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Abstract

Neutrinos are the most abundant massive particles known, but they interact only
rarely with matter. Next-generation experiments such as DUNE aim to measure
charge-parity violation in the lepton sector through flavour oscillations of neutrinos
propagating over long distances before interacting with a liquid argon target. Accurate
determination of the neutrino energy, crucial for oscillation studies, requires a good
understanding of neutrino—nucleus interactions. At the neutrino energies planned for
DUNE, resonance production with pion emission will be the dominant interaction
mode. This thesis presents new flux-integrated charged-current muon neutrino cross-
section measurements on argon for final states containing exactly one charged pion
and no other hadrons beyond nucleons. The analysis uses data from the liquid argon
time-projection chamber experiment MicroBooNE, situated in the Booster Neutrino
Beam at Fermilab, corresponding to 1.11 x 102! protons-on-target. Total and single-
differential cross sections are reported within a restricted phase space of muon momenta
above 150 MeV, pion momenta above 100 MeV, and muon—pion opening angles below
2.65 rad. Differential results are given with respect to the muon and pion momenta,
their scattering angles relative to the beam, and their opening angle. The total cross
section is measured to be o = (3.75 & 0.07 (stat.) & 0.80 (syst.)) x 107 cm? per argon
nucleus at a mean neutrino beam energy of ~ 0.8 GeV. Comparisons with multiple
neutrino—nucleus generators highlight areas for model improvement, particularly at
very forward muon angles and at low pion momentum. Together, these high-statistics
measurements provide essential input for constraining systematic uncertainties and

improving interaction models for future experiments.
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Chapter 1

Introduction

1.1 Overview

The observed asymmetry between matter and antimatter in the universe presents
a fundamental puzzle in modern physics. Any process capable of generating such
an imbalance must violate the combined charge (C) and parity (P) symmetries, a
phenomenon known as charge-parity (CP) violation. While this symmetry breaking
has been observed among quarks, the degree of CP violation is insufficient to explain
the universe’s current state. CP violation among leptons, however, remains a viable
explanation for the matter-antimatter asymmetry. Neutrinos, which belong to the
lepton family, are the lightest and most abundant known matter particles. As they
travel, neutrinos and their antiparticles oscillate between different flavours. Measurable
differences in the oscillation probabilities between neutrinos and antineutrinos, once
the effects of propagation through matter are taken into account, would provide clear
signatures of CP violation. Next-generation neutrino oscillation experiments, scheduled
to begin operating in the coming decade, aim to measure this effect. Among these is the
Deep Underground Neutrino Experiment (DUNE) at the Fermi National Accelerator
Laboratory (Fermilab), which will employ a liquid argon time projection chamber
(LArTPC) detector.

The study of neutrino oscillations requires precise knowledge of the energies of
interacting neutrinos. Since neutrino beams have a broad energy spectrum, neutrino
energies must be estimated from the visible particles produced during interactions.
Energy lost through undetectable particles, such as neutrons, must be accounted for
using interaction simulations. These simulations face significant challenges. They
must model complex neutrino-nucleus interactions, including initial nucleon states and

various interaction modes. They must also capture subsequent intra-nuclear processes
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that can lead to particle absorption and production. The accuracy of cross-section
simulations directly impacts energy reconstruction quality and represents one of the
major sources of uncertainty in oscillation experiments.

At the beam energies planned for DUNE, ~ 1 — 5 GeV, the production of baryon
resonances will be the dominant interaction channel. These resonances decay pre-
dominantly into a pion and a nucleon. The Micro Booster Neutrino Experiment
(MicroBooNE), an existing LArTPC experiment at Fermilab that operated from 2015
to 2021 as part of the Short-Baseline Neutrino (SBN) programme, can provide valuable
insights into these interactions. With its 85-tonne active volume and exposure to the
Booster Neutrino Beam (BNB) in the ~ 1 GeV neutrino energy range, MicroBooNE has
collected a large data set of neutrino-argon interactions. The detector’s high-resolution
imaging and precise calorimetric measurements make it ideally suited for measuring a
wide variety of final states.

This thesis presents measurements of muon neutrino charged-current single charged
pion cross sections on argon using MicroBooNE data. These measurements are essential
for understanding resonant interactions and for constraining systematic uncertainties
that would otherwise limit the sensitivity of oscillation analyses. Both the total cross
section and single differential cross sections with respect to muon and pion kinematic
variables are measured. By comparing these measurements with current neutrino
interaction generator models, this work provides constraints on the underlying physics

of neutrino-argon interactions needed for future neutrino oscillation experiments.

1.2 Contributions

MicroBooNE is a collaborative research endeavour with shared tools and datasets. Its
physics results are the cumulative effort of nearly two decades of work to bring the
experiment to the point it is today. Within this collaborative framework, the author
has made contributions to MicroBooNE’s expanding cross-section programme by being
the sole analyser for the experiment’s cross-section measurement for muon neutrino
interactions producing final-state charged pions. The analysis starting in Chapter 7 is
my own work, building upon a foundation established by Alesha Devitt, Andrew Smith,
and Kirsty Duffy in charged pion identification in MicroBooNE. Specifically, it employs
a charged pion identification method using boosted decision trees (BDTs) developed by
A. Smith and K. Duffy, while also relying on a charged current (CC) muon neutrino
preselection developed by Wouter Van De Pontseele. The research presented here was

conducted with guidance and support from Kirsty Duffy and Patrick Green. Input also
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came in the form of the multi-stage MicroBooNE collaboration review of the analysis
for publication, most significantly via the review by an editorial board made up of Wes
Ketchum, Andy Furmanski, and Steven Dytman. The analysis further makes use of
a set of cross-section tools developed primarily by Steven Gardiner, which are used
to propagate uncertainties and unfold the data. In addition, the author has worked
as part of the Cambridge Neutrino Group on hardware testing and assembly for the
DUNE far detector anode plane, and as part of the MicroBooNE production team on

processing data and producing simulated samples.



Chapter 2

Neutrinos in the Standard Model

Neutrinos are the most abundant massive particles currently known, but their very
low interaction rate also makes them some of the least well understood. This chapter
starts with a general overview of the Standard Model (SM) that is at the heart of
particle physics before focussing more narrowly on neutrinos and how they do and do
not fit within it.

2.1 Introduction to the Standard Model

The SM is a locally gauge-invariant quantum field theory that describes particles as
excitations of fields and forces between the particles as mediated by gauge bosons [1].
The accomplishment of the SM is that it brings the three fundamental forces, electro-
magnetic, weak nuclear, and strong nuclear, into one coherent framework. It is missing
gravity, which only becomes significant at macroscopic scales. With few exceptions,
the SM is capable of describing all experimental data today. While it has been very
successful in describing particle interactions, it is in no way a complete theory, and
there are still open questions even with the known particles of the model.

The SM describes a set of particles shown in Figure 2.1. These are categorised as
either fermions or bosons. Fermions can be identified by their spin quantum number
being an odd multiple of 1/2, using natural units here and throughout this work with
the reduced Planck constant and speed of light A = ¢ = 1. Fermions obey the Pauli
exclusion principle, resulting in identical particles never occupying the same quantum
state. The fermions are further categorised into three generations. Quarks are fermions
that interact via the strong force, whereas leptons do not interact via the strong force.
Neutrinos are leptons that carry no electric charge and thus interact only via the weak

force.
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Bosons have integer spin and consist of gauge bosons and a single scalar boson,
the Higgs boson. Gauge bosons act as the force carriers in the SM, with photons
mediating the electromagnetic force, W* and Z carrying the weak force, and gluons
being responsible for the strong force.

All listed particles with electric charge also have distinct antiparticles. Of the bosons,
only the W+ and W~ form a distinct particle-antiparticle pair. All other bosons are
their own antiparticles. Among the fermions, the antiparticle of the negatively charged

electron, for instance, is the positively charged positron.

