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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
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rather than the spin 1
2

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
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two leptons. The quarks are the up (u), down (d), charm (c), strange (s), top (t), 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 (µ), tau (τ ), electron neutrino (νe), muon neu-

trino (νµ), and tau neutrino (ντ ). 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 ν̄e.

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

muon, pion, and recoiling proton. Each outgoing particle is visible as a track in the image coalescing at the

interaction vertex.
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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/c2 [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):

νl + A → l− +X

ν̄l + A → l+ +X (1.1)

and Neutral Current (NC) interactions:

νl + A → νl +X

ν̄l + A → ν̄l +X (1.2)

where l ∈ {e, µ, τ} 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.
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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 (CEνNS), 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 ∆.

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
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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 νe and νµ 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 να ∈ {νe, νµ, ντ} and the three

mass eigenstates of the Hamiltonian νj ∈ {ν1, ν2, ν3}. 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]:

|να⟩ =
∑

j

Uαj|νj⟩ (1.3)
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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].
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|νj⟩ =
∑

α

U∗
αj|να⟩ (1.4)

For three neutrino flavors, the PMNS matrix is a 3 × 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 θ12, θ13, and θ23, and the overall phase is denoted by δCP . The

parameter δCP 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:

U =













U11 U12 U13

U21 U22 U23

U31 U32 U33













=













1 0 0

0 c23 s23

0 −s23 c23

























c13 0 s13e
−iδCP

0 1 0

−s13e
iδCP 0 c13

























c12 s12 0

−s12 c12 0

0 0 1













=













c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13

s12s23 − c12c23s13e
iδCP −c12s23 − s12c23s13e

iδCP c23c13













(1.5)

Here cij = cos θij and sij = sin θij . 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

(Ej) can be approximated as:

Ej =
√

p2 +m2
j ≈ pj +

m2
j

2pj
≈ E +

m2
j

2E
(1.6)
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where pj is the momentum of the mass eigenstate, mj is the mass of the mass eigenstate, and

E is the kinetic energy of the neutrino. It is important to note that c = 1 in this notation. The

approximation is valid for ultra-relativistic neutrinos, with their momentum pj much larger than

their mass mj . 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:

|νj(t)⟩ = e−iHt ≈ e
−i

(

E+
m2

j
2E

)

t

|νj(0)⟩ ≈ e−i
m2

j
2E

t|νj(0)⟩ ≈ e−i
m2

j
2E

L|νj⟩ (1.7)

where the relativistic assumption L ≈ t 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−iEL 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 |να⟩ being

detected in a flavor eigenstate |νβ⟩ is given by:

Pνα→νβ(L,E) = |⟨νβ | να(L)⟩|
2

=

∣

∣

∣

∣

∣

⟨νβ|
∑

j

Uαj|νj(L)⟩

∣

∣

∣

∣

∣

2

=

∣

∣

∣

∣

∣

⟨νβ|
∑

j

Uαje
−i

m2
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(1.8)

where ∆m2
jk = m2

j − m2
k 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 δαβ 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 Uab = U∗
ba:

Pνα→νβ(L,E) =
∑

j

|Uαj|
2 |Uβj|

2 + 2Re

(

∑

j

∑

k>j

U∗
βjUαjU

∗
αkUβke

−i
∆m2

jk
L

2E

)

(1.9)

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

δαβ =
∑

j

|Uαj|
2 |Uβj|

2 + 2Re

(

∑

j

∑

k>j

U∗
βjUαjU

∗
αkUβk

)

(1.10)

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:

Pνα→νβ(L,E) = δαβ + 2Re

(

∑

j

∑

k>j

U∗
βjUαjU

∗
αkUβk

(

e−i
∆m2

jk
L

2E − 1

)

)

= δαβ + 2
∑

j

∑

k>j

Re
(

U∗
βjUαjU

∗
αkUβk

)

(

cos
∆m2

jkL

2E
− 1

)

+ 2
∑

j

∑

k>j

Im
(

U∗
βjUαjU

∗
αkUβk

)

sin
∆m2

jkL

2E

= δαβ − 4
∑

j

∑

k>j

Re
(

U∗
βjUαjU

∗
αkUβk

)

sin2
∆m2

jkL

4E

+ 2
∑

j

∑

k>j

Im
(

U∗
βjUαjU

∗
αkUβk

)

sin
∆m2

jkL

2E
(1.11)

For antineutrinos, the oscillation probability Pν̄α→ν̄β 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:

Pνα→νβ(L,E)− Pν̄α→ν̄β(L,E) = 4
∑

j

∑

k>j

Im
(

U∗
βjUαjU

∗
αkUβk

)

sin
∆m2

jkL

2E
(1.12)
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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 δCP . 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 θ12, θ13, and θ23, and the

CP-violating phase δCP . The oscillation probability also contains an explicit dependence on the

mass differences between eigenstates, which adds two more independent parameters to the model.

Though ∆m2
jk = m2

j − m2
k is a signed quantity, the dominant oscillation term sin2 ∆m2

jk
L

4E
carries

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 nue

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 E. 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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Figure 1.4: The measurement of the hadron cross section around the Z boson resonance as a function of the

center-of-mass energy. Each line represents the prediction of the cross section given an expected number

of neutrinos that the Z boson can decay into. The data (red points) agree well with the three-neutrino

hypothesis. The figure is taken from [3].
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(1.13)

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 (Us1, ..., Us4) 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 θi4 and two new CP-violating

phases. In the short-baseline regime, E/L ≪ ∆m2
41, and with ∆m2

41 ≫ ∆m2
21,∆m2

31, the oscilla-

tion probabilities are as follows [33]:

Pνα→νβ(L,E) ≈ δαβ − 4 |Uα4|
2
(

δαβ − |Uβ4|
2
)

sin2 ∆m2
41L

4E
(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 νe and νµ 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:

Pνe→νe(L,E) ≈ 1− 4 |Ue4|
2
(

1− |Ue4|
2
)

sin2 ∆m2
41L

4E
(1.15)

Pνµ→νµ(L,E) ≈ 1− 4 |Uµ4|
2
(

1− |Uµ4|
2
)

sin2 ∆m2
41L

4E
(1.16)

Pνµ→νe(L,E) ≈ 4 |Uµ4|
2 |Ue4|

2 sin2 ∆m2
41L

4E
(1.17)

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

3+1 model: Ue4, Uµ4, and ∆m2
41. 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 37Ar atoms produced by the interaction of solar neutrinos with chlorine in a large under-
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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].

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 νe +
37 Cl → e− +37 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 sin2 (θ12) and ∆m2
21, 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 sin2 (θ12) = 0.303 ± 0.012 and

∆m2
21 = 7.41+0.21

−0.20 [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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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 sin2 (θ23). Global fits to

atmospheric neutrino data from Super-Kamiokande, IceCube, and the upgraded IceCube DeepCore

have provided values of sin2 (θ23) = 0.451+0.019
−0.016 (0.569+0.016

−0.021) 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 235U, 238U, 239Pu, and 241Pu 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 ν̄e + 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].

Figure 2.5: The reactor neutrino energy spectrum. The primary sources of reactor neutrinos are the decays

of 235U, 238U, 239Pu, and 241U 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 sin2 (θ13) and ∆m2
13. 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

sin2 (θ13) = 0.02225+0.00056
−0.00059 and ∆m2

13 = 2.507+0.026
−0.027 × 10−3 eV2 for the normal neutrino mass

ordering scenario and sin2 (θ13) = 0.02223+0.00058
−0.00058 and ∆m2

13 = 2.486+0.025
−0.028 × 10−3 eV2 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 the reactor

neutrino flux [35].
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2.4 Accelerator-Based Neutrino Experiments

The final mechanism of neutrino production discussed in this section, and the primary focus of

the rest of this thesis, is neutrino production via particle accelerators. The idea of using particle

accelerators to produce neutrinos came about in the late 1950s and early 1960s, on the same time-

line as Pontecorvo’s proposal to use a proton beam to produce neutrinos from pion decays [25] and

Schwartz’s calculations of the neutrino flux from a proton beam. The Alternating Gradient Syn-

chrotron (AGS) at Brookhaven National Laboratory was commissioned in 1962 and subsequently

became the first beam neutrino experiment. The AGS produced a beam of neutrinos by directing 15

GeV protons onto a beryllium target, which produced pions and kaons that subsequently decayed

to produce neutrinos. This experiment demonstrated the existence of two types of neutrinos, νe

and νµ [36], and earned Leon Lederman, Melvin Schwartz, and Jack Steinberger the 1988 Nobel

Prize in Physics “for the neutrino beam method and the demonstration of the doublet structure of

the leptons through the discovery of the muon neutrino.”

The method of producing neutrinos with particle accelerators has since been refined. The

modern accelerator-based neutrino beam typically begins by stripping protons from a gas (such

as hydrogen) and accelerating them to high energies to form a proton beam. The proton beams

used in neutrino experiments typically have energies up to O(100 GeV). The proton beam is then

directed onto a high-density target, creating a shower of secondary particles, including pions and

kaons. These pions and kaons are the primary production mode of neutrinos in accelerator-based

experiments, and their charged nature allows them to be focused via a magnetic focusing horn

onto a long decay region. The collimation of the charged secondaries is important because the

resulting decay-in-flight of the pions and kaons produces neutrinos with a well-defined direction.

Moreover, the direction of the horn’s current can be used to select for strictly positively-charged

or negatively-charged pions and kaons, which allows for the creation of a predominately neutrino

or antineutrino beam. At the end of the decay region there is typically a beam dump to absorb

the remaining protons and secondary particles. The result of this process is a beam of neutrinos
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Figure 2.7: A diagram of a typical neutrino beamline. Protons are accelerated to high energies and directed

onto a target to produce pions and kaons, which subsequently are focused by a magnetic horn and decay to

produce a collimated beam of neutrinos incident on a detector [7].

(or antineutrinos) with energies ranging from O(100 MeV) to O(100 GeV). A diagram showing

a typical neutrino beamline is illustrated in Figure 2.7.

As discussed in the previous chapter and represented in Equation 1.11, the tunable parameters

in neutrino oscillation experiments are the baseline L and the neutrino energy E. The physical lo-

cation of the detector relative to the beam source sets the baseline, whereas the energy is set by the

beam energy and subsequent neutrino production modes. Accelerator-based neutrino experiments

are typically subdivided into long-baseline (LBL) and short-baseline (SBL) experiments based on

the relative ratio L/E. The goal of SBL experiments is to measure the properties of neutrinos in

the presence of minimal neutrino oscillations, meaning that the L/E is so small that the oscillation

probability is negligible under the standard three-neutrino oscillation framework. These experi-

ments are well-suited for cross section measurements, searches for non-standard neutrino physics,

and searches for eV-scale sterile neutrinos. LBL experiments, on the other hand, typically are

physically placed at a L/E that maximizes neutrino oscillations and therefore increases sensitivity

to the mixing angles and mass splittings. In either SBL or LBL experiments, multiple detectors are

typically used to minimize systematic uncertainties associated with the neutrino flux and neutrino-

nucleus interactions. The two-detector configuration allows for precise measurements of neutrino

flavor appearance and disappearance.

25



2.4.1 Long-Baseline Neutrino Experiments

LBL experiments are primarily sensitive to ∆m2
31, sin2 (θ23), sin

2 (θ13), the CP-violating phase

δCP , and the neutrino mass ordering. Several LBL experiments have been carried out to measure

these parameters and have offered world-leading complementary results on neutrino oscillation

physics.

The Main Injector Neutrino Oscillation Search (MINOS) experiment was comprised of two

steel scintillator sampling calorimeters: the near detector located at the Fermi National Acceler-

ator Laboratory (Fermilab) and the far detector located 735 kilometers away in the Soudan Un-

derground Laboratory in northern Minnesota. The MINOS detectors were exposed to the Neutri-

nos at the Main Injector (NuMI) beam, which originates at Fermilab. The most recent combined

analysis of νµ disappearance and νµ → νe appearance at MINOS provided a measurement of

|∆m2
32| = |2.32− 2.53| × 10−3 eV2 (68% C.L.) and sin2 (θ23) = 0.35 − 0.65 (90% C.L.) in the

normal neutrino mass ordering scenario and |∆m2
32| = |2.32− 2.53| × 10−3 eV2 (68% C.L.) and

sin2 (θ23) = 0.34− 0.67 (90% C.L.) in the inverted neutrino mass ordering scenario [37].

The two current generation neutrino oscillation experiments are the T2K (Tokai-to-Kamioka)

experiment in Japan and the NOvA (NuMI Off-Axis νe Appearance) experiment in the United

States. Both experiments have a primary goal of measuring θ13 using the νµ → νe appearance

channel and a predominately νµ beam. The T2K experiment uses the J-PARC facility in Tokai as

the source of the neutrino beam and the location of the near detector. The far detector is the Super-

Kamiokande detector located 295 kilometers away in Kamioka. The NOvA experiment utilizes the

same NuMI beamline that MINOS used with a near detector at Fermilab and a far detector located

810 kilometers away in Ash River, Minnesota. The two collaborations have been pursuing a joint

analysis of their data to provide a combined measurement of the neutrino oscillation parameters.

Two other LBL experiments have been proposed and are in various stages of construction. The

upgrade to the T2K experiment, Hyper-Kamiokande, is a proposed water Cherenkov detector with

a fiducial mass of 260 kilotons - about 25 times the size of its predecessor. The Deep Underground

Neutrino Experiment (DUNE) will use massive liquid argon time projection chambers (LArTPCs)
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located at the Sanford Underground Research Facility in South Dakota. The DUNE experiment

will consist of four 17-kiloton LArTPCs and will be exposed to the Long-Baseline Neutrino Facil-

ity (LBNF) beam originating at Fermilab. The LArTPC technology will be discussed in the next

chapter.

2.5 Short-Baseline Anomalies

Table 2.1: Global measurements of three-flavor oscillation parameters up to the 1σ Best-Fit (BF) and the

3σ range. Note that ∆m2
3l ≡ ∆m2

31 > 0 for the normal ordering scenario and ∆m2
3l ≡ ∆m2

32 < 0 for the

inverted ordering scenario. Values taken from [1].

Parameter Normal Hierarchy Inverted Hierarchy

1σ BF 3σ Range 1σ BF 3σ Range

sin2 θ12 0.303+0.012
−0.012 0.270 → 0.341 0.303+0.012

−0.011 0.270 → 0.341
sin2 θ23 0.451+0.019

−0.016 0.408 → 0.603 0.569+0.016
−0.021 0.412 → 0.613

sin2 θ13 0.02225+0.00056
−0.00059 0.02052 → 0.02398 0.02223+0.00058

−0.00058 0.02048 → 0.02416
δCP (deg) 232+36

−26 144 → 350 276+22
−29 194 → 344

∆m2
21 (10−5 eV2) 7.41+0.21

−0.20 6.82 → 8.03 7.41+0.21
−0.20 6.82 → 8.03

∆m2
3l (10−3 eV2) 2.507+0.26

−0.27 2.427 → 2.590 −2.486+0.025
−0.028 −2.570 → −2.406

The current three-neutrino oscillation framework has been successful in describing the results

of solar, atmospheric, reactor, and LBL neutrino experiments. However, there have been results

at SBL experiments which appear to be in tension with the three-flavor neutrino model. Such

anomalies may be the result of some mis-modeled background or missing systematic uncertainty

in measurements, but they may also be indicative of new physics beyond the Standard Model. This

section will cover the LSND and MiniBooNE experiments, which have each observed an excess

of electron-like events that are not consistent with the three-neutrino oscillation framework. The

results of these experiments have motivated the Short-Baseline Neutrino (SBN) Program.

2.5.1 The LSND Experiment

The Liquid Scintillator Neutrino Detector (LSND) was a short-baseline neutrino oscillation ex-

periment that ran from 1993 to 1998 at the Los Alamos National Laboratory. LSND was situated

27



Figure 2.8: A diagram of the LSND detector and beamline. The detector was situated approximately 30

meters from the neutrino production target. The figure is taken from [8].

in the 0.8 GeV proton beam at the Los Alamos Neutron Science Center (LANSCE). The beam pri-

marily produced pions, which then produced neutrinos predominately through the µ+ → e+νeν̄µ

decay-at-rest production mode. The LSND experiment was designed to search for ν̄µ → ν̄e oscil-

lations through the process:

ν̄µ
oscillation
−−−−−−→ ν̄e + p → e+ + n (2.1)

The LSND detector was filled with 167 metric tons of mineral oil and liquid scintillator and in-

strumented with 1220 photomultiplier tubes (PMTs). It was situated approximately 30 meters from

the neutrino production target (Figure 2.8). The design of the detector allowed for the detection

of both the Cherenkov light and scintillation light produced by charged particles in the interaction

final state, where the combination of this information provided particle identification, track angle

reconstruction, and energy estimation. Cherenkov light is produced by charged particles traveling

faster than the speed of light in the medium and produces a ring-like signature observable with the

PMTs install on the walls of the detector. The threshold for the Cherenkov radiation process is

dependent on the mass of the particle, effectively making the LSND detector insensitive to more

massive particles like protons and neutrons.

The neutrino source had a small amount of intrinsic ν̄e contamination, so the measurement of

this process, which has a large and well-known cross section, provided a sensitive way to search
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Figure 2.9: The LSND ν̄e event spectrum. The measured events are shown as black points, while the

background from other sources, including ν̄e’s intrinsically present in the beam, are shown as the green

and red regions of the histogram. The blue histogram shows the hypothesized ν̄e events from ν̄µ → ν̄e
oscillations at the measured value of ∆m2. The figure is taken from [8].

for ν̄µ → ν̄e oscillations. This inverse beta decay process was detected by observing the positron

and neutron produced in the final state: the positron produced a prompt signal in the detector,

while the neutron was captured on a proton in the detector and produced a delayed 2.2 MeV γ

signal. The LSND collaboration observed an excess of ν̄e events over the expected background

from other sources, including the intrinsic ν̄e contamination in the beam, as shown in Figure 2.9.

The excess was observed at a significance of 3.8σ with a best-fit ∆m2 in the region of 0.2 − 10

eV2 [8]. The LSND result was surprising because it was not consistent with the three-neutrino

oscillation framework that was beginning to be established at the time.

2.5.2 The MiniBooNE Experiment

Following the surprising results of LSND at Los Alamos, the Mini Booster Neutrino Exper-

iment (MiniBooNE) was constructed at Fermilab to further test the LSND signal. MiniBooNE
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Figure 2.10: A diagram of the MiniBooNE detector. The detector was situated approximately 500 meters

from the neutrino production target.

consisted of a large Cherenkov detector filled with 800 tons of mineral oil and instrumented with

1520 PMTs, most of which were reused from the LSND experiment. The design of the detector

was a 12.2 meter diameter sphere with the PMTs arranged primarily facing inwards, but with some

facing outwards to provide a veto for cosmic rays. The spherical shape was chosen to maximize the

ratio of volume to instrumented surface area, which was important for event reconstruction. This

design choice also resulted in a fully active volume with no dead regions - an important feature to

prevent neutral current π0 → γγ background from mimicking single electron events. A diagram

of the MiniBooNE detector is shown in Figure 2.10.

MiniBooNE was situated along Booster Neutrino Beam (BNB), which extracted 8 GeV protons

from the Fermilab Booster accelerator and directed them onto a beryllium target and a magnetic

focusing horn. The focusing horn was used to focus and preferentially select the sign of charged

pions produced in the target, which then decayed to produce neutrinos. The BNB produced a pre-

dominantly νµ beam with less than a percent of νe contamination. Though situated at a larger dis-

tance from the neutrino source than LSND, the higher energy of the neutrinos placed MiniBooNE

at an L/E that was nearly the same as LSND. The interaction channels studied at MiniBooNE

were similar to those studied at LSND, namely [13]:
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Figure 2.11: The MiniBooNE electron-like event spectrum. The measured events are shown as black points,

while the background from other sources, including νe’s intrinsically present in the beam, are shown as the

shaded regions of the histogram. An excess of 4.8σ above the expected event rate (without anomalous

neutrino oscillations) is observed [9].

νµ
oscillation
−−−−−−→ νe + n → e− + p (2.2)

ν̄µ
oscillation
−−−−−−→ ν̄e + p → e+ + n (2.3)

The MiniBooNE experiment collected data from 2002 to 2019 and observed an excess of

electron-like events in the neutrino mode data, as shown in Figure 2.11. The shaded region shows

the expected background from other sources, including νe’s intrinsically present in the beam. The

data points reflect a 4.8σ excess above the expected event rate in the region below about 800 MeV.

The measurement is limited by systematic uncertainties, as the significance of the excess using

statistical uncertainties only is 12.2σ. The excess is also higher than the best-fit prediction under

the 3+1 sterile neutrino hypothesis. A joint analysis between LSND and MiniBooNE was also

reported in the latest updated analysis and showed consistency in both energy and magnitude of

the events with a combined significance of 6.0σ [9].
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Figure 2.12: Examples of event topologies in the MiniBooNE detector. The top row shows νµ CCQE

events, the middle row shows νe CCQE events, and the bottom row shows NC π0 → γγ events. The image

is taken from [10].

The flavor of the final-state lepton is the key to resolving the flavor of the parent neutrino. Muon

production is indicative of a muon neutrino interaction, while electromagnetic activity is indicative

of electron neutrino or π0 events. Muons travel in long, straight paths and produce a well-defined

Cherenkov ring signature, while electrons produce a more diffuse Cherenkov ring owing to the

cascading electromagnetic activity in the interaction. Events that produce a γ, which subsequently

produces an e+e− pair, will create two diffuse rings that are not always separable. Moreover, π0

decays (π0 → γγ) may result in only a single ring if one of the γ’s escapes the detector. Examples

of these event topologies are shown in Figure 2.12.

