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ABSTRACT

MUON NEUTRINO RECONSTRUCTION WITH MACHINE-LEARNING TECHNIQUES AT
THE ICARUS DETECTOR

The ICARUS T600 LArTPC detector successfully ran for three years at the underground LNGS
laboratories, providing a first sensitive search for LSND-like anomalous electron neutrino appear-
ance in the CNGS beam. After a significant overhauling at CERN, the T600 detector has been
placed in its experimental hall at Fermilab, fully commissioned, and the first events observed with
full detector readout. Regular data-taking began in May 2021 with neutrinos from the Booster
Neutrino Beam (BNB) and neutrinos six degrees off-axis from the Neutrinos at the Main Injec-
tor (NuMI). Modern developments in machine learning have allowed for the development of an
end-to-end machine-learning-based event reconstruction for ICARUS data. This reconstruction
folds in 3D voxel-level feature extraction using sparse convolutional neural networks and parti-
cle clustering using graph neural networks to produce outputs suitable for physics analyses. The
analysis presented in this thesis demonstrates a high-purity and high-efficiency selection of muon
neutrino interactions in the BNB suitable for the physics goals of the ICARUS experiment and the

Short-Baseline Neutrino Program.
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Chapter 1

Overview of Neutrino Physics

This chapter provides a historical introduction to the neutrino and its role in the Standard
Model. Section 1.1 discusses the history leading to the discovery of the neutrino. An overview of
the neutrino and its place in the Standard Model is provide in Section 1.2. Section 1.3 then presents
an overview of neutrino interactions with matter including coherent elastic neutrino-nucleus scat-
tering, quasielastic scattering, resonant interactions, and deep inelastic scattering. Section 1.4
introduces the phenomenon of neutrino oscillations and the implications for neutrino physics. Fi-
nally, Section 1.5 discusses the modification to neutrino oscillations in the minimal extension of

the three-neutrino model to include a single sterile neutrino.

1.1 History of the Neutrino

The history of the neutrino begins in the early twentieth century and touches upon some of the
most profound mysteries of the universe. As physicists delved deeper into the structure of matter,
they encountered perplexing phenomena that existing theories struggled to explain.

The study of beta decay, a process by which a neutron is converted to a proton and an electron is
emitted from the nucleus, provided the first evidence for the existence of the neutrino. At the time,
beta decay was expected to behave as a two-body decay in which the outgoing electron carried a
distinct energy equal to the difference between the initial and final nuclear states. The study of
alpha and gamma decays, involving the emission of a helium nuclei and gamma ray, respectively,
each revealed a narrow energy spectrum for the outgoing particle that is consistent with a two-
body decay. In the early 1900s, however, several experiments studying beta decay found spectra
that were not monoenergetic. In 1914, James Chadwick demonstrated that the beta decay spectrum
was continuous [17], an apparent contradiction to the law of conservation of energy. Moreover,

experiments showed that beta decay changed the nuclear spin of an atom by an integer amount



rather than the spin % of the electron. This observation conflicted with the then-established law of
conservation of angular momentum.

In 1930, the physicist Wolfgang Pauli proposed the existence of a new particle to resolve this
open problem [18]. In a letter addressed to his “radioactive ladies and gentlemen," Pauli posited a
neutral, nearly massless particle that would carry away the missing energy and momentum in beta
decays. This hypothetical particle would thus preserve the principles of conservation of energy
and momentum. He referred to this particle as the "neutron," a name that was later adopted for
the massive, chargeless particle discovered by James Chadwick in 1932. The name "neutrino,"
meaning "little neutral one" in Italian, was later coined by Enrico Fermi to distinguish Pauli’s
particle from Chadwick’s neutron.

The existence of the neutrino remained purely theoretical until the mid-twentieth century when
experimentalists began to seek evidence of its presence. In the 1950s, a series of experiments
led by Frederick Reines and Clyde Cowan successfully detected neutrinos emitted from a nuclear
reactor, providing the first experimental confirmation of Pauli’s elusive particle [19]. These experi-
ments earned Reines the 1995 Nobel Prize in Physics and secured the neutrino’s place amongst the
other fundamental particles. Subsequent experiments further explored the properties of neutrinos,
including their interactions with matter and the phenomenon of neutrino oscillations. The study of
neutrinos has since become a cornerstone of modern particle physics, providing a window into the

fundamental forces and particles that govern the universe.