Fermions
Quarks Leptons
S U d e Ve
(50 Up Down Electron Electron Neutrino
- q=+2/3 qg=-1/3 g=—1 qg=0
n m & 2.16 MeV m =~ 4.7 MeV m =~ 0.511 MeV m="7?
— s=1/2 s=1/2 s=1/2 s=1/2
o c s W v,
3 Charm Strange Muon Muon Neutrino
= q=+2/3 qg=-1/3 qg=—-1 q=0
= m =~ 1.27 GeV m ~ 93.5 MeV m =~ 105.7 MeV m="7
N s=1/2 s=1/2 s=1/2 s=1/2
o 3 b T vy
é)” Top Bottom Tau Tau Neutrino
~ q=+2/3 qg=-1/3 q=-1 q=0
= m ~ 172.6 GeV m =~ 4.18 GeV m =~ 1.78 GeV m=7?
« s=1/2 s=1/2 s=1/2 s=1/2
Bosons
Gauge Bosons Scalar Bosons
g Y H
Gluon Photon Higgs Boson

q=0 q=0 qg=0

m=0 m=0 m =~ 125.2 GeV

s=1 s=1 s=0

Z W
Z Boson W Bosons
q=0 q==1
m ~ 91.2 GeV m ~ 80.4 GeV
s=1 s=1

Fig. 2.1 Particles in the Standard Model with their electric charge ¢, mass m and spin
s with values from Ref. [1].

Much of particle physics is concerned with uncovering and understanding fundamen-
tal symmetries in nature. Mathematician Emmy Noether showed in the first quarter of
the twentieth century that continuous symmetries in the action of a system free from
non-conservative forces, such as friction, result in conservation laws [2]. A classical
example is an object moving in a central rotationally-symmetric potential, giving rise

to angular momentum conservation.
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The SM can be described by the symmetry group
SU(?))C X SU(2)L X U(l)y, (21)

which is a group of transformations that leave the physics unchanged. Mathematically,
a group here is a set of elements following the group axioms [3]. In particular, the
three groups considered above are sets of unitary matrices, for which UTU = 1 with
Ut = (U*)T denotes the conjugate transpose, with the matrix dimension given in
brackets. The S stands for special and denotes groups in which the matrices also have

determinant one. These are Lie groups, as they describe continuous symmetries.

2.2 Strong Force and Hadrons

The gauge symmetry of Quantum Chromodynamics (QCD) is SU(3)¢, which governs
the strong force responsible for binding quarks into hadrons. The generators of SU(3)¢
are the eight Gell-Mann matrices A% (a = 1,...,8), which form the basis of its Lie
algebra. Quarks carry a property called colour charge, which can take three values:
red, green, and blue, along with their corresponding anticolours for antiquarks. The
strong force is responsible for confining quarks into bound states known as hadrons.
Bound states consisting of one or more quark-antiquark pairs are called mesons, with
examples including pions, while bound states with odd numbers of quarks are baryons,
such as protons and neutrons. However, bound states beyond three quarks decay very
quickly, with the longest lifetimes being of the order O(1072!) seconds [4, 5]. Table 2.1

lists the quark compositions of the lightest mesons and baryons.

Type Particle Quark Composition
Charged Pion (7) ud
Meson | Charged Pion (77) du
Neutral Pion (7°) % (uﬂ — dJ)
Baryon Proton (p) uud
Neutron (n) udd

Table 2.1 Quark composition of the lightest baryon and meson states.

Gluons mediate the strong force and carry both a colour and an anticolour charge.
They alter the colour of quarks during interactions, as illustrated in Figure 2.2. In

addition to binding quarks together, the strong force also binds protons and neutrons in
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d d

Fig. 2.2 Feynman diagram with quarks changing colour charge via gluon interaction.
The gluon carries either blue-antigreen or antiblue-green colour charges depending on
the time ordering of the interaction.

the nucleus, overcoming the repulsive electromagnetic force between positively charged
protons. This residual strong force is not mediated directly through gluons and instead

results from the exchange of virtual mesons, such as 7°

, as shown in Figure 2.3.

A fundamental property of QCD is colour confinement, which states that quarks
and gluons cannot exist freely outside colour-neutral hadronic states. Colour neutrality
is achieved when a colour and its corresponding anticolour are paired, for instance, a
red up quark and an antired antidown quark in a 7. Baryons achieve colour neutrality
by having all three (anti-)colours present, resulting in a neutral white state in the

colour analogy.

Fig. 2.3 Residual strong force interaction between a proton and a neutron via a virtual

meson such as a 7.

Short-lived excited states of hadrons are called resonances and play an important
role in cross-section physics as intermediary particles. For instance, AT (uud) is a more

massive hadron with the same quark flavour composition as the proton.
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2.3 Electroweak Force

One of the key accomplishments of the SM is its prediction and the subsequent discovery
of the heavy W¥ and Z gauge bosons through electroweak unification, which shows that
the weak and electromagnetic forces are different manifestations of a single electroweak
force. The gauge group SU(2), x U(1)y describes this unified electroweak force. The
SU(2)r, group couples only to left-chiral particles, a distinction central to the SM
treatment of weak interactions. Chirality is a fundamental property of fermions that
can be more easily understood through its connection to helicity. Helicity is the
projection of a particle’s spin onto its momentum direction. The helicity of a particle
can be aligned with its momentum (right-handed) or anti-aligned (left-handed), as

illustrated in Figure 2.4.

S
(5 , s
7 7 7
Negative Helicity Positive Helicity
S’
s ) 5.
(; \) - 7
7\ S
Positive Helicity Negative Helicity

Fig. 2.4 Tllustration of helicity before (S) and after (S”) Lorentz boosting into a reference
frame faster than the particle. The momentum vector flips direction, but spin stays
the same. This results in helicity not being invariant under Lorentz transformation for
particles travelling slower than the speed of light (massive particles).

For massive particles travelling slower than the speed of light, one can always boost
into a reference frame moving faster than the particle itself, causing its momentum

vector to flip while its spin remains unchanged. Consequently, the helicity of the
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particle changes sign. This demonstrates that helicity is not Lorentz invariant and can
differ for observers in different inertial reference frames.
Chirality, on the other hand, is an intrinsic Lorentz-invariant property of fermions.

It is determined by the action of the projection operators:

vr =P =5(1-7"), 2.2
Yr=Pri=3(1+7°) ¥, (2.3)
VL . : : : :
where ¢ = is a Dirac spinor made up of two two-component Weyl spinors in

R
the chiral representation. The Dirac spinor is a four-component object that describes

relativistic spin-1/2 particles. It emerges as the solution to the Dirac equation, which
generalises the Schrodinger equation to be consistent with special relativity. The
matrix 75 = i7%y1v2y? is defined in the context of the Dirac equation as the product
of the Dirac matrices 7°~2 and separates the spinor into left-chiral v; and right-chiral
Yr components. For massless particles travelling at the speed of light, chirality and
helicity are equivalent.

SU(2), has three associated gauge fields, Wy, Wy, and W3, which mediate inter-
actions based on the weak isospin I3 quantum number. Meanwhile, U(1)y conserves
the weak hypercharge Y and has one associated gauge field, B. Together, these fields
form four gauge bosons: Wy, Wy, W3 carrying weak isospin, and B carrying weak
hypercharge. At very high energies, such as those prevalent shortly after the Big Bang,
the symmetry described by SU(2), x U(1)y remains intact. At the lower energies we
see today, this symmetry is broken, leading to the differentiation between the weak force
and electromagnetism. Symmetry breaking in this context is spontaneous, occurring
when a symmetric system transitions into a state that is individually non-symmetric.
A popular macroscopic analogy is a sphere of liquid in zero gravity. Although the
sphere has perfect rotational symmetry, freezing into a crystalline lattice introduces
discrete axes, hiding the symmetry [3].

