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Abstract

Neutrino-induced charged-current coherent pion production is an important channel for
the study of neutrino-nucleus interactions. It is both a dangerous background for νe
oscillation experiments, and a critical component required for precise understanding of
neutrino-nucleus pion production in general.
This work performed a search for νµ-induced charged-current (CC) coherent pion

production on argon in MicroBooNE from Fermilab’s Booster Neutrino Beamline (BNB),
which produces νµ with a mean energy of 0.823 GeV. A flux-integrated cross section
measurement was made for this channel, and was found to be: σ(νµ +Ar → µ− + π+ +
Ar) = 1.12± 0.253(stat.)± 0.728(syst.)× 10−39cm2.
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1 Introduction

“Travel brings wisdom only to the wise. It renders the
ignorant more ignorant than ever.”

Joe Abercrombie, Last Argument of Kings

One of the most interesting developments in physics in the last 100 years was the
proposal (in 1930) and subsequent discovery (in 1956) of the neutrino. The neutrino is
electrically neutral, and nearly-massless, meaning that they only interact via the weak
and gravitational forces, where these properties are the primary reasons that neutrinos
are notoriously difficult to detect. There is an abundance of unanswered questions that
the existence of neutrinos and their properties have raised over the past century, such as:
what are their absolute masses? is the neutrino its own antiparticle? how many neutrino
flavors are there? can neutrinos show the way to new, exotic particle physics beyond the
standard model? It is now known that neutrinos come in three flavors (at least, there
could very well be more): electron, muon, and tau. It is also now known that neutrinos
propagate as mass eigenstates, which are themselves modeled as superpositions of the
known flavor eigenstates. We also know the mass squared differences, ∆m2, between
the three known flavor states, but we do not know their mass ordering (whether it is
inverted, or normal). Beyond the information specified here, neutrinos remain largely
mysterious.
The elusiveness of neutrinos have propagated the necessity of increasingly large, and

increasingly more sensitive neutrino detectors. There are many such detectors (such as
Cherenkov detectors), but the focus of this thesis will pertain to the liquid argon time
projection chamber (LArTPC), a novel detector technology with excellent position reso-
lution and calorimetric capabilities. Over the past several decades, this specific detector
technology has rapidly developed to the point that LArTPCs are now the preferred
technology for both current and next-generation neutrino detectors. The Short Base-
line Neutrino (SBN) program at Fermi National Accelerator Laboratory (Fermilab) –
containing the MicroBooNE, SBND, and ICARUS detectors – and the upcoming Deep
Underground Neutrino Experiment (DUNE) all utilize or will utilize LArTPC technol-
ogy. Due to their prevalence, and the plans for their use in next-generation neutrino
experiments, a proper understanding of the LArTPC technology is vital for the ongoing
research field of neutrino physics. Work that I have done on this detector technology
will be presented in this thesis.
The MicroBooNE detector is a LArTPC situated along Fermilab’s Booster Neutrino

Beam (BNB) as a part of the SBN program. MicroBooNE’s primary physics goal is
to investigate the MiniBooNE low-energy excess (LEE) anomaly, but it will also pro-
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1 Introduction

vide valuable neutrino-nucleus cross section measurements, as well as LArTPC detector
technology development and testing opportunities. MicroBooNE is the first hundred-
tonne-scale LArTPC and the longest-running LArTPC experiment in the world (as of
the composition of this thesis).
This thesis presents the results of the work that I accomplished during my time at

UTA on LArTPCs, as well as an analysis using data collected by the MicroBooNE de-
tector which sought to measure a neutrino-nucleus interaction cross section called: the
flux-integrated cross section measurement of muon neutrino-induced charged-current co-
herent positive pion production on argon. This cross section measurement is important
to understand due to coherent pion production being a potential background for appear-
ance searches in future long-baseline neutrino oscillation experiments, as well as the fact
that future long-baseline neutrino oscillation experiments will require percent level cross
section uncertainties and this neutrino-nucleus interaction channel still has ambiguity
at low neutrino energies. The last reason this cross section is important is that this
interaction channel is interesting of its own accord, and furthering our understanding
of this channel is pertinent for a full understanding of neutrino-induced coherent pion
production in general.
The rest of this thesis is organized as follows: Chapter 2 presents a brief overview of

neutrino physics, including historical context and the basic mathematical formalism, as
well as the current state of neutrino physics. Chapter 3 presents the different forms of
neutrino interactions and briefly outlines how they occur. Chapter 4 presents the the-
ory of the main focus of this thesis, which is neutrino-induced charged-current coherent
pion production, and also details the rather complicated history of the measurement
of this interaction channel at low neutrino energies. Chapter 5 presents the operating
principles of LArTPCs, as well as a brief historical overview of the detector technol-
ogy, and discusses the work that I have done on and for LArTPCs during my time at
UTA. Chapter 6 discusses the MicroBooNE detector, and Chapter 7 gives the important
details for event reconstruction of neutrino interactions captured by the MicroBooNE
detector. Chapter 8 follows with the details on how candidate data events are selected
for this analysis, and Chapter 9 details the method of extraction for the flux-integrated
cross section measurement of CC-Coh π+ on argon at MicroBooNE. Chapter 10 lists
the systematic uncertainties accounted for in this analysis, as well as how they were
implemented. Chapter 11 combines the results of the previous two chapters into a total
flux-integrated cross section result for the neutrino interaction channel that is the focus
of this thesis. Finally, the thesis closes with Chapter 12, which details the implica-
tions, and conclusions of the cross section measurement, as well as discussing how this
measurement could be improved in the future.
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2 Neutrino Physics

“It’s a dangerous business, Frodo, going out your door,”
he used to say. “You step onto the road, and if you
don’t keep your feet, there’s no knowing where you
might be swept off to.”

J.R.R. Tolkien, The Fellowship of the Ring

This chapter covers the history of the discovery of the neutrino, the theory of the neu-
trino, and the current state of neutrino physics. The chapter begins with a discussion of
the discovery of the neutrino, as well as a brief history of neutrino physics in Section 2.1.
How neutrinos are modeled in the Standard Model (SM) is given in Section 2.2. This
naturally leads to neutrino oscillations, which is discussed in detail for the three-flavor
case in vacuum and in matter in Section 2.3. The Short-Baseline Anomalies are dis-
cussed in Section 2.4, and the chapter closes with a look at the current state of neutrino
physics in Section 2.5.

2.1 Discovery of the Neutrino

In early 1930, Wolfgang Pauli, in a letter that he began with the now famous words:
‘Dear radioactive ladies and gentlemen,’ proposed the existence of a new neutral par-
ticle he called the neutron with a mass on the order of an electron in order to rescue
the quantum theory of the nucleus from its contradictions. In particular, the main con-
tradiction that needed to be resolved, was the demonstration by Chadwick in 1914 [14]
that the spectrum of electrons released in β-decays was continuous, shown in Figure 2.1,
in contrast to α- and γ-ray spectra, which both have discrete energy. W. Pauli proposed
that a neutral weakly interacting fermion that is also emitted in β-decay (implying that
β-decay is a three-body decay) could address the issue. When J. Chadwick discovered
in 1932 the neutron as it is known today, E. Fermi renamed the Pauli particle the neu-
trino. The first published reference to the neutrino is in the Proceedings of the Solvay
Conference of October 1933.
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2 Neutrino Physics

Figure 2.1: Plot showing the observed spectrum of energies for electrons (β) emitted
from β-decays in comparison to the expected energy according to theory if
the decay was two-body, which is shown in red.

Enrico Fermi, in 1934, made the first step towards a comprehensive theory of weak
interactions with his formulated theory of β-decay, now called Fermi theory, in analogy
with quantum electrodynamics (QED). The success of Fermi theory left little doubt of
the neutrino’s existence, but the particle had still not been observed. H. Bethe and
R. Peierls, predicting the strength of the interactions of neutrinos using Fermi theory,
finding it smaller than 10−44 cm2 for a neutrino energy of 2 MeV they claimed that the
neutrino is not impossible to observe, but would be extremely difficult, in 1934 [15].
The neutrino of Fermi’s theory is massless, and the theory accurately accounted for

almost all of the observed properties of β-decay, which was convincing evidence for the
existence of the neutrino. In the early 1950s, Reines and Cowan attempted to devise a
way to measure inverse β-decay, where an anti-neutrino can produce a positron according
to this reaction:

ν̄e + p+ → n+ e+.

Eventually, they settled on using the large flux of electron anti-neutrinos from a nuclear
reactor at the Savannah River Nuclear Plant and 10 tons of equipment, including 1400
liters of liquid scintillators. This became the first reactor-neutrino experiment. In June
of 1956, Reines and Cowan sent a telegram informing Pauli that they had detected
neutrinos from fission fragments [16]. Reines eventually received the Nobel Prize in
Physics for this discovery in 1995.
In 1962, muon neutrinos were discovered by Lederman, Schwartz, Steinberger, and

coworkers at the Brookhaven National Laboratory. This experiment used a beam of
protons focused toward a beryllium target. The resulting interaction produced a large
number of pions which decayed to muons and muon neutrinos [17].
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2 Neutrino Physics

In 1973, the Gargamelle experiment at CERN discovered the weak neutral current
interaction νµ + N → νµ+ hadrons and ν̄µ + N → ν̄µ+ hadrons, where N is a nucleon
in the detector [18].
Much later in 2001, the tau neutrinos were detected by the DONUT experiment,

which collided 800 GeV protons with a block of tungsten. This collision produced DS

mesons that subsequently decayed into tau-leptons which then produced tau neutrinos
[19].
These and the experiments which followed confirmed the existence of three neutrino

flavors: the electron neutrino (νe), the muon neutrino (νµ), and the tau neutrino (ντ ),
which happen to be the three neutrinos within the Standard Model. Next is a discussion
of the neutrinos as they exist in the Standard Model.

2.2 Neutrinos in the Standard Model

The Standard Model of particle physics [13] is based on the gauge symmetry SU(3) ×
SU(2)L × U(1)Y and categorizes all known fermions via the corresponding quantum
numbers. They are given in Table 2.1.
Neutrinos are singlets of SU(3) but belong to SU(2)L doublets together with their

corresponding charged leptons. They have hypercharge −1/2 and do not carry electric
charge, as Q = T3 + Y . In the SM, neutrinos are Weyl fermions with left chirality,
ναL ≡ PLνα, α = e, µ, τ . The chiral projectors are PL = (1− γ5)/2 and PR = (1+ γ5)/2.
For massless neutrinos, chirality and helicity match as the chiral projectors and the
projectors on helicity components are the same up to corrections of order m/E. Left-
handed neutrinos are accompanied by right-handed antineutrinos as required by the
invariance of the theory under CPT (charge conjugation, parity, time reversal). Parity,
the transformation of left into right and viceversa, is maximally violated in the SM as
there are no right-handed neutrinos.
Left-handed neutrinos interact via the weak force according to the charged current

and neutral current terms in the SM Lagrangian:

LSM = − g√
2

∑
α=e,µ,τ

ν̄αLγ
µlαLWµ −

g

2 cos θW

∑
α=e,µ,τ

ν̄αLγ
µναLZµ + h.c., (2.1)

where g is the SU(2)L coupling, θW is the Weinberg angle, and all other symbols have
the common meaning. We notice that the structure of the SM weak interaction is of the
V − A type.
Neutrinos come in three families. A fourth active neutrino is not allowed by the

invisible width of the Z boson to which it would contribute as much as one active
neutrino, Z → ναν̄α. The invisible width has been measured with great accuracy at
LEP and leads to the following constraint on the active number of neutrinos [13]:

Nν =
Γinv

Γν̄ν

= 2.984± 0.008. (2.2)
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Particles SU(3) SU(2)L U(1)Y
Leptons(
νe
e

)
L,

(
νµ
µ

)
L,

(
ντ
τ

)
L 1 2 −1/2

eR, µR, τR 1 1 −1
Quarks(
u
d

)
L,

(
c
s

)
L,

(
t
b

)
L 3 2 1/6

uR, cR, tR 3 1 2/3
dR, sR, bR 3 1 −1/3

Table 2.1: SM fermionic content and its irreducible representations with respect to the
groups SU(3), SU(2)L, and U(1)Y . 3 indicates a triplet of SU(3), 2 a doublet
of SU(2)L and 1 a singlet with respect to either group. Y is the hypercharge
of the fields.

Additional neutrinos could be present, but they do not necessarily need to partake in
SM interactions, and therefore are called sterile neutrinos.
There have been no experiments performed so far that have detected conclusive devi-

ations from the SM, the only exception is neutrino oscillation experiments, which have
shown that neutrinos indeed have mass. This is not the case in the SM, which naturally
leads to a discussion of beyond the SM neutrino physics by the phenomenon known as
neutrino oscillations in Section 2.3.

2.3 Neutrino Oscillations

In the presence of leptonic mixing and non-degenerate neutrino masses, the phenomenon
of neutrino oscillations takes place. In both production and detection neutrinos are
described by their flavor states, but in propagation through space, they are described by
their mass states. The flavor states are a coherent superposition of massive states which
have different masses. The massive states propagate over long distances with slightly
different phases, which can amount to a change in the flavor state over distance. Thus
making it possible to detect a different neutrino flavor state than the flavor state that
the neutrino was produced originally. There are two ways that this happens as neutrinos
propagate in nature: traversing a vacuum, or traversing through matter. The theory of
neutrino oscillations in vacuum is discussed in Section 2.3.1, and the theory of neutrino
oscillations through matter is discussed in Section 2.3.2.
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2.3.1 Neutrino Oscillations in Vacuum

As was stated above, neutrino oscillations work on the premise that neutrinos propagate
as mass eigenstates (which is denoted νk, with k = 1, 2, 3), but interact and are detected
in their flavor eigenstates (which is denoted να, with α = e, µ, τ). Each of the flavor
eigenstates is a superposition of the three mass eigenstates, which can be expressed by

|να⟩ =
∑
k

U∗
αk |νk⟩ , (2.3)

where the unitary matrix U is known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix, given by

U =

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 , (2.4)

in the case of three-flavor oscillations. As an example, here is the expression of the
electron flavor eigenstate as the superposition of the three mass eigenstates:

|νe⟩ = U∗
e1 |ν1⟩+ U∗

e2 |ν2⟩+ U∗
e3 |ν3⟩ .

The PMNS matrix can also be written in terms of three flavor-space mixing angles
θ12, θ23, and θ13, and three charge-parity (CP)-violating phases, δCP , α1, and α2:

U =

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

ei
α1
2 0 0

0 ei
α2
2 0

0 0 1

 ,

(2.5)
where cij = cos θij, and sij = sin θij. This matrix has been intentionally broken into four
components to improve readability and interpretation, as well as because the different
mixing angles are measured by different types of neutrino oscillation experiments. The
first matrix (on the far left) includes only the mixing angle θ23, which is measured by
atmospheric neutrino oscillation experiments. The third matrix (on the middle-right)
includes only the mixing angle θ12, which dominates the mixing of solar neutrinos, thus is
measured by solar neutrino oscillation experiments. The second matrix (on the middle-
left) is known as the cross-mixing matrix, and depends on two parameters: the mixing
angle θ13 and the CP-violating phase δCP . A non-zero δCP will lead to a complex matrix
U and different probabilities for the CP-conjugate oscillations P (να → νβ) ̸= P (ν̄α →
ν̄β), which would be a significant finding for neutrino physics and physicists.
The final matrix in Equation 2.5 (on the far right) contains the termed “Majorana”

CP-violating phases. These lead to physical effects only for the case of Majorana neutri-
nos (i.e. where neutrinos are their own antiparticle) and do not conserve lepton number.
Even in the case of Majorana neutrinos, these CP-violating phases do not affect the
oscillation probability, which depends on

∑
i U

∗
αiUαj, so the Majorana phases cancel. It
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is not possible to determine whether neutrinos are their own antiparticles from oscilla-
tion measurements; other experiments (such as the search for neutrinoless double beta
decay being conducted or planned by the MAJORANA [20], GERDA [21], CUORE
[22], SNO+ [23], NEXT [24], and nEXO [25] collaborations, among others) are needed
to answer this question. If the neutrinos are instead different from anti-neutrinos, they
are “Dirac” particles and acquire their mass in a similar way as other fermions in the
Standard Model do.
If we consider orthonormal massive neutrino states (⟨νk|νj⟩ = δkj), the unitarity of the

mixing matrix implies that the flavor states are also orthonormal: ⟨να|νβ⟩ = δαβ. Since
the massive neutrino states νk are eigenstates of the Hamiltonian, H |νk⟩ = Ek |νk⟩, with
energy

Ek =
√

p2 +m2
k, (2.6)

then the Schrodinger equation

i
d

dt
|νk(t)⟩ = H |νk(t)⟩ , (2.7)

implies that the massive neutrino states evolve in time as plane waves:

|νk(t)⟩ = e−iEkt |νk⟩ . (2.8)

Considering now a flavor state |να(t)⟩ which describes a neutrino created with a definite
flavor α at time t = 0. From Equations (2.3) and (2.8), the time evolution of this state
is given by

|να(t)⟩ =
∑
k

U∗
αke

−iEkt |νk⟩ , (2.9)

such that

|να(0)⟩ = |να⟩ .

The massive states can be expressed in terms of flavor states inverting Equation (2.3):

|νk⟩ =
∑
α

Uαk |να⟩ , (2.10)

where the relation U †U = 1 has been used. Substituting the last relation into Equation
(2.9) one gets:

|να(t)⟩ =
∑

β=e,µ,τ

(∑
k

U∗
αke

−iEktUβk

)
|νβ⟩ . (2.11)

Hence, the superposition of massive neutrino states |να(t)⟩, and the pure flavor state
given in Equation (2.3) at t = 0, becomes a superposition of different flavor states at
t > 0. The transition probability of |να⟩ → |νβ⟩ as a function of time is given by:

8
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Pνα→νβ(t) = | ⟨νβ|να⟩ |2 =
∑
k,j

U∗
αkUβkUαjU

∗
βje

−i(Ek−Ej)t. (2.12)

For ultra-relativistic neutrinos, one could expand Equation (2.6) considering mk ∼ 0 to
obtain Ek ≃ E +m2

k/2E, where E = |p|. Given the mass difference ∆m2
kj it is possible

to write:

Ek − Ej ≃
∆m2

kj

2E
. (2.13)

In neutrino oscillation experiments, the propagation time t is not measured. What is
known is the distance L between the source and the detector. Since ultra-relativistic
neutrinos propagate almost at the speed of light, it is possible to approximate t = L.
Therefore, the transition probability can be approximated as:

Pνα→νβ(t) =
∑
k,j

U∗
αkUβkUαjU

∗
βje

−i
∆m2

kjL

2E . (2.14)

The oscillation probability thus depends both on quantities fixed by nature (PMNS
matrix elements and differences of the square of the masses ∆m2) and on parameters
fixed by experiments (the path the neutrino travels L, i.e. the source-detector distance,
and the neutrino energy E). Moreover, oscillation experiments are only sensitive to the
difference of the squares of the masses and not to the absolute neutrino mass.
The now well-accepted picture of neutrino mixing involves three underlying mass

states, with three mixing angles defining the linear superpositions that make up each of
the three weak, or flavor, states. The magnitude of the mass-squared splitting between
states ν1 and ν2 is known from the KamLAND reactor experiment [26], and the much-
larger splitting between the third, ν3 state and the ν1−ν2 pair is known from atmospheric
and long-baseline experiments [13]. However, pure neutrino oscillations are sensitive only
to the magnitude of the mass splitting, not to its sign. Defining the ν1 state as having
the largest admixture of the electron flavor eigenstate, the sign of the mass splitting
between states ν2 and ν1 is determined to be positive (∆m2

21 > 0) using the pattern
of neutrino oscillations through the varying-density solar medium [13]. However, the
corresponding sign of ∆m2

32 ∼ ∆m2
31 remains unknown. That is, there are two potential

orderings, for the neutrino mass states: the so-called normal ordering, in which ν3 is the
heaviest, and the inverted ordering, in which ν3 is the lightest, as shown in Figure 2.2.
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Figure 2.2: Pictorial representation of the possible neutrino mass orderings.

2.3.2 Neutrino Oscillations Within Matter

Neutrinos propagating in matter are subject to a potential due to the coherent forward
elastic scattering with the particles in the medium (electrons and nucleons). Coherent
scattering happens when the neutrino wave function interacts with the matter as a
whole, such as when the scattered waves from the nuclei in the matter interfere with
each other.

Figure 2.3: Feynman diagrams depicting examples of a CC (a) and NC (b) neutrino
interaction.
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When active flavor neutrinos propagate in matter, their evolution equation is affected
by both charged-current (CC) and neutral-current (NC) scatterings [27]. The Feynman
diagrams of CC and NC scattering are shown in Figure 2.3. This phenomenon was first
proposed by Wolfenstein [28] and is now known as the Mikheyev-Smirnov-Wolfenstein
(MSW) effect.
A full account of how exactly these matter effects alter neutrino oscillations proba-

bilities is beyond the scope of this thesis (although it is well described in other sources,
e.g. [27]).
An important implication of matter effects in neutrino oscillations is that their impact

is different for neutrinos and antineutrinos (since the CC interaction shown in Figure 2.3
is not available for antineutrinos) due to the lack of positrons in the Earth. This can
mimic a CP violation P (να → νβ) ̸= P (ν̄α → ν̄β) effect which does not say anything
interesting about matter-antimatter asymmetry at a fundamental level. It is therefore
essential to account for matter effects when attempting to determine δCP to identify
genuine neutrino-sector CP violation.
Moreover, whilst vacuum oscillations are only sensitive to the square of the neutrino

mass splitting, matter effects are sensitive to the signs of the mass splittings. Current
and future experiments will have sensitivity to a mass ordering measurement. While
T2K [29] has very little sensitivity to the ordering, due to the shorter baseline, NOνA
[30] has the potential to make a measurement at the 2 – 3σ level, if the value of the
CP phase parameter δCP is maximal. A combination of current experiments at different
baselines (e.g. T2K+NOνA) could help to further disentangle the competing effects of
CP violation and matter-induced neutrino-antineutrino differences. However, the future
DUNE [31] experiment will identify the mass ordering, removing the ambiguities.

2.3.3 Overview of Neutrino Oscillation Experiments

Neutrino oscillation experiments are classified based on the different sources of neutrinos
that have been used, and can be broken down into the experiment types listed below.

Reactor Neutrino Experiments

These experiments exploit the large isotropic fluxes of electron anti-neutrinos produced
in nuclear reactors by β decays of heavy nuclei (mainly fission fragments of 235U, 238U,
239Pu, and 241Pu). Typical energy of reactor ν̄e’s is of the order of a few MeV.

Atmospheric Neutrino Experiments

Primary cosmic rays interact with the upper layers of the atmosphere producing a large
flux of pions and kaons that then decay in the atmosphere into muons and muon neu-
trinos. Many muons further decay into electrons and muon neutrinos before hitting the
ground. Atmospheric neutrino experiments are designed to detect these νµ.
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Solar Neutrino Experiments

These experiments detect the electron neutrinos generated in the core of the Sun by the
thermonuclear reactions that power the Sun. Solar neutrino experiments are designed to
detect these νe and are sensitive to extremely small values of ∆m2 (∆m2

21 = 7.37+0.59
−0.44 ×

10−5eV 2), much smaller than the sensitivity of the other experiment discussed above.