1.2 Neutrinos in the Standard Model

In the present day, we understand the neutrino as belonging to a class particles considered fun-
damental, meaning that they are not known to be composed of smaller constituents. The theoretical
framework that describes the neutrino, the other fundamental particles, and the forces that govern
their interactions is known as the Standard Model of particle physics. The Standard Model is a
quantum field theory that describes the electromagnetic, weak, and strong forces as mediated by

gauge bosons. A summary of the particles and forces in the Standard Model is shown in Figure
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Figure 1.1: The particles and forces of the Standard Model of particle physics. Image from Wikimedia
Commons.

1.1. Bosons are defined as particles with integer spin. The photon and gluon, which mediate the
electromagnetic force and strong nuclear force respectively, are massless bosons with spin 1. The
Z and W+ bosons, which mediate the weak force and therefore neutrino interactions with matter,
are massive bosons with spin 1. Though not a force carrier, the Higgs boson, which is responsible
for the mass of the other particles via the Higgs Mechanism [20], is a massive boson with spin 0.
Although a quantum theory of gravity is not included in the Standard Model, a hypothetical gauge
boson with spin 2, known as the graviton, is predicted to mediate the gravitational force.

Matter is composed of the fundamental particles from the fermion sector of the Standard
Model. Fermions are characterized by half-integer spin and are divided into two categories: quarks

and leptons. These are further subdivided into three generations, each containing two quarks and



two leptons. The quarks are the up (1), down (d), charm (c), strange (s), top (¢), and bottom (b)
quarks. Pairwise, these represent the first, second, and third generations of quarks respectively.
The lepton sector consists of the electron (e), muon (1), tau (7), electron neutrino (.), muon neu-
trino (v,,), and tau neutrino (). These represent the first, second, and third generations of charged
leptons and their associated neutrino respectively. Each of these particles has an associated antipar-
ticle with the same mass and opposite charge, typically denoted by a bar over the particle symbol.
The antiparticle of the electron neutrino, for example, is denoted by 7.

In the context of the Standard Model, the neutrino is a massless, elusive particle that only
interacts via the weak nuclear force, which as the name suggests has significantly weaker couplings
to matter than the electromagnetic and strong nuclear forces. The example oft-repeated to set the
scale of the weak force is that a neutrino can pass through a light-year of lead with roughly equal
chance of interacting as not interacting. This weak interaction with matter makes neutrinos difficult
to detect, but physicists have made great efforts to advance detector technology and experimental
techniques to study neutrinos since the detection of the first (anti)neutrino in 1956 by Cowan and
Reines and the subsequent first observation of a neutrino interaction in 1970 at Argonne National
Laboratory (Figure 1.2).

The massless description of neutrinos in the Standard Model was initially motivated by the fact
that neutrinos have only been observed with left-handed helicity [21]. The helicity of a particle
is determined by the direction of a particle’s spin relative to its momentum. The dependence of
helicity on the particle’s momentum means that a change of reference frame can cause the helicity
of a particle to change; that is, helicity is not a Lorentz invariant quantity. In contrast, the chirality
of a particle is a Lorentz invariant quantity that describes the “handedness” of a particle and is
equal to the helicity for massless particles. The left-handed chirality of neutrinos is a consequence
of the weak force’s coupling to only left-handed particles and right-handed antiparticles. The non-
observation of neutrinos with right-handed helicity in weak interactions led to the assumption that

neutrinos are massless as only massless particles can be strictly left-handed.
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Figure 1.2: The first observation of a neutrino interaction in a 12-foot hydrogen bubble chamber at Argonne
National Laboratory in 1970. The neutrino enters from the right colliding with a proton and producing a
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interaction vertex.