In the electroweak sector, spontaneous symmetry breaking is achieved through the

Higgs mechanism. This involves the Higgs field, expressed as a pair of complex scalars:

b= (z) (2.4)
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with a potential given by
V($) = 12016+ A (616)° where u? <0, A >0, (2.5)

with p being the mass parameter of the Higgs field and A being the self-coupling
constant. The negative value of u? results in a ‘Sombrero’ potential, as illustrated in
Figure 2.5. The minimum of this potential is not a single point, but a circle, allowing

the system to settle into one of infinitely many ground states. The Higgs doublet can

1 0
qﬁ:\/i(v—i—h)7 (2:6)

where h describes excitations of the field around a non-zero vacuum expectation value
(VEV):

be expressed as:

v=/—p?/\ ~ 246.22 GeV [1] (2.7)

after settling into its degenerate ground state. This non-zero VEV spontaneously
breaks the SU(2), x U(1)y symmetry, giving rise to an unbroken U(1) gy, symmetry
of electromagnetism. The quantum numbers of SU(2), x U(1)y are related to the

electric charge @ via the Gell-Mann—Nishijima formula [6, 7]:

Q=1+ (2.8)

After symmetry breaking, I3 and Y are no longer individually conserved, but their
combination as electric charge still is under U(1)gp,.
Another result of the symmetry breaking is the mixing of the unbroken SU(2), x

U(1)y bosons into the bosons we observe:

v = cos(0w)B + sin(fy ) Wi, (2.9)

Z = cos(Ow )W5 — sin(6w ) B, (2.10)
1 .

Wt = E(W1 — iWs), (2.11)

W = (W, + i), (2.12)

V2

where Oy ~ 29° is the Weinberg angle [8], a free parameter of the SM.
Goldstone’s theorem states that the spontaneous breaking of continuous symmetries
inevitably leads to massless scalar particles [9]. As a complex doublet, the Higgs

field has four degrees of freedom. After symmetry breaking, it retains an unbroken
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Fig. 2.5 Illustration of the Higgs potential with a metastable state (marked by the top
sphere) and a ring of ground states (one of them occupied by the bottom right sphere).
The latter spontaneously breaks the electroweak symmetry.

U(1)gm symmetry. This results in three new Goldstone bosons, which are absorbed
into the existing weak force bosons (‘gauged away’), giving them an additional degree
of freedom that acts as a mass term in the equations of motion. This is known as the
Higgs mechanism. The photon is associated with the unbroken U(1)gy part of the
original symmetry and does not acquire a mass term in this way. The fourth remaining
degree of freedom of the Higgs field gives rise to the massive Higgs boson described by
h in Equation (2.6). Fermion interactions with the Higgs field via Yukawa couplings

also result in mass terms for these particles and are described in detail in Section 2.4.4.

f* f*

v

Fig. 2.6 Allowed Feynman diagram vertex for fermions coupling to a photon with f=*
being any charged fermion.

The photon as the mediator of the electromagnetic force couples to all particles
with electric charge, with the allowed fermion interactions shown in Figure 2.6. Weak
interactions via W* are called CC, while interactions via Z are called neutral current
(NC). The W#* bosons consist purely of the components of W; and W, and thus
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only couple to particles with non-zero weak isospin. Table 2.2 shows that this limits
interactions to only left-chiral fermions. The Z couples to left-chiral particles just like
the W=, but it also couples to particles with non-zero weak hypercharge. Table 2.2
shows that weak hypercharge is zero for right-chiral neutrinos. As a result, only
left-chiral neutrinos couple to Z. In this way, the SM is set up to explain why weak
interactions with right-chiral neutrinos are not observed. This still leaves space for the
existence of right-chiral neutrinos that do not interact via any of the SM forces. These

hypothetical non-interacting particles are called sterile neutrinos.

Left-chiral | Right-chiral
Fermions I3 Y I3 Y
Up-type Quarks (u,c,t) —1—% —i—% 0 —|—§
Down-type Quarks (d, s, b) —% —I—% 0 —%
Charged Leptons (e, p1,7) | —3 -1 0 -2
Neutrinos (ve, vy, Vr) +5 -1 0 0*

Table 2.2 Weak isospin I3 and weak hypercharge Y for left- and right-chiral fermions
in the SM [1]. There is currently no evidence for the existence of right-chiral neutrinos.

Allowed NC and CC interactions are shown in Figure 2.7 in the form of Feynman
diagram vertices. Of interest here is that W+ also facilitates flavour changes across
the quark generations. The strength of this coupling is proportional to the magnitudes
of the elements in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1]:

Vial [Vis| [Via| 0.97 0.23 0.0037
Mag(Vorm) = | Vel [Vis] V| | = | 022 097 0.042 [,  (2.13)
Vil [Visl Vi 0.0086 0.041  1.00

which shows that mixing across generations is suppressed. The unitary CKM matrix
can be expressed as just four free parameters consisting of three mixing angles and one
complex phase factor [1]:

sin(91z) = (0.22501 + 0.00068,
sin(613) = 0.00373215-000085,
sin(fa3) = 0.041835:090%0,

dcp = 1.147 £ 0.026 rad.

(2.14)
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Y 0~ d, s, b u, c, t f /
(a) (b) (c)

Fig. 2.7 Feynman diagram vertices showing allowed CC and NC interactions: (a) CC
neutrino interaction producing a lepton ¢, (b) CC interaction involving quarks, and
(c¢) NC interaction for all fermions f. The incoming and outgoing flavours need to be
identical in (a) and (c).

The CKM matrix is then parameterised as:

C12C13 $12€13 S13€” 0P
_ i i
Vokm = | —s12003 — €12523513€"°F 1223 — S12893513€"°CF $23C13 , (2.15)
is i
512893 — €12€23513€"°CF  —C12823 — S12C23513€°°F  (23C13

where s;; = sin(6;;), ¢;; = cos(f;;). The phase factor dcp plays a special role here, as it
determines whether quarks and antiquarks mix differently.

Apart from continuous symmetries, a system can also have discrete symmetries.
For the SM, charge (C), parity (P), and time (T) symmetries are relevant. Charge
reversal flips the sign of all quantum numbers, such as the electric charge. Parity is
an inversion of all spatial coordinates. Finally, time reversal inverts the flow of time.
The charge-parity-time (CPT) theorem states that processes are unchanged after the
inversion of all three together [10]. However, the conservation of subsets of these three
operations is still an ongoing topic of research. A wealth of experimental evidence,
starting with observations from § decay in 1957 [11] and kaon decay in 1964 [12], have
clearly established that both P and CP symmetries are violated in the weak sector
for quarks. However, the degree of CP violation is fairly small. Currently, there is no

evidence for CP violation in electromagnetic or strong interactions.

2.4 Neutrinos

Historically, neutrinos have been the particles whose weak mixing properties have led
to the most confusion. The existence of neutrinos was first indirectly inferred from

observations of § decay. In 1914, James Chadwick published measurements showing
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the continuous energy spectrum of electrons emitted during 8 decay, as shown in
Figure 2.8 [13].

100

80

Zahl der # Teilchen
B |

60

2000 4000 He 6000 8000

Fig. 2.8 Chadwick’s 1914 publication shows particle counts (A) and ionisation (B) of 8
decay electrons bent in a magnetic field as a function of magnetic rigidity. Magnetic
rigidity is the product of the magnetic field strength H and the spectrometer’s bending
radius p. It is a measure of the ability of particles to resist deflection by a magnetic
field, and it is proportional to their momentum [13, 14].

This continuous energy distribution presented a conundrum, as it implied violations
of energy, momentum, and spin conservation if only the decaying nucleus and an
emitted electron are involved in the process. To resolve this, Wolfgang Pauli postulated
in 1930 the existence of a new, neutral, and very light particle that would carry away
the missing energy and momentum [14]. Enrico Fermi later named this hypothetical
particle the ‘neutrino’ and incorporated it into his theory of 3 decay.

Experimental confirmation came in the latter half of the 1950s, when Frederick
Reines and Clyde Cowan detected the first electron antineutrinos from a nuclear
reactor [15]. This proved Pauli’s hypothesis to be correct. Only a few years later,
in 1962, an experiment using the Alternating Gradient Synchrotron (AGS) at the
Brookhaven National Laboratory observed tracks consistent with muons from neutrino
interactions, demonstrating the existence of the muon neutrino [16]. The third lepton
flavour, the tau neutrino, was observed by the Direct Observation of the Tau Neutrino
(DONUT) experiment in 2000 [17]. This completed the current picture of fermions in
the SM.