Accelerator Experiments

These experiments make use of beams of muon neutrinos produced by the decay of pions,
kaons, and muons created by a proton beam hitting a target. They are further classified
into appearance experiments if they look at electron neutrinos oscillated from the initial
muon neutrinos, or disappearance experiments if they look at the reduction in muon
neutrino events due to oscillations. These experiments are the focus of this thesis and
will be better described in Chapter 6.

2.4 Short-Baseline Anomalies

A series of short-baseline neutrino oscillation experiments provided unexpected results.
The results they obtained are inconsistent or in strong tension with the predictions
obtained from the three neutrino oscillation paradigm. In this section, these experiments
are split into three categories:

• Accelerator neutrino experiments

• Radio-chemical experiments

• Nuclear reactor experiments.

2.4.1 Accelerator Neutrino Experiments

The Liquid Scintillator Neutrino Detector (LSND) observed an excess of ν̄e events from
a well understood ν̄µ source in 2001 [1]. At the same period, the KARMEN experiment
studied neutrino supplied via the decay of pions produced when a proton beam strikes
a target. It operated from 1990 until March 2001, searching for the appearance and
disappearance of electron neutrinos. KARMEN did not observe any oscillation signal.
limits were set on neutrino oscillation parameters [32], which are in tension with the
LSND experiment and were followed up by MiniBooNE.

Liquid Scintillator Neutrino Detector

The first tension with the three-neutrino framework arose in the 1990s by the LSND
experiment at Los Alamos [33]. The neutrino beam was produced by firing a 0.8 GeV
prootn beam into a target. The charged pions produced are stopped in the beam dump
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where they decay at rest. As illustrated in Figure 2.4, this leads to a well understood
source of muon antineutrinos of 0 MeV to 53 MeV.

Figure 2.4: Neutrino beam used by the LSND experiment. A proton beam is fired at a
water target, where they produce pions. Most of the pions travel half a meter
in the air before striking a copper beam stop and coming to rest. Nearly all of
the negative pions are absorbed by copper nuclei before they decay, but each
positive pion decays at rest to a muon and a muon neutrino. The muons
also come to rest in the beam stop and decay to a muon antineutrino, a
positron, and an electron antineutrino. The neutrinos fly off in all directions
isotropically. Illustration from [1].

A liquid scintillator detector was positioned 31 m away from the target. The process
searched for was inverse beta decay:

ν̄µ
oscillation−−−−−−→ ν̄e + p → e+ + n. (2.15)

The signature of such an event is illustrated on the left panel of Figure 2.5.
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Figure 2.5: (Left) Signature of a ν̄e event in LSND. A muon antineutrino produced at the
source oscillates en-route to the detector and appears as an electron antineu-
trino. The neutrino scatters off a free proton in the oil, creating a positron
and a neutron. The positron travels faster than the speed of light in the oil
and so produces a Cherenkov cone. As it loses energy through collisions with
atoms in the oil, the positron also produces a sphere of scintillation light.
The neutron survives about 186 microseconds and wanders O(1m) before it
is absorbed by a nucleus, emitting a 2.2 MeV gamma ray that also produces
a sphere of scintillation light. This succession of events is the signature of an
electron antineutrino. (Right) The observed excess of candidate ν̄e events.
The blue part of the histogram is the contribution due to a potential addi-
tional oscillation. Figure from [1].

The LSND experiment reported an anomalous event excess in the ν̄µ → ν̄e appearance
channel, the result is shown on the right panel of Figure 2.5 [1]. This could be interpreted
as an oscillation with ∆m2 ≈ 1 eV. Such a scale is clearly incompatible with ∆m2

21 and
∆m2

32 and could be explained with the presence of sterile neutrinos (ν̄µ → νsterile → ν̄e).
At the same time, the results of the KARMEN and Bugey experiments excluded parts
of the allowed low ∆m2 region [32, 34]. Within the constraints of the former, the LSND
signal is best fitted through an additional sterile neutrino oscillation with a mass splitting
of the order of 1 eV [35].

MiniBooNE

The MiniBooNE experiment, located at Fermilab, was designed with the goal to validate
the LSND measurement [36]. The neutrino beam used will be the topic of Section 6.1.
For current purposes, it is important to note that the Booster Neutrino Beam is able to
run in both neutrino and antineutrino modes, and that the muon (anti)neutrino energy
is peaked around 800 MeV. To be sensitive to the signal seen by LSND, the baseline was
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taken to be 541 m, leading to a very similar L/E value.
The detector consists of a 12 m diameter sphere filled with 10 million liters of mineral

oil. The active volume is surrounded by a sphere, instrumented with 1280 8 inch PMTs.
An additional 240 PMTs are located in the outer veto region and used for cosmic activity
rejection. Particles travelling through the mineral oil at a speed exceeding the speed
of light in the medium will emit Cherenkov light. The kinetic energy threshold for
Cherenkov production depends on the mass of the particle, making MiniBooNE fairly
insensitive to protons and neutrons compared to light particles sucha s electrons and
muons. Between the latter two, particle identification is made based on the shape of the
Cherenkov cone captured by the PMT system, as illustrated in Figure 2.6.

Figure 2.6: Paricle Identification in MiniBooNE. Schematic showing the different signa-
tures of event topologies as seen by the PMT system of MiniBooNE. Elec-
trons scatter, creating a fuzzy ring. Muons follow a more straight trajectory,
leading to a sharper ring structure. The photons from π0 → γγ decays pro-
duce electrons through scattering and therefore creating similar signatures.
Figure from [2].

Apart of particle observance through the direct emission of Cherenkov light, detec-
tion can happen through secondary processes. Due to the nature of electromagnetic
shower formation, high energetic photons will undergo scattering and pair-production.
The produced electons – and positrons – in these processes emit Cherenkov light if their
energy is above threshold. Therefore, the signature of photons and electrons is indistin-
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guishable in MiniBooNE. Neutrons could, in principle, be detected by 2.2 MeV γs that
result from delayed (lifetime of 186 µs) neutron capture on protons within the mineral
oil. In practice, this is below the detection threshold arising from radioactivity, PMT
noise, etc.
For energy calibration, MiniBooNE relied on the typical Michel electron spectrum

peaked at mµ/2 = 52.8 MeV. Furthermore, the invariant mass from the π0 → γγ was
also reconstructed to validate the energy response around 135 MeV.
The interaction looked for by the MiniBooNE sterile neutrino search was:

νµ
oscillation−−−−−−→ νe + n → e− + p (2.16)

ν̄µ
oscillation−−−−−−→ ν̄e + p → e+ + n (2.17)

Here, the final state electron from the Charged Current (CC) neutrino scattering is ob-
served through a fuzzy Cherenkov ring signature. Being a different detector technology,
the systematic uncertainties of MiniBooNE are completely different from those of the
LSND experiment. Nonetheless, having a similar L/E value and sensitivity to the same
neutrino interaction channel, MiniBooNE can test O(1eV) sterile neutrino hypothesis.
After 15 years of data-taking, the MiniBooNE experiment reported results from an

analysis of νe appearance data from 12.84×1020POT in neutrino mode. If interpreted as
an excess of νe charged-current quasielastic events, the size of the excess is 381.2± 85.2,
corresponding to 4.5σ in the energy range 200 MeV to 1250 MeV. Combining these
data with the ν̄e appearance data from 11.27 × 1020POT in antineutrino mode, a total
of (νe + ν̄e) charged-current quasielastic event excess of 460.5 ± 99.0 events (4.7σ) is
observed. The MiniBooNE data are consistent in energy and magnitude with the excess
of events reported by LSND, and the significance of the excesses of the two experiments
combined is 6.0σ [2]. The final result in neutrino mode is shown in the left panel of
Figure 2.7. The right panel investigates the compatibility of the LSND and MiniBooNE
in the light of the sterile neutrino hypothesis.
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Figure 2.7: (Left) The low-energy excess as observed by MiniBooNE in neutrino mode.
The reconstructed neutrino energy under the hypothesis that the charged-
current interaction is quasielastic. The excess in data is clearly visible at
low energies. The dotted line corresponds to the prediction when a sterile
neutrino is included in the model. (Right) The allowed parameter space by
the LSND and MiniBooNE (in neutrino and antineutrino mode) for a sterile
neutrino. Figure from [2].

It is important to stress the quasielastic hypothesis in the MiniBooNE result. The
selected events are interpreted under the assumption of scattering with a single free
nucleon. In the case of an electron neutrino interaction, the energy can be reconstructed
using the final state lepton:

EQE
ν =

2mnEe +m2
p −m2

n −m2
e

2(mn − Ee + cos θ
√
E2

e −m2
e)
, (2.18)

where mn, mp, and me are the mass of the neutron, proton, and the electron. θ is the
angle of the outgoing lepton with respect to the incoming neutrino direction. In reality,
intranuclear processes such as pion absorption complicate the energy reconstruction.
It is therefore possible that the energy reconstruction of the observed excess events is
underestimated and corresponds to higher true neutrino energies.

MiniBooNE Backgrounds

In the low-energy region where the excess manifests itself, three background categories
can mimic the Low Energy Excess (LEE) as observed by MiniBooNE:

• Intrinsic νe: The νe component of the beam, coming from µ±, K±, and K0, is the
irreducible background of the experiment, since it can’t be distinguished from νµ
oscillating into νe. This component of the flux is partially constrained by measuring
the νµ interactions.

17



2 Neutrino Physics

• Misidentified π0: The background from misidentified π0 events represents the
largest component. These events are particularly challenging to reconstruct since
very forward-boosted photons will appear in the detector as a single fuzzy ring.
The MiniBooNE collaboration has constrained this contribution by reconstructing
the invariant π0 mass of the event and obtaining a sample with a purity > 90% of
NC π0 events. The total uncertainty on the NC background is 7% [37].

• Misidentified ∆ → Nγ: A neutral current resonant interaction can produce a
∆ resonance, which has a rare electromagnetic decay channel ∆ → Nγ, where
N = n, p. This channel is also constrained by the NC π0 in-situ measurement.
The uncertainty on this component is 12% [37].

Both the π0 and the ∆ → Nγ backgrounds arise formt he inability of a Cherenkov
detector to distinguish between photons and electrons, which is one of the most powerful
capabilities of a LArTPC, which will be discussed in Chapter 5.

2.4.2 Radio-Chemical Neutrino Detection Experiments

Two solar neutrino experiments, GALLEX [38] and SAGE [39], used intense neutrino
sources (51Cr, 37Ar) during the detector calibration. These sources decay through elec-
tron capture, producing an electron neutrino and emitting γ-radiation. The sources
were shielded to stop the gamma-radiation and act as a clean neutrino source. Both
GALLEX and SAGE observed an approximate 24% event deficit in the νe disappear-
ance channel. This deficit is often referred to as the Gallium anomaly and can also
be understood by neutrino oscillations with 1 eV sterile neutrinos. A fit of the data
in terms of neutrino oscillations favors at about 2.3σ short-baseline electron neutrino
disappearance with respect to the null hypothesis of no oscillations [40, 41].

2.4.3 Reactor Antineutrino Anomaly (RAA)

In 2011 Mueller et al. [42] as well as Huber [43] published new nuclear reactor antineu-
trino reference spectra computed from electron spectrum measurements but with revised
conversion techniques. Both found a 3% increase in the reactor flux compared to the
previous predictions, which had been applied as standard for more than 20 years. A
reanalysis of the measured versus the predicted neutrino flux was performed using the
antineutrino flux measurements at 100m baseline and less. Together with an updated
neutrino interaction cross section, the computation resulted in an observed-to-predicted
ratio of 0.935± 0.024 [44], which is the so-called Reactor Antineutrino Anomaly (RAA)
[45]. Figure 2.8 displays the data of several reactor experiments together with two hy-
pothetical fits, one in the case of three neutrinos, the other includes one sterile neutrino.
Clear preference is given to the 3 + 1 neutrino hypothesis.
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Figure 2.8: Illustration of the short-baseline reactor antineutrino anomaly. The graph
shows the ratio of the observed to the expected rate, from the recent reac-
tor neutrino flux calculations without neutrino oscillations, for all reactor
neutrino experiments at various baselines. The dashed line corresponds to
the classic 3 neutrino oscillation scenario, while the solid line corresponds to
the 3 + 1 model (3 active neutrinos + 1 sterile neutrino) with ∆m2 ≈ 1 eV.
The bump around 3 km is due to the well-measured atmospheric neutrino
oscillation, the one around 100 km is the solar neutrino oscillation. Figure
from [3].

The differences found in the short-baseline reactor experiments could indicate unac-
counted physics in the propagation and detection of neutrinos, such as sterile neutrinos.
On the contrary, the differences could also be introduced by errors on the predicted
reactor spectra. Upcoming very short-baseline experiments will test if the discovered
overall deficit in antineutrino rate is linked to neutrino flavor oscillations into a light
sterile state. Even without new physics, data from different reactor types will bring
valuable insights into the nature of the reactor shape distortion, bypassing the use of
summation spectra and, accordingly, their large uncertainties.

2.4.4 Current Status and Global Fits

Combined with cosmological evidence for an additional relativistic degree of freedom
before recombination [46, 47, 48], the gallium, LSND/MiniBooNE neutrino disappear-
ance anomalies and the Reactor Antineutrino Anomaly provide substantial arguments
for sterile neutrinos. An overview of the significance of these anomalies is given in Ta-
ble 2.2. Even though hints for a sterile neutrino are observed in several channels by
a large set of experiments employing widely varying detector technologies, the picture
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is far from clear. The lack of observation of a sterile neutrino oscillation in the muon
disappearance channels creates tension between different data sets.

Experiment Channel Significance
LSND νµ → νe 3.8σ

MiniBooNE νµ → νe 4.5σ
MiniBooNE ν̄µ → ν̄e 2.8σ

GALLEX/SAGE νe disappearance 2.3σ
Reactors ν̄e disappearance 2.7σ

Table 2.2: Significance of experimental anomalies from neutrino experiments.
LSND and MiniBooNE are accelerator-based short-baseline experiments.
GALLEX/SAGE are radioactive source experiments. The others are reactor
experiments and represent the Reactor Antinuetrino Anomaly (RAA). A
detailed overview of the anomalies and their significance is given in [12].

Global fits have found a large improvement in the ∆χ2 = χ2
null − χ2

3+1, indicating
the data favors a correction that behaves like an additional oscillation [49]. An internal
inconsistency arises when the goodness of fit is evaluated on the appearance and disap-
pearance data-sets separately. There are several possible explanations for the tension:

1. There are no sterile neutrinos. In this case, the separate data-sets must suffer
from biases and unevaluated systematic uncertainties. Those biases, over different
channels and detection technologies accidentally match the effect produced by a
sterile neutrino.

2. There is one light sterile neutrino as explained in the simplest 3 + 1 extension.
In this scenario, some data-sets suffer from unidentified experimental effects. In
the case of MiniBooNE, for example, the result is systematic limited, increasing
the likeliness of unaccounted uncertainties in the result. Furthermore, it is worth
noting that null results providing limits, such as the disappearance searches, have
received less scrutiny.

3. There is additional new physics in the neutrino sector. More complicated models
such as a decaying sterile neutrino or a 3 +N model introduce additional degrees
of freedom and are able to relieve tension in the data.

From a theoretical point of view, it is worth noting that, light sterile neutrinos do not
show up in a natural way in most beyond the Standard Model theories. The popular
type-I see-saw model, for example, which provides an explanation of the small neutrino
couplings, predicts only heavy sterile neutrinos (m > 1010 GeV). If light sterile neutrinos
indeed exist, they would suggest new frontiers in both experimental and theoretical
physics.

20



2 Neutrino Physics

2.5 The Current State of Neutrino Physics

All of the many experiments that have been listed have provided many points of data
for neutrino oscillations, and neutrinos in general. In particular, neutrino oscillation has
been observed from many sources: the sun, reactors, Cosmic Ray (CR) interactions,
and accelerator beams [13]. A summation of the measurements of current parameters
modeling the 3-Flavor Oscillation model (which sufficiently describes the majority of
neutrino oscillation phenomenon that have been observed) are given in Table 2.3.

Summary of 3-Flavor Oscillation Parameters

Normal Hierarchy Inverted Hierarchy
Parameter 1σ BF 3σ range 1σ BF 3σ range

θ12(
◦) 33.44+0.77

−0.74 31.27− 35.86 33.45+0.78
−0.75 31.27− 35.87

θ23(
◦) 49.2+0.9

−1.2 40.1− 51.7 49.3+0.9
−1.1 40.3− 51.8

θ13(
◦) 8.57+0.12

−0.12 8.20− 8.93 8.60+0.12
−0.12 8.24− 8.96

δCP (
◦) 197+27

−24 120− 369 282+26
−30 193− 352

∆m2
21(10

−5eV 2) 7.42+0.21
−0.20 6.82− 8.04 7.42+0.21

−0.20 6.82− 8.04
∆m2

31(10
−3eV 2) 2.517+0.026

−0.027 2.435− 2.598 2.498+0.028
−0.028 2.414− 2.518

Table 2.3: Table summarizing the best-fit (BF) three-flavor oscillation parameters, along
with 3σ ranges. Values taken from [13].

With these values noted, it is important to remark that there are still a lot of unan-
swered questions in the realm of neutrino physics that need to be addressed. The
remaining questions would find their answers through these conditions:

• Determining the nature (either Dirac or Majorana) of massive neutrinos.

• Determining the mass ordering (whether the sign of ∆m2
31 or ∆m2

32 is negative or
positive).

• Determining, or obtaining significant constraints on, the absolute scale of neutrino
masses.

• Determining the status of CP symmetry in the lepton sector.

• Determining if there is a fourth, sterile neutrino.

There are many different experiments that are currently working on, or have been pro-
posed to perform these investigations. An important factor for future long-baseline
experiments is a proper experimental understanding of neutrino-nucleus interactions as
well as their cross sections. One of the neutrino-nucleus interaction cross sections that
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need to be understood better is the signal channel of this analysis, which is one of the
motivations for this thesis measurement.
The next chapter, Chapter 3, will give a brief discussion on many different types of

neutrino-nucleus interactions, how they occur, as well as a short introduction to the
neutrino-nucleus interaction that is the primary focus of this thesis.
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Neutrinos are not composed of quarks, they are neutral particles, and they have mass.
This means that neutrinos can only interact via the weak and gravitational forces. The
gravitational effect is extremely difficult to measure, so, to study neutrinos, the weak in-
teractions are employed. The weak force is mediated by the W and Z bosons. Whenever
a neutrino interaction involves the W±, that type of interaction is known as a charged
current (CC) interaction, and neutrino interactions that involve the Z are known as
neutral current (NC) interactions (both are depicted in the Feynman Diagrams shown
in Figure 3.1). CC neutrino interactions are easily identified by the outgoing lepton
that emerges from the interaction. For example, a CC νe interaction will produce an
outgoing electron in the final state, which would be the same expectation for νµ and ντ
interactions except they would have their corresponding lepton in the final state instead
of an electron. For NC interactions, the interacting neutrino will appear in both the
initial and final state, and the exchange of the Z boson is responsible for the mediation
of the transfer of energy. In general, CC and NC interactions proceed as

νl + A → l− +X (CC) (3.1)

νl + A → νl +X (NC) (3.2)

where νl represents a neutrino of flavor l = e, µ, τ , A is the target nucleus, l is the
charged outgoing lepton (in CC interactions only), and X represents the final-state par-
ticles of the corresponding interactions. In addition to CC and NC, GeV-scale neutrino
interactions (the focus of this thesis is one of these) are further subdivided into distinct
interaction types depending on the incident neutrino energy and how it interacts with a
target nucleus.
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Figure 3.1: Feynman diagrams depicting examples of a CC (a) and NC (b) neutrino
interaction.

This chapter discusses many different forms of neutrino interactions and gives a short
description of how the different interactions occur. Section 3.1 will discuss many different
higher energy neutrino interaction modes, as well as give a brief description of the
neutrino interaction channel that is the focus of this thesis.

3.1 Neutrino Interaction Modes

The description of neutrino scattering between 0.1 – 20 GeV can be described by several
distinct neutrino scattering mechanisms. The possibilities fall into three main categories,
also shown in Figure 3.2.
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Figure 3.2: Total neutrino per nucleon CC cross sections (for an isoscalar target) divided
by neutrino energy and plotted as a function of energy. The data points show
the results of different experiments. Also shown are the various contributing
processes that will be described in the next sections. These contributions
include QE scattering (dashed), resonance production (dot-dash), and DIS
scattering (dotted).

At the mean neutrino energy that is investigated by this thesis (∼ 0.8GeV), the main
neutrino interaction channel occurring is Quasi-Elastic (QE) scattering, which will be
discussed in Section 3.1.1. The next most frequent interaction channel is Resonance
(RES) Production, which will be detailed in Section 3.1.2, and is followed by Deep
Inelastic Scattering (DIS) discussed in Section 3.1.3. The least common interaction
channel is Coherent Pion Production (COH), which is discussed in Section 3.1.4. The
last section briefly discusses other interaction channels that can occur at these neutrino
energies in Section 3.1.5.

3.1.1 Quasi-Elastic Interactions

For ∼ 1GeV neutrino energies, the most common interaction mode is the Quasi-Elastic
(QE) mode, which can be seen in Figure 3.2. In QE interactions, an incoming neutrino
interacts with the nucleus, modifying the quark flavor content of a nucleon in the pro-
cess, as shown in Figure 3.3. A more general charged current Quasi-Elastic (CCQE)
interaction is given by:

νl + n → l− + p (3.3)

ν̄l + p → l− + n (3.4)
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where n and p represents a neutron and proton, respectively. For NC elastic (NCE)
interaction, a neutrino transfers energy to a single nucleon via Z boson exchange, so the
interaction proceeds as:

νl +N → νl +N (3.5)

where N represents a nucleon. Note that NCE interactions also produce a nuclear
recoil which is not shown in Equation 3.5. CCQE interactions are significantly easier to
recognize than NCE interactions due to the presence of an outgoing charged lepton. For
NCE, the signal is generally a single neutron or proton in the final state, which can be
difficult to distinguish from background.

Figure 3.3: Feynman diagram that depicts CCQE. As is evident in the diagram, a νµ
comes in and interacts with a nucleon (n) in a target nucleus and ejects a
nucleon (p) and a lepton (µ−).

Most Monte Carlo event generators use the Llewellyn-Smith model [50] for CCQE in-
teractions, although the more recent Nieves model [51] appears to offer better agreement
between simulation and data for some experiments with larger target nuclei [52].

3.1.2 Resonance Production

Given enough energy, and if the neutrino-nucleus center of mass energy exceeds the mass
of a delta baryon, neutrinos can send the struck nucleon to an excited state. In this
case, the neutrino interaction produces a baryon resonance (N∗). The baryon resonance
quickly decays, most often to a nucleon and single pion final state:

νl +N → l +N∗ → l + π +N ′, (3.6)

where N ,N ′ = n,p. Other higher multiplicity decay modes are also possible as baryonic
resonances created in neutrino-nucleon interactions can potentially decay to multi-pion
final states. At the lowest energies, the process is dominated by production of the
∆(1232), which is the first excited state of a nucleon, as shown for example in Figure 3.4.
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Figure 3.4: Feynman Diagrams for Resonant Production, where CC-Res is on the left,
and NC-Res is on the right.

