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Abstract

Neutrinos are elementary particles with many properties still unknown. Their masses so far have only
upper and lower limits. Still, due to neutrino oscillations, it is clear that they are not massless, as stated by
the Standard Model of Elementary Particles. Neutrinos are also present in the Universe in vast amounts,
but they rarely interact with the surrounding matter. Their abundance makes them very interesting for
many theories beyond the Standard Model, e.g., dark matter searches and charge-parity symmetry vi-
olation in the leptonic sector, which could be (partially) responsible for the observed matter-antimatter
asymmetry in today’s Universe.
The Deep Underground Neutrino Experiment (DUNE) is a next-generation accelerator-based neutrino
oscillation experiment that will study neutrinos with unprecedented precision and may answer many
open questions. DUNE uses a powerful neutrino beam from Fermilab. It consists of a Near Detector
complex to measure neutrinos before oscillation, and a Far Detector complex 1300 km away to measure
them after oscillation. As part of the Near Detector complex, measurements are also possible with dif-
ferent angles to the neutrino beam. This enables excellent control of systematic uncertainties of e.g.,
neutrino cross section measurements.
One detector in the near detector complex is The Muon Spectrometer, an extension of a Liquid Argon
detector that measures the charge and momentum of muons produced in neutrino interactions within
the Liquid Argon. The design of this detector, which consists of alternating layers of steel and plastic
scintillator bars, must be optimized for the expected muon energies.
In this thesis, a study of the optimal module orientation plan is presented, which is necessary for the
physics performance of the near detector complex and, by extension, DUNE. As part of this study, the
event reconstruction was also developed and improved. Simulated muons are then reconstructed, and
the performance of different module orientation plans is tested.
As a second part, a study of neutron and gamma tagging using a pulse shape discrimination plastic
scintillator is presented. The properties of this material allow particle differentiation based on the tem-
poral distribution of emitted light. A novel approach to using the individual light signals was successfully
tested using data from a small, local test setup.
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1 Introduction

This chapter provides an overview of neutrinos: how they were discovered, the solar and atmospheric

neutrino problems that led to the discovery of neutrino oscillation, details of neutrino oscillation, and

how neutrinos interact with matter. Also, the kinematics of charged pion decays and their e�ect on neu-

trino energies are discussed. Finally, an overview of the di�erent energy-loss mechanisms for charged

particles is provided.

1.1 The Standard Model and Weak Interaction

The Standard Model, shown in Figure 1, describes the interactions of elementary particles via the strong,

weak, and electromagnetic forces. It was developed in the 1960s by Sheldon Glashow [1], Steven Wein-

berg [2], and Abdus Salam [3], among others.

Figure 1: Sketch of the Standard Model of Particle Physics with connections for possible interactions

The elementary particles are grouped into the fermions, with half spins, and bosons, with integer spins.

Fermions come in two types: quarks and leptons, each with three generations. From lightest to heaviest,

the quarks are the up and down quarks in the �rst mass generation, the strange and charm quarks in

the second, and the bottom and top quarks in the third generation. The leptons are, again from lightest

to heaviest, the electron, the muon, and the tau. Each of these leptons has a corresponding neutrino;

more on them in the following Section.

The bosons consist of the gauge bosons with spin 1 and a scalar boson with spin 0. The gauge bosons

of the strong interaction are the gluons, which have 8 di�erent colors. The gauge boson of the elec-

tromagnetic interaction is the photon. The weak-interaction bosons are the W� for the charged-current

(CC) and the Z0 for the neutral-current (NC). The scalar boson is the Higgs boson and is responsible for

the masses of the gauge bosons of the weak interaction and the fermions.

The electromagnetic and weak interactions have been uni�ed into the electroweak interaction with a

SU(2) � U(1) symmetry. The SU(2) group is for the weak interaction. It corresponds to interactions with

the weak gauge bosons W� and Z01. The U(1) group describes the electromagnetic interaction and in-

teractions with photons. Only left-handed, where the direction of the spin and motion are opposite,

neutrinos participate in weak interactions and, therefore, are the only ones described in the Standard

Model so far. The leptons are therefore grouped into left-handed doublets

 
� e

e

!

L

,

 
� �

�

!

L

,

 
� �

�

!

L

and right-handed, where the direction of the spin and motion are the same, singlets eR , � R , � R.

1The W� and Z0 bosons do not directly relate to the SU(2) group, as there is no exact SU(2) after symmetry breaking. The bosons
are states after the symmetry breaking, though.
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The Lagrangian of the electroweak interaction, for an example of only electron and electron-neutrino, is

L =e � �e
 � QeeA�

�
e

cos � W sin � W
� [ge

L�eL
 � eL + ge
R�eR
 � eR + g�

L ��
 � � ] � Z�

�
e

p
2 sin � W

[��
 � eLW+
� + �eL
 � � W�

� ]

(1)

with the left- and right-handed couplings of the fermion gL = I3 � Qsin2 � W and gR = � Qsin2 � W.

The �rst line in the Lagrangian describes the coupling of the electron to the photon, the second line of

both leptons to the Z0 boson, and the third line of both leptons to the W� bosons. Here, g = e=sin � W

is the weak coupling constant, e is the electromagnetic coupling constant, 
 � the 
 -matrices, A� is the

photon, � W is the Weinberg or weak mixing angle, I3 is the third component of the weak isospin, and Q

is the electric charge of the electron.

Even though neutrinos are considered massless in the Standard Model, it was proven experimentally

via the detection of neutrino oscillation that neutrinos have non-zero masses. Neutrino masses can be

introduced into the Standard Model in the same way as for quarks, using the conjugate Higgs doublet.

The gauge invariant Dirac mass term would then be L D = � mD( �� R� L + �� L� R), after spontaneous symme-

try breaking. Right-handed neutrinos would only interact gravitationally if this is the origin of neutrino

masses.