Unlike quarks, neutrinos exclusively interact via the weak force. In such interactions,

lepton flavour is treated as a conserved quantity, and neutrinos are named v, v, v,
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after their charged lepton partners in CC interactions:

Wt —ety,,
Wt — utu,, (2.16)

Wt =1t

The number of neutrino generations that interact via the weak force can be determined
by measuring the branching ratio of the Z. Experimental results confirm the existence
of exactly three flavours [1], but cannot exclude the possibility of additional neutral
leptons that are too massive to be produced in Z decays. However, this result does
rule out the existence of any additional light neutrino generations that couple to the

weak interaction.

2.4.1 Flavour Oscillation

Early neutrino experiments observed fewer electron neutrinos from the sun than theo-
retical predictions suggested, a discrepancy known as the solar neutrino problem [18].
Similarly, atmospheric measurements showed a deficit of muon neutrinos [19]. These
findings pointed to the phenomenon of neutrino oscillation, wherein neutrinos change
flavour as they propagate [20]. The Sudbury Neutrino Observatory (SNO) resolved
the solar neutrino problem by demonstrating that the total neutrino flux matches
predictions when all flavours are considered [21, 22], confirming that lepton flavour
is not conserved during neutrino propagation. Oscillations occur because the flavour
states detected in interactions are superpositions of the differently propagating mass
eigenstates vy, vy, 3.

The relation between mass eigenstates v; and flavour eigenstates v, is described
through the unitary 3x3 Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U:

Vo) =Y Uk lv;) with a = e, p, 7. (2.17)

In analogy to the CKM matrix for quarks, the PMNS matrix can be constructed with

three mixing angles 015, 023, 013, and a phase for CP violation dcp:

C12C13 S12€13 S1ge” 0P
_ is i
U= —512C23 — €12523513€"°°P  C12C23 — S12823513€"°°P $23C13 ; (2.18)

i i
512523 — C12C23513€"°°Y  —C12893 — $12C23513€"°°Y  Ca3Cy3
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where again s;; = sin(6;;), ¢;; = cos(6;;). This four-degrees-of-freedom parameterisation
assumes that neutrinos are Dirac particles, like other fermions, but this need not be
the case, as discussed later in Section 2.4.4.

The oscillations depend directly on the squared-mass differences Am?j =m? — mj2
between the eigenstates. The masses and their hierarchy, i.e. which of the three
eigenstates is the lightest and which is the heaviest, are not known. In theory, there
are six possible orderings of the v; states. However, the sign of Am3,, also called
Am?2, is known to be positive from observations of the Mikheyev-Smirnov-Wolfenstein
(MSW) effect [23, 24] on the oscillations of electron neutrinos produced in the Sun [25].
Vacuum oscillations depend solely on the absolute value of the mass-squared difference,
but the MSW effect, which describes how neutrino oscillations are modified when
propagating through matter, is sensitive to its sign. Foundational to this is a definition
of the relation between the lepton flavour and the mass eigenstates. By convention,
vy is the mass eigenstate with the largest electron flavour component and v3 the one
with the least, that is, |Ue| > |Uez| > |Ues|. Furthermore, the differences between m3
and both m? and m3 are known to be much larger than Am3; [26]. These constraints
leave the normal and inverted orderings shown in Figure 2.9 as possibilities. The

larger squared-mass splitting, which is Am3, for normal ordering or Am2, for inverted

2

“im, after the atmospheric neutrino observations that first

ordering, is also called Am

alluded to it being non-zero.

Normal Ordering Inverted Ordering
m? m?

[ .

Am%l / ATn‘gol
Am2, | Am? [ T

atm i~

Emas 2 Am2, | Am2,.
Am3, | Am?

sol

2 [ .

Ve Vyu Uy Ve Uy U,

Fig. 2.9 Normal and inverted orderings of the neutrino masses.

Neutrino oscillation experiments look for the appearance or disappearance of flavours.
The oscillation probability P for some initial state |v,) of flavour a to some state

[va(t)) at a later time ¢ that is equivalent to a state |v3) of flavour 8 can be computed
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as follows:
P (Vo ~s v5) = [(vslva(t)) . (2.19)

Describing this in terms of the mass eigenstates using Equation (2.17) gives

2

P (e~ v5) = |3 S UsUsy (v | (1)) (2.20)
(]
The time evolution of the mass eigenstates is governed by the Schrodinger equation

. d A
z% lvi) = H |vy), (2.21)

where H is the Hamiltonian operator. For propagation in vacuum, H lvi) = E;i|vi),

E; = \/p} +m] (2.22)

is the energy of the mass eigenstate with three-momentum p; and mass m;. In vacuum,

where

a solution to this differential equation is a plane wave of the form [1]
i) = e~ P 1) (2.23)

where L is called the baseline and is the distance travelled. Under the assumption that
neutrinos are ultrarelativistic due to their small masses, i.e. (p; > m;), Equation (2.22)

can be written as

2

m.
B,/ p; + —t 2.24
pi + o (2.24)

using a binomial approximation. Assuming that the mass eigenstates are produced

1

with the same momentum™ and again that the masses are small in relation to the

momentum, p; can be replaced with E ~ p; for i € {1,2,3}

m;
2F’

where F is the energy of the interacting neutrino. Applying this to Equation (2.23)

(2.25)

gives

'Under the condition that neutrinos are ultrarelativistic, both fixed energy and fixed momentum
assumptions lead to functionally identical neutrino oscillation formulas. More sophisticated treatments
do not rely on idealised plane waves with fixed energies or momenta and instead use wave packets
with finite spatial and temporal extent, and resulting momentum and energy ranges. This is needed,
for instance, for calculations of wave (de-)coherence [27, 28].
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m2
. (E%)tm}
vi(t)) = e i) (2.26)
m2
—i|EL++5%L—EL
~e 2E } ;) (2.27)
(%)
=e ") |u), (2.28)

where, in natural units, ¢ ~ L is used for the approximately light-speed travelling

neutrinos. Putting this into Equation (2.20) and using the orthogonality of the

eigenstates (v; | v;) = d;; gives

,mgL
P (o~ vg) =YY e 27 ULUs; (v; | vi)
i

,m?L
=Y e E UL U 6
T g

4m12L
_ —i—5= T T*
=Y e T UL U
i

2

2

(2.29)

(2.30)

(2.31)

Equation (2.31) allows for the calculation of the neutrino transition probabilities from a

flavour « to a flavour 8 using the neutrino energy and distance travelled. However, the

neutrino masses are not known because oscillations depend only on the squared-mass

differences Amg; = m7 —m3. This becomes clear when rewriting the squared-norm

term using the complex conjugate rule |z|* = zz*:

,m?L
P(Va Y I/ﬁ) = <Z @_ZﬁU;U&

i

(mz—mz)L
. i J
D N
(]
Am2. L

->> e 2 U UsUns U,

= > N (U;iUﬁanjU§j> cos <
(]

+Im (U Uil U, ) sin (

Ami;L
2F

4m?L
x| Y e 2E UL
J

Am3; L
2K

)

jUﬁj)

)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)
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where on the last line ¢ = cos(z) + isin(z) was used with Jm and PRe being the
imaginary and real components of the matrix product.

Neutrinos produced by accelerators via the decay of intermediary mesons are
overwhelmingly of muon flavour. This makes the study of electron flavour neutrinos
appearing via oscillation from this beam P (v, ~~ v,) and the general disappearance
of muon flavour neutrinos via 1 — P (v, ~» v,) the most common measurements for
accelerator experiments.

In summary, knowledge of the squared-mass differences as well as the three mixing
angles and the CP violating phase dcp in the PMNS matrix is needed to calculate the
oscillation probabilities for a given ratio of baseline L and neutrino energy F. The

current best-fit oscillation parameters are shown in Table 2.3.

Parameter | Normal Ordering || Parameter | Inverted Ordering
™ 749819 o 749018
Ami | 12513499 A 248410020
sin? 015 0.30873:912 sin? 05 0.3080 013
sin? fy5 0.47015:017 sin? O3 0.5500:013
sin? 05 0.0221575-00956 sin? 05 0.0223170:90056

dcp 3.7015% dcp 478103

Table 2.3 Oscillation parameters with +1 o uncertainties from the NuFit 6.0 global
fit [26].