Charged-Current Resonance Production

Charged-Current Resonant Production (CCRes), as shown in Figure 3.4, is a neutrino-
nucleus interaction that produces a baryon resonance via the W-boson (in the case of
MicroBooNE, this is a ∆(1232) resonance) which then decays to a pion. Thus the final
states under consideration here are:

νµp → µ−∆++ → µ−pπ+

νµn → µ−∆+ → µ−pπ0

νµn → µ−∆+ → µ−nπ+

Neutral-Current Resonance Production

Neutral-Current Resonant Production (NCRes), as shown in Figure 3.4, is a neutrino-
nucleus interaction that produces a baryon resonance via the Z-boson (in the case of
MicroBooNE this is ∆(1232) resonance) which then decays to a pion. Thus the final
states under consideration here are:

νµp → νµp∆
+ → νµnπ

+

νµp → νµp∆
+ → νµpπ

0
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νµn → νµn∆
0 → νµnπ

0

νµn → νµn∆
0 → νµnpπ

−

Historically, the most commonly used resonant model in simulation has been the
Rein-Sehgal model [53]. The more recent Berger-Sehgal model [54] improves on the
older model by including experimental pion scattering data and leptonic mass correction
terms.

3.1.3 Deep Inelastic Scattering

In deep inelastic scattering, the neutrino scatters off a quark in the nucleon via the
exchange of a virtualW or Z boson producing a lepton (or a neutrino for the NC version)
and a hadronic system in the final state. This breaks apart the nucleon, producing a
jet of hadrons in an interaction mode known as Deep Inelastic Scattering (DIS). This is
the dominant neutrino interaction mode for neutrinos with energy above about 10 GeV.
Both CC and NC processes are possible:

νµN → µ−X (CC), (3.7)

νµN → νµX (NC). (3.8)

There are only a few neutrinos undergoing DIS interactions at MicroBooNE energies,
and for this reason, this interaction mode is not described in detail here. Details on
these interactions can be found in [55] and in this thesis they are modelled according to
the GENIE neutrino event generator.

3.1.4 Coherent Pion Production

In addition to resonant pion production, neutrinos can produce pions by interacting
coherently with the nucleons forming the target nucleus. Neutrino-nucleus coherent
pion production is an inelastic interaction that produces a lepton and a pion in the
forward direction while leaving the nucleus in its initial state. This interaction has
both a charged-current (CC) and neutral-current (NC) form, which are briefly detailed
in the subsections below. The CC version of this interaction channel is depicted in the
Feynman diagram in Figure 3.5. This is one of the most rare neutrino-nucleus interaction
channels, and the channel has a complicated history which will be further discussed in
Chapter 4.
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Figure 3.5: Feynman Diagram of Coherent Pion Production.

Charged-Current Coherent Pion Production

The charged-current coherent pion production processes are represented by Equation 3.9,
where A is the nucleus.

νl + A → l− + π+ + A

ν̄l + A → l+ + π− + A (3.9)

A cross section measurement of the CC version of this interaction channel on argon is
the primary focus of this thesis.

Neutral-Current Coherent Pion Production

The neutral-current coherent pion production processes are represented by Equation 3.10,
where A is the nucleus.

νl + A → νl + π0 + A

ν̄l + A → ν̄l + π0 + A (3.10)

3.1.5 Other Interaction Modes

Neutrino interactions can also produce final states involving strange quarks. At neutrino
energies below 2 GeV, Cabibbo suppressed single kaon production νµN → µ−K+N is
the dominant K+ production mechanism. At higher energies, K+ mesons arise via as-
sociated production accompanied by strangeness = -1 baryons (Λ, Σ±) or mesons (K−,
K̄0) such that there is no net change in strangeness (∆S = 0). This can occur through
an intermediate resonance state or in DIS by hadronisation, the production of mesons
and baryons from the struck quark. Measuring neutrino-induced kaon production is of
interest primarily as a source of potential background for proton decay searches. Pro-
ton decay modes containing a final state kaon, p → K+ν, have large branching ratios
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in many SUSY GUT models. Because there is a non-zero probability that an atmo-
spheric neutrino interaction can mimic such a proton decay signature, estimating these
background rates has become an increasingly important component to such searches.
Neutrino interactions which resemble CCQE can also arise from “two-particle two-

hole” (2p2h) processes [51]. In these processes, a neutrino scatters on a pair of nucleons
which are interacting with each other via meson-exchange currents (MEC). Older ver-
sions of MC event generators do not account for MEC interactions. Recent versions of
the widely-used GENIE event generator [56] include a model of CC 2p2h interactions
based on the work of Nieves et al. [51]. For NC, the only 2p2h treatment available in
GENIE is the empirical Dytman model described in Reference [57].
With the many different forms of neutrino-nucleus interactions that are likely to be

encountered now presented, focus can now be returned to the signal channel of the
analysis presented in this thesis: CC-Cohπ+ production. The next chapter, Chapter 4,
will go into further detail on some of the various models of CC-Cohπ+ production, it
will list the motivations for furthering our understanding of the interaction channel,
as well as give a history on the measurements made of this channel and the channel’s
controversial history.
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“The most important step a man can take. It’s not the
first one, is it? It’s the next one. Always the next step.”

Brandon Sanderson, Oathbringer

This chapter covers the rather complicated history of the neutrino-nucleus scattering
interaction called Charged-Current Coherent Pion Production, CC-Coh π+, as well as
the theories of the interaction (including the Adler’s theorem models of Rein-Sehgal and
Berger-Sehgal, and an example of a microscopic model, which were specifically created
to describe neutrino interactions for neutrino energies less than roughly ∼ 2GeV). The
chapter closes with some of the motivations for furthering our understanding of this
interaction channel.
The chapter begins by defining CC-Coh π+ interactions in Section 4.1, and then

proceeds to lay out some of the controversial history of measurements for the channel
in Section 4.2. A rather in depth look at the Adler’s theorem models of Rein-Sehgal
and Berger-Sehgal, as well as a so called microscopic class of model for describing CC-
Coh π+ are all detailed in Section 4.3. The chapter concludes by discussing the many
motivations for furthering our understanding of CC-Coh π+ in Section 4.4.

4.1 Defining Neutrino-Induced Charged-Current
Coherent Pion Production

Neutrino-Induced Charged-Current Coherent Pion Production (CC-Coh) occurs when-
ever a neutrino (νl) of some lepton flavor l interacts coherently with a target nucleus
and ejects a charged pion (π) and a lepton (l) of the same flavor as the interacting νl.
This type of neutrino interaction has two key characteristics:

• the target nucleus is left in its ground state due to there being virtually no four-
momentum transfer to the nucleus,

• and the two particles that are produced are both forward boosted with a small
opening angle between them.

This can be said like so: charged-current coherent pion production in neutrino-nucleus
scattering, represented by Equation 4.1 and depicted by the Feynman diagram in Fig-
ure 4.1, is a process in which the neutrino scatters coherently from an entire nucleus,

31



4 A Controversial History

leaving the nucleus unchanged. No quantum numbers are exchanged and there is little
four-momentum, |t|, transfer to any nucleon. Due to these restrictions the outgoing
lepton and pion are aligned with the beam direction and no other hadrons are produced.

νµ + A → µ− + π+ + A (4.1)

This particular neutrino-nucleus interaction channel has a bit of a controversial history,
and needs to be studied further to help discern the ambiguity in the proposed models
for the channel. This channel is the main subject of this thesis and a discussion of the
controversial history follows in Section 4.2.

Figure 4.1: Feynman Diagram of νµ-Induced Charged-Current Coherent π+ Production.

4.2 The Controversial History

The first observation of coherent pion production was reported in February 1983 by the
Aachen-Padova spark-chamber experiment [58] in CERN’s PS neutrino or antineutrino
beam. While studying a sample of solitary π0s produced in their νµ and ν̄µ beams they
observed a significant excess of events in the forward-going direction, an excess that
was not present in another sample in which the π0 was produced along with a proton.
They identified this excess as NC coherent pion production: a theoretical description of
which had first been published by K.S. Lackner [59] four years earlier in the context of
determining the structure of the weak neutral-current.
In response to Aachen-Padova’s discovery, Dieter Rein and Lalit Sehgal developed a

theoretical model for coherent pion production [60], building on Lackner’s paper and
their own recent work on resonance pion production. Their predictions agreed with the
cross section extracted by Aachen-Padova, as well as one from a retrospective re-analysis
of data from the Gargamelle experiment [61].
Over the following decade five more experiments observed and measured both CC

and NC coherent pion production with neutrinos and antineutrinos. Many giving excep-
tionally clean and clear signals of coherent production. Over a wide range of neutrino
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energies all experimental data were consistent with predictions from the Rein-Sehgal
model, within the resolution of the experiments.
The resurgance of neutrino physics that accompanied the discovery of oscillations at

the end of the 20th century also brought about a series of experiments at lower neutrino
energies than had been studied previously. In stark contrast to previous experiments,
K2K’s search for CC coherent pion production at Eν of 1.3 GeV found no evidence CC-
Cohπ production. This surprising result was later confirmed by SciBooNE, which also set
cross section limits well below the level predicted by the Rein-Sehgal model implemented
in NEUT (the interaction simulation both experiments were using). Measurements of NC
coherent pion production were successfully made in both MiniBooNE and SciBooNE,
but even here the cross sections reported were substantially smaller than the values
expected from the Rein-Sehgal implementations in NEUT and NUANCE.
These inconsistencies at lower neutrino energies sparked new models to be produced to

describe CC coherent pion production at lower neutrino energies, which moved the pre-
dicted cross section to lower levels than what was predicted by the Rein-Sehgal model.
More recently, CC coherent pion production has been observed by the MINERνA ex-
periment for neutrino energies between 1.5 GeV and 20.0 GeV. T2K has also recently
published the first measurement of this channel below neutrino energies of 1.5 GeV.
Difficulty in achieving simultaneous agreement with data at high and low energies,

coupled with frailties of Rein-Sehgal at lower neutrino energies, suggest an alternative
model may be required to describe coherent pion production. Though, it may be pre-
mature to rule out the Rein-Sehgal model for a number of reasons:

• K2K reported their CC coherent limit at Eν ∼ 1.3GeV using an early version of
the model which did not take into account the muon’s mass.

• Both SciBooNE and K2K searched for CC coherent in the Q2 distribution, instead
of the more characteristic |t|.

• the cross section and pion kinematics predicted by the Rein-Sehgal model can vary
significantly depending on the inputs used.

There are several models of coherent pion production in circulation now. At present,
existing experimental data is nowhere near sufficient to discriminate between them.
Further discussion of the classes of models for CC coherent pion production follow in
Section 4.3.
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Figure 4.2: Left: comparison of the Rein-Sehgal (red), Berger-Sehgal (blue), and the
Alvarez-Ruso et al. (green) models as predicted by NEUT (dashed) and
GENIE (solid) against the K2K, SciBooNE, and T2K results. Right: com-
parison of the Rein-Sehgal and Berger-Sehgal models against the MINERνA
and ArgoNEUT results.

4.3 The Classes of Models for Charged-Current
Coherent Pion Production

The classes of models of CC-Coh π+ can be broken into two distinct categories: models
that use Adler’s Theorem which are discussed in Section 4.3.1, and so-called microscopic
models which are discussed in Section 4.3.2.

4.3.1 Adler’s Theorem Models

The first class of models uses Adler’s Partially Conserved Axial-Vector Current (PCAC)
Theorem [62] to relate the coherent scattering cross section at Q2 = −q2 = −(pν−pµ)

2 =
0 with the pion-nucleus elastic scattering cross section. The most popularly used model
of this form is the Rein-Sehgal model [60, 63], and the next most frequent is the Berger-
Sehgal model [64], and both of these models are given a more detailed description below.
The validity of these models below neutrino energies of roughly 2 GeV is limited.
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Figure 4.3: Feynman diagram depicting an Adler’s PCAC theorem class of CC-Coh π+.

The Rein-Sehgal Model

The Rein-Sehgal Model was originally constructed to model Neutral-Current Coherent
π0 production, and was extended to pertain to the Charged-Current version. This model
is very widely used in neutrino oscillation experiments and is the most commonly used
model of CC-Coh π+, in general. Based on Adler’s PCAC theorem, the differential cross
section for neutrino-induced Coherent π production when Q2 = 0 is:

d3σ(νA → lAπ)

dxdyd|t|

∣∣∣∣
Q2=0

=
G2

F

π2
f 2
πmNEν(1− y)

dσ(πA → πA)

d|t|

∣∣∣∣
Eνy=Eπ

, (4.2)

where x = Q2/2mNν and y = ν/Eν are the Bjorken kinematic variables, ν is the energy
transfer, |t| is the square of the four-momentum transferred to the nucleus, GF is the
weak coupling constant, fπ is the pion decay constant, andmN is the mass of the nucleon.
Adler’s PCAC allows this relation of the forward neutrino differential cross section at
the nucleus A to the pion differential cross section of the process πA → πA.
Now, this is a feasible expression only for the forward going case (Q2 = 0), and to

make the expression usable for non-forward going cases (Q2 ̸= 0), Rein-Sehgal used the

vector dominance model by attaching a propagator term
( m2

A

Q2+m2
A

)2
to the differential

cross section, and the new equation became:

d3σ(νA → lAπ)

dxdyd|t|

∣∣∣∣
Q2 ̸=0

=
G2

F

π2
f 2
πmNEν(1− y)

(
m2

A

Q2 +m2
A

)2
dσ(πA → πA)

d|t|

∣∣∣∣
Eνy=Eπ

, (4.3)

where mA is the axial vector mass, and this new expression is not strictly confined to
the forward going case (Q2 = 0).
The pion-nucleus differential cross section is expressible as:

dσ(πA → πA)

d|t|
= A2|FA(t)|2

dσ(πN → πN)

d|t|

∣∣∣∣
|t|=0

,
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where A is the atomic number of the nucleus, and FA(t) is the nuclear form factor
(including the effect of pion absorption). Through the use of the optical theorem, the
pion-nucleon differential cross section in the forward direction is given by:

dσ(πN → πN)

d|t|

∣∣∣∣
|t|=0

=
1

16π

[
σπN
tot

]2
(1 + r2), r =

Re[fπN(0)]

Im[fπN(0)]
.

In the model, an average cross section from measurements of pion-deuteron scattering
is incorporated as σπN

tot . For the nuclear form factor, a simple form of:

|FA(t)|2 = e−b|t|Fabs

is adopted, where b is related to the nuclear radius R, given by:

b =
1

3
R2, (R = R0A

1/3).

The term Fabs is a |t|-independent attenuation factor representing the effect of pion
absorption in the nucleus, expressed as:

Fabs = e−⟨x⟩λ,

where ⟨x⟩ and λ are the average path length traversed by the pion produced in the
nucleus, and the absorption length, respectively. By assuming that the nucleus is a
homogeneous sphere with uniform density, ⟨x⟩ and λ are calculated as:

⟨x⟩ = 3

4
R, λ = A

(
3

4πR3

)
σπN
inel,

where σπN
inel is the pion-nucleon inelastic cross section. This leads to:

Fabs = exp

(
− 9A1/3

16πR2
0

σπN
inel

)
.

Therefore, the differential cross section for Coherent π production by Rein-Sehgal is:

d3σ(νA → lAπ)

dxdyd|t|
=

G2
F

π2
f 2
πmNEν(1− y)

(
m2

A

Q2 +m2
A

)2
A2

16π

[
σπN
tot

]2
(1 + r2)e−b|t|Fabs. (4.4)

There is an important modification that must be taken into account whenever the
mass of the out-going lepton is non-zero. This modification is expressed as a simple
multiplicative correction factor;

C =

(
1− 1

2

Q2
min

Q2 +m2
π

)2

+
1

4
y
Q2

min(Q
2 −Q2

min)

(Q2 +m2
π)

2
, (4.5)

where
Q2

min = m2
l

y

1− y
.
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The range of the variable Q2 is:

Q2
min < Q2 < 2mNEνymax

where y lies between ymin = mπ/Eν and ymax = 1−ml/Eν . Thus, the differential cross
section with the lepton mass correction is expressed as:

d3σ(νA → lAπ)

dxdyd|t|

∣∣∣∣
ml ̸=0

= Cθ(Q2 −Q2
min)θ(y − ymin)θ(ymax − y)

d3σ(νA → lAπ)

dxdyd|t|

∣∣∣∣
ml=0

.

(4.6)
The lepton mass correction is only applied to the charged current channel and is not
applied to the neutral current channel. The Rein-Sehgal model sets the axial vector
mass, mA, to 1.0 GeV/c2, and the nuclear radius parameter, R0, is set to 1.0 fm. An
important result of the Rein-Sehgal model is that the cross section has an atomic number,
A, dependence on the order of A1/3 [65].

Figure 4.4: Energy dependence of the total coherent π0 cross section for 27Al correspond-
ing to this calculation with Ro = 1.0fm, and with Ro = 1.12fm. Figure from
[4].

The Berger-Sehgal Model

The Berger-Sehgal Model is a newer Adler’s PCAC based model that uses data from
pion-nucleus elastic scattering, and is a modification of the Rein-Sehgal Model. In the
Berger-Sehgal Model, the parameterization of the π±A elastic scattering cross section
is instead fit to charged pion-carbon (π±C) elastic scattering data and scaled to other
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nuclei. This approach avoids some of the uncertainties from modeling nuclear effects,
e.g. pion absorption, in the Rein-Sehgal parameterization. In the Berger-Sehgal Model,
coherent cross sections scale as A2/3 with the atomic number, which differs from the
Rein-Sehgal scaling of A1/3 [64].

Figure 4.5: Cross section per nucleus of coherent π production by neutrinos off carbon

nuclei using the Berger-Sehgal model, (a) is the NC reaction νµ+
12C → νµ+

12C+π0, and (b) the CC reaction νµ+
12C → µ−+ 12C+π+. The upper curve

is calculated using the hadronic Rein-Sehgal model, the lower curve using the
Berger-Sehgal parametrization of pion carbon scattering data. Figure from
[5].

4.3.2 Microscopic Models

The second class of models, known as microscopic models, was developed specifically
for neutrino energies less than 2GeV . These models are based on the single nucleon
process νlN → l−Nπ+, which is dominated by ∆ production at low energies as shown
in the diagram in Figure 4.6. Where PCAC models describe coherent pion production
off of a nucleus in terms of a single interaction channel with that nucleus, a microscopic
model describes the process in terms of a coherent sum of neutrino-nucleon interactions
where the final-state nucleon is constrained to remain in the same quantum state. The
model discussed here is the Alvarez-Ruso et al [6, 7], which has only recently been
implemented in a neutrino event generator, and is the only microscopic model that’s
been implemented thus far.
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Figure 4.6: Feynman diagram depicting a microscopic model class of CC-Coh π+. Figure
from [6, 7].

The Alvarez-Ruso et al. Microscopic Model

The complete Alvarez-Ruso model includes four neutrino-nucleus pion producing chan-
nels, two of which involve intermediate propagation of a ∆, and two the propagation of
a nucleon. The first paper on the model described CC coherent pion production [7, 66],
and included only the s-channel ∆ mode which dominates the reaction. This was ex-
tended to include the other three modes in the second paper on NC coherent [6, 67], for
which they become more relevant.
Two significant nuclear effects are also taken into account. First, the properties of

∆’s, such as their mass and decay width, are modified by their presence inside a nuclear
environment. Second, the outgoing pion is also affected by the nuclear environment,
treated as a “distortion” of its wavefunction by a nuclear potential (this is effectively a
more careful treatment of the pion absorption included in Rein-Sehgal for low energy
pions). The results of the model are depicted in Figure 4.7, where the CC coherent pion
production cross section is plotted as a function of Eν for a variety of nuclear targets.
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Figure 4.7: Alvarez-Ruso et al CC-Coh π+ cross section as a function of neutrino energy
(Eν) on a variety of target nuclei.

4.4 The Motivations for Studying This Channel

The main motivations for studying CC-Coh π+ are as follows:

• SciBooNE (in BNB, same as MicroBooNE) and K2K failed to observe the channel,
but set upper limits.

• T2K, at comparable neutrino energy, did observe CC-Coh π+.

• Higher energy experiments have observed CC-Coh π+ and have shown that it is
satisfactorily modeled using Rein-Sehgal, but Rein-Sehgal is NOT satisfactory at
low neutrino-energy (< 2GeV ).

• MicroBooNE is in the unique position to shed light on what’s happening at lower
neutrino-energies.

Further motivations for studying this interaction channel includes:

• NC-Coh π0 is a νµ-induced background for νµ → νe oscillations. The NC ver-
sion of Coherent π production is modeled the same way as the CC version, and
understanding the differences is vital for appearance measurements.
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• Coherent π production has been considered to be used as a standard candle, due
to its relative simplicity, to help constrain neutrino fluxes and neutrino-energy
reconstruction for oscillation analyses, but a better understanding of this channel
would be necessary to do this.

• The misidentification of π+s as protons distorts the reconstructed neutrino-energy
distribution in νµ disappearance searches.

Now that the signal channel of this analysis has been defined, and the motivations
for furthering our understanding have been given, it is time to move on to discussing
the detector technology that will be used to make the cross section measurement of CC
coherent pion production. The next chapter, Chapter 5, will discuss liquid argon time
projection chambers (LArTPC).
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This chapter details liquid argon time projection chambers (LArTPCs) and the work
that has been done on them for this thesis analysis, both in software and hardware. The
chapter starts with a brief historical review of LArTPC technology, such as its invention
as well as the invention of the time projection chamber (TPC), in Section 5.1. Next, the
chapter continues in Section 5.2 where a discussion of the properties of liquid argon that
make it useful as a detector medium occurs. The chapter then discusses the working
principles of LArTPCs in Section 5.3. The chapter closes with a look at the work done
on the technology during the course of this analysis, in terms of both hardware and
software, in Section 5.4.

5.1 Brief Historical Review of LArTPC Technology

The time projection chamber (TPC) concept was invented by David Nygren in the late
1970s [68]. In 1977, Carlo Rubbia devised a LArTPC, operating under many of the same
principles as Nygren’s initial TPC design, but using liquid argon as a sensitive medium
instead of a gas [69]. Developments in this technology continue to push LArTPCs to
the forefront for current and upcoming neutrino detectors. The properties of argon that
make it the ideal medium for LArTPCs is discussed in Section 5.2 next.

5.2 Liquid Argon Properties

The properties of the noble element argon make it ideal for use in a TPC. It is chemi-
cally inert, which allows the ionization electrons to drift large distances without being
absorbed. It is relatively cheap, readily available (≈ 1% of the air, by weight), stable and
has a relatively low mean ionization potential (23.6 eV). In addition, the high density of
argon allows for a compact detector with a good event rate compared with lighter medi-
ums such as water. Further tables, and a more in depth description of the properties of
liquid argon can be found in [70].
Section 5.2.1 discusses the ways in which scintillation light is produced in liquid argon

by charged particles that traverse the liquid argon. Section 5.2.2 briefly talks about
the ionization potential of liquid argon, and how the ionization potential is modeled.
Section 5.2.3 discusses the ways that ionized electrons are drifted through liquid argon
and how there is non-negligible diffusion that occurs as the electrons are moved through
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argon, both longitudinal and transverse. Section 5.2.4 briefly talks about the impacts
of impurities in liquid argon and how electrons attach to those impurities.