Despite these assumptions inherent in the Standard Model, recent experimental evidence has
confirmed that neutrinos do in fact have mass, albeit sufficiently small to make helicity and chirality
approximately equal. The discovery of neutrino oscillations, a phenomenon in which neutrinos
change flavor as they propagate through space, has provided the first direct evidence of neutrino
mass. Direct measurements of the neutrino mass have also been made and have most recently set a
upper limit on the neutrino mass of 0.8 eV /c? [22]. The discovery of neutrino mass has profound
implications for the Standard Model and has motivated the development of new theories to explain

the origin of neutrino mass and the nature of neutrino oscillations.

1.3 Neutrino Interactions

As discussed in the previous section, neutrinos interact with matter via the weak nuclear force,
which is mediated by the exchange of the charged W and the neutral Z bosons. These give rise

to the corresponding Charged Current (CC):

Vl+A—>l_—|-X
n+A=IT+X (1.1)

and Neutral Current (NC) interactions:

v+A—uy+X
ﬁl+A—>ﬁl+X (12)

where [ € {e, ui, 7} is used to represent the lepton flavor, A represents the nuclear target, such as
a quark, nucleon, or atom, and X represents any number of final-state particles resulting from the
interaction. It is worth noting that CC interactions provide a visible indication of the flavor of the
parent neutrino in the form of the outgoing charged lepton. This makes CC interaction signals of

particular interest to neutrino experiments.



Neutrino interactions can be further subdivided by the size of the nuclear target and the type
of interaction produced. A diagram from [2] showing the total neutrino and antineutrino produc-
tion rates for different interaction types is shown in Figure 1.3. Below 50 MeV neutrinos coher-
ently scatter off the entire nucleus in an elastic collision. This process, known as coherent elastic
neutrino-nucleus scattering (CEvNS), produces a faint interaction signature of a recoiling nucleus
and was only recently detected in 2017 by COHERENT [23]. At higher energies, neutrinos can
interact with individual nucleons in the nucleus. The most common interaction below about 1 GeV
is quasielastic (QE) scattering, in which the neutrino interacts with a single nucleon producing a
charged lepton and ejecting a nucleon. Though quite simple in nature, the challenge in identifying
QE interactions lies in the fact that other interaction types may produce similar visible final-state
particles.

QE interactions remain dominant up to about 1 GeV; however, at around 0.5 GeV the energy
of the interaction becomes sufficient to produce resonant baryonic states, e.g. a delta baryon A.
The excited resonant state then decays quickly into some final state, typically a nucleon and a
single pion, but occasionally the decay may emit multiple pions, a kaon, some other meson, or a
photon [2]. This process is dominant from about 1 GeV to 4 GeV. These energies are also sufficient
for a process called coherent inelastic neutrino-nucleus scattering, which produces a pion with a
particularly forward-scattered distribution [24].

Beginning around 2 GeV and becoming dominant above 4 GeV, the neutrino can resolve and
interact with individual quarks directly. Known as deep inelastic scattering (DIS), this process
involves high momentum transfer and can break apart the nucleon, often resulting in a large number
of hadronic particles. The degree of complexity in the final state makes DIS interactions difficult
to identify and reconstruct.

The landscape of neutrino interactions presents a complex challenge for experimentalists. Of-
ten, it is desirable to separate interaction types and characterize them separately or leverage the
known final states for more precise energy reconstruction. The reality is that a single exclusive

final state of a neutrino interaction often reflects a complex mixture of processes by which that



final state may be produced. For this reason an inclusive selection, consisting of all the differ-
ent interaction channels as shown in Figure 1.3, is often chosen for analyses which are agnostic
to the underlying interaction channel. This has the benefit of reducing the impact of systematic
uncertainties associated with the modeling of neutrino-nucleus interactions and of increasing the
statistics of the sample and usage fraction of the data. The inclusive channel is therefore often the

most sensitive channel for oscillation measurements.