2.4.2 CP Violation

As for quarks, CP violation is a possibility for neutrino mixing, which would result in

different oscillation behaviour for neutrinos and antineutrinos
P (Va Ny Vg) 7é P (Da Ny 175). (237)

It is of interest for baryogenesis, which is the study of how the Universe developed
its observed asymmetry between matter and antimatter. The Sakharov conditions

describe the necessary ingredients for baryogenesis: baryon number violation, C and
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CP violation, and a departure from thermal equilibrium [29]. The CP violation among
quarks in the SM, when combined with the standard cosmological model, fails to
explain the observed baryon asymmetry as the degree of CP violation is too small [30].
There are additional issues insofar that the electroweak phase transition of the early
Universe due to the spontaneous symmetry breaking of the SM does not generate
a large enough departure from thermal equilibrium [30]. One possible baryogenesis
scenario, leptogenesis, involves new heavy neutrinos that would have decayed out of
thermal equilibrium, violating lepton number and generating a lepton asymmetry. This
would require neutrinos to be their own antiparticles, as discussed in Section 2.4.4.

However, the existence of CP violation in neutrino oscillations is still an open
question and depends on the value of dcp in the PMNS matrix. The degree of
CP violation can be quantified as the imaginary part of the PMNS matrix term in
Equation (2.36), and is also called the Jarlskog invariant [31]. It is identical for any
choice of a # [ and i # 7, up to a sign:

Ji = 3m (U3 UsiUa U3, ) (2.38)

where the [ subscript emphasises that this describes the degree of violation in the
lepton sector. The requirement for different flavours o and [ also highlights that to
measure CP violation, i.e. the complex matrix product contribution in Equation (2.36),
experiments need to look for flavour-changing oscillations like electron neutrino ap-
pearance P (v, ~~ v,), as disappearance measurements like 1 — P (v, ~» v,) are not

sensitive to complex PMNS contributions:
am (U Uil Usy ) = 3m (|Ul* |U,47) = 0. (2.39)
Choosing a positive sign convention then gives

2 .
Jp = C12512C23523C13513 S1Il dcp

(2.40)
= Jlmzzr sin (Scp,

where J/"** is the maximum possible degree of CP violation given the mixing angles.

Using the values from Table 2.3, the maximum possible degree of CP violation is
J"* = (3.33 £ 0.07) x 1072 (2.41)

Using the values from Equation (2.14) to compare with the identically defined Jarlskog

invariant J; for the CKM matrix, the measured degree of CP-violation among quarks
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is

J, = (3.127013) x 107°. (2.42)
This shows potential for CP violation among neutrinos to be a more significant effect
than it is among quarks as long as sin dcp is not equal or close to 0.

Two experiments have published measurements of the CP-violating phase dcp. The
Tokai to Kamioka (T2K) experiment [32] utilises the Japan Proton Accelerator Research
Complex (J-PARC) to produce a muon (anti-)neutrino beam, which travels 295 km
to the 50-kiloton water Cherenkov detector, Super-Kamiokande. The neutrino energy
spectrum at the detector peaks at 600 MeV. Similarly, the NOvA experiment [33] in the
United States employs the Neutrinos at the Main Injector (NuMI) muon (anti-)neutrino
beam produced at Fermilab, directing it 810 km to a 14-kiloton liquid scintillator
detector. NOvA’s observed energy spectrum peaks at 2 GeV. For inverted ordering,
both NOvA and T2K have overlapping confidence regions centred around 37” (34, 35].
For the normal ordering, T2K excludes the CP-conserving phases dcp = 0,7 at the
90% confidence level (CL), while NOvA excludes a region around 2% in the 2D phase
space with sin?fy3, as shown in Figure 2.10. Both T2K and NOvA show a slight
preference for normal ordering at their best-fit points, but they are mutually excluded

by the other experiment’s 90% confidence region.
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Fig. 2.10 Individual and combined 1 ¢ and 2 ¢ included confidence regions of the the
sin? 0,3 versus dcp phase space from neutrino oscillation data for NOvA and T2K. The
dcp values are shown in degrees on the x-axis. Inverted ordering is shown in the left
panel and normal ordering on the right. The figure is taken from the NuFit 6.0 global
fit of neutrino oscillation data [26].
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2.4.3 Absolute Masses

Neutrino oscillations imply that neutrino masses are non-degenerate, but oscillation
experiments are insensitive to the absolute masses. It is thus not certain that all
neutrinos have mass, as the lowest mass eigenstate could be massless. Assuming this, it
is possible to compute absolute minima for the sum of the mass eigenstates. These are
>, mNO ~ 0.059 eV for normal ordering and 3=, mi© & 0.101 eV for inverted ordering,
based on the NuFit 6.0 squared-mass splittings [26].

Upper constraints on neutrino masses arise from two primary sources. The first
is direct mass measurements, which analyse the energy spectrum of electrons from
tritium [ decay near their endpoint. Massive neutrinos lower the maximum possible
electron energy, enabling limits to be placed on the electron antineutrino mass. The
most stringent upper limit comes from the KATRIN experiment, with m,, < 0.45 eV
at 90% CL [36].

The second source is cosmological observations. The Dark Energy Spectroscopic
Instrument (DESI) uses the subtle effects of massive neutrinos on cosmic expansion
and structure formation to estimate their masses. These effects can be studied through
analysis of the cosmic microwave background (CMB) and density fluctuations in visible
matter in the form of baryon acoustic oscillations (BAO). This approach provides a

much tighter constraint on the combined neutrino masses of
> m, < 0.072¢V (95% CL) [37]. (2.43)

This limit is low enough to seemingly disfavour inverted ordering and is very close
to the minimum possible for normal ordering. However, several factors make this
approach less robust than direct measurements. Cosmological constraints are based
on the Lambda Cold Dark Matter (ACDM) model of cosmology for a universe with
zero spatial curvature, and deviations from this model can significantly weaken the
constraints. The choice of data sets also affects the results, as some are in tension with
others. Additionally, the Bayesian analysis depends on the chosen priors. For example,
incorporating lower limits on neutrino masses from oscillation experiments into the prior
increases the derived limits. However, varying some of these factors still tends to give
limits lower than current direct measurements [37, 38|. There also remains an arguably
higher likelihood of new physics influencing cosmological observations compared to the
better-understood processes in § decay. For these reasons, cosmological observations

should mainly serve as guidance, but not replace direct measurements.
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2.4.4 Dirac vs Majorana

Fermions obtain their masses in the SM via Yukawa couplings of left- and right-handed
components to the Higgs field ¢. As a component of the SM Lagrangian density,
this can be written for a fermion field of type f consisting of left- and right-chiral
components ) = ¢y, + g [39]

Lawa = ~U 00V
= —y; (YL + Vr)P(¢r + ¥r)
= —ysbLdVr — yrbrOYL
= —ysrdPr + hc.

where 1) = 1149° is the Dirac adjoint notation, with ¥ being the Hermitian conjugate

(2.44)

and 4% being the time-like gamma matrix. The Yukawa coupling constant for the
fermion f is y;. The shorthand notation h.c. is used for the Hermitian conjugate of
the explicitly written terms.

Choosing the electron with left-handed doublet § = ViL and right-handed
€L

singlet ¢4 = eg as an example, and using Equation (2.6) for Equation (2.44) gives

. YU Ye

Sukawa = erer — —=ererh +h.c. (2.45)
2 2
22
Mass Fermion-Higgs
where the second term describes interactions between the electron and the Higgs boson,

while the first term sets the mass of the electron as

_ Yel
= \/§

The left- and right-handed components of a fermion field can be independent, making

(2.46)

Me

it a Dirac fermion. This is the case for all charged fermions. However, neutrinos lack
the right-handed neutrino field in the SM and were originally expected to be massless.
However, neutrino oscillation can only be explained with massive neutrinos. Adding a

right-handed neutrino singlet 5y = v,z would make these terms possible with

z’eukawa = _yVe@Z)iigglﬁly%e + h.c. (247>

v h
= —My Ve Ver — y\/"‘§yeL1/eR +h.c., (2.48)



2.4 Neutrinos 24

where the first term is constructed in a gauge-invariant way with the conjugate Higgs

~ h
field ¢ = io90* = % v g , defined here using the second Pauli matrix. Focussing

only on the mass term and emphasising that this is describing neutrinos that are Dirac

fermions with distinct antiparticles gives

Birac = —1,, VoL Ver + hoc. (2.49)
These new right-handed neutrinos would not interact via the weak force and would
also not interact via electromagnetism or the strong force due to their neutral electric
and colour charges. This would make them non-interacting particles in the SM and
they are commonly referred to as sterile neutrinos.