The challenges associated with electron/photon discrimination at MiniBooNE are a significant

source of background events and systematic uncertainty in the νe appearance search. While the

appearance of νe events is consistent with the introduction of at least one sterile neutrino with a

∆m2 high enough to drive oscillations at short baselines, misidentified π0 → γγ and resonant
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decays such as ∆ → N + γ must also be considered as explanations. The largest of these two, the

π0 background, was measured by MiniBooNE by reconstructing the two-gamma invariant mass

to select events consistent with the π0 mass [9]. Additionally, the ∆ → N + γ background was

constrained by a NC π0 measurement, which has contributions from ∆ resonant production [9].

These results from LSND and MiniBooNE, both involving excesses of electron-like events

with difficult-to-constrain photon backgrounds, have motivated the SBN Program. The detectors

of the SBN Program utilize the LArTPC technology to provide excellent particle identification and

electron/photon separation capabilities. The LArTPC technology and the SBN Program will be

discussed in the next chapter.
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Chapter 3

The Short-Baseline Neutrino Program

The Short-Baseline Neutrino (SBN) Program is a suite of three detectors utilizing the liquid

argon time projection chamber (LArTPC) technology and dedicated to the resolution of neutrino

oscillation anomalies at short baselines. The LArTPC technology is the principal technology of

choice for modern neutrino detectors and offers a unique combination of high-resolution tracking,

calorimetry, and particle identification capabilities, which are essential for the study of neutrino

interactions. This chapter provided an overview of the LArTPC technology (Section 3.1) and the

Short-Baseline Neutrino Program (Section 3.2).

3.1 The LArTPC Technology

The energy of an energetic particle traveling through argon is transferred to the atoms primarily

in two ways: ionization and atomic excitation. The ionization process occurs when the energy

transfer is sufficient to liberate an electron from the parent argon atom. Atomic excitation occurs

when the particle transfers energy to the atom, but not enough to remove an electron. An excited

argon atom quickly pairs with another argon atom to form an excited dimer, which then decays to

the dissociative ground state by emission of a 128 nm ultraviolet photon, as represented in Equation

3.1. In addition to light production via atomic excitation, the process of ionization and subsequent

recombination of liberated electrons and argon ions also produces light as shown in Equation 3.2.

At zero electric field, the number of photons released by minimum-ionizing particles (MIPs), such

as muons or pions, is approximately 40,000 photons per MeV and decreases by about a factor of

two at an electric field of O(100 V/cm) [38]. In each process, the emission of scintillation light

proceeds through the radiative decay of the excited dimer. The dimer may exist in either a singlet

or triplet state, referring to how the spin of the electron and the argon dimer couple. The single

state decays promptly with a lifetime of O(6 ns) and the triplet state decays with a lifetime of
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O(1.5 µs). Collectively, these make up the “prompt” and “late” components of the scintillation

signal available for detection in a LArTPC.

Ar∗ + Ar → Ar∗2 → 2Ar + γ (3.1)

Ar+ + Ar + e− → Ar+2 + e− → Ar∗2 → 2Ar + γ (3.2)

The application of a strong electric field across the argon volume reduces the rate of recombi-

nation, therefore preserving an ionization signal which traces the path of the charged particle. The

freed electrons are drifted along this applied electric field to the readout electronics, where they

are collected and converted into a signal. Electronegative impurities in the argon, such as oxygen

and water, can capture the drifting electrons, thereby reducing the signal. This is also the reason

that noble elements are an attractive choice for such detectors - they are chemically inert with low

electronegativity.

In 1974, William Willis and Veljko Radeka demonstrated the use of liquid argon ionization

chambers as a total absorption calorimeter. They showed that the ionization signal produced by

charged particles traversing the liquid argon volume could be used to measure the total charge

deposited by particles traversing through the detector [39]. Two years later, Nygren proposed the

concept of a TPC using a gaseous argon-methane mixture as a tracking detector in the Positron-

Electron Project (PEP) at SLAC. The design used an electric field to drift ionization electrons

generated by charged particles in the gas towards each end of the cylindrical chamber, where a

single layer of proportional wire readout planes amplified and detected the arriving electrons. This

design allowed for the three-dimensional reconstruction of charged particle activity in the detector

volume [40]. In 1977, Carlo Rubbia proposed the use of LArTPCs for neutrino detection [41],

which has since become a principal technology in modern neutrino detectors.

In the modern day, a typical LArTPC-based neutrino detector consists of several important

components: an anode plane, a cathode plane, a field cage, and a photon detection system (PDS),
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Figure 3.1: Schematic diagram of a typical LArTPC-based neutrino detector. The LArTPC consists of an

anode plane, a cathode plane, a field cage, and a photon detection system (PDS).

as shown schematically in Figure 3.1. The cathode plane is a large, electrically conductive surface

which is held at a negative voltage with respect to the anode plane. The field cage is a series

of electrically conductive rings which are held at intermediate voltages between the anode and

cathode planes. A resistor divider chain is typically used to step down the voltage magnitude from

the cathode to the anode at a constant gradient. The field cage is used to shape the electric field

in the detector volume, ensuring that the ionization electrons experience a uniform electric field

across the entire drift distance.

The anode plane consists of a series of wire planes, each with wires oriented at an angle differ-

ent to those of the other planes and biased with a voltage such that the drifting ionization electrons

are deflected around all but the last wire plane. The final wire plane is biased such that the drifting

ionization electrons are collected instead. An example of simulated ionization electron trajectories

from MicroBooNE, which has two induction planes and a collection plane, is shown in Figure

3.2a. Each wire near the path of an ionization electron will experience a particular induced current
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(a) (b)

Figure 3.2: (a) The simulated path traversed by an ionization electron in the MicroBooNE LArTPC. The

wire planes are each represented by a row of dots indicating their orientation into the page. The image

represents a 2D simulation done with GARFIELD. In reality, the wire planes are not parallel with each

other. (b) The simulated average signal shapes in the MicroBooNE LArTPC for the first induction plane (U

plane), the middle induction plane (V plane), and the collection plane (Y plane). Images taken from [11].

signal as the electron drifts through the field. The signal on induction-type planes, meaning planes

that are not collecting the drifting ionization electrons, will exhibit a rising signal as the ionization

electron drifts towards it followed by a rapid switch in polarity as the ionization electron drifts past

the wire towards the subsequent plane. The first plane will also experience a long-range induction

effect, which tends to stretch the signal towards earlier time, though this effect can be mitigated

by the addition of a shielding (grid) plane in between the first induction plane and the cathode.

The signal observed on the collection plane will exhibit a unipolar shape as the drifting ionization

electrons are collected by the wires. The simulated average signal shapes for the three wire planes

in MicroBooNE are shown in Figure 3.2b as an example.

Each wire plane produces a two-dimensional projection of the three-dimensional ionization

signal corresponding to the charged particle traversing the detector volume. The spacing of the

wires, typically a few millimeters, ultimately determines the spatial resolution of the detector. An

example event display of a νµ CC candidate from the collection plane of the ICARUS detector
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is shown in Figure 3.3. The vertical axis is the time axis with an extent of about a millisecond,

whereas the horizontal axis represents the wire axis with a spatial extent of about two meters.

The event display clearly shows the high spatial resolution of the detector, as evidenced by the

clarity with which one can reconstruct fine details of the tracks such as the delta rays from the

muon track. The color represents the local charge deposition density; it is possible to visually and

algorithmically separate the proton, which has a higher energy deposition rate and tends to stop in a

shorter distance, from the muon. The combination of two-dimensional projections from each wire

plane makes it possible to reconstruct a three-dimensional image of the same activity. The process

of reconstructing events and extracting high-level information for analyses will be discussed in

Chapter 5.

Fundamentally, two different types of particle topologies exist in interactions as seen with the

wire planes: tracks and electromagnetic showers. Tracks represent the path of a charged particle

through the detector volume and are generally straight and continuous. Bends in the track may be

caused by Coulomb scattering of the particle on the argon atoms or distortions in the electric field.

Electromagnetic showers are cascades of particles produced by a high-energy photon or electron.

Showers are characterized by a series of electromagnetic processes such as pair production, Comp-

ton scattering, and bremsstrahlung. The shower is visible in the detector as a collection of spatially

separate “pieces” of charge deposition with gaps indicating the path taken by a photon.

One of the challenging backgrounds associated with the LSND and MiniBooNE experiments

was interactions which produced one or more photons, as they can be difficult to distinguish from

the electron-containing signal. The LArTPC technology provides two ways to address this back-

ground: the spatial gap between the photon creation point and the shower start and the energy

profile at the start of the electromagnetic shower. When a photon is emitted at the interaction ver-

tex, it produces no visible signal until it pair produces into an e+/e− pair, thus beginning the visible

portion of the electromagnetic shower. This gap is not present for showers induced by electrons.

Similarly, the deposited energy per unit length, or dE/dx, at the start of the shower will either match
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Figure 3.3: An example event display of a νµ CC candidate from the ICARUS detector. Image taken

from [12].

the profile of a single electron or that of a stacked e+e− pair. In the latter case, the dE/dx will be

twice as high as that of a single electron.

The electric field in the detector volume of a typical LArTPC is 100 − 500 V/cm, which is

sufficient to drift the ionization electrons to the anode plane(s) in a few milliseconds. Neutrinos

from accelerator-based sources typically are delivered in O(µs) windows, which makes the timing

information available from the TPC subsystem alone relatively imprecise. This is one of the mo-

tivations for leveraging the O(ns) timing information from the prompt scintillation light produced

by the interaction. This is accomplished through the use of the PDS, shown schematically behind

the anode wire plane in Figure 3.1, which collects scintillation photons and produces a digitized

signal of the “light flash” produced by the interaction. The association of this optical signal with

ionization charge signal information provides timing information with a resolution matching the

PDS and can be used to reject non-beam backgrounds such as cosmic rays.

To summarize, the LArTPC technology is characterized by O(mm) resolution of interactions

in the detector volume, precise calorimetric information for energy reconstruction and particle

identification, and O(ns) resolution of event timing for background rejection. Liquid argon is
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an attractive medium for neutrino detection due to its high density, low electronegativity, and high

scintillation light yield. The design of a LArTPC is also modular, and when combined with argon’s

relatively high abundance in the atmosphere it allows for the cost-effective construction of large

detectors.

3.2 The Short-Baseline Neutrino Program

In 2014, the Particle Physics Projects Prioritization Panel (P5) recommended a near-term,

world-leading, short-baseline experimental neutrino program with strong international and domes-

tic participation. Specifically [42]:

• P5 Recommendation #12: In collaboration with international partners, develop a coherent

short- and long-baseline neutrino program hosted at Fermilab.

• P5 Recommendation #15: Select and perform in the short term a set of small-scale short-

baseline experiments that can conclusively address experimental hints of physics beyond the

three-neutrino paradigm. Some of these experiments should use liquid argon to advance the

technology and build the international community for LBNF at Fermilab.

In the modern day, the Long-Baseline Neutrino Facility (LBNF) is the infrastructure project at

Fermilab which will host the Deep Underground Neutrino Experiment (DUNE). These recommen-

dations are the genesis of the SBN Program at Fermilab, as proposed in [14], which is dedicated

to resolving the short-baseline neutrino anomalies observed in the LSND and MiniBooNE experi-

ments while furthering the development of the LArTPC technology for DUNE. Section 3.2.1 will

provide a brief overview of the physics goals of the SBN Program, followed by a description of

the Booster Neutrino Beam in Section 3.2.2. The three detectors of the SBN Program, the Short-

Baseline Near Detector (SBND), MicroBooNE, and ICARUS, will be respectively described in

Sections 3.2.3, 3.2.4, and Chapter 4.
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Figure 3.4: Schematic diagram of the Short-Baseline Neutrino Program at Fermilab. The three detectors,

SBND, MicroBooNE, and ICARUS T600, are located on-axis in the Booster Neutrino Beam. Image from

Fermilab Visual Media Services.

3.2.1 Physics Goals

The SBN Program brings together three detectors utilizing the LArTPC technology and located

on-axis in the Booster Neutrino Beam. Figure 3.4 schematically summarizes the locations of the

three detectors relative to the BNB target and their sizes. The detector locations were chosen to

optimize the sensitivity to neutrino oscillations and to minimize the impact of flux systematic un-

certainties. SBND is located closest to the BNB target and is designed to characterize the neutrino

flux. The two far detectors, MicroBooNE and ICARUS, are positioned to have complementary

sensitivities to short-baseline neutrino oscillations. The shared technology and beamline of the

three detectors means that common systematic uncertainties cancel in the comparison of the re-

sults from the three detectors to first order. As an example, if the neutrino flux or ν-Ar cross

sections are mis-modeled, the effect will be the same in all three detectors, and the comparison of

the results from the three detectors will be unaffected. This is a significant advantage of the SBN

Program over previous experiments which have observed short-baseline neutrino anomalies.

The SBN Program, following the recommendations of P5, has four primary physics goals:

• Conclusively resolve anomalies observed at short-baselines

• Characterize ν − Ar interactions
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• Search for physics beyond the Standard Model

• Develop the LArTPC technology, software, and analysis tools for DUNE

These four primary physics goals will each be described in detail below.

Conclusively resolve anomalies observed at short-baselines The primary physics goal of the

SBN Program is to conclusively resolve the short-baseline neutrino anomalies observed in the

LSND and MiniBooNE experiments, as described in Section 2.5.1 and 2.5.2. As discussed in

Section 1.5, the 3+1 minimal extension to the three-neutrino model provides effective oscillation

probabilities for νµ disappearance (Equation 3.3) and νe appearance (Equation 3.4) with which the

SBN Program can explore the parameter space of the sterile neutrino hypothesis:

P 3+1
νµ→νµ

= 1− 4 |Uµ4|
2
(

1− |Uµ4|
2
)

sin2 ∆m2
41L

4E

≡ 1− sin2 2θµµ sin
2 ∆m2

41L

4E

(3.3)

P 3+1
νµ→νe

= 4 |Uµ4|
2 |Ue4|

2 sin2 ∆m2
41L

4E

≡ sin2 2θµe sin
2 ∆m2

41L

4E

(3.4)

These two channels are the primary targets with the highest sensitivity due to the fact that the BNB

is a predominately νµ beam.

Electron neutrino candidates include intrinsic νe CC interactions as well as other beam-related

mis-identified backgrounds. The SBN proposal [14] chose a signal definition which requires the

presence of a single electron shower with Ee > 200 MeV and with an assumed identification

efficiency of 80% after restricting the candidate interaction vertices to the fiducial volume. The

fiducial volume cut requires that the vertex of the interaction to be at least 25 cm from the faces

parallel to the beam, 30 cm from the detector face upstream of the beam, and 50 cm from the detec-

tor face downstream of the beam in order to maintain reconstruction fidelity. The 80% efficiency

target was estimated from hand-scanning simulated events and requires verification with automated

reconstruction algorithms.

42



In addition to the intrinsic νe CC interactions, there are several sources of background which

can mimic the signal. Neutrinos interacting through NC channels may produce γ showers above

the 200 MeV shower cut, which can be mis-identified as electrons. For example, NC interactions

which produce any number of π0 in the final state or radiative resonant decays are sources of

γ’s which can mimic the signal. Cuts on the number of reconstructed showers in an interaction

along with conversion gap and dE/dx cuts, which leverage the excellent spatial resolution and

calorimetry of the LArTPC technology, can be used to suppress these backgrounds.

Due to the relatively plentiful νµ CC interactions, mis-reconstructed νµ CC interactions with

an electromagnetic shower can also fake a νe CC interaction. If the muon is not reconstructed

or if the muon is mis-identified as a pion, the interaction may meet the signal definition. Tracks

that are sufficiently long are almost entirely muons, so a cut on the track length can be used to

suppress these backgrounds. Cosmogenic photons, either from a cosmic muon or produced in the

atmospheric shower itself, may also create electromagnetic showers which can mimic the signal.

Additional shielding in the form of a concrete overburden can reduce the rate of primary photons

significantly, but does not eliminate the background imposed by primary cosmic muons. Instead,

reconstruction cuts utilizing the interaction topology and timing information can be used to sup-

press these backgrounds, or robust estimation of the cosmic background through simulation or data

can be used to characterize the background.

νµ CC candidates are similarly selected assuming an 80% reconstruction and identification

efficiency after a fiducial volume cut has been applied (the same as described previously). This

signal definition requires a muon in the interaction’s final state. Beam-related backgrounds include

NC charged pion production, as charged pions have a similar dE/dx profile to muons and may

therefore be mis-identified as muons. Charged pion tracks are typically quite short with most

traveling less than half a meter in liquid argon, so a cut on the track length can be used to suppress

these backgrounds. A minimum length of 50 cm for the candidate muon track was chosen in the

SBN proposal to minimize these backgrounds.

43



Cosmogenic muons are a significant background for the νµ disappearance search. Cosmogenic

muons are most often out-of-time with respect to the beam window, so a cut on the timing of the

interaction can be used as a first step to suppress these backgrounds. Furthermore, muons entering

the detector can be tagged in a variety of ways. A muon which stops in the detector will have

one end point at the detector boundary and exhibit a clear stopping signature in the form of a

high rate of charge deposition at the opposite end of the track. The cosmic ray tagging system,

which is a subsystem surrounding each of the three SBN detectors dedicated to tagging particles

as they enter or exit the detector, can also be used to provide further cosmic background rejection.

The combination of interaction timing and the requirement of an exiting or fully-contained track

topology are sufficient to suppress the cosmic background to a manageable level.

Precise measurement of the energy of the neutrino interaction is essential for optimal sensi-

tivity to neutrino oscillations and is contingent upon the calorimetric capabilities of the LArTPC

technology. The reconstruction of the electron neutrino energy relies on the precise reconstruction

of the resulting electromagnetic shower’s energy. This is done by summing the charge deposited in

the shower and converting it to an energy by accounting for the electronics gain, electron lifetime,

and recombination effects.

The reconstruction of the muon neutrino energy is dependant on whether the resulting muon

track is fully contained or exiting. If the muon is fully contained, the energy can be estimated

using the length of the muon track and the theoretically well-known rate of energy loss for muons

in liquid argon. If the muon exits the volume, its energy must instead be estimated using the degree

of scattering from Coulomb interactions present along the track. In order to attain sufficient energy

resolution through multiple Coulomb scattering measurements, the SBN proposal places a 100

centimeter minimum length cut on exiting muon tracks.

Characterize ν − Ar interactions Precise neutrino-nucleus cross section measurements are a

fundamental prerequisite for every neutrino oscillation experiment, especially for the future long-

baseline experiment DUNE. The MeV-to-GeV neutrino energy range exposes the detectors of the

SBN Program to a rich landscape of neutrino interactions on argon, as discussed in Section 1.3,
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ranging from the emission of a single nucleon to more complex final states with multiple pions or

other hadrons. The LArTPC technology is particularly well suited to studying complex final states

due to its high-resolution tracking and calorimetry capabilities. The slightly different detector

geometries and locations of each detector in the SBN Program also enables important cross-checks

of the neutrino-nucleus cross section measurements.

Search for physics beyond the Standard Model The SBN Program is also well-positioned to

search for physics beyond the Standard Model. Sterile neutrino decay is a mechanism which may

explain the LSND and MiniBooNE anomalies [43–45]. In this process, an active neutrino interacts

via a neutral-current process inside the detector and produces a heavy neutrino which subsequently

decays into a light neutrino and a photon. The experimental signature is an interaction vertex in

the upstream portion of the detector followed by a photon signal in the downstream region of

the detector. The near detector has the advantage of higher statistics due to its location, while

MicroBooNE and ICARUS have the advantage of a larger volumes for observing such a decay.

SBN will also be able to search for sub-GeV dark matter produced by the proton beam. Several

recent studies have highlighted the sensitivity of the SBN experiments to light exotic new particles

such as dark matter tridents [46], Higgs portal scalars [47], and elastically [48] and inelastically

[49] scattering dark matter. This sensitivity to a wide range of new physics is enhanced by the

location of off-axis location of MicroBooNE and ICARUS with respect to the higher-energy NuMI

beam.

Develop the LArTPC technology, software, and analysis tools for DUNE The scope and com-

plexity of DUNE requires the development of new technologies and software tools that rise to the

challenge of its physics goals. An important component of the viability of the LArTPC technology

for DUNE is the scalability to the large detector volume required for the experiment while main-

taining the high-resolution tracking and calorimetry capabilities. The SBN Program provides an

opportunity to test similar cryostat, TPC, and PDS designs as those that will be used in DUNE.
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The SBN Program requires an advanced suite of algorithms for signal processing, event recon-

struction, and simulation, and analysis. These algorithms must account for detector effects such

as the diffusion of the drifting ionization electrons, electron-ion recombination, impact of argon

impurities on ionization charge loss, and electronics noise. Many of these effects can be character-

ized in the SBN detectors and will have immediate relevance for DUNE. The scalability of these

algorithms to larger data volumes is also an important aspect of the development of the LArTPC

technology for DUNE. Factorizing these algorithms into a common software framework will en-

able the sharing of tools and efficient development of new algorithms. The Liquid Argon Software

(LArSoft) package is a realization of this detector-independent organization of common software

tools for the simulation, reconstruction, and analysis of LArTPC data [50]. This package is shared

between the detectors of the SBN Program and DUNE, and much of the development of LArSoft

is currently driven by SBN Program.