1.4 Neutrino Oscillations

Neutrino oscillations were first predicted by Bruno Pontecorvo in 1959 [25], though this pre-
diction was restricted to v, and v, oscillations as the known neutrinos at the time. Neutrino os-
cillations were first observed by Ray Davis in the 1960s in the Homestake experiment [26] as a
discrepancy between the predicted and observed solar neutrino flux. Conclusive proof that this
discrepancy was due to neutrino oscillations would not come until the Super-Kamiokande [27] and
Sudbury Neutrino Observatory [28] collaborations reported their results in the late 1990s and early
2000s.

Although the exact mechanism responsible for generating the neutrinos mass is not yet known,
the phenomena of neutrino flavor oscillations generated by the neutrino masses is well-modeled
and understood. Neutrino flavor oscillations are a quantum mechanical effect that arise from the
non-orthogonality of the three flavor states of the weak interaction v, € {v., v, v, } and the three
mass eigenstates of the Hamiltonian v; € {1y, 12, v3}. The consequence of this non-orthogonality
is that a neutrino produced in a flavor eigenstate is equivalently a superposition of all possible mass
eigenstates. The relation between the flavor and mass eigenstates is given by the Pontecorvo-Maki-

Nakagawa-Sakata (PMNS) matrix, U [29]:

Va) = > Uajlvy) (1.3)
J
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Figure 1.3: The total neutrino and antineutrino per nucleon CC cross sections divided by neutrino energy
for different interaction types as a function of neutrino energy. Example predictions for each are provided
by the NUANCE generator. The figure is taken from [2].



) =) Usilva) (1.4)

For three neutrino flavors, the PMNS matrix is a 3 X 3 unitary matrix describing a rotation
from the flavor basis to the mass basis and parameterized by nine degrees of freedom. Five of
these degrees of freedom can be absorbed into the phases of the particle fields, leaving a degree
of freedom for the overall phase and three mixing angles describing the rotation [30]. The mixing
angles are traditionally denoted by 615, 613, and 6.3, and the overall phase is denoted by d¢p. The
parameter dcp controls the degree of “charge-parity” symmetry violation and will be discussed

later. The PMNS matrix can be written in terms of these parameters as:

Un U Uss
U= Uy Uy Uy

_U31 Usz Uss
1 0 0 C13 0 813671'601) C12 s1o O

=10 Co3 S93 0 1 0 —S12 C12 0 (15)
0 —S893 Ca23 —Slgeiécp 0 C13 0 0 1

C12C13 512€13 size”%cr

= | — 512003 — C12523513€9CF  C1aCa3 — S12823813€7°CT 523C13

| S12523 — C12C23513€0C7  —Cia803 — S12C23513€"°CT  Cozci3

Here c;; = cos0;; and s;; = sinf;;. As a consequence of the weak interaction’s coupling to
flavor eigenstates, neutrinos are produced and detected in flavor eigenstates. Their time evolution
in a vacuum, or translation from the production to detection point, is governed by the free particle
Hamiltonian and therefore depends on their mass eigenstates. The total energy of a mass eigenstate

(£;) can be approximated as:

2
J

2
Ej—Jptmirp+ A nEt S (1.6)
J 3T 9, 2F
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where p; is the momentum of the mass eigenstate, m; is the mass of the mass eigenstate, and
L' is the kinetic energy of the neutrino. It is important to note that ¢ = 1 in this notation. The
approximation is valid for ultra-relativistic neutrinos, with their momentum p; much larger than
their mass m;. Owing to their extremely small mass, this is valid for the three Standard Model
neutrinos. Using this approximation, the time evolution of the jth mass eigenstate can be written

as:

2

m?2
7y 2 2
E+ap

m

. —i t L U
i) = e~ e < ) [v;(0)) & €25 | (0)) ~ 72 ) (1.7)

where the relativistic assumption L = ¢ replaces the unobserved travel time in the neutrino frame
with the measurable distance between the production and detection points. The overall common
phase of e~*PF is ignored, as it is a global phase that does not affect the probability of the neutrino
oscillating between flavors. The probability of a neutrino produced in a flavor eigenstate |, ) being

detected in a flavor eigenstate |v/3) is given by:

Pyas (L, B) = |{vs | va(L))|”