Another way to add neutrino masses into the Lagrangian is possible without breaking the gauge invari-

ance of the Standard Model. For this, only right-handed neutrinos and left-handed antineutrinos are

added to the Lagrangian with the left-handed antineutrinos as the charge-parity (CP) conjugate �eld for

the right-handed neutrinos � c
R. The Majorana mass term would then be L M = � 1=2M( �� c

R� R + �� R� c
R). As

this provides a direct coupling between a particle and an antiparticle, this would only be possible if neu-

trinos are their own antiparticles and violate the lepton number conservation, referred to as Majorana

neutrinos [4]. Currently, it is still unclear whether neutrinos are Dirac or Majorana particles, and many

experiments are aiming to answer this question.

1.2 Neutrinos

1.2.1 Historic Introduction to Neutrinos and Neutrino Oscillation

1.2.1.1 The Discovery of the Neutrino

Neutrinos are uncharged leptons and only interact via the weak interaction and gravity, and come in

three di�erent �avors: electron-neutrinos ( � e), muon-neutrinos ( � � ), and tau-neutrinos ( � � ) [4]. These

�avors are also called the weak eigenstates, as they are associated with the charged leptons e, � , and � .

Neutrinos were �rst postulated by Pauli after observing the non-discrete electron energy spectrum of

beta decays [5]. The �rst, although indirect, evidence for the existence of neutrinos came from an elec-

tron capture measurement in 37Ar atoms in 1952 [6]. In a nuclear recoil experiment, the interaction
37Ar + e� ! 37Cl + � e + 816 keV showed a recoil of the produced 37Cl nucleus, only explicable with the

existence of neutrinos.

The direct discovery of neutrinos was made later using the inverse beta decay �� e + p ! e+ + n, shown in

Figure 2, with a kinematic threshold of 1.8 MeV with the Cowan-Reines neutrino experiment in 1955/6 [7].

A nuclear reactor served as the source of antineutrinos. The positron emitted in the interaction could be

measured promptly via the annihilation, and the production of two photons with 511 keV. The neutron

was detected with a delay, with the neutron captured on 113Cd producing gamma signals.

That neutrinos come in di�erent �avors was only discovered in 1962 with the Alternating Gradient Syn-

chrotron (AGS) experiment and the discovery of the muon-neutrino [9]. Using neutrinos created in proton

collisions with a 4Be target, the rates of muons and electrons, produced in the subsequent neutrino in-
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Figure 2: The inverse beta decay reaction of the anti-electron neutrino. The neutron in the picture is
captured by a proton, producing a gamma signal of 2.2 MeV (credit: [8])

teractions � � + n ! � � + p and � � + n ! e� + p, would be identical if neutrinos did not have di�erent

�avors. Therefore, the rates of muons and electrons, detected and identi�ed with a spark chamber, were

measured and found to di�er, proving the existence of electron- and muon-neutrino �avors.

The existence of the tau-neutrino �avor could be determined indirectly with the Z0 resonance measure-

ment with the Large Electron-Positron Collider (LEP) in 1990 [10]. The width of the resonance � Z is the

sum of the widths of all di�erent decay modes of the Z0 boson � Z = � had + � inv + 3� l . A precise mea-

surement of the total width, therefore, allowed for the determination of the width of the invisible decay

mode � inv = N� � � into neutrinos under the assumption of lepton universality. This then allowed for the

calculation of the number of light ( m� < mZ=2) active neutrinos. The experimentally obtained resonance

width of N� = 2.9841 � 0.0083 agreed perfectly with the N� = 3 hypothesis, proving the existence of three

active light neutrino �avors.

1.2.1.2 The Solar Neutrino Problem

Electron neutrinos are produced in large quantities during nuclear fusion in the Sun. Many di�erent

fusion processes produce neutrinos, with the dominant one being the pp chain ( 99%) (see Figure 7 and

discussed in detail in Section 1.2.2.3). In the �rst step of this, two protons (or positively charged hydrogen

atoms) fuse to build a deuterium nucleus and also produce a positron and an electron-neutrino.

The Homestake experiment [11] was designed to measure the neutrino �ux from the Sun. The experi-

ment was conducted by R. Davis in the 1960s and used a tank containing 380 m 3 of tetrachloroethylene

(C2Cl4). The electron-neutrinos were interacting, above the energy threshold of 814 keV, with 37Cl and

producing 37Ar along with electrons in the interaction � e +37 Cl ! e� +37 Ar. The measured �ux, deter-

mined from the number of 37Ar atoms, was only about a third of the expected neutrino �ux [12]. This

di�erence became known as the 'solar neutrino problem' [4].

Later on, the Superkamiokande [13] and Sudbury Neutrino Observatory (SNO) [14] experiments also

measured the solar neutrino �ux via di�erent processes: elastic scattering on electrons ( � ee� ! � ee� )

for Superkamiokande with a detection of the electrons, and � e charged-current (CC) and � l neutral-current

(NC) weak interactions on deuterons for SNO. The respective interactions are shown in Figures 3 and 4.

Both detectors use the Cherenkov e�ect in water to detect the leptons produced in the neutrino in-

teractions via the inverse beta decay. The detection threshold in both Superkamiokande (a pure Water-

Cherenkov detector) and SNO (a pure heavy Water-Cherenkov detector) was about 5 MeV. Water-Cherenkov

detectors also allow measurement of the direction of the original neutrino and, compared to the Home-

stake experiment, where the number of 37Ar atoms produced by neutrino interactions was determined

every few weeks, provide real-time measurements.

While Superkamiokande con�rmed the de�cit of solar electron-neutrinos, SNO was also able to measure

the other neutrino �avors and found the expected neutrino �ux to be correct when also considering the
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� � and � � �uxes from the NC interactions. SNO's measurement was consistent with the theoretical expec-

tation, but rather than consisting solely of electron-neutrinos, the other two �avors also have signi�cant

components. These di�erent �avors cannot be produced in the nuclear fusion processes, which provided

clear evidence for neutrino �avor transformations.