5.2.1 Scintillation

A charged particle crossing liquid argon causes ionization and excitation of the argon
atoms, yielding free electrons and the emission of scintillation light. Scintillation light is
observed in the Vacuum Ultra-Violet (VUV) range in a band centered at 128nm with a
FWHM of about 10nm, and is attributed to the emission of excited diatomic molecules
(excimers). Figure 5.1 shows the two chains through which scintillation light can be
produced in liquid argon.

Figure 5.1: Scintillation light production in Liquid Argon. A charged particle excites
(upper sequence) or ionizes (lower sequence) the argon atoms. The first pro-
cess gives rise to self-trapped exciton luminescence while the latter can lead
to recombination luminescence. In both of these mechanisms, the scintil-
lation light production requires the formation of excimers. The production
of scintillation light can be suppressed through quenching or absorption by
impurities, such as nitrogen, as shown on the panels on the right. Figure
from [8].

The two chains through which scintillation light can be produced in liquid argon are:

1. Self-trapped exciton luminescence: Charged particles travelling in the liquid
argon leave a fraction of the argon atoms in excited states. These excitons form a
short-lived dimeric molecule with another argon atom, called dimers or excimers.
The majority of those are in the singlet state 1Σu, and approximately one-third
correspond to the triplet state 3Σu.
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2. Recombination luminescence: Alternatively, the charged particles can ionize
the argon atoms, creating free electrons. When free electrons recombine with the
positive Ar atoms, these can again create excited dimers. In this process the
creation of the singlet or triplet excimer states are equally likely.

The 1Σu singlet gives rise to a fast scintillation light component with a decay time of
≈ 6ns while the 3Σu triplet has a decay time of ≈ 1500ns. This means that liquid argon
scintillation light will consist of fast and slow components that are well separated, and
both are peaked in the VUV region at 128nm. It is an important note that impurities
in the liquid argon can reduce the amount of scintillation light through quenching and
absorption, as is shown in Figure 5.1.

5.2.2 Ionization

The average energy required to produce an electron-ion pair in LAr is Wi = 23.6±0.3eV
[71, 72]. This value is smaller than that obtained in gaseous argon (Wg = 26.4 [73]),
which indicates the presence of a conduction band in the condensed state [71].
Charge recombination in liquid argon is important for the operating principles of

LArTPCs due to the fact that you want to drift the ionization electrons over to the
sense wires. There are several different recombination models that have been proposed
[74, 75, 76]. These models have a brief description following.
The Jaffe [75] “columnar” model is approximated by the same expression as the so-

called Birk’s law describing the quenching effects in scintillators:

Q = Q0(1 +
kE
ε
)−1, (5.1)

where Q is the collected charge, Q0 the initial ionization charge, ε is the electric field
and kE is a constant to be obtained from a fit to data. This model has been successfully
used for high drift fields.
An explicit dependence on the stopping power < dE/dx > and a normalization con-

stant have been introduced by [76], where:

Q = A
Q0

1 + k/ε < dE/dx >
, (5.2)

where A and k are parameters to be fit. This phenomenological expression, when fit to
the ICARUS 3t data [77] for drift fields of 0.2−0.5kV/cm, yields [78] A = 0.800±0.003,
and k = 0.0486± 0.0006 kV/cm g/(cm2 MeV).
The so-called box model [74] predicts:

Q = Q0
1

ξ
ln (1 + ξ) (5.3)

where ξ is a parameter that is proportional to the ionization charge density and inversely
proportional to the electric field. This expression has been successfully used [74] to fit
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the dependence of charge recombination for low energy electrons as a function of an
electric field up to 10 kV/cm.
The recombination phenomenon’s importance for liquid argon results from its direct

affects on the discrimination of particle types on the basis of their stopping power and
achievable energy resolution. Further understanding and measurements of this effect
need to be made.

5.2.3 Drift and Diffusion

The drift velocity of electrons in LAr depends primarily on the electric field strength.
A weaker dependence on the temperature has been measured. The addition of small
amounts of impurities to LAr causes the drift velocity to increase.
Knowledge of the diffusion coefficient D is especially important for long drift times

because it directly affects the accuracy of the drift time measurement and the transverse
smearing of the reconstructed tracks in a LArTPC. The spread of an isolated group of
electrons increases with drift time t as σ =

√
2Dt. For gases, the diffusion coefficient in

a direction parallel to an electric field (DL) differs from that in the transverse direction
(DT ). For argon gas DL is substantially lower than DT .

5.2.4 Electron Attachment to Impurities

In the presence of electronegative impurities, the concentration of free elections [e] in
LAr decreases exponentially with time according to:

d[e]

dt
= −ks[S][e] ⇒ [e] = [e0]e

−ks[S]t = [e0]e
−t/τe (5.4)

where [S] is the concentration of electronegative impurities, ks is an electron attachment
rate constant and τe = 1/(ks[S]) is the electron lifetime. Knowledge of the effect of oxy-
gen is particularly important because it is one of the main contaminants in commercial
LAr. The attachment rate constants to oxygen have been measured as a function of the
electric field strength [70].

5.3 Liquid Argon Time Projection Chambers

LArTPCs can be broken down into four main components: the cryogenic and liquid
argon purification system, the electronic readout and wire plane system, the light collec-
tion system, and the drift electric field and feedthrough system. The operating principle
of these machines is a relatively simple concept and is illustrated by Figure 5.2. The
large open cuboid-shaped volume is filled with ultra-pure liquid argon. A homogeneous
electric field is created by a high voltage cathode on one side and a grounded anode on
the opposite side. Any charged particle that traverses the liquid argon will excite and
ionize the medium, producing scintillation light which can be detected by the light col-
lection system, and ionization electrons which can be drifted over and readout by sense
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5 Liquid Argon Time Projection Chambers

wires. The purity of the argon is extremely important such that the drifted electrons can
guarantee an on the order of milliseconds readout window drift time before the electrons
have a chance to recombine.

Figure 5.2: Operating principle of the LArTPC as a neutrino detector, where an incom-
ing neutrino comes in, interacts with the liquid argon, and produces two
charged particle tracks that both produce scintillation light and ionization
electrons as they traverse the liquid argon. (Left) The fast scintillation light
is collected by the PMT system. (Right) The slow drift of ionization elec-
trons across the TPC volume to the wire planes by the drift electric field. A
depiction of the charge collected on the sense wires is also shown on the far
right. Figure from [9]

These next sections further discuss the four main components of LArTPCs in more
detail, and give their importance more emphasis.

5.3.1 Cryogenic and Liquid Argon Purification Systems

Due to the relatively small span of temperature that argon is a liquid under, a cryogenic
system to maintain the low temperature of the argon to maintain it as a liquid is abso-
lutely vital to the successful operation of a LArTPC. Without a cryogenic system, there
would not be liquid argon for the TPC.
As has been mentioned above, another vital aspect for the successful operation of a

LArTPC is the purity of the liquid argon employed in the cryogenic vessel. Low purity
argon used in a LArTPC can cause a number of problems, where the most harmful
aspects would be the quenching of scintillation light, and the diminished drift time
of ionization charge in the TPC, both causing decreased resolution capabilities of the
detector.
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5.3.2 Readout and Wire Plane Systems

Perhaps the most important aspect of a LArTPC is the readout and charge collection
system. Most LArTPCs currently use a wire plane system, where wire planes composed
of wires that are equally spaced are used to induce an electrical signal on from drifting
the ionization electrons from a charged particle traversing the detector, such that it can
be readout and reconstructed to reproduce a 3D image of the particle interaction. The
minimum number of wire planes necessary in order to reconstruct a 3D image is at least
two, but in the case of the LArTPC used for this thesis’ analysis, three wire planes
are used, where two planes are induction planes (the charge induces a bipolar signal on
the wires) and the last plane is the collection plane where the charge is deposited. The
specifics of the LArTPC used in the analysis of this thesis will be discussed more in
Chapter 6.

5.3.3 Light Collection Systems

The scintillation light that is produced by charged particles traversing the liquid argon
of a LArTPC (discussed in Section 5.2.1) can be used in a number of ways. It can be
used as a trigger where if your detector is operating downstream of a neutrino beamline,
coincidence of the fast scintillation light with the time of the beam spill can act as a
cosmic background discriminant for neutrino event detection. The timing information
from the detection of scintillation light is also employed in the reconstruction of the
time-projected dimension of a LArTPC.

5.3.4 Drift Electric Field and Feedthrough Systems

LArTPCs require a drift high-voltage system in order to provide a uniform and stable
drift electric field over which to drift the ionization electrons from charged particle tracks.
Without one, there would not be a way to drift the ionization charge to the sense wires
of the LArTPC, and thus there would not be any electrical signal to reconstruct into
tracks. Monitoring of this electric field is also important for reconstruction of the third-
dimension of a LArTPC detector as a result of the drift velocity’s dependence on the
electric field. A common way of making a uniform and stable drift electric field in a
LArTPC is by using voltage divider steps between the cathode and anode of a LArTPC.

5.4 Work I Have Done on LArTPCs

This short section is intended to describe the many different projects worked on during
the course of this thesis. Though not all of them came to publication, the learning that
resulted has been invaluable and is worth documenting here. These subsections will be
broken into parts based on the experiment that I worked on at the time.
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5.4.1 LArIAT/PixLAr Experiment

The work that I did for the Liquid Argon TPC In A Testbeam (LArIAT) Experiment
can be summarized as follows:

• Helped to construct and install the third set of the wire planes used in the LArTPC
of the experiment.

• Took many hours of shifts of data taking times for the experiment.

• Helped with a proton calorimetry study.

• I helped install the Pixel planes for the PixLAr implementation of the LArIAT
experiment, as well as taking many hours of shifts for data taking in this imple-
mentation.

5.4.2 SBND Experiment

The work that I did for the Short Baseline Neutrino Detector (SBND) Experiment can
be summarized as follows:

• Tested the cold electronics and ASICs deployed in the SBND experiment.

• Helped to create a database for the results of the cold electronics testing for the
different ASICs tested.

5.4.3 ICARUS Experiment

The work that I did for the ICARUS Experiment can be summarized as follows:

• I was responsible for the installation of the Drift HV System for the detector.

• I was also responsible for the pORC review, as well as the modifications necessary
to the Drift HV system for it to work at Fermilab. Such as the installation of the
electrical racks and the power supplies as well as the cabling of the entire Drift
HV system.

• I helped install all of the top feedthroughs of the detector for the readout of the
wire planes and connections of the cryogenic system.

• I also tested all of the feedthrough boards of the wire plane feedthroughs for shorts
and electrical connectivity.

• I served as the Drift HV WG Convener for almost two years and helped the tran-
sition from installation into commissioning of the system.

• I shifted and helped with data taking for ICARUS a number of times as well as
served as the on-call Drift HV expert for over a year.

• I helped to implement the control software of the Drift HV system, and took it to
an operational point.
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5.4.4 MicroBooNE Experiment

The work that I did for the Micro Booster Neutrino Experiment, or MicroBooNE (which
is the detector of this thesis and will be detailed more in Chapter 6), can be summarized
as follows:

• Performed a study to set the threshold for hits in both MC and Data for MCC9.

• Took many hours of shifts for data taking for the experiment.

• Served as a member of the production team, where I was responsible for generating
MC and Data reconstruction samples for different analyses on the experiment.

• This thesis, or a flux-integrated cross section measurement of neutrino-induced
charged-current coherent pion production on argon, is also a result of work I’ve
done on MicroBooNE.

5.4.5 Time at UTA

The work that I did for the lab at UTA on projects that pertain to LArTPC research
with Dr. Asaadi and the rest of the group can be summarized as follows:

• I was responsible for the design and construction of the first implementation of the
argon purification system (it was a monstrosity).

• I helped with many iterations of the argon purity monitor meant to be deployed
in the argon purification system.

• I helped with the data taking and experimental setup of the TPB solubility study,
which resulted in the paper that concludes this chapter.
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1 Tetraphenyl butadiene coatings in liquid argon TPC experiments

Liquid argon time projection chambers (LArTPCs) play a central role in modern neutrino
physics [1–4] and dark matter searches [5–8]. As well as being an excellent active medium
for time projection chamber operation, liquid argon is also a bright scintillator, with a yield of
tens of thousands of photons per MeV. This scintillation light is emitted in the vacuum ultraviolet
(VUV) range (128 nm) which presents challenges for its detection. Although argon itself is highly
transparent at this wavelength, the majority of commercially available optical detectors such as
SiPMs and photomultiplier tubes are not sensitive in this spectral range.

Although some devices now exist with VUV sensitivity [9–11], this problem has traditionally
been solved in large-scale systems by employing a wavelength shifting coating to convert VUV light
into a visible range where it can be detected by conventional sensors. One of the most commonly
used fluors is the organic compound tetraphenyl butadiene (TPB). Various properties of TPB that
are relevant to operation of LArTPCs have been studied, including its efficiency at 128 nm [12–14],
photo-degradation rates and mechanism [15–17] and emission time profile [18]. However, a full
understanding of the behaviour of TPB in running experiments is still evolving. Given the reliance
of future particle physics programs on the proper performance of TPB coated elements over many
years, a strong understanding of the long term stability and behaviour of TPB in liquid argon is vital.

In this work we study the stability of TPB coatings in liquid argon. A primary goal is to
establish whether TPB remains solidly affixed to coating surfaces, or rather may become dissolved
or suspended in the argon bulk, for several commonly used types of coating in neutrino detectors.
Previous work has established that TPB coatings are unstable, and perhaps partially soluble, in liquid
xenon [19]. If this phenomenon were similarly exhibited in liquid argon, it could have significant
implications for present and future neutrino and dark matter experiments. If TPB is lifted from
surfaces into the bulk, either through solvation or as particulates in suspension, it may:

• Lead to wavelength shifting behavior in the bulk, or to direct excitation transfer to dissolved
or suspended TPB molecules;

– 1 –
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• Create a loss of performance of coatings over time;

• Cause TPB deposition onto surfaces other than those that are typically considered active.

These effects may lead to detrimental effects on experimental performance, or in some cases be put
to constructive use if well controlled and understood.

This paper is organized as follows. In section 2 we describe the coatings under study and their
uses in experiments. In section 3 the relative stability of these coatings in liquid argon is studied,
with TPB loss and subsequent accretion in filters demonstrated and quantified. Then in section 4,
light emission from TPB-loaded argon is measured, demonstrating that TPB steadily detaches from
the surface into the bulk, and maintains its wavelength shifting character in this process. Finally
section 5 presents a brief discussion of the interpretation and implications of our results.

2 Coatings tested in this study

Three types of coating were used in this study, which reflect three types of TPB application widely
employed in large LArTPC experiments for neutrino physics. Samples were acquired directly from
the collaborators who prepared them for their respective experiments and strongly resemble those
used in operating detectors.1 These are:

Evaporatively coated foil (“Foils”). Such foils resemble those used in the LArIAT experi-
ment [20, 21]. To form these coatings, a thickness of 300 µgcm−2 TPB is evaporatively deposited
onto highly reflective VIKUITI sheeting [22] at 220◦C in vacuum. This leads to a bright white,
highly efficient but somewhat mechanically fragile coating.

Over-saturated TPB in polystyrene painted coating on acrylic (“TPB+PS”). This coating
resembles the TPB-coated plates of the MicroBooNE experiment, prepared according to the recipe
described in [1, 23]. To form these coatings a solution of 1 g TPB and 1 g polystyrene is prepared
in 50ml toluene with small addition of ethanol as a surfactant. As the toluene dries, the TPB
becomes over-saturated in the polystrene matrix, leading to large white crystals of TPB on the plate
surface. This produces a milky white, high efficiency coating that is more mechanically robust
against scratches or abrasions than the evaporative coatings.

High surface quality TPB coated acrylic (“Lightguides”). This coating resembles those used
in the light guiding paddles [24–27] of the MicroBooNE experiment [1] and proposed for the
SBND [4], DUNE [8] and ProtoDUNE [28] experiments. The coatings in this study were prepared
similarly to those in ref. [29]. In this case 0.1 g acrylic and 0.1 g TPBwere dissolved in 50ml toluene
and a UV-transmitting acrylic bar is soaked in the solution and then drawn. This produces a surface
with a high optical quality but much lower wavelength shifting efficiency than either evaporative or
TPB+PS coatings. This surface finish allows such coatings to be used in guiding light from a large
surface area to a small number of optically sensitive devices. In well-prepared coatings, the TPB
layer is effectively invisible and mechanically robust.

1With thanks to Janet Conrad and Andrzej Szelc.
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Figure 1. Labelled schematic of the apparatus used to study TPB emanation and collection in the filters.

3 Comparison of coating robustness by fluorescence assay

If TPB does emanate from coatings into either suspension or solution in argon, the filtration
systems employed to clean this argon may remove it. In particular, molecular sieves provide a large
surface area of material onto which suspended TPB molecules or particles may adsorb. To test
the robustness of TPB coated surfaces in argon, a small cylinder of volume 119 cc containing a
TPB coated element of ∼103 cm2 coated surface area was filled with liquid argon (AirGas Ultra
High Purity, ≤1 ppm O2, ≤1 ppm H2O, ≤5 ppm N2) and allowed to sit for a specified number of
hours. After this time has elapsed, the liquid was driven by a back-pressure of clean argon through
a column of Sigma Aldrich 4A molecular sieves between two sintered steel disks. The argon was
dumped into a dewar for evaporation to atmosphere, then the system was isolated and allowed to
warm up to room temperature. Prior to each run the internal surfaces were cleaned with toluene, and
the system was evacuated using a turbo-molecular pump to vacuum quality < 10−4 Torr. Toluene
will be our solvent of choice throughout this work, given its known excellent solubility for TPB. A
sketch of this system is shown in figure 1.

Once at room temperature, the filter column was opened and the sieve material extracted in
layers with approximately 90 g each, which were transposed into clean beakers. The full filter
column contained approximately 6 layers, and the first five were included in this study, the latter
being discarded due to its non-uniform mass depending on filter fill. Each beaker was capped
with clean aluminum foil and shaken to mix the material. A small quantity from each sample
was discarded to produce samples of relatively uniform mass of 85±2 g, and each was weighed
to milligram precision on an analytic balance. The samples were soaked in 100 ml of toluene
for 1 hour, being stirred with a clean glass rod after 0, 30 and 50 minutes. After this soak, each
solution was filtered through fine-grade filter paper to remove non-soluble sieve dust, into another
set of clean beakers. These smaller beakers were left in a dark fume hood overnight such that the
toluene solvent completely evaporated. After evaporation a small amount of visible white residue
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Figure 2. Fluorescence intensity vs depth into the filter for the various foil samples.

was observed. This residue was present with clean sieves as well as used ones, so is not believed to
be directly connected to the TPB absorption.

The residue was re-solvated in 10±0.2ml of toluene, leading to a concentrated solution of the
compounds extracted from the sieves. The samples were then pipetted into clean, capped quartz
vials, which were individually scanned for fluorescence at 350 nmwith 5 nm emission and excitation
slit widths in an Agilent Cary Eclipse spectrophotometer. The integrated fluorescence intensity
between 400 and 600 nm was recorded for each sample. Figure 2 shows the fluorescence intensity
vs depth into the filter for the various samples of wavelength shifting foil, normalized to the initial
sieve sample mass, for illustration. The steadily decreasing intensity as a function of position in the
filter strongly supports the interpretation that the filters are removing TPB from the argon flow. The
error bars of figure 2 include quantified contributions from the stability of the spectrometer (absolute
scale of 1.48 in arb. units); the initial toluene volume (100±2ml yielding a 2% uncertainty); the
fraction of toluene actually extracted from the wet sieves (measured to be 0.73±0.02 yielding a
2.7% uncertainty); and the volume of toluene used in resolvation of the residue (10±0.2ml yielding
a 2% uncertainty). The uncertainty in the tested sieve mass was also evaluated, but was negligible
in all cases.

To ensure that the observed fluorescence emission was indeed from TPB, three of the solvated
residue samples were tested with gas chromatography coupled to mass spectrometry (GCMS) using
a similar protocol to that described in [15]. A strong TPB peak was observed, with no other notable
dissolved species.

A control run with no TPB element in front of the filter yielded an effectively fluorescence-free
result, further supporting this interpretation. Although the fluorescence from this control run was
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Figure 3. Integrated fluorescence intensity for the various samples tested in this study.

minimal (shown in figure 3 in blue), we subsequently observed that even following a cleaning
procedure involving a 30 minute soak in toluene and several washes, the sintered disks in front of
the filter column retained some TPB from the previous run, which then propagated into the filter
column with a clean argon flush. This sets a lower limit on the amount of fluorescence that indicates
clearly the presence of displaced TPB. The relative intensity of fluorescence observed from each
tested sample including both control configurations is shown in figure 3.

It is notable that neither of the light-guide samples displayed TPB in excess of the control
runs with the sintered disk, and so these do not appear to emanate TPB at a level above the
sensitivity of our procedure. Also notable is that the zero-hour flush, where argon was pushed
over a foil and through the column with no soak time, also does not exhibit strong fluorescence
above the background level. After either 24 and 72 hours of argon soak, the foils did cause a
significant fluorescence increase in the column, though the observed increase after 72 hours was
not significantly in excess of that after 24 hours. Finally, the TPB+PS plate demonstrated by far the
largest fluorescence enhancement. Although the statistics in this test are low, the relatively stable
behavior within the foil samples shows that the fluorescence measurement procedure is repeatable
at the 10% level. Since the foil runs were taken at various times after different prior system
configurations, this uncertainty includes the contribution from the memory effect of the sintered
disk described above. An error bar of this magnitude is associated to each bar in figure 3.

The actual mass of TPB absorbed into the sieves can be determined from the fluorescence
measurements by comparison with calibration samples. Samples of TPB in toluene were prepared
and scanned using the same procedure as the sieve residue. These data are shown in figure 4, left. A
straight line is fit to the data, allowing the fluorescence intensity of be interpreted as a measurement
of the mass of TPB dissolved in toluene. This can then be used to infer the mass density of TPB
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Figure 4. Left: calibration data mapping fluorescence intensity vs TPB concentration in toluene. Right:
molar and mass fractions of TPB dissolved or suspended in LAr implied by these data.

in the original liquid argon volume after the soak. The fluorescence integral on the vertical axis of
figure 4, left is in the same units as the y axis of figure 2 after multiplying by the mass in grams
(∼85 g), thus the relevant range for this study is 103–104 in these units. Figure 4, right shows the
estimated concentration of TPB in liquid argon apparently emanated by each sample type inferred
from these data. The bulk concentration may also have dependencies on parameters such as exposed
surface area and coating history, so these quantities should be considered as an example rather than
a universal property. Each concentration measurement shown in figure 4 represents only a lower
limit on the TPB present in the argon, since an unknown amount will be deposited onto surfaces
other than the assayed material, including the sintered disk and the vessel walls. These data suggest
that TPB emanates into argon at the tens of ppb level by mass, from both the foil and TPB+PS
coatings. The emanation from the light guide coating, if present, is below our sensitivity due to the
memory effect of the sintered disk.

4 Light emission from TPB-loaded argon

In order to test if the TPB emanated from these coatings could be a source of extraneous light in
LArTPC experiments, we set up an apparatus to establish whether visible light could be detected
from an ultraviolet source when TPB coated material had been allowed to soak in a pure argon bath.
The experimental setup used four Hamamatsu S10362-11-050P MPPCs situated at the bottom
of a cylindrical cryostat with a total volume of ∼70,600 cm3. Below the MPPCs, TPB coated
material was enclosed between two pieces of G10 such that the wavelength shifting surface was
not optically apparent to either the light source or the MPPCs. Light from a QPhotonics UVTOP
255 nm LED [30] was delivered into the cryostat via a UV-transmitting fiber optic. This fiber optic
was aligned to shine onto a non-reflective, black surface ∼15 cm above the MPPC. This volume is
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filled with high purity liquid argon, and sits within an outer, open liquid argon bath for refrigeration,
while the visible light yield in the internal cryostat is monitored.