= |(vs] ZUaj\Vj(L»
= |5l Y U™ 5 )

2 (1.8)

"m,Q-L
= [(vs > UpiUaje™" 2% |ug)
7.k

m2L

i J
_ § : * —l 5
— UBJUOCJG 2E
7,k
AAm?kL

=3 U UaiUigUsre™ 2%
J k

where Am3, = m3 — mj is the difference in mass squared between the jth and kth mass eigen-

states. This expression already makes clear the dependence of the oscillation probability on the

mass differences, and that the transition probability reduces to d,s in the case of degenerate neu-
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trino masses, therefore producing no oscillations in that case. The double sum can be split into
a sum where j = k and a sum where j # k, where the latter can be further simplified using the

unitarity of U and recognizing that only the real portion of the sum survives due to Uy, = Uy,

‘Am?.kL
Praosg (L E) =Y [Uag|* [Ugs|* + 2Re (Z > U UaiUsUsie™ 2 ) (1.9)

J J k>3

If we consider the limiting case of L = 0, we obtain the useful relation:

Sap = Y _ |Unjl* [Us;|* + 2Re (Z > U;jUajU;kng) (1.10)
J

J k>
We can then use this relation and begin to pick out the real terms which contribute to the oscillation
probability and reduce the expression using some trigonometric identities. The final expression for

the oscillation probability is then given by:

,Am]? L
Pyosvy (L, E) = 8,5 + 2Re (Z > U UaiUsUsi (e—zw’“ _ 1))

J k>j
Am?, L
=0ap+2) > Re (UsUniUsUsi) (Cos ;ng - 1)
J k>j
Am? L
+23 N " Im (U3;Ua;UzUs) sin ;ng
J o k>j
Am2 L
=das —4) Y Re (Up;UnjUsUsy) sin’ —Z%k
J k>j
- Am2. L
+ 2;;17” (U3;Ua; Uz Usy) sin 25 (1.11)

For antineutrinos, the oscillation probability Py, can be found by replacing U with U* in
the above expression. From Equation 1.11, we can see that the difference in oscillation probability

for neutrinos and antineutrinos is given by:

Am?2, L
Py (L E) = Py (LE) =4 " Im (U Uaj Ui Usi) sin gék (1.12)
J k>j
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Referring back to Equation 1.5, we can see that the only parameter that can produce an imag-
inary component to U and therefore a nonzero difference in neutrino and antineutrino oscillation
probability is dcp. This is known as the charge-parity (CP) violating phase, and from this result
we can see that it alone controls the degree of CP violation in the lepton sector. The presence of
CP violation in the lepton sector is a major open question in particle physics, and the measurement
of the CP-violating phase is a major goal of current and future neutrino experiments.

There are several important features of neutrino oscillations that merit summarizing. First,
much of this derivation can be generalized to further neutrino flavor and mass eigenstates with
the addition of new parameters. Under the three-flavor description, neutrino mixing is modeled
through the PMNS matrix U with four parameters: three mixing angles 65, 03, and 6,3, and the
CP-violating phase dc-p. The oscillation probability also contains an explicit dependence on the
mass differences between eigenstates, which adds two more independent parameters to the model.

2

. . . . 1 . 9 Am? L .
Though Am?k =mj — m? is a signed quantity, the dominant oscillation term sin® —2~ carries

4E
no sign information and is strictly positive. The last term in Equation 1.11 does allow for sign
information to be carried by the oscillation probability, but is only nonzero in the presence of CP
violation. This means that experimental sensitivity to the ordering of the mass eigenstates through
neutrino oscillations is dependent on CP violation. It is worth noting, however, that matter effects
can also generate a potential (due to the presence of electrons in matter and the charged-current
elastic forward scattering process available to electron neutrinos) that shifts the value of the nu,
mass eigenstate, and therefore the oscillation probability, in a way that is dependent on the mass
ordering [31].