1.2.1.3 The Atmospheric Neutrino Problem

With the solar neutrino problem solved, a new problem was discovered, this time for atmospheric neu-

trinos (see more details in Section 1.2.2.4). The Superkamiokande experiment, among others, measured

the �uxes of muon-neutrinos and electron-neutrinos and compared their ratio. The expected ratio was

2 : 1 for � � against � e from charged pion decays (more details on this in Section 1.2.2.4) into a muon and

a muon-neutrino ( � + ! � + + � � ) and the subsequent muon decay into an electron along with neutrinos

of both �avors ( � + ! e+ + �� � + � e). For neutrinos originating from directly above the experiment, this

expected ratio was found to hold for energies below 1 GeV; for neutrinos from the opposite side of the

Earth, on the other hand, this ratio was not con�rmed. Here, a de�cit in � � was measured, which was

consistent with a transformation into the hard-to-measure � � [15]. The measurements also showed a

dependence of the transformation on both the neutrino's energy and path length. This provided clear

evidence that the �avor transformation was due to neutrino oscillation between di�erent �avors [4].

The observation of �avor transformation also demonstrated that neutrinos have mass [4]. The �avor os-

cillation is possible only with phase di�erences arising from mass di�erences between the states. Mass

di�erences cannot exist with only massless ( m = 0) particles; therefore, some neutrino �avors must be

massive.

Figure 3: The two Feynman diagrams contributing to � ee� ! � ee� scattering, as detected in Su-
perkamiokande [4]

Figure 4: The Feynman diagrams contributing to the � e CC and � l NC weak interactions with the deuteron
in SNO [4]
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1.2.2 Neutrino Oscillation

While the weak eigenstates of neutrinos appear during weak interactions, neutrinos propagate in the

mass eigenstates � 1, � 2, � 3 [4]. The weak eigenstates j� � i , � = e, � , � , are linear combinations of the mass

eigenstates j� i i , i = 1, 2, 3

j� � i =
nX

i=1

U�
� i j� i i

with U as the unitary mixing matrix, analogous to the CKM matrix in the quark sector [16]. U is given by

Equation 2, where cij = cos � ij , sij = sin � ij , � = � CP.

UPMNS =

0

B
@

Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

1

C
A =

0

B
@

c12c13 s12s13 s13e� i�

� s12c13 � c12s13s23ei� c12c23 � s12s13s23ei� c13s23

s12s23 � c12s13c23ei� � c12s23 � s12s13c23ei� c13c23

1

C
A � diag(ei� 1 , ei� 2 , 1)

(2)

The � ij are the mixing angles � 12, � 23, and � 13 between the neutrino eigenstates. Only if neutrinos are

Majorana particles, insinuating that they are their own antiparticles, do the phases � 1 and � 2 exist. These

are irrelevant for oscillation and matter e�ects, though, because oscillation experiments are not sensitive

to them. In the Dirac case, where neutrinos are not their own antiparticles, the Majorana phases ( � 1 and

� 2) can be absorbed in the wave functions. For values of the phase � unequal to 0 or � , the mixing matrix

is complex and charge-parity-invariance is violated in the lepton sector [17]. The mixing matrix is usually

referred to as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.

The PMNS matrix can also be parametrized as in Equation 3, where the �rst matrix describes mixing for

long-baseline or atmospheric neutrinos, the second for short-baseline reactor neutrinos, the third for

long-baseline reactor neutrinos, and the fourth matrix only for the Majorana case.

UPMNS =

0

B
@

1 0 0

0 c23 s23

0 � s23 c23

1

C
A �

0

B
@

c13 0 s13e� i�

0 1 0

� s13ei� 0 c13

1

C
A �

0

B
@

c12 s12 0

� s12 c12 0

0 0 1

1

C
A �

0

B
@

ei� 1=2 0 0

0 ei� 2=2 0

0 0 1

1

C
A (3)

As the masses of the di�erent mass eigenstates are di�erent, proven by the existence of neutrino oscil-

lation, phase di�erences arise between the di�erent linear components until they interact and collapse

into a weak eigenstate, producing an observable charged lepton of the corresponding �avor. This lepton,

produced in the second interaction, can then have a di�erent �avor than the corresponding lepton from

the initial weak neutrino eigenstate at the time of production.

For neutrino propagation in vacuum, the oscillation probability P�� from weak eigenstate � to weak

eigenstate � can be calculated from the time evolution of the mass eigenstates
�
�� � (~x, t)

�
=

P n
i=1 U�

� 1 j� i i e� i� i

with � i = pi � xi = (Ei t � ~pi � ~x) as shown in Equation 4 [16].

P�� = j


� �

�
� � � (~x, t)

�
j2 = � �� � 4

nX

i< j

Re[U� iU
�
� iU

�
� jU� j] sin 2 Xij + 2

nX

i< j

Im[ U� iU
�
� iU

�
� jU� j] sin 2 Xij (4)

Xij =
(m2

i � m2
j )L

4E
= 1.267� m2

ij [eV2]
L[m]

E[MeV]
(5)

For the example of oscillation from muon-neutrinos to electron-neutrinos, the probability

P(� � ! � e) � sin2 2� 13 sin2 � 23 sin2 (1.267� m2
23[eV2]

L[m]
E[MeV]

)

in leading order.

An example for the oscillation probability of muon-neutrinos is shown in Figure 5 2.

2The values for the mixing parameters used to calculate the probabilities are di�erent than the ones given in Table 1.
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Figure 5: Muon neutrino oscillation probability. The blue line refers to muon neutrinos, the red line to
tau neutrinos, and the black line to electron neutrinos. (credit: [18])

1.2.2.1 Neutrino Mass Ordering

For the Standard Model case of massless neutrinos, neutrino oscillation cannot occur as the terms are

dependent on the mass di�erence � m2
ij . Since oscillation has been observed, neutrinos must have a

mass, albeit small. Oscillation experiments are sensitive only to the squared mass di�erence and there-

fore cannot determine the actual neutrino mass.