Measurements were made by recording the number of MPPC signals above threshold every
thirty seconds for a period of twenty minutes. For each measurement, the average of the number
of counts in the thirty second interval and its standard deviation is reported. These measurements
were repeated every twelve hours over a forty eight hour period for each of the configurations
reported below.

At the beginning of each run, the LED was disconnected from the fiber optic to establish the
rate of accidental background events. This background category includes events deriving from stray
ambient light, electronics noise, MPPC dark current, or scintillation from radioactivity or cosmic
rays. The ambient rates were consistent across all measurements in the multi-day data taking period,
with 18.32 counts ±4.45, shown in figure 5 in red for the control run as “No LED, No TPB”.

A benchmark measurement was made with no TPB coated element in the system, but the LED
connected and pulsed. The system was kept in this configuration for forty-eight hours to confirm
the stability of the system. Some stray light was observed in this case, with a 130.0 ± 11.7 counts
observed (shown in figure 5 in black as “LED ON, No TPB” ). This light is believed to derive
from the blue tail of the UV LED reflecting in the vessel, which although much less intense than
the UV spectrum, is within the sensitivity range of the MPPC. As a further benchmark, the vessel
was warmed up and the non-reflective surface was replaced with TPB+PS plate ∼ 6 cm from the
fiber optic, directly illuminated. The vessel was filled with argon and measurements were again
made over a forty-eight hour period with 670.8 ± 28.2 counts was recorded. This is shown in
green on figure 5 as “LED directed at TPB plate” and provides a reference point corresponding to
a bright, efficient wavelength shift. Subsequent measurements can then be referenced against these
two extreme cases.

After these initial characterizations, the vessel was cleaned and samples of TPB+PS with equal
surface area to those used in section 3 were inserted into the chamber below the MPPC’s. The
aim of this trial was to search for evidence for scintillation light due to TPB in solution/suspension.
The vessel was again filled with argon with the fiber aligned to the black, non-reflective beam stop.
A measurement of the MPPC rate was made immediately after filling, for LED on and off. The
LED on rate was found to be 137.0± 13.8, consistent with the control “NO TPB” measurement and
the LED off rate was found to be 17.2 ± 4.3, also consistent with the control measurement. These
measurements were repeated every twelve hours for forty-eight hours for LED on and off. The LED
ON/OFF data are shown with blue circles and red squares respectively, in figure 5. The amount of
light observed for a fixed LED intensity is observed to grow gradually over the 48 hour time window,
consistent with the hypothesis of TPB emanation from the coatings into the bulk, as observed in the
filter assay studies. To test the stability of the system, the vessel was evacuated, the TPB samples
removed, and the setup cleaned before being filled with fresh argon for a further benchmark set
of LED on and LED off measurements. The LED on rate was found to be 131.3 ± 11.2 and the
LED off rate was 16.4 ± 4.7, both of which are consistent with the previous control measurements,
strongly suggesting that the additional light originates from TPB emanation.

It is notable that the timescale of emanation is multiple hours, consistent with the null results
from the “zero hour” filter assay and non-null results from the “24 hour” assay test in section 3; and
also that the displaced TPB appears to be not only a visible light source but also a rather bright one
with 429.2±22.3 counts after 48 hours, around half the intensity of the directly illuminated coating.
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Figure 5. Light yield vs time in LAr. See text for detailed description.

Preliminary studies of pulse timing indicate components of the wavelength shifted light with
long time constants, in the milliseconds range. This may represent a phosphorescent behaviour that
is suppressed when TPB is densely packed on a surface but uninhibited in weak solutions. The
details of these time constants will be studied in future work.

5 Discussion

Wehave conclusively demonstrated that TPBemanates fromcertain coating types that are commonly
used in liquid argon particle physics experiments, when submerged in liquid argon over hour to
day timescales. This emanated TPB is removed from the argon bulk by molecular sieves, and
detaches most strongly from coatings where the fluor is not protected by a polymer matrix. This has
possible implications for running and proposed particle physics experiments that use either painted
or evaporative coatings.

The amount of TPB that becomes dissolved or suspended is in the range of tens of parts per
billion by mass. This is sufficient to cause bulk fluorescence in the argon, and this fluorescence has
been demonstrated using 255 nm excitation by LED. The bulk fluorescence for an argon sample near
saturation is found to be of similar magnitude to the brightness of an exposed coating, suggesting
that this may be a significant visible light source in experiments where TPB is present.

Although our data demonstrate TPB emanation, they are unable to distinguish between a true
solvation effect or a suspension of larger particulates. These two possibilities can be considered
as points in a continuum, with colloidal suspensions of very small particles behaving almost
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indistinguishably from a true solution in all practical cases of interest. The previous reported
instability of TPB films in liquid xenon [19] was also not conclusively characterized. If that
effect were to be attributed to solubility, then the expected scaling of Van-Der-Waals (VDW) forces
between these two noble elements according to the London Dispersion Equation [31] would suggest
similar qualitative effects should be expected in argon, the ratio of VDW forces being around a
factor of ∼2.6, assuming the ionization energy of TPB to be around 5 eV and the well known
polarizibilities of argon and xenon atoms.

Because solubility/emanation is likely to depend on parameters including liquid flow rate, his-
tory of coating preparation and handling, fill procedure, time since installation, filtration method,
and potentially also purity, evacuation, purge, or bake-out procedure, it is not possible to make quan-
titative predictions for any given experiment, given our present level of understanding. However, the
previously unreported phenomena presented in this paper may have significant implications in run-
ning and planned detectors, and further consideration of these effects in more targeted experimental
configurations appears well motivated.

There is also a notable possibility that dissolved or suspended TPB in argon may represent
an opportunity rather than a burden. If a suitable filtration and circulation system could be imple-
mented to maintain a specific steady-state concentration, this would remove the need for additional
wavelength shifting elements such as light guides, coated plates or foils. Such a detector with an
inherently wavelength shifting noble medium could achieve higher efficiency of light collection
via reduced solid-angle losses, and also enjoy tuneable optical parameters after installation, among
other benefits. Such a light detection concept may be promising for future large LArTPCs and
cryogenic scintillation experiments.
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6 The Micro Booster Neutrino
Experiment

This chapter covers the technical details of the Micro Booster Neutrino Experiment
(or MicroBooNE), as well as its primary physics goals. MicroBooNE was proposed to
resolve the Low Energy Excess (LEE) observed by the Mini Booster Neutrino Experi-
ment (MiniBooNE). The chapter begins with a description of the primary beamline from
which MicroBooNE receives neutrinos, the Booster Neutrino Beamline (BNB), in Sec-
tion 6.1. A detailed description of the LArTPC that is MicroBooNE’s detector is given
in Section 6.2, which is followed by a discussion of the triggers and the data stream used
by MicroBooNE in Section 6.3. The readout electronics and the data format collected
by MicroBooNE are discussed in Section 6.4, and the detector simulation is discussed
in Section 6.5. The chapter closes with a brief description of the detector operations in
Section 6.6.

6.1 The Booster Neutrino Beamline

The Booster Neutrino Beamline (or BNB) is one of the neutrino beams that MicroBooNE
receives, and is produced from the Fermi National Accelerator Laboratory’s (Fermilab)
accelerator complex. The BNB is the same beamline used by MiniBooNE, as well.
The accelerator complex is composed of four accelerators that work in tandem: the
linear accelerator (Linac), the Booster, the Recycler, and the Main Injector. These
accelerators produce two primary proton beams, a low energy (8 GeV) proton beam
from the Booster, and a high-energy (120 GeV) beam from the Main Injector. Hitting
a target, these proton beams produce secondary beams of pions, kaons, muons, and
neutrinos that serve a variety of experiments [79].
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6 The Micro Booster Neutrino Experiment

Figure 6.1: Cartoon depiction of Fermilab’s accelerator complex.

This section describes in some detail the production process of neutrinos through the
BNB beamline. Three sections will describe the main stages involved: the production
and extraction of an 8 GeV proton beam, in Section 6.1.1; the beam target and focusing
horn which lead to a secondary meson beam, in Section 6.1.2; and the composition of
the neutrino beam reaching the MicroBooNE detector, in Section 6.1.3.

6.1.1 Primary Proton Beam

The BNB produces a neutrino beam using the protons from the Booster synchrotron
which have a momentum of 8.89GeV/c. These protons strike a beryllium target that is
embedded in a pulsed electromagnet, called the horn which is depicted in Figure 6.2.
The Booster proton beam begins upstream as a beam of negatively charged hydrogen

ions H−. The H− ions are then subjected to a linear accelerator that uses alternating
electromagnetic fields which accelerates them to 400 MeV of kinetic energy. Electrons are
removed from the H− ions through the use of a carbon foil. After, the bare protons enter
the 474-meter-circumference Booster synchrotron, which operates at a frequency of 15
Hz. Once here, the protons are accelerated up to 8.89 GeV/c momentum. The protons
are bunched in “beam spills” containing roughly 4 × 1012 protons spaced throughout a
1.6 µs time window per spill. The protons are then directed toward a thick beryllium
target, which is described in Section 6.1.2.
The absolute number of Protons on Target (POT) is measured by two toroids that

reside upstream of the target and are part of a larger beam monitoring system. The
uncertainty on the POT is on the order of 2%. Additional beam characteristics are
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monitored by beam position monitors, a multi-wire chamber, and a resistive wall moni-
tor. This system measures beam intensity, timing, width, position, and direction of the
proton beam.

6.1.2 Beam Target and Focusing Horn

Protons from the primary proton beam come in and strike a beryllium target which is
embedded in a pulsed electromagnet, called the horn which is depicted in Figure 6.2.
The beryllium target is composed of seven identical cylindrical segments of beryllium,
to produce a cylinder 71.1 cm long and 0.51 cm in radius. The cylindrical segments are
contained within a sleeve (1.37 cm inner radius, 0.9 cm thickness) also made of beryllium,
which is connected to each segment via three beryllium fins. Within the sleeve, air is
circulated in order to help cool the target.

Figure 6.2: Diagram of the magnetic focusing horn used in the BNB.

Once the target is struck by the incoming protons, secondary particles are produced,
including pions and kaons, which happen to represent the primary source of neutrinos
and anti-neutrinos. After their production, and in order to enhance the neutrino beam,
these secondaries are focused by a toroidal electromagnet (horn) placed around the
target. Inside the horn, a toroidal magnetic field provides a restoring force for particles
of a certain charge, and defocuses particles of the opposite charge, thus enhancing a νµ
beam while reducing ν̄µ background (or vice versa) originating from the decays of the
secondary particles. The more focused the mesons are before the decay, the more focused
will the neutrino beam be once it reaches the detector, which results in enhancing the
flux. The focusing horn is made of aluminum and is pulsed with a 174 kA current. A
drawing of the horn structure is shown in Figure 6.2.
The horn is 185 cm long and is composed of an inner and an outer conducting cylinder.

A positive current travels down the inner conductor, arches back towards the front
via the outer conductor, thus producing a magnetic field perpendicular to the beam
direction within its volume which falls off as 1/r. The inner conductor is oriented just
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outside the beryllium target. Right outside the inner conductor, the strength of the
magnetic field reaches 1.5 Tesla. Since the horn heats up due to the pulsed current and
radiation, during operation the inner conductor is constantly being cooled with nozzles
that spray water on it. As was breifly mentioned above, the direction of the current
can be switched to focus the positively charged secondaries, or the negatively charged
secondaries, ultimately producing a beam primarily of neutrinos (“neutrino mode”) or
antineutrinos (“antineutrino mode”), respectively. The BNB beamline is schematically
shown in Figure 6.3. The horn also has a small field-free region, called the neck of
the horn. This enables the incoming particles to pass through that region without being
affected by the magnet. The neck also allows the remaining proton beam to pass through
it, without impinging with the horn.

Figure 6.3: Diagram of the Booster Neutrino Beamline.

After being focused, the charged pions and kaons travel through a 50-meter decay re-
gion: a cylindrical volume of air, in which pions and kaons decay, producing the tertiary
neutrino beam which will eventually reach the detector downstream. Any remaining
charged particles which have not yet decayed are blocked by an absorber made of con-
crete. The absorber stops the hadron component of the beam, while the neutrinos and
some of the muons from the decayed mesons will pass through it. All of this brings
the beam to the point where is is almost entirely composed of neutrinos, which will
propagate through the dirt before reaching the detector downstream.

6.1.3 Beam Composition

For the analysis of this thesis, a data set collected when the horn was pulsed with a
positive current was used. This results in the positively charged mesons being focused
towards the beam axis, while negatively charged mesons are deflected away. The most
abundant of the mesons produced by the protons that are collided with the beryllium
target are positively charged pions (π+) which results in a π+ beam. There is a small
contribution of positively charged kaons (K+) and muons (µ+) to the beam, but the K+

and µ+ are left free to decay. The main branching ratio (BR) for π+ decay results in the
π+ decaying to a µ+ and a νµ, thus resulting in a predominantly νµ beam. At the same
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time, contamination from other neutrino states in pion decay are caused by either ν̄µ or
by νe coming from the decay of muons (µ+ → e+ + ν̄µ + νe). There also happens to be
a small contamination in the beam of ν̄µ from µ− which are very forward going (or very
energetic) and were therefore not deflected by the horn.

Booster Neutrino Beam Composition and Predicted Flux at MicroBooNE

νµ ν̄µ νe ν̄e
Flux (◦/cm2/POT ) 5.2× 10−10 3.3× 10−11 2.9× 10−12 3.0× 10−13

Fraction 93.6% 5.9% 0.52% 0.05%
π+: 96.7% π−: 89.7% π+ → µ+: 51.6% K0

L: 70.7%
Composition K+: 2.7% π+ → µ+: 4.5% K+: 37.3% π− → µ−: 19.3%

other: 0.6% other: 5.8% other: 11.1% other: 10.0%

Table 6.1: Predicted neutrino flux at the MicroBooNE detector with the horn in neutrino
mode. The composition of the channels is built up from different parent
mesons, the two most important ones are given.

Neutrinos produced by the decay of kaons (K±, K0, K0
L) also happen to contribute

to the flux. As a result of the smaller kaon production rate in the target this is a
minor contribution to the total neutrino flux that will reach the experiment. Almost
the entire flux of νµ with energy below 2.5 GeV is contributed by events which originate
from pion decay, while kaons contribute almost exclusively to νµ beyond this energy.
Most importantly, because of the broader range of decay channels, kaons contribute
significantly to the νe flux, even at lower energies. A small fraction of ν̄e also arises from
kaon decay.
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Figure 6.4: Neutrino Flux at MicroBooNE.

In the end, the neutrino beam produced at the BNB is a 93.6% νµ beam, with a con-
tamination of ν̄µ (5.86%), νe (0.52%), and ν̄e (0.05%). Figure 6.4 shows the neutrino flux
split in the contributions from the four neutrino states as modelled by the MiniBooNE
beam simulation and calculated at the MicroBooNE detector. Table 6.1 is a table of
the beam composition that shows the contamination as well for the BNB. Next will be
a discussion of the detector used for the analysis of this thesis, in Section 6.2.

6.2 The MicroBooNE Detector

The MicroBooNE detector is a liquid argon time projection chamber (LArTPC), located
470m downstream from the target of the BNB. The MicroBooNE LArTPC drifts and
collects charge to produce fine-grained images of the ionization that was liberated by
charged particles traversing a volume of highly-purified liquid argon. This section will
describe the design and implementation of the LArTPC of MicroBooNE.

6.2.1 The Time Projection Chamber

The TPC used in the MicroBooNE experiment, shown in Figure 6.5, is a rectangular
parallelepiped with dimensions 2.3 m (height) × 2.6 m (width) × 10.4 m (length, along
the beam direction). The coordinate system adopted is shown in Figure 6.6. The 8256
stainless steel sense wires forming the three anode planes have a plane-to-plane spacing
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of 3 mm, and the wires on each plane are separated with a 3 mm wire pitch. The
wires are connected to application-specific integrated circuits (ASICs) which operate at
a liquid argon temperature of 87K. While crossing the first two wire planes, consisting
of 2400 wires at angles ±60 degrees relative to the vertical, ionization electrons induce a
signal on them (thus, they are called the induction planes). Subsequently, the electrons
are collected (thus, it is called the collection plane) by the third plane, made of 3456
vertically-oriented wires. The electric field is created by a series of 64 2.54-cm diameter
stainless steel pipes shaped into a rectangular loop, forming the field cage. The negatively
charged cathode is held at a high voltage (operating voltage is 70 kV), and this voltage
is incrementally stepped down across the field cage tubes with a voltage divider chain,
with an equivalent resistance of 250 MΩ between each tube. The distance from center-
to-center of adjacent field cage loops is 4 cm. This creates a uniform electric field within
the LArTPC. The technical details of the TPC are also listed in Table 6.2 for easier
reference.

Figure 6.5: The MicroBooNE TPC when it was inserted in the cryostat (a). The cathode
is visible on the front right and the field cage, made of tubes, can also be
seen. The inside of the TPC (b). The three wire planes are visible along the
anode on the right, and the field cage tubes at the back.
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Figure 6.6: Drawing of MicroBooNE’s TPC. The TPC is placed with its longest side
in the beam direction. The anode-plane on which wires where signals are
formed is on the right-hand side, as seen from the beam. The cathode, where
the drift high voltage is applied, is on the left.

The next section will describe the ionization electron signal, or charge signal, that is
produced by the drifted ionization electrons to the wire planes, in Section 6.2.2.

6.2.2 Charge Signal

The ionization electrons that are produced in the TPC are subsequently detected as
induced currents as a result of their drifting by sense-wires placed on the anode-plane of
the detector. As a result of the bias voltages which are applied to all three wire-planes to
ensure full transparency of the first two induction planes, the same ionization electrons
produce signals on wires on all three wire-planes. As the ionization electrons are drifted
by the first two wire-planes, they induce a bipolar signal. The signal produced on the
wires on the final plane, which the electrons are collected on, is unipolar. Starting with
a waveform from a single wire (Figure 6.7, step (a)), it is possible to visualize particles
trajectories by displaying such waveforms next to the waveforms from all the other wires,
as done in steps (b) and (c) of Figure 6.7. This figure only shows part of the detector,
where a νµ CC candidate vertex was identified. Figure 6.8 shows the complete candidate
event, with the final state muon coming to a stop and decaying. In this figure, moving
from left to right, all of the waveforms from the collection plane wires are displayed.
For a single wire, the y axis shows the recorded waveform in a drift-time coordinate.
The particle trajectory points that are visible in the lower part of the image are closer
to the anode plane as a result of the electrons from that point having to take less time
to drift and be collected on the collection plane wires. The y axis in this figure can
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LArTPC Design Parameters and Nominal Operating Conditions

Parameter Value
# Anode planes 3

Anode planes spacing 3mm
Wire pitch 3mm
Wire type SS, diam. 150µm

Wire coating 2µm Cu, 0.1µm Ag
Design Wire tension 6.9N ± 1.0N

# wires (total) 8256
# Induction0 plane (U) wires 2400
# Induction1 plane (V) wires 2400
# Collection plane (Y) wires 3456

Wire orientation (w.r.t. vertical) +60
◦
, −60

◦
, 0

◦
(U, V, Y)

Cathode voltage (nominal) −128kV
Bias voltages (U, V, Y) −200V , 0V , +440V

Drift-field 500V/cm
Max. Drift Time, Cathode to U (at 500V/cm) 1.6ms

# Field-cage steps 64
Ring-to-ring voltage step 2.0kV

Table 6.2: MicroBooNE LArTPC design parameters and nominal operating conditions.

then be seen as the drift direction in the detector, while the x axis shows the direction
along the neutrino beam, as collection plane wires are displaced perpendicularly to this
direction. In summary, Figure 6.8 shows a bird-eye view of particles interacting in the
MicroBooNE detector.
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Figure 6.7: Figure (a) shows a waveform from a collection plane wire (after noise fil-
tering). Figure (b) and (c) shows how the MicroBooNE event display is
constructed, by displaying waveforms from each wire one next to the other.
The display shows a candidate interaction vertex from a νµ CC interaction,
where the final state proton and muon are visible.
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Figure 6.8: Event display showing raw data from a small region of the TPC volume from
the collection plane. The display shows a candidate νµ CC interaction, where
the final state proton and muon are visible. The x axis shows the collection
plane wires (increasing wire-number from left to right) and the y axis shows
the drift-coordinate (increasing drift-time moving upwards). The scale bar
applies to both the horizontal and vertical coordinates. The color map shows
the amount of collected charge on each wire per time tick. In this display
the muon candidate is spatially contained in the detector and it decays. The
Michel electron coming from the decay is also visible.

With the charge signal now discussed, the next aspect of the LArTPC of MicroBooNE
to discuss is the light collection system, which follows in Section 6.2.3.

6.2.3 Light Collection System

The light produced by neutrino interactions in MicroBooNE is an important input for
both event selection and reconstruction. One of the critical capabilities the light collec-
tion system provides is the ability to form a beam-event trigger when a pulse of light is
observed in coincidence with the beam spill. Because typically only one beam spill in
600 will produce a neutrino interaction in the detector, such a trigger will substantially
reduce the overall data output rate.

72



6 The Micro Booster Neutrino Experiment

Figure 6.9: A diagram of the PMTs in MicroBooNE on the left, and a photo of the PMTs
installed in the cryostat with the TPB plates installed in front of them on
the right.

The light collection system consists of primary and secondary sub-systems. The pri-
mary light collection system is made up of “optical units,” each one consisting of a PMT
located behind a wavelength-shifting plate (coated in TPB, which was discussed in the
previous Chapter). In total, 32 optical units were installed, yielding 0.9% photocathode
coverage. The secondary system consists of four light guide paddles. These paddles
were introduced for R&D studies for future LArTPCs, and are placed near the primary
optical units to allow a comparison of their performances. A flasher system, used for
calibration, consists of optical fibers bringing visible light from an LED to each PMT
face.
As a result of the optical system not being used beyond its capabilities of a beam-event

trigger in this study, the discussion is ended here for this subsystem of the MicroBooNE
LArTPC. Next will be a discussion of the triggers and the data stream of MicroBooNE,
in Section 6.3.