The other option, only possible for neutrally charged particles, is that the left- and
right-handed components are related via a é—conjugate that transforms particles into
antiparticles. This would mean that neutrinos are not Dirac fermions and instead are
Majorana fermions that are their own antiparticles, analogous to photons or 7°. For
instance, a negatively charged left-handed electron transforms into a positively charged
right-handed positron under C’—conjugation. Neutrinos are unique among the fermions
as they are neutrally charged, and thus the particle after charge conjugation does not
have to differ from the original. The left- and right-handed components then do not
need to be independent, making it possible to reduce the degrees of freedom from two

chiral components with two antiparticle components after C’—conjugation () to two

overall [39]
Dirac | Majorana
Y | Y = (Yr)"
(V) | ¥R = (L) - (2.50)
VR
(¥r)°
A Lagrangian similar to Equation (2.48) can then be constructed with Majorana mass
terms
ve _ 1 Majorana—— 1 Majorana7——5
Majorana — 5" v, L (Ver)Ver — 5w i (Ver)Ver + h.c. (2.51)

These Majorana mass terms would also need to derive from some beyond the Standard
Model (BSM) mechanism, different from the one for Dirac fermions [40]. One effect

of these Majorana neutrinos would be that lepton number is not conserved. This
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would allow for interactions such as neutrinoless double g decay. Double § decay
with neutrinos is the well-documented simultaneous transformation of two neutrons
into protons under emission of two electrons and two electron antineutrinos as shown
in Figure 2.12a. This process is possible for certain isotopes with even numbers of
protons and neutrons that cannot decay via regular § decay. The reason for this is
that pairing interaction between neutrons as well as protons make the isotope a less
energetic state than the odd-odd decay product that § decay would produce. As a
result, regular S decay is kinematically forbidden. Figure 2.11 illustrates this for a
section of the isobars of mass number A = 76, where 15Ge decays to 5$Se via double
[ decay. Neutrinoless double /3 decay is a version of this decay producing no neutrinos.
Figure 2.12b shows the difference to regular S decay. It is notable that the neutrino
exchange in the Feynman diagram has no direction, as this process does not distinguish

between particle and antiparticle and violates lepton number conservation.

Energy
16Zn

B_l ¥Ga

o A
32Ge |EC

5

76
545€e

Fig. 2.11 Hlustration of some isobars with mass number A=76, showing beta decay 57,
electron capture EC, and double beta decay =~ between them.

Several experiments have searched for neutrinoless double § decay with no ob-
servations yet [41]. There are currently too many unknown parameters to reliably
predict half-lives for isotopes from theory. However, experiments have produced lower
limits on the half-lives of several neutrinoless double 3 decay candidate isotopes above
10% yr [42]. For I8Ge, for instance, the GERDA experiment has set a lower limit of
TYf, > 1.8 x 10°° yr [43] on the half-life.
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Fig. 2.12 The Feynman diagram for (a) double beta decay (8~ /~) and (b) hypothetical
neutrinoless double beta decay.

Majorana neutrinos would also introduce additional parameters to the PMNS
matrix U given in Equation (2.18)

e/2 00
UM =U. 0 e/?2 0 |, (2.52)
0 0 1

where a7 and ay are additional Majorana phases. However, these parameters do
not influence the oscillation probabilities. Substituting the modified matrix into the
product Uy;Ug,; in Equation (2.31), and noting that only terms with a =i = § can

contribute in the additional matrix, leads to the cancellation of the Majorana phases.

2.4.5 The Seesaw Mechanism

To achieve the very small masses of the neutrinos, the Yukawa coupling constants
would need to be extremely small for neutrinos compared to other fermions. One
popular class of theories that explains the tiny neutrino masses are the so-called seesaw
mechanisms. These introduce heavy new particles that in turn result in lower masses
for the currently observed neutrinos. The most straightforward, a type-I seesaw theory,
introduces a heavy neutral lepton in the form of a right-handed neutrino [44].

A general Lagrangian for the neutrino masses includes a Dirac mass term mp as
well as Majorana mass terms for both the left-chiral components mj, and right-handed
components mpg. In the most general case, these are complex matrices. Assuming no

CP violation and limiting this example to one generation, the mass terms are real
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numbers and the Lagrangian term is [39, 44]:

1 1
Lseesaw = _imL(VL)CVL — MpULVR — §mR(VR)CVR +h.c.

2 (2.53)
— —§n7LM(TLL)C + h.C.,

ny = ((VV;C) and (ng)° = ((11//,—;30) (2.54)

are the neutrino fields in vector form, and the mass matrix is

M = (mL mD) . (2.55)

mp MR

where

Introducing left-handed Majorana mass terms is not possible without modifying the
Higgs field [39]. For a type-I seesaw mechanism, the Higgs mechanism is not altered
and instead the left-chiral Majorana term is removed by setting m; = 0. Diagonalising

that matrix and extracting the absolute mass eigenvalues gives

1
mio = Q’WLR:F\/m%‘i‘Zlsz . (256)
For mg > mp, the eigenvalues of the mass matrix approximate to
1 m?
myg >~ - ‘mR + (mR + 2D> ) (2.57)
2 mpg
which yields
m
mp =~ — K mp, Mo~ mMg> mp. (2.58)

mp
This leads to a light neutrino mass inversely proportional to the large Majorana scale
mpg, and a heavy state with potentially extremely high masses [39]. Theories like
this are also attractive because lepton number violating processes would be highly
suppressed at accessible energies, making lepton numbers still appear conserved in

low-energy interactions.

2.4.6 Sterile Neutrinos

The introduction of right-chiral neutrinos in SM extensions makes the general concept
of non-interacting sterile neutrinos interesting. Several anomalies observed in the past

decades have hinted at the possibility of other, much lighter, sterile neutrinos with
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masses on the order of 1 eV [45]. With the simplest extensions of the SM, 3+ 1 models,
adding an additional non-interacting neutrino generation and increasing the size of the
PMNS matrix to 4 x 4.

The Liquid Scintillator Neutrino Detector (LSND) experiment at Los Alamos
National Lab reported an apparent excess of low-energy electron antineutrinos from a
muon antineutrino beam not compatible with parameters of the PMNS matrix starting
in the late 1990s [46]. A possible explanation for this was additional oscillations to sterile
neutrinos in a larger PMNS matrix. To test this, the Mini Booster Neutrino Experiment
(MiniBooNE) was constructed at Fermilab at a similar ratio of baseline and neutrino
energy L/E. First published in 2010, it also reported observing an excess, which reached
4.7 o significance in later publications [47]. However, multiple experiments including
the CERN-Dortmund-Heidelberg-Saclay (CDHS) experiment [48], the Main Injector
Neutrino Oscillation Search (MINOS) experiment [49], and the IceCube experiment [50]
have consistently found no evidence of the expected v, disappearance that would come
with increased v, appearance.