The two di�erent mass-squared di�erences, though, can and have been measured. The values are shown

in Table 1, along with the current measured mixing angles. The two mass-squared di�erences allow for

two distinct neutrino mass orderings, as shown in Figure 6. For � m2
31, � m2

32 > 0, the mass ordering is

called 'normal' with m2
1 < m2

2 < m2
3. In the case of � m2

31, � m2
32 < 0, the mass ordering is called 'inverted'

with m2
3 < m2

1 < m2
2. Currently, there is no strong preference for either mass ordering [19].

Figure 6: Diagram showing the normal and inverted mass ordering (credit: [20])

1.2.2.2 Neutrino Oscillation in Matter

For neutrino propagation in matter, the dense medium a�ects the neutrino phase velocity, due to inelas-

tic scattering with the nuclei and coherent or forward scattering in the matter [16]. This e�ect is also
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dependent on the speci�c neutrino �avor. The e�ective potential at point x, with the electron density

ne(x) and the Fermi constant GF is

V = diag(�
p

2GFne(x), 0, 0)

with + for neutrinos and � for antineutrinos. This potential changes the oscillation probability in the

chosen example of oscillation from muon-neutrinos to electron-neutrinos in the �rst order, as shown in

Equation 6 [17].

P(� � ! � e) � sin2 � 23 sin2 2� 13
sin2 (� 31 � aL)

(� 31 � aL)2
� 2

31

+ sin 2� 23 sin � 13 sin 2� 12
sin (� 31 � aL)

(� 31 � aL)
� 31

sin aL
aL

� 21 cos (� 31 + � CP)

+ cos2 � 23 sin2 2� 21
sin2 aL
(aL)2

� 2
21

(6)

where � ij = � m2
ij L[km] =4E� [GeV] and a = GFne(x)=

p
2.

sin2 � 12 0.307+0.013
� 0.012

� m2
21 (7.53 � 0.18) � 10� 5 eV2

sin2 � 23 0.553+0.016
� 0.024 (inverted) 0.558+0.015

� 0.021 (normal)

� m2
32 (� 2.529 � 0.029) � 10� 3 eV2 (inverted) (2.455 � 0.028) � 10� 3 eV2 (normal)

sin2 � 13 (2.19 � 0.07) � 10� 2

Table 1: Current values for the neutrino mixing parameters [21]

1.2.2.3 Solar Neutrinos

As mentioned before, the Sun produces electron-neutrinos in its fusion processes. These occur mainly

in the core and can be categorized into two main types: the pp chain and the CNO cycle. The pp chain

is dominant for light(er) stars and produces about 99% of our Sun's energy. The CNO cycle, on the other

hand, is dominant for heavier stars and makes less than 1% of our Sun's energy [22].

The pp chain and CNO cycle are depicted in Figure 7 and their respective neutrino energies in Figure 8.

The energies of solar neutrinos depend on the speci�c fusion process and range up to about 11 MeV for

the 8B (shown in green) and Hep (shown in gray) processes.

The baseline for solar neutrinos is the distance between the Sun and Earth, which is given by the astro-

nomical unit 1 AU � 1.5 � 108 km [16]. With this baseline and these energies, solar neutrinos can be used

to study the oscillation parameters j� m2
21 j and � 21. They can also be used to study the metallicity of the

Sun, with di�erent models of the Sun's metallic 3 content predicting di�erent neutrino �uxes. A higher

metallicity of the Sun implies more neutrinos from the CNO cycle due to a higher abundance of these

elements. A lower metallicity has a higher abundance of Hydrogen and Helium, with more neutrinos

from the pp chain. The neutrinos produced in fusion reactions also provide proof that nuclear fusion ac-

tually occurs in the Sun and can be used to test energy production and loss mechanisms by comparing

the optical and neutrino luminosities, as they escape promptly from the dense core, unlike photons. For

photons, it takes � 105 yrs to escape.

Using the matter density of the Sun, matter e�ects such as the Mikheyev-Smirnow-Wolfenstein (MSW)

e�ect (see [16] for details) can also be studied and con�rmed. These e�ects also allow studies for new

physics, especially in the transition region of Pee where sterile (meaning non-active) neutrinos could be

observed [22].

3Metals are considered all elements with a higher atomic number than Helium.
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Figure 7: Neutrinos from the pp chain (pp, pep, hep, 7Be, and 8B) and CNO cycle [22]

Figure 8: Energy spectrum of solar neutrinos of the di�erent fusion processes in the Sun [22]

1.2.2.4 Atmospheric Neutrinos

Atmospheric neutrinos originate, as solar neutrinos, from space, but in this case, only indirectly. Cosmic

rays, originating from galactic and extragalactic sources, can interact with nuclei in Earth's atmosphere

and produce muons through the subsequent decay of the produced charged pions � � ! � � + � � =�� � . In

addition, atmospheric neutrinos can be � e from the subsequent muon decay. A sketch of the neutrino

production in cosmic ray interactions can be seen in Figure 9.

The neutrino energy is usually low with E� < 1 GeV, but can be very high as well in rare cases. The energy

range is therefore 0.1 � 100, 000 GeV [24]. Atmospheric neutrinos are usually produced at the top of the

atmosphere, but as they can traverse the Earth fully as well, the baseline is between 10 and 10, 000 km .

With these energies and baselines, atmospheric neutrinos can be used for measurement of the mass

di�erence j� m2
32 j, the mixing angle � 23, the sign of this mass di�erence ( sign(� m2

32)), as well as the angle

� CP.

1.2.2.5 Reactor Neutrinos

In �ssion reactions, anti-electron-neutrinos are produced in � -decays. This occurs in large numbers in
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Figure 9: Production of a cosmic-ray extensive air shower [23] creating atmospheric neutrinos

nuclear reactors, hence these anti-electron-neutrinos are referred to as reactor neutrinos. The primary

elements used in the reactors are 235U, 238U, 239Pu, and 241Pu. Each �ssion reaction releases 6�� e, which

makes reactors the strongest neutrino source on Earth. Their energies, on the other hand, are on the

lower side with 2 MeV as the energy threshold for detection and up to 10 MeV [25], as shown in Figure

10.