6.3 Triggers and Data Stream

Every event in MicroBooNE starts with a hardware trigger. The Fermilab accelerator
division sends signals to MicroBooNE every time there is a neutrino beam spill. This
trigger, called the “BNB” trigger, causes a window to open the PMT readout that lasts
for 23.4 µs, and a window in the TPC readout that lasts 4.8 ms. The beam trigger
efficiency is 99.8%. The data sample originating from the trigger is here called the
“beam-on” data sample.
The majority of the spills do not produce a neutrino interaction in the detector. In-

deed, simulations show that approximately only 1 in 600 beam spills produces a neutrino
interaction in the detector. In order to reduce the amount of recorded data, not every
spill is saved. A software trigger looks at light activity on the PMTs in time-coincidence
with the 1.6 µs beam spill reaching the detector. This activity may be caused by a neu-
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trino interaction, coincident CR activity, or some other coincident sources. The software
trigger reduces the data rate by a factor of 20. The signal efficiency loss through the
trigger condition is negligibly small.
An additional trigger used in this work is the so-called “EXT” trigger, that mimics

a BNB trigger in the absence of neutrino beam. This trigger allows to record CR data
in order to measure the cosmogenic background that will affect the analysis. The data
sample collected with this trigger is here called the “beam-off,” or “EXT” data sample,
and will be labeled as such in future plots shown for this analysis.
An optical pre-filter is also run in order to help reduce the data volume that TPC

reconstruction algorithms is applied to. This filter checks for optical activity within the
time window of the beam and requires a minimum threshold of 20 Photo-Electron (PE)
in the beam time window.
The MicroBooNE simulation (described in Section 6.5), only includes simulation of

events that contain neutrino interactions and does not contain events with only CRs.
In order to be compared to the beam-on data sample, events from the beam-off data
stream are added to the simulation, normalising by the number of hardware triggers.
The event distributions presented in this thesis will show simulation compared to plus
beam-off data compared to beam-on data. The next section, Section 6.4, will briefly
discuss the readout electronics and the data format for MicroBooNE.

6.4 Readout Electronics and Data Format

MicroBooNE’s readout electronics are responsible for forming, digitising, and recording
signals associated with the TPC and PMT systems. Thus this is one of the most vital
subsystems of the detector.
The MicroBooNE TPC electronics system is separated into “cold” electronics, which

are submerged in liquid argon, and “warm” electronics, which are located outside of
the cryostat. The cold electronics are responsible for amplifying and shaping signals
produced on the sense wires. Performing these operations in a cold environment and in
close proximity to the wires allows MicroBooNE to obtain a high signal-to-noise ratio,
essential to obtain accurate particle identification with low detection thresholds. The
warm electronics are responsible for digitising signals, and compressing and formatting
the data before it is sent to the data acquisition system.
The analogue signals from the 8256 sense wires in the TPC pass through Complemen-

tary Metal-Oxide-Semiconductor (CMOS) analogue front end ASICs which operate on
cold motherboards at liquid argon temperatures. The signals are then shaped and am-
plified by cold intermediate amplifiers before passing through a warm feed-through. The
signals are received by custom-designed LArTPC readout modules, which digitize and
process them. The TPC wire signals are digitized at 16 MHz and then down-sampled in
the digitization process to 2 MHz (500 ns time-ticks). The TPC system reads out three
1.6 ms frames of wire signal data associated with one event. This time is chosen based
on how long it takes for ionization electrons from the cathode side of the TPC to drift
to the anode wires (this time is 1.6 ms with the design drift field of 500 V/cm, but 2.3
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ms as a result of the current MicroBooNE drift field of 173 V/cm). One frame before
and two frames after the trigger are collected, ensuring that there is a large enough
amount of data to identify a neutrino interaction, as well as all CR signals that arrive
soon enough before or after the neutrino needing to be reconstructed in analyses, too.
Similarly to the TPC, the PMT signals undergo separate shaping with a 60 ns peaking

time to allow for the digitization of several samples on the rising edge of a signal for
more precise timing reconstruction abilities. The PMT signals are digitized at 64 MHz
(15.625 ns time-ticks) and are then split into high-gain and low-gain channels which
carry 18% and 1.8% of the total signal amplitude, respectively, to extend the dynamic
range of the Analog-to-Digital Converter (ADC). The PMT system records data in
two different formats: (i) in an unbiased way for a duration of 1500 samples (23.4 µs)
which is opened by the beam-gate signal received on the trigger board. Neutrinos are
expected to arrive ≈ 4µs after this window is opened; (ii) in a discriminated way (called
“cosmic discriminator”) before and after the 23.4 µs window. This is needed in order
to reduce the amount of recorded data. Discriminated waveforms are read out for an
interval of 6.4 ms, which well covers the 4.8 ms TPC readout window: [-1.6,+3.2] ms.
The cosmic discriminator only saves waveforms that go above a threshold of 130 ADC
(≈ 6.5effectivePE), anditonlysaves40samples(≈ 0.6µs). A dead-time of 45 samples
follows every time a cosmic-discriminated waveform is recorded.
Thus that is how data is readout using the readout electronics and the data format

of the collected experimental data. The next section, Section 6.5, will discuss the way
that events are simulated within the LArTPC for analyses of MicroBooNE.

6.5 Simulation

Beamline and detector simulations are intended to represent truth level estimations of
neutrino production and interaction processes. These estimations serve as a baseline for
comparison with collected data, as well as to estimate the backgrounds in the selected
data samples. They are referred to as Monte Carlo (MC) simulations. There are a
number of systems to model, and details to account for, in order to ensure the simulation
precisely captures the state of the detector.
The flux of neutrinos at the MicroBooNE detector is simulated using a framework

built by the MiniBooNE collaboration. Neutrino interactions in the MicroBooNE de-
tector are simulated using the GENIE event generator, which generates the primary
interaction inside the argon nucleus, the production of all final-state particles in the
nucleus (hadronisation), and the transport and rescattering of the final-state particles
through the nucleus (FSI). GENIE v3 was used for the MC presented in the analysis of
this thesis, and Table 6.3 lists the nuclear models employed in GENIE v3.
The simulation of the MicroBooNE detector is based on Geant4 [80] and includes par-

ticle propagation, drift of ionisation electrons to the wire planes, as well as propagation
of scintillation light to the PMTs. Ionisation due to CRs also leads to a distortion of the
electric field within the detector. The effect is the build-up of slow-moving positive ions
in a detector which gives rise to the so-called “space charge” effect. This effect leads
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Interaction Model
Nuclear Model Local Fermi Gas

Quasielastic scattering Nieves w/ dipole axial FF
CC MEC Nieves
NC MEC Empirical
NC elastic Ahrens
Resonance Berger-Sehgal

Coherent pion production Berger-Sehgal
Deep inelastic scattering Bodek-Yang

Hadronization AGKY
Final-state interactions hA2018

Table 6.3: Table listing the nuclear models employed in GENIE v3.

to a displacement in the reconstructed position of signal ionization electrons, as well
as variations in the amount of charge quenching experienced by ionization throughout
the volume of the TPC. The MicroBooNE detector simulation includes the space-charge
effect. All simulation is carried out within the LArSoft framework [81].
Finally, now that the simulation of events within the MicroBooNE detector has been

discussed, the detector operations and a description of the data set that is used in the
analysis of this thesis will follow in Section 6.6.

6.6 Detector Operations

The MicroBooNE detector has been recording neutrino beam data since August 2015,
with over 1.3 × 1021 protons-on-target (POT) collected to date. Figure 6.10 shows
the amount of Protons on Target (POT) collected since the start of operations. The
CC-Coherent Pion Production cross section analysis presented in this thesis utilizes
6.87 × 1020 POT of data (called “Run 1+2+3”), collected from February to March
2018. More recent data, not used in this analysis, benefits from the installation of a CR
tagger system. To date, MicroBooNE has performed five full runs of data-taking, with
scheduled shutdowns and maintenance performed in between runs.
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Figure 6.10: Cumulative POT collected by MicroBooNE during Runs 1-5, excluding the
period before the software trigger was applied. The total POT delivered
across all five runs with the software trigger is 1.39× 1021, while the POT
written to tape is 1.33× 1021.

The next chapter, Chapter 7, details the process of taking the raw data from the
light collection system, as well as the wireplanes, and turning that information into
reconstructed events with tracks, showers, vertices, flashes, and more.
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7 Event Reconstruction

After discussing the MicroBooNE detector, as well as the simulation of events in Chap-
ter 6, it is now time to move to reconstructing the particle interactions, or “event” of
interest to this analysis. There are three primary reconstruction algorithms that are
used by MicroBooNE analyses: the Pandora pattern recognition algorithm [82], a deep
neural network algorithm known as Deep Learning (DL) [83], and the novel Wire-Cell
(WC) reconstruction algorithm [84].
This chapter covers the TPC and optical reconstruction that is applied to all data

events in order to go from raw data recorded by the detector to high-level reconstructed
objects, like particle tracks (used extensively in this analysis’ sample selection) and opti-
cal flashes of light, necessary for the preselection portion of this analysis. Section 7.1 and
7.2 describes the TPC and optical reconstruction respectively. The neutrino reconstruc-
tion is described in Section 7.3, and is followed by the methods of muon momentum
reconstruction in Section 7.4. The chapter closes with a brief discussion of the four-
momentum transfer reconstruction in Section 7.5.

7.1 Optical Reconstruction

The optical reconstruction collects raw waveforms recorded by individual PMTs and
combines them to reconstruct “flashes,” which represent optical activity in time across
several PMTs, usually caused by a single neutrino or CR interaction in the TPC.
This process can be broken into three distinct steps: Signal Processing (Section 7.1.1),
Baseline Estimation (Section 7.1.2), and Pulse Finding and Flash Reconstruction (Sec-
tion 7.1.3). Once the flash reconstruction is finished, the flash can then be used to
identify candidate neutrino interactions through a process called Flash Matching (Sec-
tion 7.1.4).

7.1.1 Signal Processing

The first step performed in the optical reconstruction consists in merging the high and
low gain channels into a “saturation-corrected” waveform which tries to correct saturat-
ing high-gain pulses by using information from the low-gain channel.

7.1.2 Baseline Estimation

The baseline estimation of the waveform is performed in two different ways depending
on whether the waveform is coming from the cosmic or the beam discriminator. If
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the waveform comes from the cosmic discriminator, a constant value is used for the
baseline, which is simply set to the first ADC value in the first recorded sample. If the
waveform comes from the beam discriminator, a more complex algorithm is used. A
loop is done over all the waveform ADC recorded values, and the Standard Deviation
(STD) of neighboring values is calculated. If the STD is low, is shows that there is no
optical activity in that region. In such regions, the baseline is set to the same waveform
ADC values. A loop along the waveform entries is done and, where a region with high
STD is found, the baseline is estimated by doing a linear interpolation between the two
low-STD adjacent regions. This procedure takes care of estimating the right baseline if
there are fluctuations. An example of baseline estimation can be seen in Figure 7.1.

Figure 7.1: An example of PMT raw waveform from data in blue and the estimated
baseline in green (Left), and an enlargement of the waveform to show single
PE peaks (Right).

7.1.3 Pulse Finding and Flash Reconstruction

Once the baseline is determined, an algorithm that looks at the waveform ADCs going
above a configurable threshold is run, in order to find pulses. Then, the flash recon-
struction takes the identified pulses associated to each PMT as input. The time range
is divided into configurable intervals and pulses falling in the same time interval are
identified. Once coincident pulses are found, an integration window of 8µs is applied in
order to collect all the late light. To avoid that another flash is claimed by coincident
late light pulses, an 8µs dead time window is also applied. In the case of two candidates
flashes with a time difference smaller than 8µs, only the one that deposits more PE is
saved.
The most interesting flashes are those happening during the 1.6µs beam spill window,

as the majority of them are induced by neutrino interactions. It is not possible to
have multiple reconstructed flashes in that time window. In fact, it is smaller than 8µs
dead time window described above. In the case of more than one neutrino interactions or
neutrino interactions with one or more CRs happening during the beam spill window, two
scenarios are possible. For simplicity, let’s assume there are two interactions happening
during that time, then: (i) if the first interaction deposits less PEs than the second
one, the pulses of the first will be ignored, and a flash will be claimed with the pulses
of the second one (although late light pulses of the first may contaminate the second
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claimed pulse), (ii) if the first interaction deposits more PEs than the second one, then
a flash will be claimed at the time of the first interaction, and the pulses of the second
interaction will be added to the first claimed pulse.

Figure 7.2: Schematic of flash reconstruction. The blue circles represent the Micro-
BooNE PMTs, and the red line an example of a particle track in the detec-
tor. The yellow PMTs that see light in time coincidence coming from the
track, are clustered together to form a flash.

The flash reconstruction also performs a constant background subtraction of 2 PE per
PMT to account for a measured 250 kHz noise, that is then integrated over the 8µs flash
time window. Figure 7.2 shows a sketch of the flash reconstruction.

7.1.4 Flash Matching

The flashes that have been reconstructed can then be used in neutrino interaction identi-
fication through the process of flash matching. For each PMT, the reconstructed optical
activity is compared to the predicted activity for each candidate interaction in the event.
The interaction whose optical activity most closely matches expectation (based on a χ2

test) is then “matched” to the reconstructed flash. This flash-matching technique reduces
background by an order of magnitude, significantly improving MicroBooNE’s ability to
distinguish neutrino interactions against a large cosmic background [85].

7.2 TPC Reconstruction

This section very briefly describes the reconstruction steps that lead to TPC recon-
structed objects in MicroBooNE, the most common of these being tracks, and electro-
magnetic (EM) showers (vertices are also a common reconstructed object). Tracks tend
to show as relatively straight and narrow lines traversing the TPC volume, such as the
long muon track shown in Figure 6.8. At MicroBooNE energies, the most common
track-producing particles are muons, charged pions, and protons. Unlike tracks, show-
ers tend to produce a cascade of particles in a roughly conical shape. EM showers in
MicroBooNE are generally produced by either electrons or photons. Electrons shower
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immediately when produced, and thus the showers are usually attached to the inter-
action vertex. Photons will propagate invisibly over some distance before converting
to an e+ and e− pair, which then create showers themselves. This means that photon
showers show a distinct gap between interaction vertex and the shower starting point.
This analysis only makes use of tracks and vertices.
The starting input for TPC reconstruction consists of waveforms in the drift time of

charge induced or deposited on the sense wires. These waveforms are passed through a
filtering algorithm that was developed to reduce the noise introduced by the electronics.
An example of the noise filtering algorithm in action is shown in Figure 7.3. The output
of the noise filtering algorithm is then fed into another algorithm designed to identify
candidate peaks in the waveforms by requiring that the peak of the waveform goes above
a configurable threshold (I was actually the person that configured this threshold for the
MC and data for the reconstruction algorithm that was used in this analysis, called
MCC9).
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Figure 7.3: An example neutrino candidate event display from MicroBooNE data (event
41075, run 3493) showing a U plane view. (a) The raw waveform image in
units of average baseline subtracted ADC scaled by 250 per 3µs. (b) The
image after software noise-filtering in units of average baseline subtracted
ADC scaled by 250 per 3µs. (c) The image after 2D deconvolution in units
of electrons per 3µs. Prolonged signals associated with near-vertical tracks,
such as the one at the top left of each event display window, are recovered af-
ter the deconvolution step. Additionally, the image quality near the neutrino
interaction vertex improves after the 2D deconvolution, which is expected to
lead to improvements in the pattern recognition. Figure from [10].

The candidate peaks are then fitted with a Gaussian shape in order to obtain a “hit”
representing the charge deposited on a wire by an incident track. Hits are objects with
charge deposition information, a peak time, and a peak width, and serve as the basic
input to the more complicated reconstruction algorithms that cluster the hits into tracks
and showers. Hits are then grouped into clusters. The purpose of this is to group hits
which correspond to the same particles signature, i.e. a track or shower. MicroBooNE
utilizes the Pandora multi-algorithm pattern recognition framework, which handles the
clustering of hits, as well as the reconstruction of 3D objects like tracks and showers.
The output of Pandora is structured in Particle Flow reconstructed particles, called

“PFParticles,” each one corresponding to a distinct track or shower and their heirarchy,
which identifies parent-daughter relationships and describes the particle flow in the ob-
served interactions. A neutrino is created as part of the heirarchy and forms the primary
parent particle for a neutrino interaction. LArTPCs also provide excellent calorimetric
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information. Calorimetry can be used to make a measurement of a particle energy de-
position, which is useful to construct the particle identification (PID). The calorimetry
is used in this analysis to help distinguish between muon candidate tracks from pro-
ton candidate tracks, as well as to help distinguish pion candidate tracks from proton
candidate tracks.

7.3 Neutrino Reconstruction

Before neutrino reconstruction, Pandora is run in PandoraCosmic mode to identify hits
that are flagged as being associated to CRs. The hits belonging to the CRs identified
by the PandoraCosmic algorithms are removed from the data set and Pandora is run
again, but this time in the PandoraNu configuration. PandoraNu reconstruction aims to
identify a neutrino interaction vertex and uses it to aid the reconstruction of all particles
emerging from the vertex position. There is careful treatment to reconstruct tracks and
showers. A parent neutrino particle is created and the reconstructed visible particles are
added as daughters of the neutrino.
Reconstruction of the neutrino interaction vertex begins with the creation of a list

of possible vertex positions. A score is assigned to each vertex and only the one with
the highest score is selected. The score is made by the product of three factors [86]:
(i) the energy kick score, which creates a variable similar to the transverse energy and
suppresses vertices with high scores since primary particles produced in the interaction
should all point back towards the true interaction vertex; (ii) the asymmetry score, which
suppresses candidates incorrectly placed along single, straight clusters, by counting the
numbers of hits deemed upstream and downstream of the candidate position; (iii) the
beam weighting score, which uses the beam direction and prefers vertices on the upstream
side.
After vertex reconstruction, Pandora reconstructs tracks and showers and returns a

list of reconstructed PFParticles. The final step in the PandoraNu reconstruction is to
organise the reconstructed particles into a hierarchy. The primary particle is the neutrino
PFParticle, which has no track nor shower associated but stores the neutrino candidate
vertex. Any PFParticles deemed to be associated with the interaction vertex are added
as primary daughters of the neutrino particle. Other particles, if exist, are added as
daughter to the existing primary daughters of the neutrino PFParticle. Each hierar-
chy results in a single reconstructed neutrino particle, with the reconstructed daughter
particles. More information is available in [86].

7.4 Muon Momentum Reconstruction

There are several different techniques that can be used to measure the muon momentum
in a LArTPC: Momentum by Track Length, Momentum by Calorimetry Information,
and Momentum by Multiple Coulomb Scattering.
Momentum by Track Length The momentum p can be measured from the muon
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track length. The relationship between kinetic energy K and muon track length accord-
ing to [11] is shown in Figure 7.4. The red line shows the interpolation used for this
analysis. The particle momentum is obtained by p =

√
K2 + 2mK, with m being the

muon mass. This requires the track to be spatially contained in the TPC.

Figure 7.4: Muon kinetic energy vs. range in liquid argon according to the Particle Data
Group data [11]. The red line shows the interpolation used for this analysis.

Momentum by Calorimetry Information By looking at the deposited charge on the
wires, the quantity dE/dx of a particle can be measured along the particle trajectory,
and can then be integrated in x to get the energy of the particle, and so the momentum
p =

√
E2 −m2. This requires the track to be spatially contained in the TPC.

Momentum by Multiple Coulomb Scattering The momentum can be estimated
by looking at the amount of muon scatters in argon and comparing it to the theory,
then retrieving the RMS of the scattering angle as a function of p [87]. This method is
powerful as it can also be applied to muons exiting the TPC.
While the first and second methods can only be applied to tracks that are spatially

contained in the detector, the last one can be applied to all tracks. Since a large fraction
of muons will exit the detector at the BNB energies, it is important to not restrict the
analysis to only contained muons. Momentum by MCS will, therefore, be used for the
analysis in this thesis for tracks that are not contained, and the previous two methods
will be used on spatially contained tracks.
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7.5 Four-Momentum Transfer Reconstruction

CC-Coh π+ interactions can be identified by requiring that the observed final state
consists only of a charged lepton and pion (the target nucleus is not observed since
the energy transferred to the nucleus is small) and small |t|. This second identification
characteristic, |t| being small, needs to be made of reconstructed information. This is
how that is accomplished for this analysis. From the assumption of zero energy transfer
to the nucleus, |t| can be approximated as

|t| =
∣∣(pν − pµ − pπ)

2
∣∣ ≈ ( ∑

i=µ,π

Ei − pi,L

)2

+

∣∣∣∣∣ ∑
i=µ,π

p⃗i,T

∣∣∣∣∣
2

(7.1)

where pνl , pl, and pπ are the four-momenta of the neutrino, charged lepton, and pion,
respectively (these are found using the muon momentum reconstruction techniques men-
tioned above), and p⃗T and pL are the transverse and longitudinal momenta with respect
to the incoming neutrino direction. Thus, the |t| is now reconstructed and can be used
in event selection. A stacked histogram showing the data and MC agreement for this
variable is shown in Figure 7.5.

Figure 7.5: This is the stacked histogram of |t| for events that passed the 2-Track filter.
The error shown is only statistical error for the data sample.
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Figure 7.6: |t| of the Enhanced CC-Coh π+ sample where blue is |t|True and red is |t|Reco

for events that have passed the 2-Track selection (Left) and the difference
between |t|Reco − |t|True for events that have passed the 2-Track selection, or
the |t| resolution (Right).

Figure 7.6 shows the resolution acquired for |t|, which comes out to be around ≈
0.025GeV 2, and a selection utilizing this can be made. The next chapter of this thesis,
Chapter 8, details the event selection implemented in order to choose CC-Coh π+ pro-
duction events, which will be used to calculate a flux-integrated cross section for this
neutrino-nucleus interaction channel.
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This chapter covers the selections implemented to accept CC-Coherent Pion Production
events for this analysis. Due to the scarcity of this channel, obtaining a high purity
sample of CC-Coh π+ events is a difficult task. Significant work has gone into the
development of this selection, which will be detailed below.
The first selection that is made is the implementation of a previous MicroBooNE

analysis that selects a CC-Inclusive sample, which is discussed in Section 8.1. Once the
CC-Inclusive sample is obtained, steps are taken to select a CC-Coh π+ sample. This
is done by first making a 2-Track Requirement (Section 8.2), which is followed by what
has been called a Cone Angle Selection (Section 8.3). The Vertex Activity Selection
immediately follows and is discussed in Section 8.4, and then comes the Pion Candidacy
Selection discussed in Section 8.5. The last part of the selection is the Opening Angle
Selection, which is discussed in Section 8.6, and concludes the selection of CC-Coh π+

events. How the four-momentum (|t|) is measured is discussed in Section 8.7. The
performance of the selection is discussed in Section 8.8, and the chapter concludes with
a summary of the results of the event selection for CC-Coh π+ in Section 8.9.

8.1 The CC-Inclusive Preselection

A version of the CC-Inclusive analysis selection that has been made on MicroBooNE
data before is implemented as the preselection for this analysis. More details about the
selection can be found in the thesis of the analyser that constructed the CC-Inclusive
selection [8]. This selection is implemented in order to select a sample that has a high
purity of CC-Inclusive events, implying that the NC backgrounds have been rejected.
The possibility that two different neutrino interactions occurred in the same readout
window of the detector is small enough that this is not considered for this analysis.
Each readout window is assumed to have had only one neutrino interaction, if any.

8.1.1 Muon Candidacy Requirements

This step of the selection aims to tag the muon within a CC-Inclusive interaction. If
no suitable muon-candidate is found, the event is discarded. There are many parameter
requirements for a track to be designated as a muon candidate, and the first qualification
for a track is the track score.
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Track Score

The aim of this requirement is to remove electromagnetic shower activity, and ensure
the candidate muon track is indeed “track-like.” The track score is a statistical tool that
gives a score for how closely a corresponding collection of hits resembles a particle track,
or a track-like behavior (value close to 1), over a shower-like behavior (value close to 0).
The track must have a track score greater than 0.85 in order for it to be designated as
a muon candidate. Figure 8.1 shows the track scores for a general MC sample and a
CC-Coh π+ enhanced sample generated for this analysis.