3.2.2 The Booster Neutrino Beam

The detectors of the SBN Program make use of the existing Booster Neutrino Beam at Fer-

milab. The BNB is a conventional horn-focused neutrino beam fed by with 8 GeV protons from

Fermilab’s Booster accelerator. The BNB was originally designed and optimized for the Mini-

BooNE detector, and provided neutrinos for the experiment from 2002 to 2019. One of the design

considerations for the beamline was the maximization of neutrino flux at roughly 500 MeV and the

minimization of the flux at higher energies to reduce π0 production from NC interactions. These

choices were made to optimize the sensitivity of MiniBooNE to the LSND anomaly [13].

The Fermilab Booster is a 474-meter-circumference synchrotron operating at 15 Hz. The

Booster accelerates 400 MeV protons from the Fermilab LINAC to 8 GeV, which are then ex-

tracted and directed to the BNB target. The harmonic number of the Booster is 84, which means

that the protons are extracted in 84 buckets of which 81 are filled with protons. The resulting beam

structure is a series of 81 proton bunches with a 2 nanosecond width and a 19 nanosecond spac-

ing. The proton beam is directed by a switch magnet to either to the Main Injector or the BNB.
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Figure 3.5: Schematic diagram of the Fermilab accelerator complex. The Booster Neutrino Beam is fed by

8 GeV protons from the Booster accelerator. Image taken from the Fermilab Visual Media Services

Figure 3.5 shows these components of the Fermilab accelerator complex. Protons sent to the BNB

are focused onto a beryllium target, producing primarily charged pions and kaons. The charged

particles produced by the proton beam are then focused by a pulsed magnetic horn system, shown

schematically in Figure 3.6. The direction of the horn current determines the sign of the focused

particles, and therefore the dominant sign of the neutrinos produced. The nominal running mode

of the BNB is “neutrino mode” where the horn focuses positively-charged particles, producing a

predominantly neutrino beam.

The focused charged pions and kaons enter an air-filled cylindrical decay region after passing

through the horn system. This region provides about 50 meters of length for the charged particles

to decay before reaching the steel and concrete absorber. The charged pions and kaons decay

predominately into muons and muon neutrinos, where the muons subsequently decay to produce

both muon and electron neutrinos. In the rest frame of each of the decay particles the neutrinos
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Figure 3.6: Schematic diagram of the BNB horn system. The horn system is used to focus the charged

pions and kaons produced in the target and to direct them towards the decay pipe. Image taken from [13].

are produced isotropically, but due to the boost of the parent particle the neutrinos are produced

in a forward cone in the lab frame oriented towards the detectors of the SBN program. The BNB

neutrino production channels and their branching ratios are shown in Table 3.1.

The flux of neutrinos at each detector location is shown in Figure 3.7. Note that the rate

at SBND (left) is 20-30 times higher than at the MicroBooNE and ICARUS detectors. The far

detectors also have a broader νµ spectrum as a result of the narrower solid angle viewed by each

detector relative to the near detector, though this is not expected to have a significant impact on

the joint analysis systematics. The νe/ν̄e fluxes have a more similar shape in all three detectors.

In neutrino mode, the flux is dominated by νµ (∼ 93.6%), followed by ν̄µ (∼ 5.9%), and with

an intrinsic νe / ν̄e contamination at the level of 0.5% below 1.5 GeV. The primary source of the

νµ flux is pion decay-in-flight except above ∼ 2 GeV, where kaon decay becomes the dominant

source. The pion-to-muon decay chain is also the primary contributor to the intrinsic νe flux, with

the remainder coming from K+ and K0
L decays.
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Table 3.1: Table showing the BNB neutrino production channels and associated branching ratio.

Particle Lifetime [ns] Decay Mode Branching Ratio [%]

π+ 26.03 µ+νµ 99.9877

e+νeνµ 0.0123

K+ 12.38 µ+νµ 63.56

π0e+νe 5.07

π0µ+νµ 3.35

K0
L 51.16 π−e+νe 20.333

π+e−ν̄e 20.197

π−µ+νµ 13.551

π+µ−ν̄µ 13.469

µ+ 2196.98 e+νeν̄µ 100.0

Figure 3.7: The neutrino flux at each detector location along the BNB beamline. The flux is shown for νµ
and νe at the SBND (left), MicroBooNE (center), and ICARUS (right) detectors. Image from [14].
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Figure 3.8: Schematic diagram of the SBND detector. The SBND detector consists of two independent

TPCs separated by a central cathode plane. Each TPC is instrumented with two wired APAs. The detector

is equipped with a PDS system and a CRT system. Image from [14].

3.2.3 Short-Baseline Near Detector

The design of SBND builds upon the many years of LArTPC detector development from the

ArgoNeuT, MicroBooNE, and ICARUS experiments. A diagram of SBND is shown in Figure 3.8.

Overall, the design philosophy of SBND is to serve as a prototype for DUNE while also functioning

as a physics experiment. The detector is constructed as a 4 meter wide, 4 meter high, and 5 meter

long (in the beam direction) volume which is subdivided into two independent TPCs by an opaque

central cathode plane. Instrumenting both of the walls opposite the central cathode are two sets of

wired Anode Plane Assemblies (APA). Each APA consists of two wired induction planes at ±60◦

from the vertical and a collection plane with vertical wires, with all wires spaced at 3 millimeters.

The cathode is held at -100 kV yielding a drift electric field of 500 V/cm corresponding to the 2

meter drift length of each TPC and a maximum drift time of 1.28 milliseconds. Each of the 11,264

wires is read out by a custom-designed cold electronics system immersed in the argon and attached

to the APA frame.

SBND has a PDS system consisting of a total of 120 photomultiplier tubes (PMTs) and 192

X-ARAPUCAs spread across each wall behind the APAs. Tetraphenyl butadiene (TPB), which
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is used to shift the wavelength of the scintillation light from 128 nm to the 420 nm that can be

detected by the PDS, is used to coat reflective foils on the cathode. A portion of the PMTs and

X-ARAPUCAs are coated with TPB, while the rest remain uncoated. This mixed design makes it

possible to separate the reflected and direct components of the scintillation light and can be used to

improve resolution of the interaction along the drift direction. The PDS system is used to provide a

trigger for the TPC readout and to provide a precise timing reference for the event reconstruction.

Due to the location of the detector on the surface, SBND is equipped with a full-coverage

Cosmic Ray Tagger (CRT) system. Each CRT module consists of extruded scintillator strips read

out by silicon photomultipliers (SiPMs). The design of SBND includes seven CRT planes: six to

cover each side plus an additional one placed 3 meters above the first top CRT plane to form a

“CRT telescope” that provides better angular resolution for cosmic muons entering the top of the

detector. The full coverage of the CRT system will provide tagging of cosmic muons entering,

exiting, or crossing the detector. The CRT system provides important input for cosmic background

rejection and for selecting cosmic muon samples for calibration purposes.

3.2.4 MicroBooNE

The MicroBooNE experiment was proposed as a follow-up experiment to the MiniBooNE

experiment primarily to address the observation of an excess of events consistent with νe at low

energies. A diagram of the MicroBooNE detector is shown in Figure 3.9. The MicroBooNE

detector is constructed as a 2.6 meter wide, 2.3 meter high, and 10.4 meter long (in the beam

direction) volume with a single TPC drift volume. The cathode plane is located on one wall of the

detector and held at a voltage of -70 kV, yielding a drift electric field of 273 V/cm corresponding

to the 2.6 meter drift and a maximum drift time of 2.3 milliseconds. The original target electric

field was 500 V/cm, but instabilities in the cathode high voltage led to the detector running at the

lower drift electric field. Despite this, the 273 V/cm drift electric field was sufficient for physics of

interest. The TPC is instrumented with three wired anode planes opposite the cathode which are
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oriented at ±60◦ and 0◦ from the vertical. Each of the 8,256 wires is read out by a custom-designed

cold electronics system immersed in the argon [51].

Located behind the anode plane are 32 PMTs which are used to detect the scintillation light

produced by interactions. TPB-coated acrylic plates are placed in front of the PMTs to shift the

wavelength of the scintillation light to wavelengths that the PMTs can detect. The PMTs are

used to provide a trigger for the TPC readout and to provide a precise timing reference for the

event reconstruction. The MicroBooNE detector is also equipped with a CRT system consisting

of extruded plastic scintillator strips. There are six CRT planes corresponding to each side of the

detector, which provides tagging of cosmic muons entering, exiting, or crossing the detector with

nearly full coverage.

MicroBooNE ran successfully from 2015 to 2020 and accumulated five full datasets corre-

sponding to more than 1.3 × 1021 protons on target. The experiment has published results on

a variety of topics including numerous detector physics measurements [52–55], differential cross

sections for νe [56] and νµ [57] interactions on argon, and searches for physics beyond the Standard

Model. The experiment has also published results on the search for a low-energy excess showing

inconclusive evidence for a sterile neutrino or other beyond the Standard Model physics [58–62].

The full SBN Program will be needed to conclusively resolve the short-baseline neutrino anoma-

lies.
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Figure 3.9: Schematic diagram of the MicroBooNE detector. The MicroBooNE detector consists of a single

TPC drift volume with three wired anode planes opposite the cathode. The detector is equipped with a PDS

system and a CRT system. Image from [15].
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Chapter 4

The ICARUS T600 Detector

The ICARUS T600 detector is the world’s first large-scale LArTPC detector, and at the time

of construction the largest detector of its kind ever built. Its construction realized many years of

research and development by the ICARUS collaboration with successively larger prototypes. This

chapter will provide an overview of the history of the ICARUS T600 detector (Section 4.1) and the

design of each of the three subsystems that make up the detector: the TPC system (Section 4.2),

the photon detection system (Section 4.3), and the cosmic ray tagger (Section 4.4). A summary

of the trigger system and data collection is provided in Section 4.5. The TPC noise characteristics

of the detector will be discussed in Section 4.6, including the measurement and simulation of the

noise. The performance of the noise model is evaluated by comparing the noise characteristics in

data to Monte Carlo simulation in Section 4.6.3.

4.1 History of the ICARUS T600 Detector

After the original proposal of the LArTPC technology for imaging of particle interactions,

an extensive research and development program was undertaken to demonstrate the feasibility

of the technology. This program included ten years of small-scale studies of LAr volumes as a

proof of concept and to serve as test beds for LAr purification methods, read-out schemes, and

electronics, as well as five years of studies with prototypes of increasing mass and complexity.

These prototypes demonstrated the stability of the detector technology and its ability to image

particle interactions. The ICARUS T600 detector was the culmination of this program and was

designed to be a large-scale LArTPC with a liquid argon mass of 760 tons.

The assembly of the ICARUS T600 detector began in 1999 in Pavia, Italy. The T600 detector

is constructed as two separate cryostats, each with internal dimensions of 3.6 meters in width, 3.9

meters in height, and 19.6 meters in length. Each half-module, called a “T300,” houses an inner

detector made of two TPCs (sharing a common cathode), a field-shaping cage, and a PDS. The
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Figure 4.1: An artist cutaway view of the ICARUS T600 detector. The two T300s are shown side-by-side

with the cryostat and the TPCs visible. Image from [16].

dimensions and shape of the two T300s were defined by the requirements that the containers be

transportable through the Italian highways to the underground Gran Sasso National Laboratory

(LNGS). The design of the T600 detector is shown in Figure 4.1.

The first of the two T300s was brought into operation in 2001 with an initial three-month test

run with cosmic rays on the surface, allowing for the first time an extensive study of the main

detector features [16]. After this successful test, the detector was de-commissioned and, in 2004,

the full T600 was transported to Hall B of the underground LNGS. Numerous commissioning

activities were necessary to bring the detector to full operation, which occurred in the first months

of 2010. This marked the start of a three-year run of the T600 detector in the CERN to Gran

Sasso (CNGS) neutrino beam [63]. The physics program included setting limits on νe appearance

[64, 65], refuting the claim of super-luminal neutrinos from the OPERA experiment [66, 67], and

a demonstration of electron lifetime exceeding 15 ms [68], in addition to the general success at
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Figure 4.2: The ICARUS T600 detector after installation in the SBN Far Detector building at Fermilab.

Image from Fermilab Creative Services.

operating the large detector and reconstructing neutrino interactions with unprecedented detail

[63].

The T600 detector was decommissioned starting in June 2013. The detector was then trans-

ported to CERN at the end of 2014 for a significant overhaul in view of its future as part of the SBN

Program at Fermilab. The T600 was moved to Fermilab in 2017 where it was installed in the SBN

Far Detector building in August 2018. Cold commissioning and subsequent filling with liquid ar-

gon began in February 2020 and was completed by around May 2020. The detector activation took

place in August 2020 with the raising of the cathode and anode planes to their nominal voltages,

and the first cosmic events were subsequently recorded. An image showing the T600 detector after

installation at Fermilab is shown in Figure 4.2.

56



4.2 TPC System

Each of the T300 submodules contains a pair of TPCs with drift volumes bifurcated by a central

cathode. The anode for each TPC is made of three parallel wire planes separated by 3 mm, with

the stainless-steel 100 µm wires of each plane oriented at different angles to the vertical axis. The

first induction plane has wires oriented horizontally, whereas the middle induction plane and the

collection plane have wires oriented at ±30 degrees from the vertical axis. The wires of the first

induction plane are split vertically at the center of the TPCs forming two separate wire planes with

a length of 9 m each. The other two planes are continuous and have wires with a length of up to

3.8 m.

The wires are connected to the readout electronics through a series of feed-through flanges that

are distributed along the length of the TPCs. A schematic illustrating the end of one of the TPCs

is shown in Figure 4.3. Wires are connected in groups of 32 to cables, which serve to transmit the

signal on the wires up to the feed-through flanges and to the readout crates. A readout crate holds

nine readout boards, each having the capability to digitize signals from two cables for a total of 64

channels. The TPC electronics are described in more detail in [69] and [70].

Due to the angle of each wire plane, there are necessarily some wires with no attachment point

at the top edge of the detector. These wires are instead accessed through a single feed-through

flange on the corner of each TPC that hosts three readout crates. Two of these crates digitize

signals from the front induction plane, whereas the other digitizes signals from either the middle

induction plane or the collection plane depending on which plane on that end of the detector has

wires inaccessible from the top. The cables are assigned to the readout boards in such a way that

each of the two cables of a given board are connected to spatially separate regions of the wire

plane.

The remaining cables from the middle induction plane and the collection plane pass through

eighteen flanges along the length of the detector. Each readout board of these crates is connected

to exactly 32 middle induction plane wires and 32 collection plane wires. This means that not

only are the two cables of each board attached to wires from spatially separate regions, but the
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Figure 4.3: A diagram showing the geometry of the ICARUS TPC readout. The wires are connected in

groups of 32 to cables and routed up to the feed-through flanges. A readout crate hosts nine readout boards,

each digitizing the signal from two cables for a total of 64 channels per board. Each line on the anode plane

represents 32 wires spaced by 3 mm.
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wires are also from totally independent planes. The fact that there is no single board with all 64

channels from a spatially connected region is relevant for the filtering of coherent noise, which will

be discussed in a later section.

The cathode is set at a voltage of −75 kV corresponding to a drift field of 500 V/cm across the

1.5 m drift of each TPC. With a measured electron drift velocity of 0.1572 cm/µs, the maximum

drift time for ionization in the detector is 0.95 ms [12]. The wire planes are biased to voltages of

−250 V, −30 V, and 250 V for front induction plane, middle induction plane, and collection plane

respectively. These wire bias voltages were chosen to maximize transparency of the induction

planes to drifting ionization charge.

The electron lifetime has generally been sufficient for high-quality data-taking throughout the

operation of the detector. The electron lifetime is measured by fitting the exponential decay of the

charge collected on the collection plane as a function of drift time. Figure 4.4 shows the electron

lifetime as a function of the calendar date. The steady-state electron lifetime is a function of the

gaseous/liquid argon filter efficiencies, the rate of impurity contamination, and the rate of argon

recirculation. Each cryostat has a separate system of cryogenic pumps for recirculating argon gas

through a purification system, which results in slightly different electron lifetimes for each cryostat

due to the above factors. Over time, the filter efficiency drops as the filters become saturated with

impurities, thus necessitating the regeneration of the filters. The filters for the West cryostat were

regenerated at the end of 2022 and resulted in a significant increase in electron lifetime. A similar

increase was observed in October of 2023 for the East cryostat after its filters were regenerated.

Most importantly, the electron lifetime has been stable and at sufficient levels for high-quality

data-taking throughout each of the physics runs.

4.3 Photon Detection System

The ICARUS T600 photon detection system consists of 360 8" Hamamatsu PMTs deployed

behind the three anode wire planes of the detector, for an even 90 PMTs per TPC. This reflects

an increase of roughly a factor of four over the number of PMTs installed during the CNGS run.
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Figure 4.4: The electron lifetime as a function of the calendar date.

Since the glass domes of the PMTs are not inherently transparent to the 128 nm scintillation light

produced in the LAr, they are each coated with a thin layer of TPB to shift the light to a visible

wavelength. The PMTs are mounted on the wire chamber mechanical frames and are positioned

about 5 mm from the collection plane. A stainless steel cage is mounted around each PMT to

mitigate the induction of fake signals on the nearby wire planes by the much larger PMT signals.

An image of the inside of one of the T300 submodules illustrating the PMTs is shown in Figure

4.5.

The PMTs are accompanied by a dedicated laser calibration system for gain equalization, tim-

ing, and monitoring of the PMTs. Laser pulses generated by a laser diode are transmitted via

optical fibers to each PMT where it delivers a precisely timed and controlled pulse of light. The

timing calibration principally accounts for relative offsets between the PMTs due to hardware dif-

ferences, and can be further refined to the sub-nanosecond level using cosmic muons. Minimally

this allows for analyses to select interactions occurring within the beam window, but it can also be

used to resolve the bunch structure of the beam for further cosmogenic background rejection or for

searches looking for heavy beyond the Standard Model particles.

4.4 Cosmic Ray Tagger

The location of the T600 detector on the surface at Fermilab exposes the detector to 11 kHz

of cosmic rays, presenting an additional challenge to neutrino reconstruction and selection. Addi-

60



Figure 4.5: An image of the inside of one of the T300 submodules. The PMTs are visible mounted on

the walls of the chamber behind the anode wire plane. The anode wire planes are only visible from the

reflections glancing off the wires.
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tional shielding from cosmic rays is provided by a 3 m concrete overburden situated above the de-

tector. This overburden is designed to reduce the background contributions from charged hadrons

and high-energy photons, which are attenuated significantly by the concrete. The overall rate of

cosmic activity is reduced by about half with the overburden in place, but it has relatively little

effect on the cosmic muon flux.

In order to efficiently identify neutrino interactions among this large background of cosmic

rays, the ICARUS T600 detector is equipped with a cosmic ray tagger (CRT) system which pro-

vides a nearly 4π solid angle coverage of the detector. The CRT system consists of three distinct

subsystems, each using slightly different technology: the top CRT, side CRT, and bottom CRT. The

top CRT sits above the detector and beneath the concrete overburden and consists of 123 detector

modules covering the full top and top rim of the detector. It is designed to intercept more than 80%

of the cosmic muon flux. Each module is composed of two orthogonal layers of scintillator bars

read out by wavelength-shifting fibers and SiPMs. The orthogonal arrangement of the scintillator

bars in the module leads to better spatial resolution on each CRT hit. The top CRT is a brand new

system designed specifically for the ICARUS T600 detector.

The side CRT subsystem deploys the salvaged scintillator modules that were formerly used

by the MINOS experiment. Each module consists of adjacent 800 cm × 4 cm × 1 cm strips of

polystyrene scintillator with wavelength-shifting optical fibers embedded in the center and read

out by SiPMs. The side CRT subsystem is double-layered consisting of an inner and outer wall.

On the South side of the detector these layers are oriented orthogonally to each other, whereas the

layers on the other sides are parallel and horizontal.

The bottom CRT subsystem is composed of two daisy chains of seveb modules each that are

positioned underneath the warm vessel. These modules were repurposed from the veto modules

of the Double Chooz reactor neutrino experiment [71]. Each of the modules consists of two layers

of polystyrene scintillator strips oriented parallel to each other. Unlike the top and side CRT

subsystems, the scintillator strips of the bottom CRT subsystem are not read out by SiPMs, but

rather by PMTs. Due to hardware failures and difficulty integrating the bottom CRT subsystem
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into the DAQ, the system was not included in the first two physics runs of the ICARUS T600

detector.

4.5 Data Collection

Data collection at ICARUS begins with the issuance of a trigger from the ICARUS trigger sys-

tem corresponding to a series of conditions that must be met. At the highest level, there are two

types of trigger requirements employed at ICARUS: light-based and fixed. The first type, called

the “Majority” requirement, implements a simple logic on the number of PMT pairs that have

simultaneously seen an optical signal above a certain threshold. The latter type, called the “Mini-

mum Bias” or “MinBias” requirement, simply issues a trigger every N beam gates irrespective of

the light activity in the detector. The Majority trigger is used for the collection of neutrino events,

whereas the MinBias trigger is used for trigger efficiency studies.

In the case of the Majority trigger requirement, the PMTs on each wall of the TPC are divided

into adjacent pairs, then each wall is divided into consecutive longitudinal slices of length 6 m (30

PMTs). At the boundaries of these divisions the trigger efficiency is reduced due to the light signal

being split between adjacent slices, but this is mitigated by introducing further 6 m slices centered

at each of these boundaries (“overlapping windows”).