Figure 10: The �� e energy spectra for 235U, 238U, 239Pu, and 241Pu�ssions. The inverse beta decay threshold
for detection is marked by the vertical line (credit: [26])

The baseline for measurement of reactor neutrinos can be freely chosen 4 and is therefore tunable to the

'use'-case. There are experiments with very short baselines of less than 500 m , which usually look for

the existence of sterile neutrinos [27], short baselines of 1 � 2 km for the study of � 13 [25], and longer

baselines of 50 � 60 km for the study of the mass ordering [28] and 260 km for the study of � m2
12 [29].

4Legal implications have to be considered, though.
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Especially the determination whether � 13 6= 0 is important in light of the study of the neutrino mass

ordering and CP violation [25].

In addition to these, reactor neutrinos could also be used to study � 12, j� m2
32 j, and the sign of this mass

di�erence ( sign(� m2
32)) [28].

1.2.2.6 Accelerator Neutrinos

Neutrinos from accelerators o�er precise knowledge of energy and baseline, as both can be freely cho-

sen and tuned to the speci�c needs of an experiment. Accelerator neutrinos are produced in proton

collisions and the subsequent � � decays (more details on this in Section 2.2.1). The resulting neutrinos

are predominantly � � .

With accelerator neutrinos � 13, � 23, j� m2
32 j, sign(� m2

32), and � CP can be studied.

1.2.3 CP Violation in Neutrino Oscillation

The charge-parity (CP) violation in the leptonic sector, for � CP 6= 0, � , could be observed in the comparison

of the oscillation processes � � ! � e and �� � ! �� e. For this case, however, both � CP and a = GFne(x)=
p

2

change their signs, meaning that both the CP violation as well as the matter e�ect play a role in an ob-

served di�erence of the two processes. The asymmetry from the matter e�ect increases with baselines,

making experiments with longer baselines more sensitive to neutrino mass ordering. For baselines be-

yond 1200 km the degeneracy between CP violation e�ects and matter e�ects can be resolved [17].

The impact of the CP violation in the leptonic sector can be expressed by the Jarlskog invariant [30]

JPMNS
CP � Im(U� 3U�

e3Ue2U�
� 2) =

1
8

sin 2� 12 sin 2� 13 sin 2� 23 cos � 13 sin � CP

which is 0.033 sin � CP with current values for the oscillations � � ! � e and �� � ! �� e, hinting at CP violation

due to the value not being 0.

CP violation would be an important process to explain the matter-antimatter asymmetry from big bang

nucleosynthesis [17], according to the Sakharov conditions:

ˆ lepton or baryon number violation

ˆ charge and charge-parity violation

ˆ interactions out-of-equilibrium

The �rst condition could be satis�ed in the presence of right-handed neutrino Majorana masses, and

the third by the expansion of the Universe. CP violation in the leptonic sector could then generate the

matter-antimatter asymmetry through leptogenesis [30].

1.2.4 Neutrino Interactions

To detect neutrinos, they must interact with matter, producing a particle signal that detectors can mea-

sure. The most important 5 interactions for this (analog for antineutrinos) are shown in Figure 11.

For the CC interactions, the resulting lepton can be detected. 6 In some cases and depending on the en-

ergy of the neutrino, though, as shown in Figure 13, other interaction types (deep-inelastic scattering

(DIS), resonance � production (RES)) than the quasi-elastic (QE) scattering can also occur, which may re-

sult in additional �nal state particles, as seen in Figure 14.

Quasi-elastic (QE) scattering is the interaction between a neutrino and a nucleon (proton or neutron)

5For the DUNE case, see the next chapter.
6The for CC interactions newly produced quark in CC interactions can, in some cases, be detected as either a new proton or

neutron. These can be emitted or stay in the nucleus.
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(a) CC ond (b) CC on �u (c) NC

Figure 11: The Feynman diagrams for CC and NC neutrino interactions in matter [4]

within a nucleus, exchanging a W boson as shown in Figures 11a or 11b. The energy for QE (at the max-

imum of the distribution, see Figure 13) is not high enough to probe the internal structure of nucleons

and nuclei. Deep-inelastic scattering (DIS), on the other hand, involves high-energy neutrinos that have

enough energy to probe these structures. The resonant � production is a process where a higher-energy

neutrino excites the nucleon to a higher-energy state, which then decays subsequently. This process is

shown in Figure 12.

Figure 12: Feynman diagram of a resonance � production interaction

For these higher-energy interaction types, nuclear e�ects also come into play, along with Fermi motion

within the nucleus, since �nal-state interactions usually occur there. Therefore, they are very hard to re-

construct fully. Consequently, also charged and neutral pions, neutrons, protons, etc. can be produced

and detected in the �nal state. Hence, it is not always immediately apparent which neutrino interaction

occurred, making it di�cult to determine the initial neutrino energy. The initial neutrino energy is essen-

tial for calculating the oscillation probability because of the di�erent possible interactions. More details

on this can be found in the next chapter.

1.3 Kinematics of Pion Decays and O�-Axis Neutrino Beams

Neutrinos produced in charged pion decays follow the kinematics of this decay. The � + decay is a two-

body decay resulting in an anti-muon and a muon-neutrino (analog for a � � decay), as shown in Figure

15.

The muon and the neutrino conserve the four-momentum of the pion p � = (m� , 0, 0, 0) at rest 7. The

7The rest frame is indicated by a �
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Figure 13: Neutrino cross section as a function of the neutrino energy (credit: [31])

Figure 14: Schematic diagram for reaction involving �nal state interactions

corresponding neutrino momentum is p � = (E�
� , E�

� sin � � , 0, E�
� cos � � ) for a movement of the pion along

the z-axis in the lab frame. Boosting the neutrino's momentum from the rest to the lab frame yields

p � = (
 � E�
� (1 + � cos � � ),E�

� sin � � , 0, 
 � E�
� (� + cos � � )). From components 1 and 3, the relation for the angle

� between the neutrino and the pion in the lab frame accounts to

tan � =
E�

� sin � �


 E�
� (� + cos � � )

� E�
� sin � � =E�

for ultra-relativistic neutrinos and 
 � = E� =m� � 1.