From an experimental design perspective, the controllable parameters are the baseline L and
the neutrino energy F. These parameters enter as a ratio in the oscillation probability, making it
useful to describe oscillation experiments in terms of the ratio L/ E. In accelerator-based neutrino
experiments, the neutrino energy can be controlled to some extent by the design of the beamline,

but otherwise varies quite dramatically between sources of reactor neutrinos, atmospheric neutri-

nos, and solar neutrinos. In all cases, precise reconstruction of the neutrino energy directly impacts
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sensitivity to the oscillation parameters. The distance between the neutrino source and the detec-
tor is significantly easier to control for accelerator-based and reactor-based experiments, and is a
key design consideration in an experiment. The degree to which the PMNS matrix has been mea-
sured has only been possible through careful and clever experiment designs that aim to isolate the

parameters controlling neutrino oscillations.

1.5 Sterile Neutrinos

The previous section described neutrino oscillations in both the standard three-flavor scenario
and the more general n-flavor scenario. The number of light active neutrino flavor states, that is,
those which undergo electroweak interactions, has been determined to be three through precision
measurements of the Z boson width at the Large Electron-Proton Collider (LEP) [3] as shown in
Figure 1.4. This puts a strict limit on the number of light neutrino flavors, but does not preclude
the existence of additional neutrino states that do not interact via the weak force. These states are
known as sterile neutrinos.

Though the three-neutrino paradigm has been extremely successful in describing the results
of neutrino oscillation experiments, there have been some recent anomalies which cannot be ex-
plained by this model. Discrepancies in the number of neutrinos observed in short-baseline ex-
periments have revealed a tension between the three-neutrino model and the data, which may be
explained by the addition of a new (sterile) neutrino with a mass around 1 eV modifying the os-
cillation probability at short baselines [32]. An overview of the short-baseline anomalies will be
given in the next chapter.

A minimal extension to the three-neutrino model, called the 3+1 model, introduces a single
sterile neutrino. This additional neutrino flavor state introduces a new mass splitting and extends

the PMNS matrix by seven terms:
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Ue 1 UeZ UeS Ue4

Uy Usn Us U
Uy, = | " e o (1.13)

UT 1 UTQ UT3 U‘r4

Us 1 Us? UsS Us4

In this 3+1 extension of U, s corresponds to the sterile flavor eigenstate and a fourth neutrino
mass eigenstate has been added. The matrix elements (Usy, ..., Ugy) cannot be constrained through
direct measurements due to the non-interacting nature of the sterile neutrino. This extension of
the PMNS matrix also introduces three new neutrino mixing angles ¢;4 and two new CP-violating
phases. In the short-baseline regime, E/L < Am3,, and with Am3, > Am3,, Am3,, the oscilla-
tion probabilities are as follows [33]:

., Am3 L

Pyossvy (L E) m 605 — 4|Una|? (8ap — |Usal?) sin i (1.14)

Accelerator and reactor neutrino sources are best suited for probing neutrino oscillations in this
regime. These types of experiments operate at energies insufficient to produce tau particles due
to their high rest mass of about 1.8 GeV, so we can consider purely v, and v, sources and begin
constraining the matrix elements relevant for these channels. From Equation 1.14, the oscillation

probability for the available channels are given by:

Am?, L
Py (L E) 1= 4|Uul? (1 — [Ups[?) sin? % (1.15)
Am?, L
Py (L, E) m 1 — 4[Uu[* (1 = |Upu]?) sin? % (1.16)
Am3,L
Py (L, E) ~ 4|Upuf? |Uea | sin? % (1.17)

The probabilities calculated allow for sensitivity to three of the parameters characterizing the

3+1 model: Ue, U4, and Am?u. Equations 1.15 and 1.16 are disappearance channels, whereas
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Equation 1.17 is an appearance channel. These channels will be discussed in more detail in the

next chapter.
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Chapter 2

Neutrino Experiments

Neutrinos are produced in a variety of processes in the universe, including nuclear reactions in
stars, cascading particle showers from cosmic ray interactions in the atmosphere, beta decays dur-
ing fission in nuclear reactors, and particle collisions in particle accelerators. Each of these sources
has been leveraged by a variety of experiments to study the properties of neutrinos, including the
parameters describing neutrino oscillations.