The Majority trigger condition has three controllable parameters: the per-PMT threshold, the

number of PMT pairs required in the beam window, and the number of PMT pairs required outside

of the beam window. Only one of the latter two conditions needs to be met, in combination with

one of the two beam windows, in order to issue a trigger. In the most recent physics run (Run 3),

the Majority trigger was supplemented with the addition of “adders,” which additively stack the

signal from the PMTs in certain regions of the detector. This was done to mitigate the scenario in

which an interaction produces a large, but localized, light signal that is not seen by enough PMTs

to issue a trigger. This is particularly relevant for interactions near the detector boundaries or close

to the PMTs.
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Figure 4.6: The number of triggers for the BNB (left) and NuMI (right) beams. The green line shows the

number of triggers that meet the Majority requirement within the beam window, whereas the orange line

shows the number of triggers meeting the same requirement, but outside of the beam window. Triggers

which are related to the beam (i.e. neutrinos) are present as an excess in the green distribution with respect

to the orange distribution.

Due to the off-axis location of the detector with respect to the NuMI beamline, it is exposed to

both the BNB and NuMI beams, with beam windows that are 1.6 µs and 9.6 µs long, respectively.

The trigger system receives the “Early Warning” signal from the Fermilab Accelerator Division

for each of these beams a fixed time before the protons reach the target, thus setting the start of

the beam window. A fixed time after each beam window, a second “off-beam” window is opened

that is wholly separate from the neutrino beam. Triggering on this window provides an accurate

estimate of cosmogenic backgrounds which meet the Majority requirement (“in-time cosmics”)

and can be used for background subtraction in analyses. Figure 4.6 shows the distribution of

triggers for the BNB and NuMI beams for the on-beam and off-beam Majority data streams. The

excess of triggers in the on-beam window with respect to the off-beam window is indicative of

neutrino interactions. The time resolution of the trigger time is not sufficient to see the individual

buckets of each beam, but the 1.6 µs length of the BNB beam window is clearly visible. In NuMI,

the three unfilled buckets are visible as the gap between subsequent 1.6 µs bunches. The higher

intensity of the NuMI beam results in a larger on-beam excess relative to the off-beam window.
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Table 4.1: A summary of the physics data-taking runs for ICARUS.

Run 1 Run 2 Run 3

Start date June 9, 2022 December 20, 2022 March 14, 2024

End date July 10, 2022 July 16, 2023 –

BNB POT [×1020] 0.411 2.049 –

NuMI POT [×1020] 0.679 2.742 –

BNB collection efficiency [%] 93.2 95.0 –

NuMI collection efficiency [%] 92.9 95.6 –

Has bottom CRT No No Yes

Has overlapped trigger window No Yes Yes

Has adders No No Yes

PMT threshold [ADC] 400 390 390

Majority condition (on-beam, off-beam) 5, 10 5, 9 4, 7

A summary of the three physics runs at ICARUS, including the configurable parameters of

the trigger system and the exposure as measured in protons on target (POT), is shown in Table

4.1. Run 3 is still ongoing at the time of writing, so its ultimate POT exposure is not yet known.

Beam efficiency quantities are calculated as the ratio between the POT delivered by the Accelerator

Division and the POT for which the detector was taking data. Run 2 is currently the largest dataset

and reflects a stable detector configuration, and is therefore chosen as the dataset for the analysis

presented in this thesis.

The ICARUS data acquisition (DAQ) system utilizes the ArtDAQ framework, which is a toolkit

for building high-performance, real-time data acquisition systems [72]. The ArtDAQ framework is

built around the conceptual workflow of reading data from detector elements (BoardReaders) and

sending it to a central location (EventBuilders) for assembling the detector data into events. The

BoardReader processes act as an interface between the lower-level hardware of each component of

the detector and the EventBuilder processes.

When a trigger condition is met, the trigger BoardReader pushes its data fragment to an Event-

Builder process. Upon receipt of the trigger fragment, the EventBuilder requests data from all

other BoardReaders in the system. The BoardReaders of the TPC, PMT, and CRT systems each

send their data fragments to the EventBuilder, representing 1.6 ms, 30 µs, and 6 ms windows of
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data respectively, thus completing the event. The EventBuilder assigns a unique event number to

each event and writes the event to disk. The data is split into different streams based on the trigger

condition (Majority vs. MinBias), whether it was on-beam or off-beam, and by the beam type

(BNB vs. NuMI). An average event after lossless compression is about 160 MB in size, most of

which is TPC data. The DAQ system is capable of stably supporting rates in excess of 5 Hz, though

the typical operational rates are closer to 1 Hz or below [12].

4.6 TPC Electronics Noise Characterization and Simulation

The characterization of TPC electronics noise is important for understanding its impact on ion-

ization signals and the reconstruction of particle interactions in the detector volume. The ICARUS

TPC electronics noise is characterized principally through measurements of the absolute noise

scale, frequency characteristics, and channel-to-channel correlations, as is detailed below (Section

4.6.1). These measurements of the noise are used as input to a data-driven model (Section 4.6.2)

implemented in Monte Carlo simulation. The accuracy of this noise model is presented in Section

4.6.3.

4.6.1 Noise Measurement

For measurements of noise, it is important to use waveforms that are free of signal to avoid

biases that may result from signal contamination. Data taken with the cathode voltage turned

off was chosen for these measurements due to the lack of signal in the waveforms from drifting

ionization electrons. A set of waveforms from a single readout crate before any noise filtering is

applied is shown in Figure 4.7. The visible horizontal bands represent noise common to groups

of 64 channels on the same readout board. The exact source of this coherent noise is not known,

but due to the channel grouping it is believed to be generated on the readout board. A similar

coherent noise feature was observed at MicroBooNE despite the different front-end electronics

used for their TPC readout [73]. There is an additional, smaller coherent noise structure that can

be seen as a weak anti-correlation between channels on adjacent boards. This is believed to be due
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Figure 4.7: An example set of waveforms for a single readout crate. A readout crate contains nine readout

boards, each with 64 channels. Data was collected with no electric field applied.

to capacitive or inductive coupling between the cables in the close confines of the feed-through

flange.

The channel-to-channel correlation, ρ, can be defined as

ρij =
w⃗i · w⃗j

σiσj

where w⃗i is the waveform for channel i and σi is the root-mean-square (RMS) of its waveform.

This can be calculated pairwise for each channel within a readout crate and averaged across many

events. Channel-to-channel correlations between channels not in the same readout crate are not

significant and are correspondingly not discussed here.

The geometry of the readout motivates two distinct classifications for readout crates: crates

which connect only to front induction plane wires and crates which connect to a mix of middle

induction plane and collection plane wires. The additional wire and cable length for channels

in the front induction plane results in higher overall noise. The cables connecting the wires to

the front-end are also in significantly closer proximity due to the path down to the wires and the

presence of three sets of cables in a single feed-through flange.

Figure 4.8 shows the channel-to-channel correlations for channels within the same readout

crate. The left plot shows only channels belonging to readout crates serving front induction wires,

whereas the right plot shows only channels belonging to readout crates which serve a mix of middle

induction and collection wires. The main block diagonal structure of highly-correlated channels
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Figure 4.8: Correlation matrix of noise across each readout crate. Correlation coefficients are calculated

pairwise for channels in the readout crate, then averaged across all selected readout crates. The left plot

shows only crates which connect to front induction plane wires, whereas the right plot shows the crates

which connect to a mix of middle induction plane and collection plane wires.

reflects the presence of noise that is coherent across channels of the same readout board. The

off-diagonal structure of anti-correlation is believed to be due to capacitive or inductive coupling

between the cables of adjacent boards. This effect is observed to be stronger for the front induction

plane, which is consistent with the closer proximity and higher path overlap of cables for these

wires. Though each cable represents 32 wires, the broader correlated component for channels on

the same readout board introduces anti-correlations are nearly uniform across the full group of 64

channels.

The presence of these significant correlations necessitates some degree of noise filtering to

maintain reconstruction fidelity. ICARUS employs a coherent noise removal algorithm similar to

the one used by MicroBooNE [73]. The coherent noise removal algorithm operates on a group of

channels and first defines the coherent noise component for that group using the median value of

the waveforms for each time tick. This produces a waveform which is expected to represent noise

fluctuations that are common to the entire group, which are visually identifiable in images of the

raw waveforms. The resulting waveform is then subtracted from each waveform in the group to

produce a set of corrected waveforms.
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Figure 4.9: An example set of waveforms containing signal from cosmic muons before and after noise

filtering. The image spans the South half of the front induction plane from one of the TPCs.
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At ICARUS, channels belonging to the same readout board are used to define the groups for

this noise filtering as motivated by the noise correlation matrices. A downside of this algorithm

is that signal from tracks which are isochronous across the group of channels may be impacted as

the track itself is coherent in the same manner as the targeted noise. This is partially mitigated

by the fact that no group of 64 channels contains signal from a single spatially connected region -

each sub-group of 32 channels always sees a distinct region of the detector. Figure 4.9 shows an

event display of some cosmic muon tracks before and after the coherent noise removal algorithm

is applied. The coherent noise is visible as the vertical bands running through adjacent channels.

The portion of the waveform that remains after the removal of the coherent noise component

is representative of the noise naturally present on the channel due to intrinsic noise sources. The

separation between coherent and intrinsic components of the noise allows for a more detailed

characterization of the noise. The absolute noise levels are measured by the RMS of each waveform

before and after the removal of coherent noise using data taken with the cathode voltage turned off.

The distributions per plane are shown in Figure 4.10 in both units of ADC and Equivalent Noise

Charge (ENC) using the conversion factor of 550 e−/ADC found in [69]. The front induction plane

exhibits significantly higher noise due to the longer flat cables and wires. The middle induction

plane and the collection plane have similar noise levels owing to the fact that they have similar

wire and cable lengths. The substantial variation in cable length for front induction plane channels

drives most of the additional width of front induction plane noise distributions.

The frequency characteristics of each component of the noise can be measured using the dis-

crete Fast Fourier Transform (FFT). Figure 4.11 shows the FFT spectra per plane before (“full”)

and after (“intrinsic”) the coherent noise removal. The underlying intrinsic noise populates the ex-

pected Rayleigh distribution, and is similar for all three planes. The coherent noise is present as an

additional, less smooth distribution on top of the intrinsic noise. The coherent noise also exhibits

two broad peaks at specific frequencies that are not yet attributed to a specific source. At the lowest

frequency bins, there is a sharp increase due to low-frequency oscillations in the waveforms. These

oscillations are not coherent across groups of channels as evidenced by the full noise and intrinsic
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Figure 4.10: Noise distributions per plane as characterized by the RMS of each waveform before (top)

and after (bottom) coherent noise removal. Shown below each plot are the medians associated with each

distribution.

noise spectra exhibiting the same low-frequency trend. Low-frequency oscillations have also been

visually observed on single channels. The spectra for the middle induction plane and the collection

plane are nearly identical, but differ greatly from those of the front induction plane. This is can

be explained by the different readout geometry and total channel capacitance, the latter of which

generally has the effect of scaling the noise.

Outside of hardware interventions, the detector noise has been historically very stable, as shown

in Figure 4.12. The biggest source of noise reduction was the disconnection of the Resistive Tem-

perature Devices (RTDs) that read the temperature at various locations within the argon, after

which the noise was both significantly reduced and considerably less variable. Due to the location

of the RTDs on the inner walls of the cryostat, the collection plane was the most directly exposed

plane, though the effect was highly localized and on average larger on front induction plane. There

is also a reduction in the coherent noise due to the installation of fifth-order Chebyshev low-pass

filters on one of power supply lines of the readout boards. These filters were installed in stages,

as annotated in the plot. The general trend of the middle induction plane presenting higher noise

than the collection plane is observable in the history of the full noise. This appears to be related to

the coherent noise component as the difference disappears after coherent noise removal. While the
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Figure 4.11: Frequency characteristics of the noise per plane as represented by the FFT spectra before and

after coherent noise removal.
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Figure 4.12: Full noise (top) and intrinsic noise (bottom) plotted as a function of time. The uncertainty bars

represent the inner 68.27% of the distribution centered at median value.

full noise shows noticeable changes at distinct points in time, the intrinsic noise is exceptionally

stable, suggesting that it is only the coherent noise component which has evolved over time. The

noise conditions within each physics run are expected to be relatively constant.

4.6.2 Noise Simulation

A data-driven noise model is implemented in simulation using an algorithm provided by the

Wire-Cell toolkit [11]. The algorithm allows for the freedom to configure a noise component by

defining groups of channels, the noise spectrum associated with each group, and whether the noise

component is coherent across the group or intrinsic to each channel. The noise component is sim-

ulated for each channel by drawing the amplitudes from the associated spectrum with a randomly

chosen phase, then applying the inverse FFT. Coherent noise components have the additional re-

quirement that the phases are shared for all channels within the same coherent grouping. The total

73



0 64 128 192 256 320 384 448 512 576
Channel Number

0

64

128

192

256

320

384

448

512

576

Ch
an

ne
l N

um
be

r

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00
Front Induction

0 64 128 192 256 320 384 448 512 576
Channel Number

0

64

128

192

256

320

384

448

512

576

Ch
an

ne
l N

um
be

r

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00
Standard Crates

Figure 4.13: Channel-to-channel correlation matrix averaged across all crates serving front induction wires

(left) and crates serving a mix of middle induction plane and collection plane wires (right) calculated after

removal of the coherent noise common to channels on the same readout board.

waveform for each channel is calculated as the sum of the signal waveform and all noise waveforms

from all components.

As discussed in the previous section, the dominant coherent noise component is observed

across channels within the same readout board. After removal of this coherent noise, the correlation

matrix can be recalculated to determine if further coherent noise sources are present. Figure 4.13

shows the resulting correlation matrices for crates broken into the same two categories described in

the previous section. There is a single population of 32 channels in the correlation matrix for front

induction with a remaining high-level of correlation. This group corresponds to a set of channels

with no physical wires or cable, which necessarily occurs since there are an odd number of cables

in front induction. These wires become highly self-correlated after the subtraction of the coherent

noise waveform. The remaining portions of the correlation matrices do not show large residual

correlations, and therefore no further correlated component is modeled.

The noise model is configured with two noise components: an intrinsic one that is uncorrelated

and a coherent one that is correlated across the full group of 64 channels. In both cases, the input

spectra reflect the average of the group of 64 wires.
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Figure 4.14: Channel-to-channel correlation matrix from Monte Carlo simulation averaged across all crates

serving front induction plane wires (left) and crates serving a mix of middle induction plane and collection

plane wires (right).

4.6.3 Comparison of Data and Monte Carlo Simulation

After configuring the noise model, it is used to generate a sample of Monte Carlo simulation

events for a comparison with data. The data sample used for this comparison is the same as was

used to generate the input spectra. Both the Monte Carlo simulation sample and data sample were

analyzed in exactly the same way, so the only differences in the results are expected to be from any

inaccuracies in the noise model.

The correlation matrices for front induction plane crates and standard crates is shown in Figure

4.14. The noise model accurately reproduces the coherent component of the noise common to

channels within the same readout board. The anti-correlated component between channels of adja-

cent readout boards is not modeled and therefore not reproduced. This anti-correlated component

observed in data is itself coherent across the readout board and is removed by the coherent noise

removal process, so this is not expected to have a noticeable impact on the overall noise levels.

The RMS calculated per channel and per event can be used to characterize the accuracy of the

noise model in modeling the absolute noise scale. Figure 4.15 shows these distributions per plane

before (top) and after (bottom) coherent noise removal. The full noise shows good agreement

for front induction, but there is a systematic bias in the middle induction plane and the collection
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plane. Each readout board in a standard crate contains equal amounts of middle induction plane

and collection plane wires, so the noise model effectively models the average of the two. This,

along with the fact that the middle induction plane exhibits slightly higher noise, results in a bias

in opposite directions for both planes. After coherent noise removal, the agreement between data

and Monte Carlo simulation improves significantly, and the bias shown by middle induction and

collection is reduced as demonstrated in Figure 4.16. It is worth noting that the waveforms after

coherent noise removal are used downstream in the reconstruction, so inefficiencies in the noise

model that appear in the full noise and not in the intrinsic noise are expected to have only second-

order effects.

The noise spectra in data and Monte Carlo simulation can be compared to verify that the same

spectra that were used as input to the simulation are reflected in the produced waveforms. Figure

4.17 shows a comparison of the average FFT spectra per plane for data and Monte Carlo simulation.

The shapes are reproduced nearly identically, but there are some minor discrepancies in the overall

magnitude. The front and middle induction planes are consistently slightly under-predicted by

Monte Carlo simulation, whereas the collection plane is slightly under-predicted after coherent

noise removal. These observations are consistent with the results from the RMS noise comparisons

shown earlier.

Further characterization of the noise model accuracy can be done by examining two different

metrics: the event-to-event variations and the channel-to-channel variations in the noise levels.

The event-to-event variations are calculated as the difference of the measured RMS value from

the median for the corresponding channel. The width of this distribution is driven by statistical

fluctuations from the combination of frequency components of random phases and by short-scale

temporal variations in the noise itself. The overall width of the data distribution can be represented

as the quadrature sum of the Gaussian widths associated with the two underlying processes. The

Monte Carlo simulation, which uses a static noise distribution, is only broadened by the statistical

fluctuations. By comparing data and Monte Carlo simulation, the additional Gaussian broadening

necessary to match Monte Carlo simulation to data, parameterized by σt, can be extracted and used
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Figure 4.15: Noise distributions in data and Monte Carlo simulation per plane as characterized by the RMS

of each waveform. The top plot shows the full noise and the bottom plot shows the noise after coherent

noise removal. The reported values are the medians associated with each distribution.
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Figure 4.17: Frequency characteristics of the noise in data and Monte Carlo simulation per plane as rep-

resented by the FFT spectra. The left plot shows the spectra for the full noise and the right plot shows the

spectra after coherent noise removal.
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to directly characterize the temporal variations in the noise. Figure 4.18 shows these distributions

and the associated results for the full noise and the intrinsic noise for all three planes.

The channel-to-channel variations are calculated as the difference of the measured RMS value

from the median for the group of 64 channels. In addition to the statistical and temporal varia-

tions discussed above, this distribution experiences broadening from the spatial variation in noise

levels across channels within the same readout board. As before, the quadrature difference of the

widths of the data and Monte Carlo simulation distributions, now parameterized as σs, character-

izes the inaccuracy of the noise model at modeling spatial variations smaller than the 64 channel

grouping used to configure each noise component. These distributions are shown in Figure 4.19.

The channel-to-channel variations highlight the bias in the full noise observed previously in the

middle induction and collection planes that results from modeling the average of two planes with

slightly different noise levels. This disappears after coherent noise removal, which suggests the

discrepancy between the two planes is a coherent noise source.

The relative sizes of σs and σt suggest that spatial variations in the noise are the dominant

contribution to mis-modeling of the noise (σs > σt). The discrepancies between data and Monte

Carlo simulation shown in Figure 4.15 are primarily drive by these unmodeled spatial variations.

Correspondingly, the temporal variations in the noise over short time scales are negligible and do

not need to be modeled. Further improvements to the noise model should target spatial variations

in the noise by decreasing the group size for the intrinsic noise or by adding additional coherent

components for smaller group sizes.
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Figure 4.18: Noise variations in data and Monte Carlo simulation. Event-to-event variations are calculated

per-event as the difference between the measured RMS and the median RMS for the channel. The reported

values represent the Gaussian smearing necessary to match Monte Carlo simulation to data and the corre-

sponding percentage is the result after normalizing by the median noise on the plane. The top plot shows

the variations in the full noise and the bottom plot shows the variations in the intrinsic noise.
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Figure 4.19: Noise variations in data and Monte Carlo simulation. Channel-to-channel variations are calcu-

lated per-event and per-channel as the difference of the measured RMS from the median RMS for the entire

group of 64 channels. The reported values represent the Gaussian smearing necessary to match Monte Carlo

simulation to data and the corresponding percentage is the result after normalizing by the median noise on

the plane. The top plot shows the variations in the full noise and the bottom plot shows the variations in the

intrinsic noise.
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Chapter 5

Simulation and Reconstruction

This chapter describes the full simulation and signal processing chain used in ICARUS. Precise

simulation and reconstruction of neutrino interactions is crucial for the overall sensitivity of anal-

yses in neutrino experiments. Section 5.1 provides an overview of the full simulation path used in

ICARUS, including the beam flux simulation, the neutrino interaction simulation, and the cosmic

ray simulation. Section 5.2 describes the TPC signal processing chain used in ICARUS, including

the deconvolution of the raw waveforms, the hit finding algorithm; the optical flash reconstruction

is also discussed in this section.

5.1 The ICARUS Simulation

The ICARUS simulation is a Monte Carlo simulation designed to model neutrinos, neutrino-

induced particles, and their interactions in the detector with high fidelity. The simulation serves to

predict the expected signal and background rates observed in data in the detector along with their

associated kinematic distributions. The simulation of events is broken into several stages. First,

the beam flux simulation produces the expected number, flavor, and energy of neutrinos from the

beam source (Section 5.1.1). Next, the neutrino-argon interaction simulation and the cosmic ray

simulation produce the expected final-state particles and their kinematics (Section 5.1.2). These

particles are then propagated through the liquid argon medium and any secondary interactions are

simulated. Finally, the detector response to the simulated charge and light signals is modeled and

used to produce the expected signals in the TPC, PMT, and CRT subsystems (Section 5.1.3).

