUαjU

∗
βj) sin

(
∆m2

kjL

2E

)
.

(A.13)
From Equations A.11, A.12, and A.13, Equation A.3 can take the form

Pνα→νβ(L,E) = δαβ − 2× 2
∑
k>j

Re
[
U∗
αkUβkUαjU

∗
βj

]
sin2

(
∆m2

kjL

4E

)

− i× 2i
∑
k>j

Im
[
U∗
αkUβkUαjU

∗
βj

]
sin

(
∆m2

kjL

2E

)
.

(A.14)

Hence, the final expression of neutrino oscillation probability to observe flavour νβ

from να can be written as

Pνα→νβ(L,E) = δαβ − 4
∑
k>j

Re
[
U∗
αkUβkUαjU

∗
βj

]
sin2

(
∆m2

kjL

4E

)

+ 2
∑
k>j

Im
[
U∗
αkUβkUαjU

∗
βj

]
sin

(
∆m2

kjL

2E

)
.

(A.15)
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