Figure 8.1: Track Scores for the CC-Inclusive Events (Left) and CC-Coherent Events
(Right).

Vertex Distance

This requirement is intended to ensure that the beginning of the candidate muon track
starts within a short distance of the location of the reconstructed neutrino vertex, in
order to be sure that the track originated from the candidate neutrino interaction at
that vertex. If the candidate muon track starts more than 4cm from the reconstructed
neutrino interaction vertex, it will not be designated as a potential muon candidate
track. The vertex distances can be seen in Figure 8.2.
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Figure 8.2: Vertex Distances for the CC-Inclusive Events (Left) and CC-Coherent Events
(Right).

Generation

This requirement is intended to ensure that the Pandora pattern recognition network
identified this candidate muon track as being a product of a neutrino interaction. The
generation requirement is that it is equal to 2 according to Pandora, which means that
Pandora believes the track is a daughter of an interaction. If not, the track will not be
designated as a muon candidate.

Track Length

This requirement is intended to ensure a quality muon track is selected as the potential
muon candidate and it, in combination with the vertex distance selection, excludes the
possibility for mis-reconstructed events – often with cosmic impurities or near unrespon-
sive wire regions – to be selected. The length of track chosen for this selection is 20cm.
If a track does not have at least 20cm of length, it will not be designated as a muon
candidate. Figure 8.3 shows the track lengths of potential muon candidates for both the
general MC sample and the CC-Coh π+ sample that was specifically produced for this
analysis.
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Figure 8.3: Pandora Reconstructed Track Lengths for the CC-Inclusive Events (Left)
and CC-Coherent Events (Right).

Figure 8.4 shows the track lengths with a logarithmic y-axis of potential muon candi-
dates for both the general MC sample and the CC-Coh π+ sample that was specifically
produced for this analysis.

Figure 8.4: Pandora Reconstructed Track Lengths for the CC-Inclusive Events (Left)
and CC-Coherent Events (Right) with a logarithmic y-axis.

Proton χ2
p

The proton χ2
p is a statistical hypothesis test intended to describe how closely a recon-

structed track resembles a proton, when the track is hypothesized to be a proton. A
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lower number implies that the reconstructed track more closely resembles a proton, than
not a proton. This requirement is intended to ensure the selection of muon candidate
tracks that do not resemble protons, thus should eliminate proton tracks that could be
misidentified as a muon track. The requirement placed on the muon candidate is that
it should have a χ2

p > 60. Figure 8.5 shows the χ2
p for the MC sample on the left, and

for an enhanced CC-Coh π+ sample on the right.

Figure 8.5: Proton χ2 Scores for the CC-Inclusive Events (Left) and CC-Coherent Events
(Right).

Muon χ2
µ

The muon χ2
µ is a statistical hypothesis test intended to describe how closely a recon-

structed track resembles a muon, when the track is hypothesized to be a muon. A
lower number implies that the reconstructed track more closely resembles a muon, than
not a muon. This requirement is intended to ensure the selection of muon candidate
tracks that do resemble muons, thus should eliminate non-muon like tracks that could
be misidentified as a muon track. The requirement placed on the muon candidate is
that it should have a χ2

µ < 30. Figure 8.6 shows the χ2
µ for the MC sample on the left,

and for an enhanced CC-Coh π+ sample on the right.
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Figure 8.6: Muon χ2 Scores for the CC-Inclusive Events (Left) and CC-Coherent Events
(Right).

Proton χ2
p Over Muon χ2

µ (χ2
p/χ

2
µ)

This ratio requirement for a candidate muon track is again intended to rule out non-
muon like track through the use of a combination of both the χ2

p and the χ2
µ as a ratio:

χ2
p/χ

2
µ. The muon candidate track must have a χ2

p/χ
2
µ > 7 in order to be classified as a

muon candidate. These ratios are shown in Figure 8.7, where on the left is for the MC
sample, and the right is for an enhanced CC-Coh π+ sample specifically generated for
this analysis.

Figure 8.7: χ2 Ratio for the CC-Inclusive Events (Left) and CC-Coherent Events (Right).
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Should a candidate track have all of the above qualities, it is classified as the muon
candidate for the event. If an event has two or more muon candidate tracks, the longest
track is chosen as the muon candidate. This happens very rarely.

8.1.2 Further Selection

If the event has a muon candidate, additional cuts are applied to reduce the BNB
External contribution, and to increase the purity of the CC-Inclusive selection. This
section details the additional selections implemented to accomplish those goals.

Pandora PDG Code

The returned Pandora PDG code for the event must be that of a muon neutrino (νµ),
which is a code of 14. This is done to ensure that the event is the result of a νµ interaction
according to Pandora.

Start Vertex of Daughters

The reconstructed starting vertex of all daughter tracks must be within at least 10cm of
the borders of the fiducial volume for an event. This is to ensure there is enough space
for a proper reconstruction of the corresponding daughter track to be in consideration
for the event.

Fiducial Volume

The reconstructed neutrino vertex must be within the defined fiducial volume chosen for
this analysis. The fiducial volume used in this analysis is:

• X-axis (drift direction): [10, 246.4] cm,

• Y-axis (vertical direction): [-106.5, 106.5] cm,

• Z-axis (beam direction): [10, 986.8] cm.

This fiducial volume corresponds to a value of 49.19× 106cm3, or 49.19m3. This volume
is used to ensure that tracks and hits that are reconstructed are of good quality and
do not come within an appreciable distance of dead wires in the MicroBooNE TPC, or
start too close to a boundary of the detector where space-charge effects are the largest.

Flash χ2
Flash and Topological Score

The Flash χ2
Flash and Topological Score selection is an or requirement, where the event

was either required to have a χ2
Flash < 10 or a neutrino Topological Score > 0.25.

Both of these are again statistical tests where the returned values imply how closely the
corresponding hit or track resembles a hit that corresponds to a flash, or that the track
is topologically consistent with a neutrino-induced event. If the event had either or both
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of these two conditions met, it moved on to the next step of the selection which is a flat
topological score selection on the event.

Topological Score

This is the last requirement for an event to pass the CC-Inclusive preselection used in
this analysis. This value represents the output of a support-vector machine designed to
classify events as either neutrino-like (value close to 1) or cosmic-like (value close to 0).
The event is required to have a neutrino Topological Score > 0.06. If the event passes
this selection as well as all the others above, then it passed the CC-Inclusive preselection
and moves on to the actual CC-Coh π+ selection which took tremendous effort to put
together for this analysis, and was by far the most difficult portion of this thesis work.

8.2 2-Tracks Requirement

If an event has passed the CC-Inclusive pre-selection defined above, the next selection
it must pass is what is called the 2-track requirement. This step in the selection is
intended to explicitly target events that have a topology that would align with a neutrino
interacting and producing two MIP-like, forward-boosted tracks, such as would be the
case for CC-Coh events. This requires that exactly two reconstructed tracks come within
10cm of the reconstructed neutrino vertex in the event, and no more. If an event has
more, or less than two tracks within the 10cm of the reconstructed neutrino vertex, it
is dropped.

8.3 Cone Angle Selection

The Cone Angle is the angle that’s between the vector addition of any two tracks in
an event and the beam direction (z-direction), and we find this angle for a track in an
event by looping through every track in an event and selecting the smallest angle found
as the Cone Angle for that track. We then find the smallest Cone Angle of the event,
and retain that as the Cone Angle for the event. The process of finding the Cone Angle
is depicted in the diagram shown in Figure 8.8.
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Figure 8.8: Diagram that illustrates how the Cone Angle is found.

Looking at Figure 8.8, and starting at the top left (#1) we have two tracks in an
event. Then, now at #2, we vector add these two tracks, and now, in #3, we have the
vector addition of the two tracks. Lastly, in #4 at the bottom right of the figure, we
calculate the angle between our new vector and the beam direction, and the θ shown in
the figure would be the Cone Angle. The Cone Angle of the events that have passed the
2-Track filter is shown in the stacked histogram of Figure 8.9.

Figure 8.9: This is the stacked histogram of the cone angle for events that have passed
the 2-Track filter.
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Figure 8.10 shows the rejection percentage of background events and the passing
percentage of events for signal events if the selection is made at that value. This plot is
specifically for the Cone Angle for events that have passed the 2-Track filter. Using this
plot, the requirement that the Cone Angle< 20◦ was chosen.

Figure 8.10: Rejection (for background events) and passing (for signal or CC-Coh π+

events) percentages for if the cut was placed at the value in the plot. This
plot is for the Cone Angle of events that have passed the 2-Track selection.

8.4 Vertex Activity Selection

The Vertex Activity has the potential to be one of the best identifiers for CC-Coh π+

events, because our signal channel has the characteristic that there is very little four-
momentum transfer to the nucleus, thus the contribution to the Vertex Activity for
CC-Coh π+ events should simply be from two particle tracks where both are MIPs.
This selection is broken into two segments that combine to make the total vertex

activity selection: the vertex activity using track associated hits only (Section 8.4.1),
and the vertex activity using all hits within a region around the reconstructed neutrino
vertex (Section 8.4.2). Both are detailed below.
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8.4.1 Vertex Activity Using Track Associated Hits

The Vertex Activity is a summation of the amount of energy deposited within a bubble
from the hits that have been associated to reconstructed tracks that is drawn around
the neutrino vertex for an event. If an energy deposit does not fall within this bubble,
or if it was not associated with a reconstructed track, it is not included in the Vertex
Activity calculation. The bubble radius used in this study was 10cm, this was the result
of a study to see how the vertex activity changed for various bubble sizes. Figure 8.11
depicts a bubble of radius R = 10cm drawn around a neutrino vertex, and the energy
deposits associated to reconstructed tracks in this bubble would be summed to give the
Vertex Activity in that region.

Figure 8.11: Vertex Activity graphic for hits associated to reconstructed tracks.

The VA in MeV of the events that have passed the 2-Track filter is shown in Fig-
ure 8.12. The algorithm to calculate the VA did not exist for MicroBooNE before, and
so was specifically developed by myself for this analysis. The algorithm takes in recon-
structed track information, finds the corresponding hits associated with the track and
their positional information, and then loops through the hits associated with the track
to see if the corresponding hit deposition along that point of the track falls within the
10cm bubble drawn around the reconstructed neutrino vertex position. If it does, the
energy is added to the VA summation found for the event.

97



8 Event Selection

Figure 8.12: This is the stacked histogram of the vertex activity within the 10cm bubble
drawn around the reconstructed neutrino vertex using just track associated
hits for events that have passed the 2-Track filter.

Figure 8.13 shows the rejection percentage of background events and the passing
percentage of events for signal events if the selection is made at that value. This plot
is specifically for the VA of all hits associated to tracks within the 10cm bubble around
the reconstructed neutrino vertex for events that have passed the 2-Track filter. Using
this plot, the requirement that the VA < 50MeV was chosen.
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Figure 8.13: Rejection (for background events) and passing (for signal or CC-Coh π+

events) percentages for if the cut was placed at the value in the plot. This
plot is for the VA of all hits associated to tracks within the 10cm bubble
around the reconstructed neutrino vertex.

8.4.2 Vertex Activity Using All Collection Plane Hits

The vertex activity selection discussed above only makes use of the hits that are associ-
ated to reconstructed tracks within the bubble drawn around the reconstructed neutrino
vertex, which eliminates some of the distinguishing ability between CC-Coh π+ events
and background due to the backgrounds causing more hits within the bubble that will
not necessarily be associated to tracks (this occurs for a number of reasons). That is
why this second version of a vertex activity selection is added in addition to the selection
above to make a total vertex activity selection.
This version of the vertex activity sums all of the hits that occur on the collection

plane that come within some specified number of wires and time ticks of the reconstructed
neutrino vertex. The VA in ADC of the events that have passed the 2-Track filter is
shown in Figure 8.14.
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Figure 8.14: This is the stacked histogram of the vertex activity using all hits of the
collection plane within the specified number of wires and ticks of the recon-
structed neutrino vertex for events that have passed the 2-Track filter.

The algorithm that takes the information from reconstructed hits and converts this
information into this version of the vertex activity calculation did not exist within the Mi-
croBooNE code environment, previously. I developed this algorithm, and subsequently
applied it to the reconstruction for this analysis. The algorithm takes as input the time
and hit integral charge information, as well as the wire number associated with the hit
and converts it into a spatial position that can be compared with the position of the
reconstructed neutrino vertex. This portion of the vertex activity only looks at the col-
lection plane information, so this limits the spatial conversion to a 2-D reconstructed
position of the hit (the xz position of the hit) due to the orientation of the vertical wires
of the collection plane. This means that the vertex activity selection includes all of the
hits within a right-circular cylinder whose center of the circle portion of the cylinder
corresponds to the location of the reconstructed neutrino vertex and the lengthwise of
the cylinder encompasses the entire y-axis of the detector. This makes it possible that
some hits that are associated with reconstructed cosmic tracks above or below (in the
y-axis) the reconstructed neutrino vertex are also included in this version of the VA
selection.
Figure 8.15 shows the rejection percentage of background events and the passing

percentage of events for signal events if the selection is made at that value. This plot
is specifically for the VA of all hits within the defined region around the reconstructed
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neutrino vertex for events that have passed the 2-Track filter. Using this plot, the
requirement that the VA < 6750ADC was chosen.

Figure 8.15: Rejection (for background events) and passing (for signal or CC-Coh π+

events) percentages for if the cut was placed at the value in the plot. This
plot is for the VA of all hits in the collection plane in the defined region
around the reconstructed neutrino vertex.

Of all of the selections made in this analysis’ event selection, the VA selections are the
most “off-the-knee” of the passing/rejection plots shown in this chapter. This could very
well cause large uncertainties to arise in detector modeling due to these selections being
close to the detector resolution limits in charge and energy deposition regions, as well
as positional resolution. The VA selections are highly suspect for detector uncertainties
that are discussed later in this thesis, and should be investigated in future iterations of
this analysis.

8.5 Pion Candidacy Selection

The second track in the selection that is not the muon candidate tagged above, is con-
sidered the pion candidate. We implement two new requirements of the pion candidate
track that it must pass in order for the event to proceed in the selection. The first
condition makes use of the same χ2

µ and χ2
p used above for the muon candidate track,
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and the second requirement uses the log-likelihood ratio (LLR) developed by another
MicroBooNE analyzer. Both are discussed below.

8.5.1 Pion Candidacy Using χ2
µ and χ2

p Values of the Pion
Candidate Track

Like was done for the muon candidate above, similar restrictions based on the χ2
µ and

χ2
p are implemented to select good pion candidate tracks. Figure 8.16 shows the 2D

histogram of the pion candidate tracks where the y-axis is the χ2
µ and the x-axis is χ2

p

for events that have passed the 2-Track selection stage. Based on this plot, the selection
is made to select pion candidate tracks that look more like a muon than a proton. This
is done by requiring that the pion candidate track in an event (which is the track that
wasn’t tagged as the official muon candidate track) has χ2

µ < 20 and χ2
p > 50.

Figure 8.16: χ2
µ vs χ2

p for events that pass the 2-Track selection, where the left is for MC

and right is the open 5E19 POT Run 1 unblinded data sample.

Again, these χ2 values are the same as those mentioned above that were used in
the muon candidacy selection of the CC-Inclusive pre-selection. They are statistical
hypothesis tests that return a value for the corresponding tracks based on whether the
track was assumed to be either a muon, or a proton.

8.5.2 Pion Candidacy Using the Log-Likelihood Ratio

The second portion of the pion candidacy comes from using the Log-Likelihood Ratio
(LLR) that was developed by another analyzer in the MicroBooNE collaboration. This
variable is calculated by comparing track hit information from all three TPC wire planes
to theoretical templates for muons and protons. The logarithm of a likelihood ratio for
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these two particle identification hypotheses is then converted to a score. The returned
value spans from either [−1, 1], and the implication is if the returned value is close to
−1 then the track looks like a proton track and if the returned value is close to 1 then
the track looks like a muon. Figure 8.17 shows the histogram for pion candidate tracks
for events that have passed the 2-Track selection stage.

Figure 8.17: This is the stacked histogram of the LLR of the pion candidate tracks for
events that have passed the 2-Track filter. The closer that this returned
value is to −1 means that the track looks like a proton, and the closer that
this returend value is to 1 means that the track looks like a muon, or MIP.

Figure 8.18 shows the rejection percentage of background events and the passing
percentage of events for signal events if the selection is made at that value. This plot
is specifically for Niccolo’s LLR of the pion candidate track for events that have passed
the 2-Track filter. Using this plot, the requirement that the LLR of the pion candidate
track > 0.7 was chosen.
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Figure 8.18: Rejection (for background events) and passing (for signal or CC-Coh π+

events) percentages for if the cut was placed at the value in the plot. This
plot is for Niccolo’s LLR selection.

8.6 Opening Angle Selection

What is called the Opening Angle (θµπ) in this selection is the angle between the re-
constructed muon-candidate track and the reconstructed pion-candidate track that have
been labeled as such based off of the selections made above. This selection was thought
of as a way of taking advantage of the small opening angle between the µ and π that is
characteristic of the CC-Coh π+ channel. The opening angle is calculated using:

θµπ = cos−1
( p⃗µ · p⃗π
|p⃗µ||p⃗π|

)
, (8.1)

where p⃗µ, and p⃗π are the momentum vectors for the muon and pion, respectively. The
Opening Angle of the events that have passed the 2-Track filter is shown in Figure 8.19.
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Figure 8.19: This is the stacked histogram of the opening angle between the two tracks
of the 2-Track filter for events that have passed the 2-Track filter.

Figure 8.20 shows the rejection percentage of background events and the passing
percentage of events for signal events if the selection is made at that value. This plot is
specifically for the Opening Angle for events that have passed the 2-Track filter. Using
this plot, the requirement that θµπ < 60◦ was chosen.
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Figure 8.20: Rejection (for background events) and passing (for signal or CC-Coh π+

events) percentages for if the cut was placed at the value in the plot. This
plot is for Opening Angle selection.

8.7 Four-Momentum Measurement

CC-Coh π+ interactions can be identified by requiring that the observed final state
consists only of a charged lepton and pion (the target nucleus is not observed since the
energy transferred to the nucleus is small) and small |t|. From the assumption of zero
energy transfer to the nucleus, |t| can be approximated as

|t| =
∣∣(pν − pµ − pπ)

2
∣∣ ≈ ( ∑

i=µ,π

Ei − pi,L

)2

+

∣∣∣∣∣ ∑
i=µ,π

p⃗i,T

∣∣∣∣∣
2

(8.2)

where pνl , pl, and pπ are the four-momenta of the neutrino, charged lepton, and pion,
respectively, and p⃗T and pL are the transverse and longitudinal momenta with respect
to the incoming neutrino direction.
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Figure 8.21: This is the stacked histogram of |t| for events that passed the 2-Track filter.

Figure 8.22: |t| of the Enhanced CC-Coh π+ sample where blue is |t|True and red is |t|Reco

for events that have passed the 2-Track selection (Left) and the difference
between |t|Reco − |t|True for events that have passed the 2-Track selection,
or the |t| resolution (Right).

Using the resolution in Figure 8.22, a selection requiring that |t| < 0.10GeV2 is chosen
(which is approximately ≈ 4× the resolution found in |t| for the MicroBooNE detector).
If an event does not have this requirement, it is dropped from the selection. This value
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is chosen to significantly improve the purity of the selected sample, while maintaining a
relatively high efficiency.

8.8 Event Selection Performance

The performance of this event selection is quantified in terms of both efficiency (ϵ) and
purity (p). The efficiency of the event selection can be described by this equation:

ϵ =
Selected νµ CC-Coh π+ interactions with true vertex in the FV

Generated νµ CC-Coh π+ interactions with true vertex in the FV
, (8.3)

and the purity can be described by this equation:

p =
Selected νµ CC-Coh π+ interactions with true vertex in the FV

All selected events
. (8.4)

The event selection efficiency is shown in Figure 8.23 as a function of the true neutrino
energy (ETrue

νµ ), and a step-by-step breakdown of the selected number of events passing

the different stages of this selection is shown in Table 8.1, scaled to 6.878× 1020 POT.
The overall selection efficiency is 12.8%, with a purity of 16%.

Figure 8.23: Event selection efficiency as a function of ETrue
νµ for each stage of the selec-

tion. This is for the CC-Coh π+ enhanced sample that we made for this
analysis.
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Selected Number of Events Scaled to 6.878× 1020 POT

6.878× 1020 POT Data CCCoh CCQE CCRes NCRes CCDIS NCDIS Other MC Total Dirt BNB EXT
Num. Within Fiducial Volume 324672 261 72843 42576 14174 10467 4404 31144 176989 14377 92512

CC-Inclusive Preselection 122007 157 42491 21732 2000 4533 900 14133 86524 2699 12994
2-Tracks Selection 63245 105 28201 6937 1024 1465 425 6379 44750 1594 7472

Cone Angle Selection 21780 97 13114 3013 269 616 171 2693 20070 188 438
Vertex Activity Selection 3987 55 2241 460 47 132 34 266 3269 137 149
Pion Candidacy Selection 1038 43 524 228 15 76 13 58 972 67 41
Opening Angle Selection 710 41 337 154 12 47 9 57 670 66 41

Four-Momentum Transfer Selection 286 33 68 72 4 10 5 12 211 25 8

Table 8.1: The number of selected events broken down by interaction channel and scaled
to match the data sample of 6.878× 1020 POT.

8.9 Event Selection Summary

The above sections have shown the event selection implemented in order to select a
sample of CC-Coh π+ events for a flux-integrated cross section measurement of the
channel. The selection results in an efficiency of 12.8%, and a purity of 16%. This
selection was developed to maximize both the efficiency and purity for this interaction
channel and represents the majority of the work that went into the analysis for this
thesis. Approximately 286 data events pass this selection, and after the background
subtraction of 211 events, we are left with 75 potential CC-Coh π+ events. Figure 8.24
depicts the four-momentum transfer for the full Runs 1 + 2 + 3 data sample that was
used in this thesis with a variable binning through the opening angle selection. The
lowest bin is composed of the events that pass the full selection.
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Figure 8.24: This is the stacked histogram of |t| for events that passed the opening angle
selection with a variable binning. Recall that the four-momentum transfer
selection requires |t| < 0.10GeV2, which means only the lowest bin in this
figure passes the full selection.

Now that the full selection has been detailed, and it has been shown to be a flat
selection across neutrino energy (see Figure 8.23), the next chapter, Chapter 9, will
use the selection presented here to show how the cross section measurement will be
calculated with errors only resulting from statistical uncertainties. Further examination
of systematic uncertainties will come in Chapter 10.
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This chapter covers the method of extraction of the cross section that this analysis
attempts to measure for CC-Coh π+, which is the primary physics goal of this thesis.
Section 9.1 discusses how exactly the total cross section for CC-Coh π+ is calculated,
followed by the actual result of the total calculation (without systematic uncertainties)
in Section 9.2, which also closes the chapter.

9.1 Cross Section Calculation

The total flux-integrated cross section (σ) is calculated using the following equation:

σ =
N −B

ϵ · T · Φνµ

, (9.1)

where N is the number of selected events, B is the number of selected background
events (from simulation and beam-off data), ϵ is the efficiency of the event selection
(overall, including acceptance), T is the number of target nuclei, Φνµ is the BNB muon
neutrino flux integrated over energy and scaled to the corresponding POT received for
the analysis.