Sections 2.1 - 2.4 will briefly summarize the experiments carried out with each of these neutrino
sources along with their contribution towards our understanding of neutrino oscillations as param-
eterized in Equation 1.5. Section 2.5 will then discuss the short-baseline anomalies observed in the
LSND and MiniBooNE experiments, which have motivated the Short-Baseline Neutrino (SBN)

Program.

2.1 Solar Neutrino Experiments

The Sun and other low-mass stars are predominately powered by the proton-proton (pp) chain,
a process by which hydrogen is fused into helium. An alternative fusion process, the Carbon-
Nitrogen-Oxygen (CNO) cycle, is also present in more massive stars with higher temperatures,
though it represents only about 1% of the Sun’s solar luminosity. Each of these processes produces
electron neutrinos as a byproduct at several stages of the reaction chain, as shown in Figure 2.1.
The primary solar neutrino flux component is the pp chain, which produces neutrinos with energies
up to 400 keV. The CNO cycle produces neutrinos with energies up to 1.7 MeV. The later stages
of the pp chain produce neutrinos with energies up to around 20 MeV. The breakdown of the solar
neutrino flux as a function of neutrino energy is shown in Figure 2.2 [4].

Historically, solar neutrino experiments were the first to observe neutrino oscillations, begin-
ning with the Homestake experiment in the 1960s. The Homestake experiment measured the num-

ber of 37 Ar atoms produced by the interaction of solar neutrinos with chlorine in a large under-

18



pp chain CNO cycle
Pp-v pep-v —
p+p—?H+e™+v, p+e+p—>H+v, | 2C4p "N +y |
L ¥
[+] [
99.6%:’321_'”_)3]_'3” 0.4% R y—
85% Dx105% . f
i | hep-v | 15G 4+ p— MN +y |
3He + 3He — “He + 2p|t| *He + p > *He + e+ + v, 7
pp-l _ 15% | N 4 p — 150 + y |"‘|170+P->1“N+“He|
|3He+"‘He-—>7Be+y ; f
7Be-y 99.87% | 0.13% 150 51BN +et+1 | | TTF>170+et+:
i ;
7 — 71 7 8
Be +e -:) Li+v, ‘ Be+p:-> B+y | |15N+p—>4He+‘EC | 160 +p — 7TF +y |

| Li+p > 2*He ‘BB—v 5B »%Be* +et+1,

| T

pp-ll >

8Be* + p — 2%He

pp-lil

o = 15N 160
99.96% 004% L ‘P +Y|

Figure 2.1: The solar neutrino production chain. The primary fusion reaction in the sun is the proton-proton
chain (left), which produces electron neutrinos. The CNO cycle is a secondary fusion reaction that produces

heavier elements (right) [4].
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Figure 2.2: Breakdown of the solar neutrino flux as a function of neutrino energy for the different production

modes (see Figure 2.1) [4].
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ground tank through the reaction v, +37 Cl — e~ +*7 Ar. The observed flux of solar neutrinos
was found to be about one-third of the expected solar flux, a discrepancy that became known as the
solar neutrino problem. Other experiments such as GALLEX, GNO, and SAGE also observed a
deficit in the solar neutrino flux. The resolution of this problem would not come until the Sudbury
Neutrino Observatory (SNO) experiment’s measurement of the solar neutrino flux in 2001, which
attributed this discrepancy to the phenomenon of neutrino oscillations [28].

Solar neutrinos are the best candidates to measure sin” (f15) and Am?2,, as the oscillation length
is well-matched to the solar radius. Several solar neutrino experiments have measured these pa-
rameters, including the Homestake experiment, GALLEX, SAGE, Borexino, Super-Kamiokande,
and SNO. Recent global fit analyses have provided values of sin® (615) = 0.303 & 0.012 and

Am3, = 741732 [1].