MicroBooNE is a follow-up experiment to MiniBooNE in the same beam, with
the capability to distinguish electron- from photon-induced electromagnetic showers.
It has investigated several possible explanations for the discrepancy, including an
actual excess of low-energy electron neutrinos producing electrons upon interacting
in the detector [51], which would support a sterile neutrino interpretation. It has
also investigated the possibility of an excess of background interactions producing
photons that could have mimicked electron-flavour neutrinos in MiniBooNE. This
includes measurements of the production of NC A — N+ resonances [52], and inclusive
single-photon searches that add additional channels such as NC 7% — ~(v), where
only one photon is reconstructable [53]. Finally, MicroBooNE has also explored a dark
sector explanation, in which a neutrino scattering produces a dark neutrino, ultimately
resulting in the production of an electron-positron pair via a new dark gauge boson [54].
The outcome of these searches is that MicroBooNE did not find evidence of an excess of
low-energy electron neutrinos. It also did not find clear evidence that the MiniBooNE
excess could be explained by mismodelling of a photon-producing background process,
disfavouring radiative A decay with high confidence. However, there is a 2.2 ¢ excess
observable in the inclusive photon analysis in the low-energy region below 600 MeV,
making this a contender for further study. Finally, MicroBooNE ruled out almost all of
the phase space for a single dark sector neutrino model. This means that a compelling
explanation for the low-energy excesses observed by LSND and MiniBooNE is still

missing.
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Additional anomalies have arisen from measurements of neutrinos coming from
nuclear reactors, where observed neutrino rates for uranium and plutonium isotopes were
measured to be several percentage points lower than predictions [55]. This discrepancy
was termed the reactor antineutrino anomaly. More recent results, however, reject
short-distance oscillations to a sterile neutrino as a possible explanation and point to
issues with the historical electron-counting measurements used in calculations of the

expected neutrino flux from 3 decay as the source of the overprediction [56].

actor Prediction Model 10 Uncertainty |
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1.2 [T Y RENG 2016 (Modified Average R=1) -
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Data / MC (Shape-Only)

Visible Energy (MeV)

Fig. 2.13 Shape differences between measured and simulated neutrino energy spectra
from reactor neutrino experiments. Source: Ref. [57].

The Gallium Experiment (GALLEX) [58], the Soviet-American Gallium Experiment
(SAGE) [59] and the Baksan Experiment on Sterile Transitions (BEST) [60] have
measured inverse [ decay from both solar and nuclear neutrinos on gallium, resulting in
the production of germanium "Ga + v, — e~ +7* Ge. The experiments have reported
deficits in the range of 13%-24% in the production of germanium. This has been
dubbed the Gallium Anomaly. Attempts to find nuclear or chemical explanations have
not been successful, and sterile neutrinos remain a possible explanation.

Finally, the ‘5 MeV’ bump is an observed excess of neutrinos with visible energies
between 5-6 MeV supported by findings from the reactor neutrino experiments Reactor
Experiment for Neutrino Oscillation (RENO) [61], Daya Bay [62], Double Chooz [63],
Neutrino Experiment for Oscillation at Short Baseline (NEOS) [64], Neutrino-4 [65],
Short-distance Neutrino Oscillations with a Reactor (STEREO) [66] and Precision
Reactor Oscillation and Spectrum Experiment (PROSPECT) [67]. Some of these
are shown in Figure 2.13. However, issues with flux calculations or the systematic

uncertainties of inverse  decay have not yet been ruled out [68].
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The phase space for light sterile neutrinos is getting increasingly constrained, and
simple 3 + 1 models are not as appealing as they were just a decade ago. Phenome-
nologists are increasingly looking at more complex models involving multiple sterile

neutrinos or sterile neutrino decay via new BSM mechanisms [69].

2.5 Experimental Outlook

A wealth of new experiments and results is expected in the next decade that will shine
light on many of the open questions in neutrino physics. Below is a brief summary of

some of these efforts.

Mass Measurements The KATRIN experiment is continuing to take data and is
expecting to eventually reach sensitivities around 0.2-0.3 eV [36] after which it will be
used as part of the Tritium Sterile Anti-Neutrino Experiment (TRISTAN) experiment
to search for keV-scale sterile neutrinos as dark matter candidates [70]. For cosmological
measurements, data from currently conducted surveys of the CMB as well as structures
larger than individual galaxies, so called large-scale structures, are expected to enable
an increase in sensitivity. Standard deviations on the sum of the neutrino masses
could be reduced from o = 0.070 eV to o = 0.015 eV, and potentially as low as
oy = 0.007 eV with currently proposed experiments [71]. This has the potential to

set lower bounds on the combined neutrino mass.

Mass Hierarchy The neutrino mass hierarchy is expected to be resolved in the
next few years, likely by combining sensitivities from the medium baseline Jiangmen
Underground Neutrino Observatory (JUNO) experiment with the current long baseline
experiments NOvA and T2K. The future long baseline experiments DUNE and Hyper-
Kamiokande will also be able to resolve this, but their first results are expected
later [72].

CP Violating Phase The nature of CP violation in the lepton sector is expected
to be first determined at 5 ¢ by Hyper-Kamiokande in the early to mid-2030s followed
by DUNE later in the decade [73].

Majorana Neutrinos Several collaborations are planning scaled-up versions of their
neutrinoless double § decay detectors. These include LEGEND-1000, CUPID-1T,
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AMoRE-II, nEXO and NEXT-HD that could reach sensitivities to half-lives in the
region of 10% years [42].

Sterile Neutrinos FExperiments continue to search for signs of sterile neutrinos over
a wide range of masses from eV to TeV with a focus on addressing the current anomalies.
These programs include short and long baseline experiments, reactor and radioactive

source experiments, neutrino telescopes, and collider experiments [74].



Chapter 3
Neutrino Interactions

Neutrino-nucleon interactions can be categorised into several different processes, rang-
ing from coherent interactions with the whole nucleus at the lowest four-momentum
transfer squared Q?, to elastic scattering on individual nucleons, and increasingly
inelastic interactions at higher energies. This chapter provides an overview of these
interactions, starting with single-nucleon processes and subsequently describing multin-
ucleon interactions. A description of the treatment of these interactions in neutrino

interaction simulations, including nuclear effects, will be discussed later in Section 6.1.2.

3.1 Quasi-Elastic Interactions

Quasi-elastic (QE) neutrino-nucleon scattering is the process whereby an incoming
neutrino interacts with a single nucleon, producing a charged lepton and ejecting the
nucleon from the nucleus intact. The term quasi-elastic refers to the relatively low
energy transfer to the struck nucleon compared to inelastic processes, where the nucleon
is excited or broken apart. However, it also implies the presence of nuclear binding
energy that the ejected nucleon must overcome, distinguishing it from perfectly elastic
scattering on a free nucleon.

Experiments with neutrino energies near or below 1 GeV tend to rely heavily on
selections of charged-current quasi-elastic (CCQE) appearing events, requiring the
presence of a charged lepton and a nucleon in the final state. The focus on CCQE
interactions stems from their dominance at these energies and the straightforward
neutrino energy reconstruction possible using only the outgoing lepton kinematics in
this two-body process. Furthermore, some detector types used in experiments at these
energies, such as Cherenkov detectors, are not well suited to capturing more complex

hadronic final states.
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For CCQE interactions, the reaction takes the form:
ve+n— 0" +p,
with ¢ € {e, u, 7}. The NC counterpart, where a neutrino remains in the final state, is
v+ N—=v+N (N=n,p).

Additionally, while not a neutrino interaction, charged-lepton scattering on nucleons

provides valuable insight into nucleon structure:
"+ N—=(+N (N=n,p).

Feynman diagrams for these three processes are shown in Figure 3.1. Antineutrino

interactions follow similar forms.