5.1.1 Beam Flux Simulation

The beam flux simulation used at ICARUS is based principally on the MiniBooNE flux sim-

ulation [13]. The neutrino flux prediction is computed using a simulation based on the GEANT4

framework [74] that models the production of particles in proton-target interactions and the result-
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ing decay of secondary particles in the decay pipe. A set of histograms is produced that describe

the energy, momentum, and spatial position of neutrinos of each flavor. These flux histograms are

then sampled in the next stage to generate neutrinos for the neutrino interaction simulation.

5.1.2 Event Simulation

This stage of the simulation handles the generation of final-state particles from neutrino inter-

actions and from cosmic ray interactions in the detector. The GENIE neutrino event generator [75]

is used to simulate neutrino interactions in the detector using the neutrino flux computed in the

previous stage as input. The GENIE event generator factorizes the neutrino interaction process

into a series of models: the nuclear model that describes the ground state of the struck nucleon, the

primary interaction model that describes the interaction of the neutrino with the struck nucleon,

the hadronization process that describes the formation of the resulting hadrons, and the final-state

interactions that occur during the propagation of the hadrons through the nucleus.

The specific version of GENIE adopted for ICARUS is version 3.4 with the AR23_20i_00_00

model configuration. At the time of the writing of this thesis, the technical documentation for

this tune does not exist and is being developed. This GENIE tune was designed for common use

within SBN and DUNE with a primary goal of providing an extensive phase space for flexible

re-weighting of the models. The models used in the ICARUS simulation are summarized in Figure

5.1. The nuclear model employed is the Correlated Local Fermi Gas model, which adds short-

range correlations to the local Fermi Gas model describing the initial state of the nucleons, as

inspired by [76]. The binding energy of the nucleon is also drawn from a distribution as opposed

to a fixed value.

The Valencia model is used to describe quasielastic scattering and accounts for long-range

nucleon-nucleon correlations within the nucleus using the random phase approximation (RPA).

The “RPA effect” is used to suppress the cross section for CCQE processes at low Q2 values [77].

The SuSAv2 model is used to describe the CC “two particle, two hole” (2p2h) processes and

is currently the only fully relativistic model that can be extended without approximations to the
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Table 5.1: Summary of the GENIE models used in the ICARUS simulation.

Interaction Model

Nuclear Model Correlated Local Fermi Gas

Quasielastic Scattering Valencia

2p2h SuSAv2

Resonance Berger-Sehgal

Coherent Pion Production Berger-Sehgal

Deep Inelastic Scattering Bodek-Yang

Hadronization AGKY

Final-state Interactions INTRANUKE hA

full-energy range of interest for present and future neutrino experiments [78–80]. The Berger

and Sehgal model [81] is used to model resonant production and coherent pion production, while

deep inelastic scattering is described by the Bodek-Yang model [82]. The hadronization process

is modeled using an effective low-mass hadronization model known as AGKY whose validity

spans the full invariant mass range [83, 84]. Modeling of final-state interactions is handled by an

intranuclear cascade model known as INTRANUKE hA [85]. The resulting final-state particles

and their kinematics are then passed on to the GEANT4 simulation for propagation through the

detector.

In addition to neutrino interactions, cosmic-ray interactions in the detector must also be sim-

ulated. The generation of cosmic-ray muons is handled by the CORSIKA cosmic ray simulation

package [86]. The cosmic-ray muons are generated based on the expected flux of cosmic rays at the

detector site and are passed to the GEANT4 simulation for propagation through the concrete over-

burden and the detector. Cosmic activity triggers the detector readout more often than neutrino

interactions, though this background can be estimated in a data-driven way using the dedicated

off-beam data stream originating from only cosmic activity.

5.1.3 Detector Simulation

The simulated particles generated by GENIE and CORSIKA are used as input to a GEANT4-

based simulation of the geometry of the ICARUS detector. The simulation of the detector geom-
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etry is based on the ICARUS T600 detector design and is implemented in the LArSoft software

framework [50]. The GEANT4 simulation takes each primary particle generated by GENIE or

CORSIKA and simulates its propagation through the detector in a step-wise fashion. At each step,

the path length for each possible physics process, such as scattering or decay, is calculated and the

process with the shortest path length is selected. These steps are also forcibly terminated on any

physical or logical boundaries in the detector geometry. At each step, the particle deposits some of

its energy in the medium. This process continues iteratively until all particles have come to rest or

have left the detector volume. The deposited energy is aggregated into a set of 3D cubic voxels of

length 0.3 mm for each dimension.

The deposited energy is translated into discrete electron depositions that form the ionization

cloud. The initial amount of electrons liberated from the argon is calculated using the Modified Box

model, which accounts for the recombination of ionization electrons in the liquid argon medium

[87]. The ionization electrons are drifted to the anode plane using the electric field in the detector

and accounting for multiple detector effects which can impact the drift of the ionization electrons.

These include space-charge effects (SCE), which are the distortion of the electric field due to the

buildup of slow-moving positive argon ions [88], the spatial diffusion of the ionization electrons

[52], and attenuation due to argon impurities.

After accounting for these effects, the electron cloud is drifted to the anode wire planes and a

simulated signal is produced by the Wire-Cell simulation [11]. Though in reality one must account

for induced charge signals associated with drifting ionization charge that are collected by neigh-

boring wires (“2D convolution”), the discussion here follows the “1D convolution” simplification.

Mathematically, the signal produced in the wire planes is given by the convolution of the time pro-

file of the original charge signal S(t) with the detector response function R(t′ − t). The detector

response function represents the instantaneous portion of the measured signal at time t′ (M(t′))

due to a component of the original signal at time t. The convolution is given by:

M(t′) =

∫ ∞

−∞

S(t)R(t′ − t)dt (5.1)
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The detector response function carries within it both the wire field response, which describes the

wire’s response to the drifting ionization charge signal as dictated by the Shockley-Ramo theorem

[89, 90], and the electronics response, which describes the response of the electronics to the wire

signal. The response functions may be simulated or estimated from data. At ICARUS, the detector

response function was tuned using cosmic muon data, the process of which will be published

in an upcoming paper. This convolution process produces a simulated waveform corresponding

to the drifted ionization electrons. As a final step, the simulated waveforms are overlayed with

simulated noise waveforms to produce the final simulated signal waveforms in the TPC subsystem,

as discussed in Section 4.6.2.

The optical signal simulation in the detector uses the energy deposited by the particles to pro-

duce scintillation photons. The amount of photoelectrons produced in each PMT is calculated

using a photon visibility lookup table that maps the 3D position of the scintillation photons to

the expected number of photoelectrons produced in each PMT. The photoelectrons are simulated

in the PMT waveforms using a model of the PMT electronics response in addition to the simu-

lated noise waveforms. The CRT subsystem is implemented as a set of individual sub-detectors in

the GEANT4 simulation. Particles passing through these regions are used to create the expected

signals (“hits”) in the CRT subsystem.

5.2 Reconstruction

Event processing at ICARUS begins by taking the raw detector output, whether simulated or

real, and transforming it into information that can be used in later stages of the reconstruction

chain. For the TPC subsystem, this begins with the raw waveforms and the removal of the coher-

ent noise as described in Section 4.6.1. This produces a set of noise-filtered waveforms that are

passed to the signal processing stage. The signal processing stage is realized mathematically as

a deconvolution of the noise-filtered waveforms with the detector response function, essentially

an inversion of the process modeled by Equation 5.1. One can take advantage of the properties

of the Fourier transform to separate the signal from the noise in the frequency domain, recasting
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the deconvolution as a division of the Fourier-transformed signal by the Fourier-transformed re-

sponse function. However, the solution must be extended to account for additional contributions of

the electronics noise using a filter function F (ω) to attenuate frequencies attributed to noise. The

signal function in the frequency domain is then given by:

S(ω) =
M

(
ω)R(ω)F (ω) (5.2)

The original signal can then be obtained from Equation 5.2 by taking the inverse Fourier transform.

It is worth noting that the deconvolution process specified above assumes that the induced signal in

each of the wires is wholly independent. In reality, this is not the case as each wire is sensitive to the

ionization charge drifting past neighboring wires. A more realistic model of the signal processing

would involve a matrix inversion of the signal in each wire to account for this effect. At the time of

this thesis being written, the ICARUS signal processing chain does not apply this 2D deconvolution

and instead treats each wire signal as independent, though this improvement is entering its final

stages of validation in the experiment. This process produces a set of deconvolved waveforms

that represent the original time structure of the current induced by the ionization electrons in the

TPC. Further information about this method can be found in the MicroBooNE paper discussing

this topic [11].

Segments of waveforms corresponding to physical signals, or hits, are searched for in the de-

convolved waveform with a threshold-based hit-finding algorithm. Each hit is then fit with a Gaus-

sian, the area of which is proportional to the number of drift electrons generating the signal. The

gain factor provides the conversion between the area of the Gaussian and the number of electrons

and has been measured using cosmic muon data separately for each TPC. The efficiency of finding

hits corresponding to physical signals is dependent on the noise level in the detector, the angle

of the track with respect to the wire planes, and the number of ionization electrons produced by

the particle. Isochronous tracks, or tracks which produce hits at nearly the same time across the

wires, are most impacted by the coherent-noise-filtering algorithm. The front induction plane has

the lowest hit-finding efficiency due to the lower signal-to-noise ratio, whereas the middle induc-

87



tion plane and collection plane have higher hit-finding efficiencies. Preliminary performance of

the hit-finding algorithm at ICARUS has been presented in a paper [12]. The result of this process

is a set of hits for each plane that represent the ionization charge deposited by the particle in the

TPC. Calibrations are applied to these ionization charge depositions to recover the original energy

depositions made by the particle.

The reconstruction of the scintillation light in the PMT subsystem is performed using a sim-

ilar process. A threshold-based algorithm is applied to each recorded PMT signal waveform in

the event to identify optical activity. These regions of optical activity, called “OpHits,” are char-

acterized by a start time, a duration, a maximal amplitude, and the integral of the signal. At the

second stage of optical reconstruction, all OpHits from any PMT in coincidence within 100 ns are

clustered together into an “OpFlash.” The OpFlash is expanded to include all OpHits within 1 us

of the first OpHit time. The OpFlash can be thought of as the total detected light associated with

a single interaction in the detector. The geometric distribution of the OpHits within the OpFlash

(across multiple PMTs) can be to associate the scintillation light signal with the ionization charge

signal in the TPC.

At this stage of the reconstruction, a set of low-level reconstructed objects has been produced

that represents the ionization charge as viewed by all three TPC wire planes and the scintillation

light as viewed by the PMT subsystem. These objects are used as input for the higher-level re-

construction algorithms that aim to reconstruct interactions and the kinematics of their associated

particles within the detector volume. ICARUS employs two distinct event reconstruction chains:

the Pandora reconstruction package based on more traiditional multi-algorithm pattern recogni-

tion [91] and a machine-learning analysis chain based entirely on neural networks. The analysis

presented in this thesis uses the machine-learning analysis chain, which will be described in the

next chapter.
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Chapter 6

The ICARUS Machine-Learning Analysis Chain

Traditionally, events in neutrino experiments based on the LArTPC technology are recon-

structed using a set of algorithms that are tuned independently and rely on hand-engineered fea-

tures. In recent years, machine learning (ML) has become a powerful tool in computer science,

consistently breaking performance records in computer vision and natural language processing.

The highly-visual nature of LArTPC data makes it a natural candidate for machine learning appli-

cations: the images of particles are easy to interpret by eye, but it is often hard to programmati-

cally design algorithms to extract high-level features suitable for physics analyses. Moreover, the

physics goals of the SBN Program assume high-purity and high-efficiency automatic selections

that have so far remained out of reach of traditional pattern recognition techniques. This chapter

describes the event reconstruction based on neural networks employed in the ICARUS experiment.

Section 6.1 provides an overview of the different types of neural networks used in the ICARUS

ML event reconstruction. An overview of the generators used to produce the training sample is

provided in Section 6.2. Section 6.3 describes the full ML chain used in the ICARUS ML event

reconstruction, from the input data to the final output. Finally, Section 6.4 describes the post-

processing steps that are applied to the output of the neural networks to extract the final physics

quantities.

6.1 Neural Networks

Artificial neural networks can be described as a family of parameterized functional approxima-

tions that are inspired by the structure and function of the biological neural networks in the brain.

The basic building block of a neural network is the artificial neuron, which is a simple compu-

tational unit that receives a signal from connected neurons and produces an output signal. The

output signal is computed by some non-linear function of the weighted sum of the input signals.

Typically, neurons are aggregated into layers and the layers are stacked to form a network. Signals
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Figure 6.1: Schematic representation of a simple neural network with one hidden layer.

travel from the input layer to the output layer, possibly traversing multiple intermediate “hidden”

layers, with the output of one layer serving as the input to the next layer. A neural network is said

to be “deep” if it has more than one hidden layer. Figure 6.1 shows a schematic representation of

a simple neural network with one hidden layer.

The parameters of a neural network are typically optimized through gradient-based methods

that serve to minimize a loss function. The loss function is a measure of the difference between

the predicted output of the network and the target value. In a supervised learning setting, the

target value is known and the network is trained to predict this value. This necessitates the use of

labeled data, where the target value/category is known. For applications in neutrino physics, the

role of a training sample is played by simulated data, where the truth information is known from

the simulation. The trained network can then be applied to real data, where the target value is not

known, to make predictions.
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6.1.1 Convolutional Neural Networks

The convolutional neural network (CNN) is a type of neural network that is particularly well-

suited for image recognition tasks. Compared to basic neural networks, CNNs make the additional

assumption that most of the relevant information exists in a local neighborhood around the sig-

nal of interest. This is a natural description of LArTPC data, where the images of particles are

highly structured and the local features are important for classification of particles/events. This

requirement of sensitivity to local features motivates the use of convolutional layers in CNNs. A

convolutional layer computes the dot product between its weights and a small region of the input

data. The spatial extent of this region is called the receptive field of the neuron. This convolutional

operation is iteratively moved across the entire input image producing an activation map, which

may be stacked with other activation maps to obtain the output. Pooling layers are often used in

conjunction with convolutional layers to reduce the spatial dimensions of the input data. This is

done by aggregating the values of neighboring pixels in the input data with an operation such as

max pooling or average pooling. A pooling layer also has the effect of expanding the receptive

field as the aggregation method pulls in information from a larger region of the input data.

The restricted spatial extent of the convolutional layers allows CNNs to have fewer parameters

than fully-connected networks, which would be computationally prohibitive for images of the size

of LArTPC data. The use of shared weights in the convolutional layers also allows CNNs to learn

translation-invariant features; that is, features that are detected regardless of their position in the

image. This is particular desirable for LArTPC data where the position of the particle and the

underlying space points in the detector is not relevant for the classification task.

6.1.2 Graph Neural Networks

Graph neural networks (GNN) are a class of neural networks that are well-suited for datasets

with a natural relational structure. The input data in a GNN is represented as a set of nodes and

edges, where the nodes represent the entities of interest and the edges represent the relationships

between the entities. The key design principle in GNNs is the use of message passing, a process by
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which the features of each node and edge are updated by aggregating the features of its neighbors.

This is an iterative process performed across the entire graph, thus allowing the network to learn

complex relationships between the nodes. Among all graph learning tasks, two are of particular

relevance in this thesis:

• Node-learning tasks: tasks that involve predicting the classification of a node. In the context

of LArTPC data, an example is the classification of a particle as a muon or a primary particle

coming out of the interaction vertex.

• Edge-learning tasks: tasks that involve predicting the classification of an edge. To relate

to LArTPC data, an example is the classification of two particles being part of the same

interaction, or of two shower fragments belonging to the same parent shower.

6.2 Training Datasets

The training of neural networks requires a labeled dataset, where the true output is known.

In the context of LArTPC data, the labeled dataset is provided by the simulation of the detector

response to a set of known particles. In order to avoid potential biases due to assumptions of

particular physics models governing cosmic ray and neutrino generation, the reconstruction chain

is trained using a set of simulated events produced by two physics-agnostic generators:

• Multi-Particle Vertex (MPV): this generator produces a set of up to N particles originating

from a common vertex. These particles include electrons, positrons, photons, muons, anti-

muons, both negatively-charged and positively-charged pions, and protons.

• Multi-Particle Rain (MPR): this generator produces a set of up to M isolated particles.

These particles include electrons, positrons, muons, anti-muons, and protons.

The MPV generator is meant to emulate a pseudo-neutrino interaction with multiple particles emit-

ted from a common vertex, whereas the MPR generator produces interactions that are similar to

those produced by cosmic rays. For each particle, the generators are configured with a range of
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Table 6.1: Summary of the neural networks used in the full ML event reconstruction chain in the ICARUS

experiment.

Stage Type Description

UResNet Deghost CNN Classification of space points as reconstruction artifacts or real charge depositions

UResNet CNN Semantic segmentation (voxel-level classification of activity)

PPN CNN Prediction of start/end points of showers/tracks

Graph-SPICE CNN Coarse clustering of space points into particle fragments

GrapPA-Shower GNN Clustering of shower fragments into complete showers

GrapPA-Track GNN Clustering of track fragments into complete tracks

GrapPA-Interaction GNN Clustering of particles into complete interactions with PID and primary designation

kinetic energies than can be assigned as well as a maximum particle multiplicity. The kinetic en-

ergy is drawn from a uniform distribution within the configurable range. The maximum particle

multiplicity for a given vertex is enforced by only drawing particles of types that are not already at

their preconfigured maximum.

The range of all parameters controlling the generation of training events is ideally a superset

of the phase space observed in ICARUS data and Monte Carlo simulation. This is to avoid regions

of phase space where performance of the reconstruction is worse due to relatively few encounters

of events in this region of phase space in the training sample. For example, the reconstruction may

struggle to correctly identify low-energy protons if the training sample does not have sufficiently

high representation of low-energy protons. The particles generated by these generators are fed into

the full detector simulation as described in Chapter 5. This allows for the network to be trained on

events that represent detector effects to the extent that they are modeled in the simulation.

6.3 The ICARUS Machine Learning Analysis Chain

The Neutrino ML group at SLAC has developed an end-to-end, ML-based reconstruction chain

for the ICARUS experiment. The chain consists of a hierarchical set of neural networks that are

optimizable end-to-end. The two types of neural networks described in the preceding section are

employed: CNNs and GNNs. The full chain is shown schematically in Figure 6.2 and each stage

is summarized in Table 6.1. This section reviews each stage of the chain in order, starting from the

voxel-level tasks and building up to the high-level particle- and interaction-level classifications.
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Figure 6.2: Schematic architecture of the end-to-end ML-based reconstruction chain used in the ICARUS

experiment.

6.3.1 Tomographic Reconstruction

The reconstruction chain operates on a 3D set of points representing the charge depositions in

the detector. Due to the detector’s readout being intrinsically 2D, some additional processing is

required to reconstruct the input 3D image. The process of reconstructing a higher-dimensional

image from a set of lower-dimensional projections is generally known as tomographic reconstruc-

tion, and is a concept that is widely used in medical imaging. In the context of LArTPC data, the

3D space points are reconstructed from the hits found in each wire plane of the detector.

The algorithm that performs this task, called Cluster3D, is a part of the traditional reconstruc-

tion pipeline. Cluster3D considers all possible combinations of 2D hits and selects the ones with a

consistent geometry that plausibly could have originated from the same 3D deposition. At a basic

level, this means that the set of hits must originate from wires that intersect and they must have

consistent hit times. Each match is assigned a score that factors in the distance between the hits in

the time domain and the extent of each hit in time.

This algorithm considers both 3-hit combinations (triplets) and 2-hit combinations (doublets)

to reconstruct the 3D space points. Inherent to the tomographic reconstruction process are ambigu-

ities in the matching, resulting in the possibility of incorrect combinations. Space points formed by

triplets are less likely to be an incorrect combination, though the inclusion of doublets increases the

efficiency of reconstructing true 3D charge depositions. For the purposes of the ML reconstruction
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Figure 6.3: Example of a 2D event display of the same neutrino interaction in the ICARUS detector (left)

and the corresponding 3D space points reconstructed by the Cluster3D algorithm (right). The image shown

is a data event from Run 1.

chain described here, the Cluster3D algorithm has been tuned to be highly efficient at the cost of a

higher number of incorrect combinations.

These incorrect combinations are known as tomographic artifacts, or “ghost points,” and they

are especially numerous for tracks parallel to the wire planes where the number of valid com-

binations of 2D hits is large. Figure 6.3 shows an example of a 2D event display of a neutrino

interaction in the ICARUS detector and the corresponding 3D space points reconstructed by the

Cluster3D algorithm. Of particular note is the presence of the ghost points in the 3D space points,

which pose a challenge to visually identifying the true activity in the image. The first stage of the

point classification task is to identify and remove these ghost points.

6.3.2 Point Classification

Ghost point removal As a first step, the reconstruction is tasked with the removal of the tomo-

graphic artifacts, or ghost points, from Cluster3D (“deghosting”). The neural network used for this

implements the U-ResNet architecture, which was first popularized due to its success in biomedi-

cal imaging [92], to perform a binary classification of the space points, or semantic segmentation.
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Figure 6.4: Example of the 3D space points after the deghosting step. The image shown is a data event

from Run 1 and the same as in Figure 6.3.

Modifications were made to adapt U-ResNet to the sparse format of LArTPC data in contrast to

regular images where each pixel contains information [93]. After deghosting, the reconstructed

charge from Cluster3D is redistributed to enforce conservation of the overall charge. This is done

by counting the number of times a given 2D hit is associated with a 3D space point and distributing

the charge equally. The charge assigned to each space point is the average of the charge measured

on each plane that contributed to the hit. An example image showing the 3D space points after the

deghosting step is shown in Figure 6.4.