2.2 Atmospheric Neutrino Experiments

High-energy particles from space, mostly protons and atomic nuclei, are constantly bombard-
ing Earth’s atmosphere producing a cascade of secondary particles and neutrinos. The primary
source of atmospheric neutrinos is the decay of charged pions and kaons produced in the hadronic
showers initiated by cosmic rays, typically around 15 kilometers above the Earth’s surface. The de-
cay of these charged mesons produces muons and their corresponding neutrinos, where the muons
subsequently decay to produce electrons, electron neutrinos, and muons neutrinos (Figure 2.3).
The neutrinos produced in this cascade exhibit a wide range of energies from about 100 MeV to
more than 10 TeV, though the flux decreases rapidly with increasing energy.

The Super-Kamiokande experiment in Japan was among the first to announce experimental
evidence for the existence of neutrino oscillations [34]. The experiment measured the rate of
atmospheric electron and muon neutrinos as a function of the zenith angle using a large water
Cherenkov detector (Figure 2.4). A zenith angle of 0 degrees corresponds to neutrinos coming
from directly overhead, while a zenith angle of 180 degrees corresponds to neutrinos coming from

the opposite side of the Earth - effectively making the zenith angle a measurement of the neutrino
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Cosmic ray

Figure 2.3: The atmospheric neutrino production chain. Cosmic rays produce charged pions and kaons,
which subsequently decay to produce muons and neutrinos. The muons then decay to produce electrons,
electron neutrinos, and muon neutrinos [5].

path length within the Earth. The Super-Kamiokande experiment observed a discrepancy between
upward-going neutrinos and downward-going neutrinos, which was consistent with neutrino oscil-
lations.

Atmospheric neutrinos provide excellent sensitivity to the parameter sin? (6,3). Global fits to
atmospheric neutrino data from Super-Kamiokande, IceCube, and the upgraded IceCube DeepCore
have provided values of sin® (fy3) = 0.45170012 (0.56970050) for the normal (inverted) neutrino

mass ordering scenario [1].

2.3 Reactor-Based Neutrino Experiments

Nuclear reactors are an excellent source of electron antineutrinos, which are produced in the
beta decay of fission products. The primary sources of reactor neutrinos in reactor neutrino exper-
iments are the decays of 23°U, 238U, 23Pu, and ?*' Pu isotopes. The neutrinos produced in these
decays have energies of a few MeV (Figure 2.5) and are detected through the inverse beta decay
process U, + p — e + n, which produces electromagnetic showers via e™e™ annihilation and

neutron capture.
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Figure 2.4: The Super-Kamiokande experiment measured the rate of atmospheric neutrinos as a function
of the zenith angle. The data showed a discrepancy between upward-going neutrinos and downward-going
neutrinos, consistent with neutrino oscillations [5].
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Figure 2.5: The reactor neutrino energy spectrum. The primary sources of reactor neutrinos are the decays
of 235U, 2381, 239Py, and 241 U isotopes [6].
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Figure 2.6: The reactor antineutrino anomaly. The graph shows the ratio of observed and expected events
as a function of distance between detector reactor for all reactor experiments. The solid and dashed lines
respectively represent the expectation under the three-neutrino model and the 3+1 model, which adds a
single sterile neutrino [6].

Reactor-based neutrino experiments are sensitive to the parameter sin? (6;3) and Am?,. The
Daya Bay, Double Chooz, RENO, and KamLAND experiments have contributed to the measure-
ment of these parameters. Recent global fits to reactor neutrino data have provided values of
sin? (013) = 0.0222570 00020 and Am?2; = 2.5077055% x 1072 eV? for the normal neutrino mass
ordering scenario and sin? (6;3) = 0.02223700002% and Am2, = 2.48670 035 x 1073 eV? for the
inverted neutrino mass ordering scenario [1].

It is worth noting that several reactor neutrino experiments have also observed a deficit in the
measured reactor neutrino flux compared to the expected flux. This deficit (Figure 2.6) is known
as the Reactor Antineutrino Anomaly (RAA), and it has been interpreted as a possible indication
of the existence of a fourth sterile neutrino state. Recent results, however, have suggested that
the anomaly may in fact be due to a bias in the nuclear fission models used to predict