Therefore, the neutrino angle in the lab frame depends on the neutrino energy in the pion rest frame

and, of course, the pion energy.

For many pions together, this results in a neutrino �ux with increasingly monochromatic energy for in-

creasing angle relative to the 'beam' axis. The neutrino energy peak narrows and moves to lower energies

for higher angles [32]. This behavior is demonstrated in Figure 16.
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Figure 15: Pion decay at rest on the left side and in motion on the right side

Figure 16: On the left is the neutrino energy as a function of the pion energy for di�erent angles relative
to the neutrino beam axis for the DUNE use-case. The right plot shows the corresponding
neutrino �ux spectra for the same four angles. [32]

1.4 Energy Loss of Particles Traveling Through Material

When particles interact with matter, they lose energy. The following sections will provide detailed de-

scriptions of the di�erent energy-loss mechanisms.

1.4.1 Charged Particles

Charged particles lose energy via ionization of the traversed material. This is an electromagnetic inter-

action with the atomic electrons. The energy loss from ionization for a given material can be calculated

with the Bethe-Bloch equation shown in Equation 7 [16].

h�
dE
dx

i = Kz2 Z
A

1
� 2

�
1
2

ln
�

2mec2� 2
 2Wmax

I2

�
� � 2 �

� (�
 )
2

�
(7)

This is called the mass stopping power and has a unit of MeVg � 1cm2. z is the charge number of the

incident particle, Z the atomic number of the absorber, A the atomic mass of the absorber in g mol � 1,

I the mean excitation energy, Wmax = 2mec2� 2
 2=(1 + 2
 me=M + (me=M)2) the maximum energy transfer

of a particle of mass M in a single collision, and � (�
 ) the density e�ect correction to the ionization loss.

K is 4� NAr2
emec2 with NA as Avogadro's number, re as the classical electron radius, and mec2 the electron

mass.

For an increased particle energy, the E �eld, created by the charged particle, �attens and extends, so

that the distant-collision contribution increases as ln (�
 ). Real materials, however, become polarized,

thereby limiting the �eld extension. In addition, the energy loss is higher for slower particles due to the

1=v2 (from 1=� 2) dependence [4].

Ionization energy loss is the dominant mechanism for muons.
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1.4.2 Special Case of Electrons and Photons

For electrons (and positrons), in addition to ionization, other energy-loss mechanisms come into play.

Ionization is the dominant process for low energetic electrons and positrons (alongside contributions

from Møller and Bhabha scattering, and e+ annihilation) until a material-dependent, critical energy Ec is

reached. Above this energy, the dominant energy loss mechanism is bremsstrahlung in the presence

of a nucleus [4, 16]. The critical energy is approximately Ec � 800=Z MeV, with Z as the charge of the

nucleus.

Bremsstrahlung is a process where an electron (or positron) radiates a photon in the electrostatic �eld

of the nucleus. The energy loss rate from bremsstrahlung is nearly proportional to the energy of the

electron (or positron), while the ionization energy loss rate, as mentioned before, is only logarithmically

dependent on the energy. The rate of this process is also inversely proportional to the squared mass of

the particle, which suppresses this mechanism for the heavier muons.

The radiation length X0 describes the average distance for the energy of electrons to be reduced by a

factor 1=e through bremsstrahlung, shown in Equation 8.

1
X0

= 4� r2
e

NA

A
f Z2[Lrad � f (Z)] + ZL0

rad g (8)

with A as the atomic mass of the absorber, � as the �ne structure constant, and tabulated values for Lrad

and L0
rad [16].

Low-energy photons lose energy primarily via the photoelectric e�ect, Rayleigh scattering, and photonu-

clear absorption [4,16]. For energies above � 1 MeV the dominant process becomes Compton scattering

(
 e� ! 
 e� ) and above � 10 MeV also pair production ( e� ) is possible in the presence of a nucleus. The

radiation length is about 7=9 of the mean free path for pair production [4].

For high-Z materials, the radiation length can be very short. For example, for iron it is only 1.76 cm [4].

Given that both electrons (and positrons) and photons can lose energy by producing the other, electro-

magnetic showers can occur in materials. These showers are started by the original particle producing

either a photon or e� , which then also loses energy as described above. This creates a cascade e�ect

that stops only when the energy of the produced and original particles falls below the critical energy.

This is usually the case after

xmax =
ln E=Ec

ln 2

radiation lengths [4]. An example of such a shower is shown in Figure 17.

Figure 17: The cascade of an electromagnetic shower where the number of particles roughly doubles
after each radiation length [4]
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2 Deep Underground Neutrino Experiment � DUNE

This chapter introduces the Deep Underground Neutrino Experiment along with its physics goals. The

neutrino beam production, the near detectors, and the far detectors are explained for the two planned

phases of the experiment. The di�erent near detectors are motivated and the separate physics goals are

described.

2.1 Introduction

2.1.1 Overview of DUNE

The Deep Underground Neutrino Experiment (DUNE) is a next-generation neutrino oscillation experi-

ment [33]. The predominantly muon-neutrinos are produced by the proton accelerator located at Fer-

milab, Illinois. They pass through the Near Detector (ND) complex and travel � 1300 km underground

to the Far Detector (FD) site at the Sanford Underground Research Facility (SURF), South Dakota. Along

this distance, the muon-neutrinos oscillate according to Section 1.2.2, allowing for the appearance of

electron-neutrinos in the FD. A sketch of DUNE is shown in Figure 18.

Figure 18: Sketch of the DUNE experiment with the neutrino beam traveling from Fermilab, Illinois, to
SURF, South Dakota [17]

The FD site will be placed approximately 1.5 km underground to shield the modules from cosmic muons.