Semantic segmentation and point proposal network The next step in the point classification

task is to classify the deghosted 3D space points into categories based on the type of parent activity

that created them. The neural network used for this is a U-ResNet architecture, this time with five

semantic classes of space points: Michel electron, delta ray, electromagnetic shower, track, and

low-energy deposition. Each point is assigned a score for each class, and the class with the highest
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Figure 6.5: Example showing the 3D space points after the semantic segmentation and PPN stage. The

space points are colored by the semantic type assigned by this stage (notably orange represents tracks, blue

represents showers, green represents Michel electrons, and red represents delta rays). Also shown are the

points of interest proposed by the PPN colored by the semantic class. The image shown is a data event from

Run 1 and the same as in Figures 6.3 and 6.4.

score is taken as the prediction. The semantic type of the space points is used in later stages of the

reconstruction.

The point proposal network (PPN) is a neural network that is tasked to propose the 3D space

points that are the initial and terminal points of track-like objects and the initial points of shower-

like objects [94]. The PPN shares the same encoding backbone as the semantic segmentation

network as shown schematically in Figure 6.2. The points of interest proposed by this network

are valuable for high-level physics analyses (e.g., particle start/end points and interaction vertex-

finding) and are used in the clustering tasks in the later stages of the reconstruction. Figure 6.5

shows the 3D space points colored by semantic class and the points proposed by the PPN.

Point clustering The final step in the point classification task is to cluster the 3D space points in a

set of points belonging to the same activity, i.e. track and shower fragments. This network, named

Graph-SPICE, also uses a U-ResNet architecture and is tasked with learning an embedding of the

space points in a higher-dimensional space where the points belonging to the same activity are
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close together. In this embedded space, the points belonging to the same semantic class are used to

build a k-nearest neighbors graph, which connects the points that are close together. Each edge is

given a score based on the feature vectors of the two points it connects and the edge is activated if

the score is above a threshold. Space points are clustered into fragments by finding the connected

components of the graph. The output of this stage is a set of point clusters, each representing a

track or shower fragment. A paper detailing the Graph-SPICE network is in preparation.

6.3.3 Formation of Particles and Interactions

Particle instance clustering At this point in the reconstruction, groups of space points corre-

sponding to particle fragments have been identified. The next step is to cluster these groups into

particles. The neural network used for this task is a GNN that is tasked with a binary (on/off) edge

classification, where an activated edge indicates that the two instances belong to the same particle.

Two distinct GNNs are used for particle instance clustering: GrapPA-Track and GrapPA-Shower

for tracks and showers, respectively. It is worth noting that these two GNNs have identical archi-

tecture and only differ in the tasks for which they have been trained. The details of the architecture

of these GNNs are described in [95].

The node features in each GNN are mostly geometric quantities such as the particle fragment

direction vector and the most-likely PPN point. Edge features are also geometry-based and include

the distance between the two fragments. The initial state of the graph has activated edges for

all node pairs up to a maximal distance. This limitation is motivated by both the computational

cost associated with fully connecting an image in a detector as large as ICARUS and by physics

concerns: beyond a certain length scale there cannot be legitimate connections. The result of these

two GNNs is a set of complete particles of both the track and shower categories. Small gaps in

tracks, for example due to track-breaking at the cathode, are expected to be resolved in this stage.

The shower-clustering step also identifies the primary shower fragment that is used to identify the

shower start point, a critical feature for the interaction-clustering step.
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Interaction clustering The final stage of the event reconstruction is to cluster the particles into

interactions, defined as a group of particles originating from the same vertex. Particles that are

directly connected to the primary vertex are considered primary particles, meaning they are imme-

diate products of the interaction, whereas other particles are labeled as secondaries. The clustering

of particles into interactions is easily cast as an edge-classification task, where an activated edge

indicates two particles belong to the same interaction. In addition to the interaction clustering,

the network is also tasked with predicting for each node the particle type (photon, electron, muon,

pion, or proton) and the primary/secondary label. The neural network used for this task is a GNN

and is described extensively in [95]. The architecture of this GNN differs from GrapPA-Track and

GrapPA-Shower only in that it has more hidden features, which are useful for the extra tasks of

particle identification (PID) and primary ID classification. The output of this stage is a full list of

interactions in the event, each with a list of primary and secondary particles and their types.

6.4 Post-Processing

After the full chain of neural networks has been applied to the event, the output is a list of inter-

actions with their associated particles. Each particle has been designated as a primary or secondary

particle and has had a particle type assigned. In addition to this high-level set of information, a

full physics analysis requires further information to be extracted from the event. This includes

kinematic information such as the momentum and energy of the particles, as well as other geo-

metric information such as the interaction vertex location. Association of interactions with the

corresponding optical flash provides precise timing that can be leveraged in analyses. This infor-

mation is extracted using traditional reconstruction algorithms that are well-established in the field

of neutrino physics.
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6.4.1 Kinematic Reconstruction

The kinematic reconstruction of the particles in the event is performed using traditional re-

construction algorithms. Of relevance for the analysis presented in this thesis are the following

reconstructed quantities:

• Particle direction reconstruction: The direction of the particle at the start (tracks and show-

ers) and end (tracks only) points is reconstructed using a principal component analysis (PCA)

of the space points in the local neighborhood of the point. When combined with the kinetic

energy of the particle, the momentum (direction and magnitude) can be reconstructed.

• Calorimetric energy reconstruction: The energy of the particle is reconstructed using the

total charge deposited by the particle in the detector. The charge is converted to energy using

an effective formula that accounts for the average amount of electron-ion recombination,

the TPC electronics gain, the work function of liquid argon, the attenuation due to electron

lifetime, and a scale factor that accounts for the missed shower fragments that have fallen

below the detection threshold. This is most useful for showers, for which other methods of

energy reconstruction are not available.

• Track length reconstruction: The length of the track is reconstructed by segmenting the

track and summing the length of each segment along their respective principal axes.

• Range-based energy reconstruction: The energy of the track is estimated using the well-

known relationship between the kinetic energy of a particle and its range in a material accord-

ing to the Bethe-Bloch formula. This relation is known as the Continuous Slowing Down

Approximation (CSDA) and it is used to estimate the energy of the particle. This method

assumes that the particle ranges out in the argon without nuclear interactions and that the

track is fully contained in the detector.

• Vertex reconstruction: The interaction vertex is reconstructed as the point joining the start

points of the primary particles in the interaction.
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• Fiducial volume: The interaction vertex is used to determine if the interaction occurred

within the fiducial volume of the detector. This is defined as the region 25 cm from the edges

of the detector in the x and y directions, 30 cm from the upstream edge in the z direction,

and 50 cm from the downstream edge in the z direction. These numbers were assumed in

the SBN proposal [14] and are chosen to avoid reconstruction inefficiencies near the edges

of the detector (e.g. exiting particles that are not seen).

• Containment: The containment of the particles in the detector is determined by requiring

that all the space points of the particle are at least 5 cm from the edges of the detector. At the

interaction level, the interaction is considered contained if all of the particles that comprise

it are contained. The containment cut also applies the constraint that the space points must

be in the same TPC that created them; out-of-time tracks may be reconstructed partially in

the wrong TPC and therefore be removed by this cut. The value of 5 cm was chosen based

on the expected magnitude of space charge effects in the detector, which tends to displace

space points away from the detector boundaries.

6.4.2 Optical Flash Association

The optical flash is a prompt signal in the PMTs associated with the scintillation light produced

by the neutrino interaction in the detector. As part of the standard reconstruction chain described

in Section 5.2, the optical flash is formed from optical hits, which themselves are reconstructed

from the PMT waveforms. This flash object can be thought of as a set of optical hits each with a

well-defined position, time, and photoelectron count. The job of the flash association algorithm is

to leverage these characteristics and match them to the interactions in the event that are imaged by

the TPC through detection of ionization charge signals.

The tool used for flash association is a package originally developed for MicroBooNE called

OpT0Finder. OpT0Finder employs a likelihood-based approach to match the optical flash to charge

activity associated with an interaction in the event. For each interaction, as defined by the upstream

ML reconstruction, the algorithm calculates an allowed range of x offsets that are allowed by the
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geometry. This reflects our inability to know beforehand the exact time of the interaction. For each

of these allowable positions1, the algorithm calculates a hypothesis flash based on the expected

light yield of the interaction, the distribution of the ionization charge in the interaction, and the

position of the PMTs in the detector. The hypothesis flash and the observed flash each have a

likelihood computed using a joint probability distribution of the photoelectron count in each PMT

given the x position of the flash. Maximizing the likelihood between the two allows the assignment

of a score to each potential interaction-flash pair.

A matching algorithm then selects the best pairings based on the scores while simultaneously

skipping pairs with an already matched flash or interaction. The result of this association process

is the assignment of a time stamp to each interaction which was successfully matched to a flash.

This time stamp can be used to precisely tag an interaction as being in-time or out-of-time with

respect to the beam spill, and therefore can be leveraged as a tool for cosmic rejection.

1This is not actually a brute-force algorithm, but rather an optimization algorithm that profiles across the drift direction.
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Chapter 7

Muon Neutrino Interaction Selection and

Performance

This chapter provides an overview of the chosen signal definitions for the analysis presented in

this thesis. The signal definitions are chosen to reflect the goals of the ICARUS collaboration and

the SBN Program, and are designed to be simple and robust to the imperfections in the reconstruc-

tion and simulation. An overview of the signal channels and the selections are given in Section

7.1. The chapter also presents the variables used to characterize the performance of the selections

(Section 7.2) as well as the performance of the selections on simulation (Section 7.3).

7.1 Neutrino Signal Definitions and Selections

The signal definitions chosen for the analysis presented in this thesis reflect both the goals of

the ICARUS collaboration and the SBN Program more broadly. One of the near-term goals of the

ICARUS collaboration involves a single-detector search for an eV-scale sterile neutrino, both as a

contribution to the world knowledge of neutrino physics and as a demonstration of the capabilities

of the ICARUS detector. Achieving this early physics result, before analysis tools have been fully

optimized, has motivated the choice of relatively simple final states to minimize impacts to the

analysis sensitivity from imperfect event reconstruction and detector modeling.

The joint oscillation analysis of the SBN Program, as outlined in the SBN proposal [14] and

discussed in Chapter 3, will involve an inclusive νµ CC channel that encompasses a wide range

of neutrino interaction topologies. This channel is therefore a key component of the SBN Pro-

gram’s physics reach, and the ICARUS collaboration has a strong interest in understanding the

performance of the detector in terms of this signal selection.
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7.1.1 Signal Channels

Three signal definitions are chosen to accomplish the goals described above: a νµ CC 1µ1p

channel, a νµ CC 1µNp channel, and a νµ CC inclusive channel. In common to all three of these

signal channels are a few key features:

• Containment: The entirety of the interaction is required to be contained within a volume that

is defined as 5 cm from the edges of the detector in all three dimensions. This requirement

ensures that the range-based energy reconstruction, which has significantly better resolution

than other methods, can be applied to tracks in the final state.

• Fiducial Volume: The interaction vertex must be located within the fiducial volume of the

detector, which is defined as the region 25 cm from the edges of the detector in the x and

y directions, 30 cm from the upstream edge in the z direction, and 50 cm from the down-

stream edge in the z direction. This requirement is motivated by the desire to avoid the

reconstruction inefficiencies and biases that can arise near the edges of the detector.

• Single Muon: Each signal definition requires the presence of a single primary muon in the

final state. This muon is required to have a length of at least 50 cm, principally to reduce the

contamination from NC interactions with a pion in the final state. This length threshold is

also consistent with the proposed selection in the SBN proposal.

• Proton Threshold: Protons are required to be primary particles and to have deposited at

least 50 MeV of energy to count towards the final state of the interaction. This threshold

is chosen to ensure that the proton is sufficiently long to be reconstructed as a track and

to ensure that the proton is energetic enough to be well-separated from the muon in the

final state. Interactions with one proton above threshold and one proton below threshold are

classified as 1µ1p final states under this definition.

• Other Particles: The final state may contain additional protons, pions, and showers. These

particles are required to be primary particles and to have deposited at least 25 MeV of energy
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to be counted towards the final state of the interaction. This threshold is chosen to ensure

that the particles are sufficiently energetic to be visible in the final state.

The 1µ1p channel requires exactly one proton above threshold in addition to the muon, while

the 1µNp channel requires at least one proton above threshold in addition to the muon. The νµ CC

inclusive channel requires only the presence of a single muon in the final state and any number of

other final state particles above threshold. The structuring of these signal definitions means that

the 1µ1p channel is a subset of the 1µNp channel, which is in turn a subset of the νµ CC inclusive

channel.

While the 1µ1p and 1µNp channels are inherently more statistically limited than the νµ CC

inclusive channel, they provide simple final states that are well-suited to the early stages of the

ICARUS physics program. The energy reconstruction for these two channels is also more precise

due to the simple final state, which may be beneficial for neutrino oscillation physics measure-

ments. Additionally, these final states are particularly low in cosmic background, especially in

combination with the containment requirement. In contrast, the νµ CC inclusive channel is more

statistically powerful and provides a more complete picture of the detector performance due to

the wider range of neutrino interaction topologies. Final states in this channel may also contain

showers, the precise reconstruction of which is of significant importance for any future oscillation

analysis.

7.1.2 Additional Selections

In addition to the requirements described above, the following selections are applied to the

reconstructed interactions to further reduce the background and improve the purity of the selected

samples:

Flash Time: Each interaction is required to be matched with an optical flash detected by the

PMTs that is consistent with the time of the neutrino beam spill. The association of the inter-

action with the flash is performed with OpT0Finder, as described in Section 6.4. This analysis
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targets neutrinos from the BNB, which has a spill length of 1.6 us. The requirement that interac-

tions be associated with a flash in-time with the beam provides significant background rejection of

cosmic-induced interactions that are not in-time with the beam. This cut is not expected to provide

significant background rejection for cosmic-induced interactions that are in-time with the beam

and trigger the detector readout.

CRT Veto: Each event has a collection of PMT flashes and CRT hits. As part of the standard

reconstruction chain, a matching algorithm is run to associate the CRT hits with the PMT flashes

using timing information. This analysis makes use of this association by requiring that selected

events have at least one flash within the beam spill window that is not matched to a CRT hit. This

requirement strongly suppresses cosmic-induced interactions, and is complementary to the flash

time cut discussed above in that it rejects many of the cosmic-induced interactions that are in-

time with the beam. This veto uses only the Top and Side CRT subsystems, as the Bottom CRT

subsystem was not fully commissioned prior to the data used in this analysis.

7.1.3 Neutrino Sample Composition

The primary sample used in this analysis to set the central value expectation for the selections

is a sample of simulated neutrino interactions produced according to the predicted BNB flux and

overlayed with the expected out-of-time cosmic flux (see Section 5.1.1 for more details). The size

of this sample is 2.68 × 1020 POT, which is more than a factor of ten larger than the recorded

dataset of 1.92 × 1019 POT for this analysis. The statistical uncertainty of this larger simulated

sample is negligible for the analysis presented in this thesis. It is worth noting that the neutrinos

in this sample are required to interact in the active volume of the detector. The contribution to

the expected event rates from neutrinos that interact outside of the active volume is expected to be

negligible and thus is not included in this analysis.

Most of the triggered events in data are due to cosmic muons in-time with the beam, which are

not present in the simulated neutrino sample. Rather than attempting to model the cosmic back-

ground with a simulated dataset, the cosmic background is estimated using the off-beam dataset
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(see Section 4.5). This method is expected to provide a more accurate estimate of the cosmic

background than a simulated dataset, which would be subject to uncertainties in the cosmic flux

and the detector response to cosmic-induced interactions. The scaling of the off-beam dataset to

the on-beam dataset is based on matching the number of opened trigger gates in the two datasets.

Though the number of opened trigger gates is one-to-one, and therefore the number of on-beam

and off-beam events is near equal, there is a limited statistical penalty due to both the smallness of

the background and the ability to use the entire off-beam dataset rather than the 10% that is used

for the on-beam dataset due to blinding considerations. The on-beam dataset used in this analysis

will be described in more detail in Chapter 9 and the uncertainty associated with the data-driven

cosmic background estimate will be assessed in Chapter 8.

7.2 Variables of Interest

This section presents an overview of the variables used to characterize the performance of the

three selections described in the preceding section. The variables are divided into three categories:

interaction kinematic variables, kinematic imbalance variables, and PID variables. The distribu-

tions of these variables can be used to validate the performance of the selections and to identify

potential sources of bias or inefficiency in the reconstruction and simulation. In each of the fol-

lowing plots, the distributions are made with truth information to show the true distributions of

these variables for each of the signal channels prior to any reconstruction or selection effects. The

distributions are also scaled to the recorded dataset of 1.92×1019 POT to show the predicted event

rates.

7.2.1 Interaction Kinematic Variables

These variables reflect the kinematics of the neutrino interaction and the final state particles.

The total energy of the interaction is a key variable for understanding the energy of the parent

neutrino, while the kinematics of the final state particles can provide information about the nature

of the interaction and the performance of the reconstruction. The total energy of the interaction
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is a necessary input to oscillation analyses. Additionally, these variables are often used in cross

section measurements to probe the underlying physics of neutrino interactions. For the chosen

signal definitions, there is always a single primary muon and there may be additional primary

protons, pions, and showers above the energy threshold of the signal definition.

Muon Kinetic Energy (Tµ): The kinetic energy of the muon as calculated using the Continuous

Slowing Down Approximation (CSDA) [96] to relate the muon track length (range) to its kinetic

energy. This method is typically known as “range-based” kinetic energy reconstruction.

Leading Proton Kinetic Energy (Tp): The kinetic energy of the most energetic primary proton

as calculated using the CSDA to relate the proton track length (range) to its energy.

Interaction Visible Energy (Evis): The best estimate of energy deposited in the detector by the

neutrino interaction. The energy deposited by primary showers are estimated by summing the

deposited charge and converting it to energy using an effective constant that accounts for electron-

ion recombination and shower clustering efficiency. Primary muon, pion, and proton energies are

estimated using the CSDA to relate the track length to the energy deposited. In addition to the

kinetic energies of the particles, the mass of the particle is also included in the energy calculation

for the muon and pion, which are created rather than ejected during the interaction. Neutrons lead-

ing to recoiling protons are not currently included in the energy calculation as they are classified

as secondaries and only primary particles are included for now. The interaction visible energy is

therefore calculated as:

Evis =
∑

Showers

Ecalo
shower +

∑

Muons

Erange
muon +

∑

Pions

Erange
pion +

∑

Protons

T range
proton (7.1)

Muon Transverse Momentum (p
µ
T): The component of muon momentum perpendicular to the

neutrino beam direction. This should generally be balanced by the transverse momentum of the
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Figure 7.1: Kinetic energy of the muon (left) and the most energetic proton (right) for each of the three

signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.

hadronic system in the absence of final state interactions, as described in more detail below in the

text on kinematic imbalance variables.
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Figure 7.2: Total visible energy of the interaction for each of the signal channels: from top to bottom 1µ1p,

1µNp, and νµ CC inclusive.

Leading Proton Transverse Momentum (p
p

T): The component of the momentum of the most

energetic primary proton perpendicular to the neutrino beam direction.
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Figure 7.3: Transverse momentum of the muon (left) and the most energetic proton (right) for each of the

three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.

Muon Polar Angle (θµ): The polar angle of the muon calculated with respect to the neutrino

beam direction (z-axis):

θµ = arccos

(

pµz
pµ

)

(7.2)
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Muon Azimuthal Angle (ϕµ): The azimuthal angle of the muon calculated with respect to the

neutrino beam direction (z-axis):

ϕµ = arccos

(

pµx
pµT

)

(7.3)
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Figure 7.4: Polar angle (left) and azimuthal angle (right) of the muon for each of the three signal channels:

from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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Opening Angle (θµp): The angle between the muon and the leading proton.

θµp = arccos

(

p⃗ µ · p⃗ p

|p⃗ µ||p⃗ p|

)

(7.4)

7.2.2 Kinematic Imbalance Variables

The axis of the beam defines the direction along which the momentum of the interacting neu-

trino is oriented. The transverse plane is defined as the plane perpendicular to the neutrino beam

direction, while the longitudinal direction is defined as oriented along the neutrino beam direc-

tion. From conservation of momentum, the momentum in the transverse plane should sum to

zero in the absence of initial state nucleon transverse momentum and final state interactions (FSI).

Fermi motion inside the nucleus produces non-zero transverse momentum even for quasi-elastic

(QE) interactions. More complex interactions such as resonant pion production and deep inelastic

scattering can produce final states similar to QE interactions, but with additional transverse mo-

mentum that populates the region above the Fermi momentum. These variables are natural choices

for probing the effects of FSI and for measuring neutrino interaction cross sections.

In the ICARUS geometry, the beam axis is defined as the z-axis, and the transverse plane is

correspondingly the x-y plane. For the signal definitions considered in this analysis, there exists

a single muon and a combined hadronic system, respectively having momentum p⃗ µ and p⃗ h and

transverse components p⃗ µ
T and p⃗ h

T . The transverse component of the momentum transfer to the

nucleus, q⃗T , is defined as equal and opposite to p⃗ µ
T . Schematically, this is shown in Figure 7.6

within the transverse plane. This formalism, presented in detail in [97], leads to the introduction

of several variables:

δpT: The magnitude of the vector difference between the transverse momentum of the muon

and the hadronic system. This variable quantifies the amount of transverse momentum that is not

accounted for by the reconstructed particles. Large values of this quantity exceeding the Fermi
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Figure 7.5: The muon-proton opening angle for each of the three signal channels: from top to bottom 1µ1p,

1µNp, and νµ CC inclusive. The peak at the lowest bin in the inclusive channel is from interactions where

no proton is present.

momentum are indicative of FSI.