9.1.1 BNB Integrated Flux

The BNB νµ flux in neutrino mode running is shown in Figure 9.1. The flux is simulated
using the MiniBooNE framework as described in [88]. The total integrated flux scaled
to 6.878× 1020 POT is

Φνµ = 5.07× 1011cm−2. (9.2)

The mean neutrino energy for the BNB flux is

⟨Eνµ⟩ = 823MeV, (9.3)

with 68% of the values falling into the energy range of 823− 498 = 325MeV and 823 +
502 = 1325MeV.
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Figure 9.1: The BNB νµ flux in neutrino mode at the MicroBooNE detector center,
scaled to 1.592 × 1020 POT. The lines mark the mean neutrino energy and
the 1σ range.

9.1.2 Number of Target Nuclei

The amount of material that the incoming neutrinos could have interacted with is called
the number of target nuclei, T , and the number of observed interactions depends on this
number. The assumption that the entire volume of the MicroBooNE detector consists
solely of argon nuclei is made, and that the average density sufficiently describes the
entire fiducial volume chosen for this analysis.
With those assumptions, the number of target nuclei, T , is found using this equation:

T =
ρAr × V ×NA

mmol

(9.4)

where ρAr is the density of liquid argon, V is the fiducial volume, NA is Avogadro’s
Number, and mmol is the number of grams per mole of argon. These numbers are
summarized in Table 9.1.
Using the values in Table 9.1 in Equation 9.4, the value for T is found to be T =

1.03× 1030 target nuclei. The volume is assumed to be pure argon because the number
of contaminants in the detector has been measured to be less than 50 particles per trillion
[89]. The systematic uncertainty on this estimation is discussed in Section 10.4.
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Parameter Value

ρAr 1.3836 g/cm3

V 49.19× 106 cm3

NA 6.022× 1023 molecules/mol
mmol 39.95 g/mol

Table 9.1: Parameter list used to calculate the number of target nucleons.

9.2 Total Cross Section

The total cross section can be calculated using Equation 9.1 and the variables discussed
in the sections above, which have been tabulated in Table 9.2 and Table 9.3.

Variable Value
Φνµ 5.07× 1011 cm−2

T 1.03× 1030

ϵ 0.128± 0.0145 (stat.)

Table 9.2: Parameter list used to calculate the total cross section. The integrated flux
corresponds to an exposure of 6.878×1020 POT. The systematic uncertainties
on the flux and number of targets are discussed in the next chapter.

Name Variable Value
Measured Event Number N 286± 17

νµ CC-Coh Events S 33± 1
Cosmic Only (from off-beam) - 8± 1

Dirt (from MC) - 25± 5
Non νµ CC-Coh Events (from MC) - 179± 11

Total Background B 211± 16

Table 9.3: Number of events list used to calculate the total cross section. The numbers
correspond to an exposure of 6.878× 1020 POT.

With N = 286±17 selected data events and B = 211±16 estimated background events,
the data extracted cross section per nuclei is found to be:

σ(νµ + Ar → µ− + π+ + Ar) = 1.12± 0.253(stat.)× 10−39cm2. (9.5)

The MC cross section predicted by GENIE can be obtained by

113



9 Cross Section Extraction

σMC =
S

ϵ · T · Φνµ

, (9.6)

where S is the number of selected signal events, S = 33± 1, which gives

σMC = 4.97± 0.148(stat.)× 10−40cm2. (9.7)

The percent difference between the two cross section is (σ−σMC)/σMC = 125%, which is
covered by the systematic uncertainty which will be shown in the next couple of chapters.
Now that the method of calculating a cross section has been presented, and the cross

section has been calculated with the statistical uncertainty shown, the only thing left
to include is the systematic uncertainties that could impact this result. Chapter 10 will
discuss the systematic uncertainties taken into account for this analysis.
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This chapter covers the methods of evaluating the systematic uncertainties considered
for the CC-Coh π+ cross section extraction, and their results. Section 10.1 discusses the
systematic uncertainties that correspond to the flux modeling. Section 10.2 discusses
the systematics involved with calculating hadronic reinteractions. Section 10.3 covers
the systematics associated with the method of POT counting employed by this analy-
sis, and Section 10.4 discusses the systematics involved with calculating the number of
target nuclei that is used in the cross section extraction. The systematics that result
from detector modeling are detailed in Section 10.5, and the method of evaluating the
systematics of the neutrino generator used by MicroBooNE, called GENIE, is discussed
in Section 10.6. The last systematic uncertainty considered by this analysis, which is
on the DIRT events simulation, is discussed in Section 10.7. The chapter closes with a
summary of the total systematic uncertainty for the analysis in Section 10.8.

10.1 Flux Systematics

To evaluate the Flux systematic, this analysis uses a multisim technique, which con-
sists of generating several MC replicas, each one called “universe,” where the model
parameters are varied within their uncertainties. These universes are constructed by
reweighting the baseline MC. What changes in the cross section computation is the MC,
i.e. efficiency, and subtracted background events. This results in a 20.9% uncertainty on
the cross section measurement as a result of the Flux Systematics. This result is shown
in Figure 10.2 for the affect on the number of background events (recall that only the
events in the first bin pass the event selection of this analysis).

10.2 Hadronic Re-Interaction Systematics

To evaluate the hadronic re-interaction systematic, this analysis uses a multisim tech-
nique, which consists of generating several MC replicas, each one called “universe,”
where the hadron re-interaction model parameters used in GEANT4 are varied within
their uncertainties. These universes are constructed by reweighting the baseline MC.
What changes in the cross section computation is the MC, i.e. efficiency, and subtracted
background events.
Protons, charged pions, and neutrons all lose energy through ionization but also

hadronic scatters with argon nuclei. Hadronic scatters lead to “hard” direction changes,
or production of new particles. The interaction length at a given energy is given by:
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λ(E) =
1

σ(E) ∗ ρ
, (10.1)

where σ(E) is the interaction cross section and ρ is the particle number density. For
any small piece of pion track, the survival probability (the probability that it does not
interact) is

Psurv(E,E +∆E) = e−∆L/λ(E), (10.2)

where ∆L is the length of a slice ∆L = ∆E/(dE/dx). Multiplying Psurv(E,E + ∆E)
for all the pion track segments, the total survival probability at a given initial en-
ergy Psurv(Einit) can be obtained. The interaction probability is then Pint(Eint) =
1−Psurv(Einit). To account for uncertainty in the cross section σ(E), such cross section
is changed according to its uncertainty and the survival probability is recalculated for a
given start momentum, obtaining P ′

surv. The weight given to an interacting hadron is:

w =
1− P ′

surv(Einit)

1− Psurv(Einit)
, (10.3)

while the weight given to a non-interacting hadron is:

w =
P ′
surv(Einit)

Psurv(Einit)
. (10.4)

This reweighting is performed on a per-event basis and the result for the impact on
number of background events in the MC is shown in Figure 10.2. The relative systematic
uncertainty on the total cross section, only due to particle re-interaction uncertainties,
amounts to 3.16%.

10.3 POT Counting Systematics

An additional uncertainty is due to the POT counting. The primary proton beam is
monitored using two toroids measuring its intensity (protons-per-pulse). According to
the MiniBooNE flux paper, the proton flux measured in the two toroids agree within 2%.
This is included as an additional uncertainty on the normalisation of the cross section,
added in quadrature to all the elements of the final total uncertainties for both signal
and background, except for the EXTBNB background.

10.4 Number of Target Nuclei Systematics

The fiducial volume on the MC truth is defined as:

• X-axis (drift direction): [10, 246.4] cm,

• Y-axis (vertical direction): [-106.5, 106.5] cm,
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• Z-axis (beam direction): [10, 986.8] cm.

The total fiducial volume is 49,185,005.8 cm3. Considering a ±1 cm random variation
on each of the six boundaries, the root mean square of the volume is about 0.35%. The
argon density depends on the temperature. Taking into account the difference between
87 K (1.3973g/cm3) and 89 K (1.3849g/cm3), the relative difference is below 0.9%. The
abundance of Argon-40 is above 99.6%. Therefore, the total number of argon nuclei
in the fiducial volume is about 1.21 × 1030 with about 1% relative uncertainty. The
number of target nuclei is applied to the signal part in extracting the cross section.
Since this uncertainty is very small compared to the other uncertainties, its impact on
the background prediction is ignored.

10.5 Detector Systematics

The detector systematics were analyzed by producing multiple samples that vary certain
parameters of the detector, where only one detector parameter at a time is changed by
its uncertainty (this is called a unisim case). Therefore, the difference between the
central value cross section and the cross section calculated with the new MC runs gives
an indication of the systematic uncertainty on the cross section.
The detector systematics are broken down into 9 different samples that vary a set of

parameters of the detector that correspond to particular named samples. The results
of these variations are summarized in Table 10.1. The 9 different detector variation
samples are named and given a short description here:

• Wire-Mod X: variations apply data-driven transformations to the simulated
width and amplitude of deconvolved TPC wire waveforms. Specifically, param-
eters varied that influence the x-position.

• Wire-Mod YZ: variations apply data-driven transformations to the simulated
width and amplitude of deconvolved TPC wire waveforms. Specifically, parameters
varied that influence the (y, z)-position. These two are linked due to the fact that
they are reconstructed from wire information, that when the wire parameters are
varied, both dimensions would vary.

• Wire-Mod θXZ: variations apply data-driven transformations to the simulated
width and amplitude of deconvolved TPC wire waveforms. Specifically, variations
that influence the θXZ of reconstructed objects, such as the hit width and area.

• Wire-Mod θY Z: variations apply data-driven transformations to the simulated
width and amplitude of deconvolved TPC wire waveforms. Specifically, variations
that influence the θY Z of reconstructed objects, such as the hit width and area.

• LY Down: overall 25% decrease in light yield.

• LY Attenuation: alternate attenuation length that mostly impacts Run3 data
due to the change in argon purity seen in Run3 data.
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10 Systematic Uncertainties

• LY Rayleigh: Rayleigh scattering parameter changes for the light yield.

• SCE: alternative space charge map is used in the reconstruction.

• Recomb2: alternative recombination model is used in the modified box model
[90].

It is important to note that these contributions to the systematic uncertainty are added
in quadrature. This ignores any correlations between the different samples. This is the
largest source of systematic uncertainty, and has a 53.4% uncertainty on the total cross
section measurement. This result is shown in Figure 10.2 for the affect on the number
of background events (recall that only the events in the first bin pass the event selection
of this analysis).

Detector Systematic Uncertainties

Variation Background Variation [%] Cross Section Uncertainty [%]
CV 0.0 0.0

wire-mod X 3.83 9.15
wire-mod YZ -2.77 -6.62
wire-mod θ XZ 1.31 3.13
wire-mod θ YZ -11.4 -27.3

LY down -3.85 -9.19
LY atten -7.96 -19.0

LY Rayleigh -1.05 -2.51
SCE -8.05 -19.2

Recomb2 -14.2 -33.9
Total 22.4 53.4

Table 10.1: Sources of detector systematics and their impact on the selected number of
events in the analysis’ signal region.

The largest systematic uncertainty on the cross section calculation is found to be the
different recombination model, and the next highest being the wire-mod θY Z . Both of
these are consistent with having a potentially large impact from the selections made
for the VA in the analysis being “off-the-knee,” as was briefly mentioned before. The
recombination changes can drastically change the amount of energy or charge deposited
and then found in the VA for the event. The changes in wire-mod θY Z could potentially
impact the second version of the VA due to its reliance on only the XZ-plane, so large
changes in what is located within the YZ-plane and their angles can push hits into and
out of the summed region of the VA, thus wildly affecting the events that pass that stage
of the selection.
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10 Systematic Uncertainties

Figure 10.1: Error on background numbers plotted for |t| with a variable bin width of all
of the detector systematic variations. Shown are the effects on background
numbers from detector variation systematic uncertainties.

Again, to reiterate, future iterations of this analysis should investigate the changes
in the detector systematic uncertainties that result from a less stringent requirement
on both versions of the VA selection (aka move the selections onto the knee in the
passing/rejection plots). It is my belief that this would have a drastic improvement in
this uncertainty, but wasn’t investigated further due to time constraints of this analysis.

10.6 GENIE Systematics

To evaluate the GENIE systematic, this analysis uses a multisim technique, which con-
sists of generating several MC replicas, each one called “universe,” where the model
parameters are varied within their uncertainties. These universes are constructed by
reweighting the baseline MC. What changes in the cross section computation is the MC,
i.e. efficiency, and subtracted background events.
The GENIE simulator provides a built-in framework of event reweighting for evaluat-

ing systematic uncertainties in an analysis. Given a certain physics parameter P with
estimated prior uncertainty δP , the effect on the final cross section if this parameter is
changed to P ′ = P +xpδP , where xp is a systematic parameter, is shown in this section.
Here, the effect of reweighting all GENIE parameters at the same time is studied

in order to evaluate the systematic uncertainty on the measurement. The result of
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10 Systematic Uncertainties

the GENIE systematic uncertainties is a 25.5% uncertainty on the total cross section
measurement. This result is shown in Figure 10.2 for the affect on the number of
background events (recall that only the events in the first bin pass the event selection
of this analysis). This value of uncertainty is consistent with what other MicroBooNE
analyses have seen, and if further details on what GENIE parameters are varied is
wanted, one can look to [91].

10.7 Dirt Systematics

The DIRT events are neutrino interactions originated from outside the cryostat. The
biggest uncertainty associated with the DIRT events are the modeling of the outside
materials. In addition to the systematic uncertainties associated with flux/Xs and de-
tector, we assign a conservative relative 50% uncertainty to DIRT events. This results
in a 16.7% uncertainty on the total cross section measurement.

10.8 Systematic Uncertainties Summary

This chapter covered the estimation of the systematic uncertainties that could affect the
νµ CC-Coh π+ cross section measurement considered for this analysis. The uncertain-
ties for GENIE, the flux, and hadronic re-interaction were estimated using a multisim
approach, and resulted in a 25.5%, a 20.9%, and a 3.16% cross section uncertainty
respectively. The uncertainty on the detector utilized a unisim technique and the con-
tributions were added in quadrature to arrive at a 53.4% uncertainty on the total cross
section, which is the largest contribution to the systematics considered in this analysis.
All of the above mentioned systematics are depicted in Figure 10.2 for their affect on
the number of background events (only the first bin passes the event selection of this
analysis). The collaboration agreed to an approximate 50% mismodeling for the Dirt
portion of the background, which corresponds to a 16.7% uncertainty on the total cross
section. The MC Statistical uncertainty results in a 5.04% uncertainty. The number
of target nuclei resulted in a 1% uncertainty, and the POT Counting resulted in a 2%
uncertainty. The efficiency uncertainty results in a 0.55% uncertainty. All of these are
summarized in Table 10.2. When added in quadrature, these systematics correspond to
a 65.2% uncertainty from the systematics considered to affect this cross section mea-
surement. The next chapter will show the total cross section for νµ CC-Coh π+ with
both statistical and systematic uncertainties.
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10 Systematic Uncertainties

Figure 10.2: Error on background numbers plotted for |t| with a variable bin width.
Shown are the affects on background numbers from Detector, Flux, Rein-
teraction, and GENIE systematic uncertainties. Recall that only the first
bin of this figure passes the event selection used in this analysis.

All Considered Systematic Uncertainties

Source of Uncertainty Cross Section Uncertainty
Detector 53.4%
GENIE 25.5%

Reinteraction 3.16%
Flux 20.9%

Dirt Uncertainty 16.7%
POT Counting 2%

Number of Target Nuclei 1%
Efficiency Uncertainty 0.55%

MC Statistics 5.04%
Total Systematic Uncertainty 65.2%

Table 10.2: All systematic uncertainties accounted for in this analysis. The total system-
atic uncertainty is found by summing all of the contributions in quadrature.
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11 Cross Section Results

“It’s the questions we can’t answer that teach us the
most. They teach us how to think.”

Patrick Rothfuss, The Wise Man’s Fear

The previous two chapters were devoted to the discussion of the cross section extrac-
tion method (Chapter 9), and to the systematic uncertainties that could affect the cross
section measurement of this thesis (Chapter 10). This chapter presents the final results
and the main purpose of this thesis: the muon-neutrino induced charged-current coher-
ent positive pion production flux integrated cross section measurement on argon with
both statistical and systematic uncertainties.
Section 11.1 shows the total cross section measurement results and the plot of that

value with the νµ flux received by MicroBooNE and the predicted GENIE tune cross
section for comparison.

11.1 The Final Cross Section

The total flux-integrated cross section for CC-Coh π+ production on argon per nucleus
using 6.878 × 1020 POT of collected data by MicroBooNE and accounting for both
statistical and systematic uncertainties (from Chapter 10) is found to be:

σ(νµ + Ar → µ− + π+ + Ar) = 1.12± 0.253(stat.)± 0.728(syst.)× 10−39cm2. (11.1)
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Figure 11.1: (Left) Predicted νµ CC-Coh π+ production cross section on argon per argon
nucleus as a function of neutrino energy. The predicted GENIE tune cross
section for CC-Coh π+ (which uses the Berger-Sehgal model) is shown in
blue. For comparison, the neutrino flux at MicroBooNE (scaled arbitrarily)
is shown in gray. The total flux-integrated cross section is shown as the data
point where the black vertical bar is the statistical uncertainty, and the red
vertical bar is the quadrature adding of both the statistical and systematic
uncertainties. (Right) The total measured flux-integrated cross section for
CC-Coh π+ production is shown as the data point where the black vertical
bar is the statistical uncertainty, and the red vertical bar is the quadrature
adding of both the statistical and systematic uncertainties. The GENIE
tune is plotted in blue as well for easy comparison.

The cross section is also shown in Figure 11.1, which shows the measured cross sec-
tion in comparison to the cross section predicted by the GENIE tune (which uses the
Bergher-Sehgal model). Thus, this is the main result of this thesis. There are potential
improvements that could be made to the analysis in the future, both in terms of the
systematic and statistical uncertainties quoted. Both of these and the conclusions drawn
will be discussed in the concluding chapter of this thesis: Chapter 12.
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“Well, here at last, dear friends, on the shores of the
sea comes the end of our fellowship in Middle-earth. Go
in peace! I will not say: do not weep; for not all tears
are an evil.”

J.R.R. Tolkien, The Return of the King

Further investigation of neutrinos, especially in the form of neutrino oscillation ex-
periments, can help provide vital clues to the future development of particle physics.
These future oscillation experiments are limited by the precision of our understanding
of neutrino-nucleus interactions. Of particular interest is the interaction channel called
neutrino induced coherent pion production due to its potential as a source of background
to νe oscillation searches. Furthering our understanding of this channel also helps with
the broader goal of understanding neutrino induced pion production in general.
Over the past years, many experiments have measured the total flux-integrated cross

section of CC-Cohπ+ production. This interaction channel has had a controversial his-
tory, which was discussed in Chapter 4. This controversial history along with the recent
measurements made by the T2K, MINERνA, and ArgoNeuT collaborations helped mo-
tivate more measurements of this channel, which was the primary goal of this thesis,
ideally helping to shed light on the motivations for studying this channel further that
were listed in Chapter 4, as well.
This thesis has presented a search for CC-Cohπ+ as well as the highest statistics

measurement to date of the total flux-integrated cross section measurement of CC-
Cohπ+ production on argon at a mean neutrino energy of 0.823GeV. The data used
was collected using the MicroBooNE LArTPC in the Fermilab Booster neutrino beam
and corresponds to 6.878× 1020 protons on target of exposure. The results of the cross
section are depicted in Figure 11.1. The total flux-integrated cross section was found to
be:

σ(νµ + Ar → µ− + π+ + Ar) = 1.12± 0.253(stat.)± 0.728(syst.)× 10−39cm2. (12.1)

The implication of this result is that the systematic and statistical uncertainties are
large enough that the Berger-Sehgal model implemented in this version of the Micro-
BooNE MC cannot be ruled out as an accurate explanation of CC coherent pion pro-
duction at the neutrino energy of this result. Another implication is that there is still
more work to be done on this channel in the future, but a confirmation measurement
along the same beamline as SciBooNE (who did not observe this interaction channel)
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is an important result. The result also helps further our understanding of CC-Cohπ+

production, in general due to it being the largest statistics measurement of this chan-
nel on argon to date. The associated systematic uncertainties of this measurement are
too large to give model distinguishing capability, but this result shows how LArTPC
technology continues to produce valuable physics results for current generation neutrino
experiments. This thesis has shown some of the work being done for future neutrino
experiments that will utilize LArTPC technology as well.
There are a number of future improvements that can be made in this analysis. One of

the primary examples is an improvement in the detector systematics, as was discussed
in Section 10.5. These large systematic uncertainties are likely to be a product of the
selection choices implemented for this analysis. Another future improvement includes a
reduction in the statistical uncertainty, which can only be accomplished by the inclusion
of more data. The inclusion of both Runs 4 and 5 of MicroBooNE would effectively
double the amount of POT received for the analysis, but implementation of these runs
is still an in progress work being done by the MicroBooNE collaboration and will re-
quire significantly more work before it could be included in this analysis due to the
experiment’s blinding policy.
The publication of this work is actively being pursued, and the plan is to push this

result to a PRD publication.
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Gamez, M. Á. Garćıa-Peris, S. Gardiner, D. Gastler, G. Ge, B. Gelli, A. Gen-
dotti, S. Gent, Z. Ghorbani-Moghaddam, D. Gibin, I. Gil-Botella, C. Girerd, A. K.
Giri, D. Gnani, O. Gogota, M. Gold, S. Gollapinni, K. Gollwitzer, R. A. Gomes,
L. V. G. Bermeo, L. S. G. Fajardo, F. Gonnella, J. A. Gonzalez-Cuevas, M. C. Good-
man, O. Goodwin, S. Goswami, C. Gotti, E. Goudzovski, C. Grace, M. Graham,
E. Gramellini, R. Gran, E. Granados, A. Grant, C. Grant, D. Gratieri, P. Green,
S. Green, L. Greenler, M. Greenwood, J. Greer, W. C. Griffith, M. Groh, J. Grudzin-

134



Bibliography

ski, K. Grzelak, W. Gu, V. Guarino, R. Guenette, A. Guglielmi, B. Guo, K. K.
Guthikonda, R. Gutierrez, P. Guzowski, M. M. Guzzo, S. Gwon, A. Habig, A. Hack-
enburg, H. Hadavand, R. Haenni, A. Hahn, J. Haigh, J. Haiston, T. Hamernik,
P. Hamilton, J. Han, K. Harder, D. A. Harris, J. Hartnell, T. Hasegawa, R. Hatcher,
E. Hazen, A. Heavey, K. M. Heeger, J. Heise, K. Hennessy, S. Henry, M. A. H.
Morquecho, K. Herner, L. Hertel, A. S. Hesam, J. Hewes, A. Higuera, T. Hill, S. J.
Hillier, A. Himmel, J. Hoff, C. Hohl, A. Holin, E. Hoppe, G. A. Horton-Smith,
M. Hostert, A. Hourlier, B. Howard, R. Howell, J. Huang, J. Huang, J. Hugon,
G. Iles, N. Ilic, A. M. Iliescu, R. Illingworth, A. Ioannisian, R. Itay, A. Izmaylov,
E. James, B. Jargowsky, F. Jediny, C. Jesùs-Valls, X. Ji, L. Jiang, S. Jiménez,
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