The ND site will be located at Fermilab, Illinois, about 574 m from the neutrino beam source and 60 m

underground.

2.1.2 Physics Questions and Goals

One of the main goals DUNE wants to achieve is the observation of CP violation in the leptonic sector

and determination of � CP with at least 5� certainty. This requires extensive statistics and unprecedented

control of systematic uncertainties [17].

In addition to the measurement of � CP, DUNE will also perform a simultaneous measurement of the neu-

trino oscillation parameters � 13, � 23, � m2
31 and the octant of � 23 without using external constraints. The

goal here is to approach, e.g., � 13, the precision of reactor neutrino experiments such as Daya Bay [25]

and Jiangmen Underground Neutrino Observatory (JUNO) [28]. The precision measurement of the oscil-

lation parameters will be used to test the unitarity of the PMNS matrix, which could indicate Beyond the

Standard Model (BSM) physics if not true.

DUNE will also be able to determine the neutrino mass ordering with more than 5� certainty. This can

be done, even if there would be a degeneracy near maximum CP violation of � CP = � �= 2, for all possible

values of � CP within a relatively short time frame of a couple of years with the current beam time plan.
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Both CP violation and the neutrino mass ordering in�uence the oscillation probability, however, in di�er-

ent ways.

With the high level of precision that is achievable, DUNE is also sensitive to astrophysical neutrinos pro-

duced by potential Core-Collapse Supernova bursts as well as solar neutrinos produced in the fusion re-

actions in the Sun. The supernova neutrinos are predominantly � e with energies between 5 and 100 MeV

which have a relatively large cross section in the � e +40Ar ! e� +40K� process. This allows to test di�erent

Supernova (SN) models. Supernova neutrinos can also be used to limit the neutrino mass via time-of-

�ight measurements with the distance of the source to Earth as the oscillation baseline, as well as for

neutrino mass ordering measurements. With the excellent � e �avor sensitivity, DUNE can also probe the

neutrino component of the di�use supernova neutrino background. On the solar neutrino side, DUNE is

sensitive to neutrinos from 8B and hep processes within the Sun. The �rst enables a measurement of the

squared mass di�erence � m2
12 via the day-night 8 neutrino �ux asymmetry from solar neutrinos induced

by Earth's matter.

DUNE will also be able to detect � � via � decay �nal states [34]. In the FD � � would appear either via

oscillation from � � and enable constraint of the � elements of the PMNS matrix, or via anomalous e�ects

opening the door to BSM physics. The latter also applies to ND, as the baseline to the beam source is too

short for � � to appear from 'standard' neutrino oscillation, but could originate from oscillation of sterile

neutrinos.

2.1.3 Phase 1 and 2

DUNE will follow a staged construction plan, divided into two phases: Phase 1 and Phase 2. The average

beam power is planned to be 1.1 MW in the �rst year of operation and increase to 1.6 MW during the

second year with hardware upgrades [34]. The plan is to achieve 2.3 MW beam power after � 15 y of

operation with further hardware upgrades.

The far detector side will have two modules for the �rst three years, with a third added in year four

and another in year six. The two modules (three and four) added in Phase 2 are supposed to be fully

functional at the given times.

Phase 1 will use the systematic uncertainty constraints from the ND. Phase 2 will then begin after the

six years of Phase 1, and use the improved uncertainty limits obtained with new and upgraded detector

components.

The detector details of Phase 1 and the upgrades of Phase 2 will be discussed in the following sections.

The physics goals of Phase 1 are a subset of the full goals for DUNE, due to the di�erent capabilities of

DUNE in Phases 1 and 2. The neutrino mass ordering can still be determined with > 5� , while CP violation

can only be determined to 3� with near maximal mixing ( � � �= 2) values of � CP. Improvements to the

current uncertainties of � m2
32 and � 23 are also possible during Phase 1.

DUNE will be able to accumulate about 100 kt(LAr) � MW(beam power) � year data in �ve years which

corresponds to about 400 � e and 150 �� e candidates in the FD, which statistically limits the sensitivity to

the octant of � 23 and CP violation in a scenario with not the most favorable case. With the base beam

intensity of 1.1 � 1.6 MW and only the two FD modules planned for Phase 1, the required time to achieve

the necessary exposure would be 24 � 40 years. The achievable integrated exposure with Phase 1 and 2

can be seen in Figure 19.

Additional upgrades to the FD modules would also enable the detection of a higher number of � e events

with better pointing resolution and an increased sensitivity range to SN neutrinos, as well as enable the

study of the CNO cycle of the Sun. The latter allows for testing di�erent metallicity models. With a lower

visible energy detection threshold, MSW matter e�ects (see [16]) could be studied in the Sun.

8During the day, the neutrinos from the Sun can hit the detector directly. At night, on the other hand, the neutrinos from the
Sun have to travel through the Earth �rst to be detected.
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Figure 19: DUNE integrated exposure, in kt � MW � yr units, as a function of time. The integrated exposure
is built from the beam power and the FD mass staging assumptions [34]

2.2 Details of Phase 1

2.2.1 Neutrino Beam Production

In general, a neutrino beam is created by shooting protons from a proton accelerator onto a graphite

target, which produces predominantly charged pions. By employing magnetic horns, the sign of the

produced pions can be selected. The pions then decay in a decay tunnel into muons, producing neutrinos

(� � for � + and �� � for � � ) alongside muons. The muons and other particles are �ltered out of the beam

in a beam dump and subsequent rocks, leaving only the neutrinos traveling forward. A sketch of this

process is shown in Figure 20.