δpT =
∣

∣p⃗ µ
T − p⃗ h

T

∣

∣ (7.5)
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Figure 7.6: Diagram showing the each of the chosen kinematic imbalance variables in the transverse plane.

δϕT: The angle between the the transverse momentum transfer vector and the transverse momen-

tum of the hadronic system. In the case of a free and stationary nucleon target, this angle would be

zero. Initial state motion leads to small values of this quantity, while FSI can lead to larger values.

δϕT = arccos

(

p⃗ h
T · q⃗T

|p⃗ h
T ||q⃗T |

)

(7.6)

δαT: The angle between the transverse momentum transfer vector and transverse missing mo-

mentum vector. This angle is less sensitive to the initial state motion of the nucleons, but is sensitive

to FSI. In the absence of FSI, this quantity does not have a preferred orientation.

δαT = arccos

(

q⃗T · δp⃗ T

|q⃗T ||δp⃗ T |

)

(7.7)

7.2.3 PID Variables

Each particle is assigned scores by a GNN, as described in Section 6.3, that provide an indica-

tion of how likely the particle is to be a muon, proton, or pion for tracks, or an electron or photon

for showers. The PID scores are used to assign a particle type to each reconstructed particle. A

difference in the distribution of these scores between data and simulation may indicate a bias in

the simulation with respect to data, so it is important to validate that these distributions are in

agreement with data.
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Figure 7.7: Transverse momentum of the interaction for each of the three signal channels: from top to

bottom 1µ1p, 1µNp, and νµ CC inclusive.

Muon “Softmax” PID Score: The muon score assigned to the primary muon of the interaction

by the reconstruction. A high score near 1 indicates that the particle is likely to be a muon, while

a low score near 0 indicates that the particle is not likely to be a muon.
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Figure 7.8: Kinematic imbalance variables δαT (left) and δφT (right) for each of the three signal channels:

from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.

Proton “Softmax” PID Score: The proton score assigned to the leading proton of the interaction

by the reconstruction. A high score near 1 indicates that the particle is likely to be a proton, while a

low score near 0 indicates that the particle is not likely to be a proton. This variable is significantly
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more peaked than the muon score, presumably because the muon and pion are more similar in

terms of their energy deposition and track length, so the range of the plot has been restricted.
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Figure 7.9: Softmax PID scores for the muon candidate (left) and the leading proton candidate (right) for

each of the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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Table 7.1: Summary of the purity and efficiency of the selections for each of the signal channels.

Selection Cut 1µ1p Purity [%] 1µ1p Efficiency [%] 1µNp Purity [%] 1µNp Efficiency [%] νµ CC Purity [%] νµ CC Efficiency [%]

No Cut 0.0 99.9 0.1 100.0 0.1 100.0

Fiducial Volume 0.1 98.8 0.1 98.8 0.3 98.2

Containment 1.1 94.9 1.5 95.0 3.5 94.1

Final State 66.2 73.9 71.2 77.9 9.5 86.3

Flash Time 80.1 72.4 83.0 76.4 87.8 84.5

CRT Veto 80.3 71.3 83.3 75.4 90.4 83.3

7.3 Selection Performance

The performance of a selection can be characterized by its purity and efficiency. The purity of a

selection is defined as the fraction of selected events that are true signal events, while the efficiency

is defined as the fraction of true signal events that are selected. It is worth noting that the definition

of efficiency used in this thesis is relative to the signal definition and not to the total number of

neutrino interactions as may be used in other contexts.

A table summarizing the purity and efficiency of the selections for each of the signal channels is

shown in Table 7.1. The purity and efficiency are calculated using the definitions described above

using a Bayesian method [98] that produces more robust error bars in cases where the purity or

efficiency fraction is near zero or one. Each row denotes the successive application of the selection

cuts, providing a clear way to understand the impact of each cut on the purity and efficiency of the

selection. From this table, several conclusions can be drawn:

• The application of the containment cut provides a significant improvement in purity for all

signal channels. This is most pronounced for the νµ CC inclusive channel, where cosmic

backgrounds are larger. This cut also has a non-negligible impact on the efficiency of the

selection. This is largely due to cases where an un-contained cosmic-induced interaction is

clustered into the neutrino interaction.

• The application of the cut on the final state of the candidate interactions has a significant

impact on the purity of the selection for all three channels, though the impact is not as pro-

nounced for the νµ CC inclusive channel due to the presence of larger cosmic backgrounds.

This is also where we see the biggest impact on the efficiency of the selection - an effect that

119



can be directly attributed to imperfections in the reconstruction. This efficiency loss is larger

for the two exclusive channels, where the final state is more constrained.

• The flash time cut has a negligible impact on the efficiency of the selection for all three chan-

nels, and only provides an additional improvement in purity for the νµ CC inclusive chan-

nel. This is consistent with the expectation that the flash time cut primarily targets cosmic-

induced interactions that are not in-time with the beam. These backgrounds are largest for

the νµ CC inclusive channel, which is why the impact of this cut is most pronounced for this

channel.

• The CRT veto cut also has a ∼1% impact on the efficiency of the selection for all three

channels. Purity is not significantly improved except for the νµ CC inclusive channel, where

remaining in-time cosmic backgrounds are largest. The cost to the efficiency, though small,

may not be worth it for the two exclusive channels. Since this analysis is focused on demon-

strating the performance of all three selections, it is included in the final selection for all three

channels to maintain consistency. It is worth highlighting that this cut may be significantly

more important if the signal was extended to include interactions that exit the detector.

The purity and efficiency of a selection can also be visualized as a function of the variables of

interest to understand the relationship between the selection and each variable. This can help to

identify regions of phase space where the selection is particularly efficient or pure, and to identify

regions where the selection may be underperforming. In each of the following plots, the purity

and efficiency are calculated per-bin using the same binning as the variable itself. The selected

candidates are binned according to the reconstructed variable, as opposed to the true quantity

presented previously, and broken down into categories based on their true final state. These plots

are shown in Figures 7.10 through 7.16. There are several notable features worth highlighting:

• Generally, the purity and efficiency drop off at regions of phase space correlated with lower

energy. Smaller particles are more likely to be mis-reconstructed and may not be as separable

from other particles in the final state.
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• Angles where tracks are parallel to the wire planes are more likely to be mis-reconstructed.

This is especially visible in the muon and proton transverse momentum variables, where the

lower values are associated with a particle that is more aligned with the z-axis. This is a

known side effect of the coherent noise filtering algorithm used upstream in the reconstruc-

tion chain, which tends to remove signal from tracks that are parallel to the wire planes.

• There is a drop in purity and efficiency for the two exclusive channels at higher values of the

muon-proton opening angle. This is due to the difficulty in separating the muon and proton

tracks when they are highly collinear.

• The values of δpT outside of the Fermi momentum are associated with a drop in purity and

efficiency for the two exclusive channels. This is a region of phase space with fewer QE

interactions and more complex interactions that are more difficult to reconstruct.

At this stage of the analysis, the selections are performing well in terms of purity and efficiency

on simulation. Benchmarking the performance of the selections on data is a key step in the valida-

tion of the selections and the reconstruction chain, but prior to this step the full set of uncertainties

must be understood. This will be the focus of the next chapter.
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Figure 7.10: Purity and efficiency as a function of the kinetic energy of the muon (left) and the most

energetic proton (right) for each of the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC

inclusive.
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Figure 7.11: Purity and efficiency as a function of the total visible energy of the interaction for each of the

signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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Figure 7.12: Purity and efficiency as a function of the transverse momentum of the muon (left) and the most

energetic proton (right) for each of the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC

inclusive. The peak at the lowest bin in the inclusive channel in the proton transverse momentum variable is

from interactions where no proton is present.
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Figure 7.13: Purity and efficiency as a function of the polar angle (left) and azimuthal angle (right) of the

muon for each of the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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Figure 7.14: Purity and efficiency as a function of the the muon-proton opening angle for each of the three

signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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Figure 7.15: Purity and efficiency as a function of the transverse momentum of the interaction for each of

the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.

127



0.0 0.5 1.0 1.5 2.0 2.5 3.0
T [rad.]

0.0

0.5

1.0

Fr
ac

tio
n

Efficiency
Purity

0

25

50

75

100

125

150

175

200
En

tri
es

ICARUS Simulation Work in Progress 1.92×1019 POT
Selected 1 1p Candidates

1 1p (1217.2, 80.3%)
Other  CC (262.9, 17.4%)

 NC (27.1, 1.8%)
Cosmic (8.2, 0.5%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
T [rad.]

0.0

0.5

1.0

Fr
ac

tio
n

Efficiency
Purity

0

50

100

150

200

250

300

350

400

En
tri

es

ICARUS Simulation Work in Progress 1.92×1019 POT
Selected 1 1p Candidates

1 1p (1217.2, 80.3%)
Other  CC (262.9, 17.4%)

 NC (27.1, 1.8%)
Cosmic (8.2, 0.5%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
T [rad.]

0.0

0.5

1.0

Fr
ac

tio
n

Efficiency
Purity

0

50

100

150

200

250

300

En
tri

es

ICARUS Simulation Work in Progress 1.92×1019 POT
Selected 1 Np Candidates

1 Np (1763.9, 83.3%)
Other  CC (299.1, 14.1%)

 NC (40.3, 1.9%)
Cosmic (15.1, 0.7%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
T [rad.]

0.0

0.5

1.0

Fr
ac

tio
n

Efficiency
Purity

0

100

200

300

400

500

600
En

tri
es

ICARUS Simulation Work in Progress 1.92×1019 POT
Selected 1 Np Candidates

1 Np (1763.9, 83.3%)
Other  CC (299.1, 14.1%)

 NC (40.3, 1.9%)
Cosmic (15.1, 0.7%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
T [rad.]

0.0

0.5

1.0

Fr
ac

tio
n

Efficiency
Purity

0

50

100

150

200

250

300

350

400

En
tri

es

ICARUS Simulation Work in Progress 1.92×1019 POT
Selected  CC Candidates

 CC (3543.3, 90.3%)
Other  (297.9, 7.6%)
Cosmic (81.8, 2.1%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
T [rad.]

0.0

0.5

1.0

Fr
ac

tio
n

Efficiency
Purity

0

100

200

300

400

500

600

700

800

En
tri

es

ICARUS Simulation Work in Progress 1.92×1019 POT
Selected  CC Candidates

 CC (3543.3, 90.3%)
Other  (297.9, 7.6%)
Cosmic (81.8, 2.1%)

Figure 7.16: Purity and efficiency as a function of the kinematic imbalance variables δαT (left) and δφT

(right) for each of the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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Chapter 8

Systematic Uncertainties

Comparisons of the neutrino selection between data and Monte Carlo simulation only gain

meaning within the context of properly characterized uncertainties on both the data measurement

and the Monte Carlo simulation. The data measurement inherently contains statistical uncertainty

reflecting the size of the data set. The expectation from the Monte Carlo simulation has, in addition

to statistical uncertainty, other sources of systematic uncertainty arising from the uncertainty in the

BNB flux, the neutrino interaction model, and the response of the detector to neutrino interactions.

The covariance matrix formalism [99] is used to accurately capture the scale and bin-to-bin

correlations of each source of uncertainty. Under the assumption that the underlying sources of

uncertainty are independent, the bilinearity of the covariance matrix allows for the independent

calculation of covariance matrices for each source and the calculation of the total covariance matrix

as the sum over all covariance matrices. It is worth noting that the effect of the sources of uncer-

tainty are in general correlated to some degree, but the underlying sources are often independent.

Section 8.1 describes the estimation of uncertainties associated with the BNB flux prediction. Sec-

tion 8.2 describes the estimation of uncertainties associated with the modeling of ν-Ar interactions

using the GENIE event generator. Section 8.3 describes the procedure for estimating systematic

uncertainties associated with the modeling of detector effects. Finally, a summary of the overall

uncertainties in the analysis is presented in Section 8.4.

8.1 BNB Flux Uncertainties

The BNB flux prediction used for ICARUS is based on the flux prediction computed for Mini-

BooNE [13]. The production rate of hadrons through p-Be interactions in the target is modeled

using a GEANT4 simulation [74] and includes some additional re-weighting of pion production

based on hadron production data as measured in the HARP experiment [100]. In addition to the

uncertainties arising from hadron production, there are also uncertainties associated with the re-
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scattering of pions and protons in the beryllium and aluminum horn through quasielastic and inelas-

tic processes and the mis-modeling of current flow through the magnetic focusing horn. Addition-

ally, there is a flat 2% uncertainty associated with the total number of POT due to the uncertainty

in the measured POT from the BNB [13].

The estimation of the flux covariance matrix follows a “many-universe” technique, where the

flux parameters associated with these systematic uncertainty sources are varied following a Gaus-

sian distribution centered at the predicted central value and width. A total of M = 1000 universes

are simulated in this way for each systematic parameter and each neutrino interaction is assigned

a weight reflecting the probability of the true parameter living in that universe. After binning the

selected interactions for each universe, the covariance Eα
ij between bins i and j under the effect of

systematic parameter α is computed as:

Eα
ij =

1

M

M
∑

m=1

(N i
CV −N i

α,m)(N
j
CV −N j

α,m) (8.1)

where N i
CV is the central value prediction for bin i and N i

α,m is the content of bin i in the universe

m. The total covariance matrix is then computed as the sum of the covariance matrices for each

systematic parameter. This process is then be repeated for each reconstructed variable discussed in

Section 7.2. A breakdown of the flux uncertainty is shown in Table 8.1.

8.2 Neutrino Interaction Uncertainties

As described in Section 5.1.2, neutrino interactions are simulated using the GENIE event gen-

erator [75] for the central value prediction. Within GENIE, there are a large number of parameters

available for re-weighting that are used in the simulation of neutrino interactions. To estimate

the uncertainty in the neutrino interaction model, the many-universe technique is used to vary

these parameters in order to individually characterize their effect on the downstream analysis. The

covariance matrix for each parameter is computed with Equation 8.1 as done for the flux uncer-

tainties. The total covariance matrix is then computed as the sum of the covariance matrices for

each parameter. A breakdown of the neutrino interaction model uncertainty is shown in Table 8.2.
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Table 8.1: A breakdown of the overall scale of each flux uncertainty for each of the three signal definitions.

Beamline uncertainties are those associated with the re-scattering of hadrons in the target and the modeling

of the magnetic focusing horn. Hadron production uncertainties are those associated with the production of

hadrons in the target.

Uncertainty Type 1µ1p [%] 1µNp [%] νµ CC [%]

Skin Depth Beamline 2.2 2.7 3.2

Horn Current Beamline 0.4 0.5 0.5

π+ Hadron Production 4.7 4.7 4.8

π− Hadron Production 0.1 0.0 0.1

K+ Hadron Production 0.1 0.1 0.2

K− Hadron Production 0.0 0.0 0.0

K0
L Hadron Production 0.0 0.0 0.0

Nucleon Inelastic Beamline 0.9 0.9 0.9

Nucleon QE Beamline 2.5 2.5 2.5

Nucleon Total Beamline 0.8 0.8 0.8

π Inelastic Beamline 1.2 1.2 1.2

π QE Beamline 0.8 0.9 0.8

π Total Beamline 0.7 0.8 0.8

POT Beamline 2.0 2.0 2.0

Total Flux 6.7 6.9 7.3

Many of these individual parameters have a small effect on the overall uncertainty, but there

are a few worth highlighting:

• The parameter associated with the Z-expansion of the axial form factor has a large effect

on the overall uncertainty. This is especially true for the two exclusive channels, which are

more dominated by QE interaction modes.

• The RPA suppression parameter has an effect in the range of 3-7%. This is largest for the

inclusive channel.

• The normalization for CC MEC processes is large for all channels, but is especially large

for the 1µNp channel. This is due to the larger contribution of MEC processes to the

1µNpchannel.
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Table 8.2: A breakdown of the overall scale of each neutrino interaction model uncertainty for each of the

three signal definitions.

Uncertainty Description 1µ1p [%] 1µNp [%] νµ CC [%]

ZExpAVariationResponse Z-expansion description of the axial-vector form factor on CC-QE 9.6 8.1 6.3

RPA CCQE RPA suppression of CC-QE 4.7 3.3 6.8

Coulomb CCQE The strength of the electromagnetic potential for the Coulomb corrections on CC-QE 0.5 0.4 0.3

Norm CCMEC Normalization of CC-MEC 7.5 10.2 7.1

Norm NCMEC Normalization of NC-MEC 0.0 0.0 0.0

NCEL Variation Response Variation of the dipole form factor on NCEL 0.1 0.1 0.1

CCRES Variation Response Variation of the dipole form factor on CC-RES 2.2 4.5 6.7

NCRES Variation Response Variation of the dipole form factor on NC-RES 0.4 0.4 0.5

NonRESBGvpCC1pi Scale factor for the non-resonant background level of ν-p CC + 1π 0.0 0.1 0.1

NonRESBGvpCC2pi Scale factor for the non-resonant background level of ν-p CC + 2π 0.1 0.2 0.6

NonRESBGvpNC1pi Scale factor for the non-resonant background level of ν-p NC + 1π 0.0 0.0 0.0

NonRESBGvpNC2pi Scale factor for the non-resonant background level of ν-p NC + 2π 0.0 0.0 0.1

NonRESBGvnCC1pi Scale factor for the non-resonant background level of ν-n CC + 1π 0.1 0.2 0.4

NonRESBGvnCC2pi Scale factor for the non-resonant background level of ν-n CC + 2π 0.1 0.2 0.7

NonRESBGvnNC1pi Scale factor for the non-resonant background level of ν-n NC + 1π 0.2 0.2 0.2

NonRESBGvnNC2pi Scale factor for the non-resonant background level of ν-n NC + 2π 0.0 0.0 0.0

NonRESBGvbarpCC1pi Scale factor for the non-resonant background level of ν̄-p CC + 1π 0.0 0.0 0.0

NonRESBGvbarpCC2pi Scale factor for the non-resonant background level of ν̄-p CC + 2π 0.0 0.0 0.0

NonRESBGvbarpNC1pi Scale factor for the non-resonant background level of ν̄-p NC + 1π 0.0 0.0 0.0

NonRESBGvbarpNC2pi Scale factor for the non-resonant background level of ν̄-p NC + 2π 0.0 0.0 0.0

NonRESBGvbarnCC1pi Scale factor for the non-resonant background level of ν̄-n CC + 1π 0.0 0.0 0.0

NonRESBGvbarnCC2pi Scale factor for the non-resonant background level of ν̄-n CC + 2π 0.0 0.0 0.0

NonRESBGvbarnNC1pi Scale factor for the non-resonant background level of ν̄-n NC + 1π 0.0 0.0 0.0

NonRESBGvbarnNC2pi Scale factor for the non-resonant background level of ν̄-n NC + 2π 0.0 0.0 0.0

RDecBR1gamma Scale factor for the branching fraction of X + 1γ 0.0 0.0 0.0

RDecBR1eta Scale factor for the branching fraction of X + 1η 0.2 0.3 0.4

COH Variation Response Normalization of the Coherent production process 0.1 0.1 0.2

DISBY Variation Response Normalization of the BY model of the DIS process 0.0 0.0 0.0

FSI π Variation Response Variation for FSI involving pions 1.2 3.5 0.7

FSI N Variation Response Variation for FSI involving nucleons 3.9 3.0 1.2

Total Cross Section 14.7 15.7 14.6
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• The parameter controlling the dipole form factor for CC resonant production is progressively

larger as the final state becomes less restrictive due to higher contributions from resonant

production.

• Many of the parameters associated with anti-neutrino interactions have vanishingly small

effects on the overall uncertainty. This is due to the low flux of anti-neutrinos in the BNB in

the “neutrino-mode” horn configuration, which has been the operating mode for all physics

datasets collected by the ICARUS detector.

Overall, all three channels have a resulting total uncertainty due to interaction model uncer-

tainties of around 15%. The 1µNp channel has a slightly larger uncertainty (around 1% more)

due to the larger contribution of MEC processes to this channel, which have larger uncertainties

associated with them.

8.3 Detector Response Uncertainties

The detector response uncertainty reflects many non-idealizations of the ICARUS detector and

the underlying detector physics that can impact event reconstruction and signal selection. The

effects considered can be broadly grouped into three categories:

1. Light yield, scintillation photon propagation, and optical response throughout the detector.

2. Electron-ion recombination, space charge effects, electron lifetime, diffusion, and other pro-

cesses affecting drifting ionization charge.

3. Variable TPC channel gain, non-uniformities in response across the wire planes, electronic

noise, and other effects impacting signal reconstruction associated with the TPC wires.

The detector response uncertainty is characterized through dedicated detector variation sam-

ples. Each detector variation sample implements a single variation in some underlying component

of the Monte Carlo simulation that fully covers some aspect of the detector response that is not

fully understood or known to be insufficiently modeled.
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Figure 8.1: A diagram representing the full simulation chain for both the nominal simulation (green) and

a detector variation sample (gold). The samples share the same set of generated events including particle

trajectories and daughters, but downstream processes may vary according to statistical processes or the

variation itself.

A sample of NCV total events generated with the nominal simulation parameters and run

through the full detector simulation and event reconstruction is used as the central value prediction.