Figure 20: Sketch of muon neutrino beam production. On the left side enter protons from an accelerator
and hit a graphite target. The produced pions travel between sets of electromagnets, which
allows for a sign selection of the charged pions. They then enter a decay tunnel, where pions
decay into muons and neutrinos. The muons are �ltered out by the beam dump on the right
side, leaving only the neutrinos. (Credit: [35])

For DUNE, the neutrino beam is produced by the Fermilab accelerator complex using the proton accel-

erator with a 120 GeV proton beam [36, 37]. About 3 � 1013 protons are accelerated every 1.87 s. The

used graphite target is 95 cm long and the decay volume 194 m , �lled with Helium [38]. A three-horn
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con�guration will be used to focus the beam and select either positively or negatively charged pions.

Alongside pions, kaons are also produced in the graphite target. Both decay predominantly via � + !

� + + � � and K+ ! � + + � � (vice versa for negative charge). Subdominant decay modes of kaons produce a

background of � e among others.

2.2.2 Far Detector Complex

In Phase I, the far detector side consists of two modules of Liquid Argon TPC (LArTPC) [33]. One module

will use a horizontal drift approach, while the other uses a vertical drift approach. A visualization of the

FD site is shown in Figure 21.

Figure 21: Underground caverns for DUNE FD and
cryogenics systems at SURF in Phase 1. The two
modules in their cryostats are shown in red. The
gray space behind the two modules is planned for
the additional modules in Phase 2. Also shown is
the shaft system. The neutrino beam enters from
the right side as indicated by the arrow. [17]

2.2.2.1 Horizontal Drift Module

The horizontal drift (HD) module consist of a cryostat with outer dimensions 18.9 m � 17.8 m � 65.8 m ,

which can be seen in Figure 22a. This cryostat will hold liquid Argon with a total mass of about 17.5 kt .

The LArTPC technology used in this module has been demonstrated and used by other experiments such

as ICARUS, MicroBooNE, and SBND [39]. It has also successfully been installed and tested in ProtoDUNE

at CERN [40]. Charged particles traversing the detector ionize the Argon, and the charges drift horizon-

tally, guided by an electric �eld, towards a vertical anode. The maximal drift length amounts to 3.5 m

with a drift speed of 1.6 mm =� s. There are multiple drift volumes, as shown in Figure 22b, as the drift

length is limited due to the lifetime of the drift electron. The anode consists of three planes. Each plane

is built out of two stacks of 25 anode plane assembly (APA) of the size 6 m � 2.3 m each for a total size of

58.2 m � 12 m. The APAs consist of an aluminum frame holding three layers of active wires at di�erent

angles. The U and V wires (see Figure 23) are transparent to charges and mounted at angles of � 35.7°,

while the X wires (see Figure 23) collect the charges. This structure allows for two-dimensional informa-

tion with a spatial resolution of � 1 mm . The function of the wires and the TPC can be seen in Figure 23.

With a � 5 mm spacing between the modules, the total size of the TPC is 12 m � 14 m � 58.2 m holding

10 kt of liquid Argon in the �ducial volume.

The necessary electric �eld for the drift is provided by the combination of APA and cathode plane. This

plane is formed by cathode plane assembly (CPA) arrays with 150 CPAs per array and two arrays per

plane. Each CPA is a 1.2 m � 4 m resistive panel with its own power supply of 0.16 mA at � 180 kV. This

combination of APA and CPA results in a uniform electric �eld of 500 V=cm. The �eld uniformity is en-

sured by a �eld cage (FC), which also de�nes the drift volumes.

The readout of the APAs is performed with electronics embedded in the liquid Argon to achieve a good

signal-to-noise ratio (S/N) by reducing the cable lengths, capacitance, and electronic noise. A good S/N
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(a) Cryostat for the far detector (b) HD module from the inside

Figure 22: Cryostat of the far detector module in 22a. At the lower left, a person indicates the scale. The
inside of the HD module in 22b shows the anode (A) and cathode (C) planes, as well as the drift
region surrounding �eld cage (FC) in between [33]

is necessary, as no additional signal ampli�cation is used and the measured ionization is directly propor-

tional to the energy loss per unit distance ( dE=dx). This enables calorimetry and particle identi�cation

(PID) of the charged particles in the detector.

In addition to the ionization, charged particles produce scintillation light with a wavelength of 128.6 nm

in the Argon. About 24, 000 scintillation photons are produced per MeV in the setup. This scintillation

light is detected with a photon detection system called X-ARAPUCA and used to determine the start

time t0 of the events with a 1 � s timing resolution. Knowing t0 allows the determination of the third di-

mension of the event topology from the time di�erence of the scintillation light and the drift time. The

X-ARAPUCAs are mounted in groups of 24 onto the photon detection (PD) modules with total dimension

of 209 cm � 2 cm � 12 cm. Ten of the PD modules are placed between the wire layers of each APA. The

inner-most PD modules detect light from both directions, while the outer modules only detect the light

from one direction and also serve as cosmic muon detectors at the edges. The X-ARAPUCAs function

as "light traps" with a light-collection area of 600 � 600 mm 2, and 160 Silicon Photo-Multiplier (SiPM) to

detect the light. The signals from 80 of those are summed into a single output signal, with a total of two

output signals per X-ARAPUCA.

An example of an event in this setup is shown in Figure 24 from the ProtoDUNE horizontal drift (single-

phase) prototype.

2.2.2.2 Vertical Drift Module

The vertical drift (VD) module simpli�es detector construction and installation, reducing overall cost com-

pared to the HD modules [34], while maximizing the active volume with an extended drift distance. The

drift medium is also liquid Argon [42].

While the cryostat design uses the one from the HD modules, the anode planes or charge readout plane

(CRP) are now located at the top and bottom of the drift volumes as shown in Figure 25. They consist

of 3.2 mm thick, double-sided, and perforated printed circuit board (PCB) connected in pairs to build

a charge-readout unit (CRU). Two of these are attached on a composite frame to form a CRP of size

3.4 m � 3 m. An entire readout plane then consists of 80 of these CRPs. The top and bottom charge

readouts di�er slightly due to their locations. While the bottom plane is read out with the same elec-

tronics as the horizontal drift modules, the top anode readout is based on the ProtoDUNE Dual Phase
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