The same set of NCV events is then run through the full detector simulation and event reconstruc-

tion with the detector variation applied. Random processes in the GEANT4 simulation of particle

trajectories and secondaries may produce additional statistical differences between the nominal and

systematic variation sample, so a workflow which shares the generated particles and their trajecto-

ries between both samples is used to characterize the detector systematics. A diagram representing

the full simulation chain for both the nominal simulation and a detector variation sample is shown

in Figure 8.1.

For this analysis, samples of NCV = 200, 000 events were generated for the central value and

each detector variation sample. The choice of detector systematics to vary was made based on

the expected impact of the variation on the final event selection. This list is not exhaustive and

further detector systematics will be studied in the future. Due to the large time and computational

resources required to generate each sample, the decision was made to use neutrino-only samples to

characterize the detector systematics. Though the presence of cosmic rays does have an impact on

the selection, the relative effect of the variation on the selection is expected to be similar between

the neutrino-only and full samples. The detector variation samples produced for this analysis are:
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TPC Signal Shape: This is a variation in the shape of the signal response on the wire planes.

The central value sample uses a signal response that was tuned with cosmic muon data, whereas

the variation sample uses the original signal response that was produced with a simulation. This

is a conservative estimate of the uncertainty in the signal shape, as this is essentially treating the

full effect of a known bias as a systematic uncertainty. Future detector systematic studies within

ICARUS will aim to better characterize the uncertainty in the signal shape.

First Induction Plane Gain: This is a variation in the gain of the first induction plane of ±15%,

implemented separately as two distinct samples. These variations reflect the un-simulated variation

of the gain across the first induction plane.

PMT Quantum Efficiency: There is a known data to simulation discrepancy in the optical

model that is in the process of being understood. This variation is meant to cover this discrep-

ancy by varying the quantum efficiency of the PMTs by 4%. In addition to potential impacts on

the flash matching performance, this variation also directly impacts the emulated trigger decision

and therefore may cause a shift in the selected events by changing the trigger efficiency.

TPC Coherent Noise: The coherent component of the TPC noise varied by 4.9% with respect

to the nominal noise model over the duration of Run 2. A positive variation of this scale is applied

to the nominal simulation to cover this discrepancy.

TPC Intrinsic Noise: Similar to the coherent noise variation, the intrinsic noise of the TPC

varied by 3.7% with respect to the nominal noise model over the duration of Run 2. A positive

variation of this scale is applied to the nominal simulation to cover this discrepancy.

Electron-ion Recombination: The recombination model used in the nominal simulation is the

Modified Box model, as measured by ArgoNeuT [87]. Recently, the dependence of recombination

on the angle of the track with respect to the electric field has been measured at ICARUS and encap-
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sulated in a model referred to as the “Ellipsoidal” recombination model. The variation sample uses

this model to estimate the uncertainty that may arise from improperly modeling recombination.

The comparison of the central value and variation samples is used to estimate the uncertainty

in the detector response. The procedure used is covered in the following section.

8.3.1 Bootstrapping

The detector response uncertainty is estimated using a bootstrapping technique similar to the

one employed in several differential cross section measurements performed by the MicroBooNE

collaboration [56, 57, 101]. An overview of bootstrapping techniques can be found in [102]. The

general idea is to estimate the uncertainty in a measurement by repeatedly sampling the data with

replacement and computing the quantity of interest for each sample. The distribution of these quan-

tities is then used to estimate the uncertainty in the measurement. This method inherently captures

the bin-to-bin correlations in the uncertainty, which is important for the downstream analysis. The

assumption made in this method is that the distribution being sampled from is sufficiently large

enough to represent the true distribution of the data.

In the bootstrapping technique used for this analysis, the set of common events between the

central value and a variation sample is sampled NCV times with replacement to form one “uni-

verse.” In each universe, the selected signal candidates from the central value sample and the

variation sample are binned according to the reconstructed variable of interest. A difference vector

V⃗D,i is computed for the i’th universe as the difference across the bins between the two samples.

This process is repeated Nbootstrap = 1000 times to form a distribution of difference vectors. The

average 1σ deviation V⃗ nominal
D is then computed as the average of the difference vectors across the

universes.

The uncertainty on V⃗ nominal
D is then computed as the covariance matrix MR of the difference

vectors across the universes as is described in Equation 8.1. This covariance matrix can be un-

derstood as the matrix governing the Gaussian distribution of the difference vectors, or in other
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Table 8.3: A breakdown of the overall scale of each detector response uncertainty for each of the three

signal definitions.

Uncertainty Type 1µ1p [%] 1µNp [%] νµ CC [%]

TPC Signal Shape TPC 5.5 6.4 3.3

Increased Front Induction Gain TPC 2.1 2.2 2.2

Decreased Front Induction Gain TPC 2.3 2.2 2.4

Ellipsoidal Recombination TPC 2.1 1.9 2.5

Increased Coherent Noise TPC 2.1 2.2 2.2

Increased Intrinsic Noise TPC 2.5 2.3 2.4

PMT Quantum Efficiency PMT 2.1 2.2 2.2

Total Detector 8.1 8.6 6.9

words the matrix that describes how to perturb V⃗ nominal
D according to the fluctuations seen in the

bootstrapping procedure.

The overall covariance matrix for the variation is then computed using both V⃗ nominal
D and MR

in a way that fully captures the detector response uncertainty. A new set of universes is gener-

ated in this step, with Nuniverses = 1000. In each universe, the matrix MR is used to generate a

perturbation δV⃗D by sampling from a Gaussian distribution centered at V⃗ nominal
D with covariance

MR. This is realized by computing the Cholesky decomposition of MR and using this to generate a

random vector with elements correlated according to MR from a vector with normally distributed,

uncorrelated elements. The perturbation δV⃗D is then added to the central value vector V⃗ nominal and

scaled by a unit Gaussian ri to form the final vector V⃗ final
D , as shown in Equation 8.2.

V⃗ final
D,i = ri

(

V⃗ nominal + δV⃗D,i

)

(8.2)

This set of vectors V⃗ final
D,i ∀i ∈ [1, Nuniverses] is then used to compute the covariance matrix MD

that describes the uncertainty on the event selection due to the variation in the detector response.

This process is then repeated for each of the variation samples and for each of the reconstructed

variables discussed in Section 7.2. These covariance matrices can then be combined to form the

total covariance matrix for the detector response uncertainty. A breakdown of the detector response

uncertainty is shown in Table 8.3
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From these results, it is clear that the variation of the TPC signal shape is the most impactful

on this analysis. This is not surprising as the signal shape is a fundamental aspect of the signal

processing and affects all downstream reconstruction. Additionally, as noted in the summary of

the variations above, this variation treats the full effect of a known bias as a systematic uncertainty.

Work is ongoing within ICARUS to establish post-calibration uncertainties to more accurately

model this effect. In contrast, the other variations have reached a floor of around 2% uncertainty. A

few things are likely contributing to this floor: the statistical nature of the bootstrapping technique,

the size of the sample used to estimate the uncertainty, and the remaining statistical processes that

are not fully shared between the central value and variation samples. The actual uncertainty due

to these variations is likely smaller than the 2% floor, so the TPC signal shape uncertainty can be

treated as lower bound on the uncertainty due to the detector response.

8.4 Summary of Event Selection Uncertainties

The overall uncertainty in the event selection is computed as the sum of the covariance matrices

for each source of uncertainty described in the previous sections. This total covariance matrix can

then be used to place uncertainty bars on the histogram entries for each reconstructed variable used

in the analysis, thus allowing for a visual representation of the uncertainty in the event selection. A

more quantitative use of the covariance matrix is in the calculation of the χ2 test statistic between

data and the prediction. This will be discussed in more detail in the next chapter. A summary of

the overall uncertainty in the event selection, broken down by category, is shown in Table 8.4. The

total correlation matrix for the 1µ1p, 1µNp, and νµ CC inclusive channels is shown in Figure 8.2.

By far the largest source of uncertainty in the event selection is the neutrino interaction model

uncertainty. This will have the biggest impact in ICARUS-only analyses, where cancellation of

systematic uncertainties between the near and far detectors is not possible. The detector response

uncertainty is the next largest source of uncertainty, but is expected to be reduced in future anal-

yses as the detector response simulation is improved and more precise variations of the detector

response are implemented. Looking towards joint SBN analyses where the flux and neutrino inter-
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Figure 8.2: The total correlation matrix for the 1µ1p (top), 1µNp (middle), and νµ CC inclusive (bottom)

channels. The variable shown is the reconstructed visible energy.

139



Table 8.4: A breakdown of the overall scale of each uncertainty source by category for each of the three

signal definitions.

Uncertainty Description 1µ1p [%] 1µNp [%] νµ CC [%]

Detector Uncertainties related to the modeling of the de-

tector response

8.1 8.6 6.9

Flux Uncertainties related to the modeling of the

neutrino flux

6.7 6.9 7.3

Cross Section Uncertainties related to neutrino interaction

modeling

14.7 15.7 14.6

Statistical Statistical uncertainties associated with the

Monte Carlo simulation sample

2.4 2.0 1.6

Off-beam Statistical Statistical uncertainties associated with the off-

beam sample used to estimate cosmic back-

grounds

0.3 0.4 0.5

Total 18.6 19.6 18.3

action model uncertainties cancel to first order, the detector response uncertainty will become the

dominant source of uncertainty. The statistical uncertainty associated with the simulated central

value sample and the off-beam dataset are both negligible in comparison to the other sources of

uncertainty.
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Chapter 9

Data/Simulation Comparisons

This chapter presents a comparison of Run 2 ICARUS data and the corresponding expectations

from simulation. Section 9.1 describes the dataset used for this analysis, including the rejection of

subsets of the dataset due to non-ideal detector conditions and the steps taken to comply with the

ICARUS blinding policy. Section 9.2 presents the comparison of data and simulation in each of the

reconstructed variables along with some discussion on the observed data/simulation agreement.

9.1 Run 2 Dataset

The dataset used for this analysis consists of the ICARUS Run 2 data collected between De-

cember 20, 2022 and July 16, 2023. This period of data collection represents the largest dataset

with stable detector conditions collected by the ICARUS T600 detector at Fermilab to date, corre-

sponding to approximately 2.05 × 1020 POT. More details about this physics run can be found in

Section 4.5.

9.1.1 Data Quality

Though the detector was overall stable throughout the duration of this physics run, there were

instances of detector instabilities that resulted in portions of DAQ runs being flagged as bad. These

instabilities were typically due to single-component failures, such as the power supply of a TPC

readout crate, or due to issues with the DAQ, trigger, cathode, or wire bias systems. These issues

were logged and used as part of the data processing to identify and remove bad runs from the

dataset. This results in a final dataset of around 1.92× 1020 POT.

9.1.2 The ICARUS Blinding Policy

The ICARUS collaboration has an official data blinding policy in place to prevent experimenter

bias in the analysis of the data. The philosophy behind this policy is to ensure that an analyzer will
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not prematurely access the data in a statistically significant way that could influence the devel-

opment of the analysis. By default, only 10% of the data is fully unblinded for the purpose of

developing the analysis, while the remaining 90% is kept blinded until the analysis is finalized.

The blinding policy also sets a process for accessing the blinded data, which is typically done

in stages following the submission of technical documentation of the analysis and review by the

collaboration.

In practical terms, this policy is enforced at the level of the ICARUS data processing and

analysis software. A decision is made per-event to determine if the event is blinded or unblinded

using a random number service that is seeded with a configurable parameter. This allows for

reproducible blinding decisions, which is important for maintaining the same set of blinded events

across all data-processing campaigns. The files (“Common Analysis Framework” files, or CAF

files) containing analysis-level information for the 10% of the data that is declared unblinded are

kept entirely separate from the CAF files containing the blinded data. It is worth noting that this

policy only applies to data streams that contain neutrino interactions and not to cosmic-only data

streams such as the off-beam data.

The goals of this analysis are to demonstrate the performance of the ICARUS machine-learning

analysis chain on the Run 2 dataset in signal channels of relevance for ICARUS and the SBN

Program. This can be done with the 10% of the data that is unblinded and does not require the

increased statistics of the full Run 2 dataset. The final dataset size for this analysis is therefore

1.92×1019 POT, after accounting for data processing inefficiencies and removing data from periods

of detector instability. The data used for this analysis was processed in full compliance with the

ICARUS blinding policy. At no point during the development of this analysis was any portion of

the blinded data accessed.

9.2 Data/Simulation Comparisons

This section presents the comparison of Run 2 ICARUS data and the corresponding expecta-

tions from simulation across a wide range of variables. The comparison is performed for the three
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signal channels of interest for ICARUS and the SBN Program: 1µ1p, 1µNp, and νµ CC inclusive.

Agreement between data and simulation is crucial for demonstrating the readiness of the ICARUS

machine-learning analysis chain for future analyses.

Each of the subsections below shows a set of distributions for a particular set of variables.

In each distribution, the data is shown as black points with error bars representing the statistical

uncertainty on the data. The expectation from the combination of simulation and off-beam data is

shown as the filled histogram, with the error bands representing the full uncertainty as described

in Chapter 8. The lower panel of each plot shows the ratio of data to the expectation with the same

error bars and bands superimposed.

To quantitatively assess the agreement, the χ2 test statistic is calculated for each distribution.

The χ2 is calculated using the sum of the overall covariance matrix for the expectation and the

statistical covariance matrix for the data:

χ2 =
∑

i,j

(Oi − Ei)
(

Σ−1
)

ij
(Oj − Ej) (9.1)

where Oi and Ei are the observed and expected values in bin i, respectively, and Σ is the covariance

matrix. The χ2 is then normalized by the number of degrees of freedom, which is the number of

nonzero bins minus one. The χ2 per degree of freedom is reported for each distribution.

9.2.1 Comparisons for Interaction Kinematic Variables

Comparisons of data and simulation are presented in Figures 9.1 through 9.4 for the interaction

kinematic variables defined in Section 7.2.1. Generally, an excess of events is observed in the data

compared to simulation, but the difference is near the expected uncertainty. The muon and proton

energy distributions seem to have shifts in the distribution that are opposite: the muon energy

distribution is shifted to higher energies in data compared to simulation, while the proton energy

distribution is shifted to lower energies. The total visible energy distribution shows a generally

higher amount of events in data compared to simulation, but the shape of the distribution matches

well.
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Figure 9.1: Comparison of data and simulation for the kinetic energy of the muon (left) and the most

energetic proton (right) for each of the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC

inclusive.
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Figure 9.2: Comparison of data and simulation for the total visible energy of the interaction for each of the

signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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Figure 9.3: Comparison of data and simulation for the transverse momentum of the muon (left) and the

most energetic proton (right) for each of the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ
CC inclusive. The peak in the lowest bin of the proton transverse momentum distribution in the inclusive

channel is from interactions that do not have a proton in the final state.
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Figure 9.4: Comparison of data and simulation for the polar angle (left) and azimuthal angle (right) of the

muon for each of the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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There are no significant deviations in the muon and proton transverse momentum distributions,

the muon polar and azimuthal angle distributions, or the muon-proton opening angle distributions.

Many reconstruction inefficiencies, such as signal removal from coherent noise filtering, could

potentially impact these distributions, so it is especially important that we see good agreement in

these variables.

9.2.2 Comparisons for Kinematic Imbalance Variables

The kinematic imbalance variables δpT , αT , and ϕT are shown in Figures 9.6 and 9.7. These

variables are commonly incorporated into cross section measurements, so it is important for any

future ICARUS cross section measurements that the data and simulation do not show major biases

in these variables. The discrepancy in these variables seem to be only a normalization offset,

with the shape of the distributions matching well. These variables are also sensitive to smearing

from poor angular reconstruction, so the agreement in these variables is a good indication that the

angular reconstruction is working similarly in data and simulation.

9.2.3 Comparisons for PID Variables

The PID variables are shown in Figure 9.8. These variables, perhaps more than any of the

others, are where one would expect to see efficiency differences between data and simulation. If the

PID scores are not well modeled, then it is possible that data and simulation may select interactions

at different rates. There is largely good agreement in the proton PID score distributions, with only

an overall normalization offset manifesting in the last bin. It is clear that the data and simulation

are both confident that the leading proton candidate is a proton and to similar degrees.

The muon PID score shows a significant shift of the population from the peak to lower scores

in data compared to simulation. Perhaps fortuitously, the cut placed on the muon PID score is

quite low at 0.1, so this shift does not appear to affect the selection efficiency. Regardless, this

discrepancy must be understood and will be the subject of upcoming investigations. One hypoth-

esis is that the usage of the plane-averaged charge rather than collection-only charge in the space

points may be introducing a smearing effect in data that is not present in simulation. The switch
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Figure 9.5: Comparison of data and simulation for the the muon-proton opening angle for each of the three

signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive. The peak in the lowest bin of the

proton transverse momentum distribution in the inclusive channel is from interactions that do not have a

proton in the final state.
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Figure 9.6: Comparison of data and simulation for the transverse momentum of the interaction for each of

the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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Figure 9.7: Comparison of data and simulation for the kinematic imbalance variables δαT (left) and δφT

(right) for each of the three signal channels: from top to bottom 1µ1p, 1µNp, and νµ CC inclusive.
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to collection-only charge in the space points will require re-training the network and re-running

the analysis, but it is a necessary step to understand this discrepancy. Another possible source of

this discrepancy is the different value of the electron lifetime used in the Monte Carlo simulation

compared to the value observed in data. This will also be the subject of future investigations.
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Figure 9.8: Comparison of data and simulation for the softmax PID scores for the muon candidate (left) and

the leading proton candidate (right) for each of the three signal channels: from top to bottom 1µ1p, 1µNp,

and νµ CC inclusive.
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Chapter 10

Conclusions

The analysis presented in this thesis has investigated the performance of the end-to-end ma-

chine learning reconstruction chain for the ICARUS T600 detector in three different muon neutrino

signal channels: a 1µ1p channel, a 1µNp channel, and an inclusive νµ CC channel. The first two

exclusive channels are most relevant for the near-term single-detector analysis goals of ICARUS,

while the inclusive channel is a more general test of the performance of the machine learning chain

and a target for the SBN-wide joint oscillation analysis envisioned in the SBN proposal [14].

The performance of the selections in the three signal channels is quantified in terms of purity

and efficiency. This analysis has demonstrated that the selections in the two exclusive channels

have achieved a purity of at least 80% and an efficiency of at least 70% with all relevant back-

grounds included. The inclusive channel has achieved a purity of 90% and an efficiency of 83%.

In all cases, cosmic backgrounds are subdominant to mis-reconstructed neutrino backgrounds and

the selections have achieved exceptional purity and efficiency. Given the 80% efficiency for auto-

mated reconstruction outlined in the SBN proposal, this analysis has demonstrated that ICARUS

meets one of its core deliverables for the joint SBN analysis. Although the full joint SBN analysis

includes both contained and exiting events, this analysis can be easily extended to exiting events

and is a crucial step towards the ultimate goal. Of particular note on this topic is the fact that this

reconstruction has been implemented for SBND as well, meaning that this reconstruction chain

has no technical hurdles for use in the joint SBN analysis.

Detector systematics have been characterized in this analysis by producing simulation samples

that implement single variations in the underlying parameters controlling the detector simulation.

This analysis has shown that the only significant detector systematic among those studied is the

systematic associated with the TPC signal response shape on the waveforms. Though this vari-

ation is expected to be conservative, more work is required within the ICARUS collaboration to

more precisely characterize and mitigate detector systematics in order to reach 2-3% systematic
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uncertainty from the detector model assumed in the SBN proposal. The current level of detec-

tor systematics is not expected to be a limiting factor in ICARUS-only analyses as the neutrino

interaction model dominates the systematic uncertainty in the selection.

Agreement between data and simulation is generally good across variables that probe a wide

region of phase space. Two notable exceptions are the overall higher number of candidate inter-

actions selected in data with respect to the simulation and the disagreement observed in the muon

PID score variable. The former disagreement is not well-correlated with any particular distribution

and is currently thought to be a result of the chosen central value parameters used in the neutrino

interaction model. The ICARUS collaboration is exploring a tune of the central value parameters

to better match external data. The latter disagreement may be due to the use of plane-averaged

charge rather than collection-only charge, thus causing a bias in data with respect to simulation.

Moreover, the electron lifetime in the Monte Carlo simulation is different from the value observed

in data and may contribute to this discrepancy. This is actively being investigated at the time of this

thesis being written. Overall, there are no substantial disagreements between data and simulation

that would suggest an inefficiency in the selection that is correlated with a particular variable.

In conclusion, this analysis has demonstrated that the ICARUS T600 detector is capable of

achieving high purity and efficiency in the selection of contained muon neutrino interactions using

an end-to-end machine learning reconstruction chain. This analysis meets the deliverables outlined

in the SBN proposal for the BNB muon neutrino disappearance channel of the joint oscillation

analysis, and can be readily extended to the NuMI beam at ICARUS and to the SBND detector.

The inclusion of un-contained muon neutrino interactions in the selection to increase statistics is a

natural extension of this analysis and is a target for future work. Work is also ongoing to develop

analyses with this reconstruction chain targeting electron neutrinos from the BNB and the NuMI

beam. This analysis represents a critical step forward in achieving the ultimate goal of the SBN

Program: a joint oscillation analysis that combines the precise reconstruction and selection of

muon neutrino and electron neutrino interactions from the BNB and NuMI beams at ICARUS and
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the BNB at SBND. The ICARUS collaboration is well-positioned to contribute to this goal with

the work presented in this thesis.
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