Vy {— Vy Vy
W= Z
d u u/d u/d
n<d > d> P p/n d > d p/n
U > u U > U
(a) (b)
I 0~
v(, Z)
u/d u/d
p/n{ d > d i
U > U

(

Fig. 3.1 Feynman diagrams for (a) CC, (b) NC, and (c) EM lepton scattering with a
nucleon. The weak contributions to (a) become relevant only at momentum transfers
approaching the Z-boson mass scale.

o
-~

The interaction properties are encapsulated in a universal leptonic tensor L and an
interaction-dependent hadronic tensor H [75]. The double differential cross section of
the two-body QE scattering interaction, here expressed in terms of the solid angle €2 of

the outgoing lepton and the energy transfer to the nucleus w, is proportional to the
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contraction of these two tensors [76]:

o< Ly, H™. (3.1)

The leptonic tensor describes the interaction between leptons and the gauge bosons.
Leptons are point-like particles with well-known properties and as a result the leptonic
tensor component is generally well understood. Hadrons, on the other hand, are not
point-like particles and have a complex internal structure of quarks and gluons governed

by the strong force. The hadronic tensor is

H" = ; Tr [(p + M)yl 0 (pf + My ) T (3.2)

where p) = 4#p() denotes the initial (final) nucleon four-momentum term. The masses
of the initial and final nucleons are My and My, which are equal in truly elastic
scattering. The hadronic current operator I'* [77] contains vector and axial-vector

components

W= Vk — AW, (3.3)

Hadrons, such as nucleons, do not interact as point-like particles but as composite
systems of quarks and gluons. Their internal structure modifies scattering processes,
which are described through form factors. These form factors are Lorentz-invariant
functions of @2 that encode charge, magnetic, and spin properties of the nucleon. For

weak interactions, this can be expressed in terms of four form factors:
I = o F1(Q%) + ab Fy(Q?) + oy Fu(Q%) + o/ Fp(Q?), (3.4)

where o are the Lorentz structure terms defined by the Dirac y-matrices as:

10 q,
2M

_ "y
ay =9"°  ap = (3.5)

m _
ayp =79, Oy = M;

with M = %(M ~N + Mpy/) being the average mass of the initial and final nucleon. The
four-momentum transfer vector ¢ is related to the squared four-momentum transfer
via @Q? = —¢?. The antisymmetric tensor o is defined as o = £[v*,~"].

For CC neutrino interactions, the vertex is

M =T%y, and N=n, N' =p, (3.6)
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and the corresponding form factors are denoted s’y p(Q?). NC neutrino interactions

are possible with a proton or neutron:
' =Tke n, and N = N' € {n,p}, (3.7)

and the form factors are distinguished by nucleon type F1 oA P(QQ).

In contrast, electromagnetic (EM) charged-lepton scattering proceeds via photon
exchange and involves only the vector component of the hadronic current. At low
momentum transfer (Q* < M%), weak contributions are negligible due to the large Z

boson mass. The hadronic current for EM interactions is:

ev, n = FEPMYN(QY) + o BFMN(QP). (3.8)

The electromagnetic form factors FF'™ and FEM can be re-expressed in terms of the

Sachs form factors

GE(Q?) + wGiy(Q?)

FEMN(2y _ o 7 (3.9)
FEMN(?) = GM(Q1>-|—_7§V;E(Q )7 (3.10)

with 7y = Q?/(4M%). They correspond more directly to measurable quantities: the
electric charge and magnetic moment distributions [78]. At zero momentum transfer,
these Sachs form factors are normalised to the static charge and magnetic moment of

the nucleon:

0 for n,
G (0) =Qn = (3.11)
1 for p,
N —1.91 for n,
GA(0) = px = (3.12)
+2.79 for p.

Scattering off a point-like particle is described by G (0) and G4;(0). However, as
Q? increases, the form factors decrease, describing the internal structure of the nucleon.
Higher Q? corresponds to probing shorter distance scales, revealing substructure not
apparent at lower energies. The Q*-dependence of electromagnetic form factors has been
measured with high precision in electron scattering experiments on protons and light

nuclei [75, 77]. Historically modelled by dipole functions, modern parameterisations of
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the Q? dependence, such as BBBA05 [79] and BBBAO7 [80], better describe a wider
range of four-momentum transfers.

The conserved vector current (CVC) hypothesis asserts that the vector component
of the weak current is conserved, analogous to conservation of the EM current [81].
Under this assumption, the vector form factors for neutrino scattering can be related
to those obtained from charged lepton scattering, as summarised in Table 3.1. The NC
form factors include contributions from strange sea quarks. These do not need to be
considered for CC interaction, due to their flavour-changing nature that would result
in the production of a charm quark, which is kinematically forbidden at low energies.
Lattice QCD calculations predict non-zero values of the strange vector form factors

F#(Q?%), but current measurements do not yet agree on the sign [82].

Interaction Vector Form Factors

Electromagnetic

I"4+n—0"+n FEMn

(2

CC+p—0+p P

Charged Current

v+n— (" +p FEC = FMP — prthe

Neutral Current

vtp—vtp FOP = (L —2sin? 0y ) FPMP — LR — Ly
v+n—v+n FNOm — (%—28111281/[/) EEM’H—%FiEM’p— 1Fy

Table 3.1 Summary of the relationship between vector form factors for different inter-
actions [76]. For the NC terms, 0y is the Weinberg angle.

The remaining two non-vector form factors cannot be obtained from charged-
lepton scattering. One possible parameterisation of the axial form factor uses a dipole
ansatz [77]:

Q*\"~
Fa(Q%) = ga (1 + MQ> , (3.13)
A
where g4 is the axial coupling constant measured from neutron [ decay [83], and
the distribution is defined by a single free axial mass parameter M,, which must be
obtained from neutrino scattering or pion electroproduction [84]. The pseudoscalar
form factor Fp can be related to F4 via the partially conserved axial current (PCAC)

hypothesis for CC interactions, which connects the divergence of the axial current to
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the pion field through the Goldberger-Treiman relation [85, 86]

_ 2MPFA(Q)

FP(QQ) M2—|—Q2 )

(3.14)
where M is again the average nucleon mass and M, is the pion mass. Moreover, the
contribution of Fp to the total cross section is suppressed by a factor of m2/M?, where
my is the mass of the outgoing lepton. As a result, it is negligible for NC and electron
neutrino interactions and only becomes significant for lower energy CC muon or tau

neutrino interactions [84].

3.2 Resonance Production

At energies above ~ 1 GeV, neutrino interactions increasingly proceed through nucleon
excitation to short-lived higher-mass states in a process called resonance production
(RES). The shift away from QE interactions at higher neutrino energies is shown in
Figure 3.2. For experiments focused on CCQE interactions, resonant pion production
forms a major background. Additionally, NC 7° production, followed by instant
decay to two photons with branching ratio BR(7® — ~v) = 0.99 [1], can mimic the
electromagnetic showers observed from electrons and can interfere with oscillation
experiments looking for v,-appearance from a v, beam. Similarly, CC 7* production
is a background for v,-disappearance measurements. When the pion is absorbed in the
nucleus or not identified correctly, these events are reconstructed as CCQE interactions
with incorrect energies. Higher beam energy oscillation experiments, however, do not
focus solely on CCQE interactions and need to include more diverse final states as part
of the signal, including RES.
The description of RES can be separated into:

1. Ezxcitation:

A baryon resonance R is created

v+ N = - +R (CO),
v+ N — v+ R (NC),

where N is a nucleon.
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Fig. 3.2 Total neutrino CC cross section per nucleon normalised by neutrino energy.
Lines are simulated neutrino-nucleus interaction predictions from the NUANCE gener-

ator [87]. The plot shows how, with increasing neutrino energy, interaction modes shift
from QE to RES and ultimately to DIS. Source: Ref. [88].

2. Decay:

The resonance decays are dominated by pion production
R — N+m.

For the lowest-lying excitation, A(1232), 99.4% [1] of the decays are to a nucleon
and a single pion

ATt s p+at,
AT —sp+71® or n+a",
A5 n+7% or p+a,
(A* —n+ 7T7) ,
with AT only coming from neutrino interactions and A~ only from antineutrinos.

Photon production accounts for most of the remaining A resonance decays [1].

Examples of Feynman diagrams for CC and NC RES, followed by decay via strong

interaction, are shown in Figure 3.3. The resonance cross-section formula deviates from
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Fig. 3.3 Example Feynman diagrams for (a) CC and (b) NC RES neutrino interactions
with a nucleon.

that in Equation (3.1) in two ways. To account for the finite lifetime of the resonance,
which gives rise to a distribution of masses around its nominal mass, the resonance
cross-section formula now includes a probability function described by a Breit-Wigner
distribution [89, 76]

Ap) = P Hpr) (3.15)
B (ph — MR)? + 2 (pr)’

where pgr is the four-momentum of the resonance, My is the resonance mass, and
I' is the width of the resonance given the four-momentum. Secondly, the hadronic
current needs to account for a more diverse possibility of produced states. Modelling of
interactions and form factors depends on the parity, spin, and isospin of the resonance.

The resonances A and N* are both excited states of the nucleons with isospins
I =3/2 and I = 1/2 respectively. An overview of the lowest-lying resonances is shown
in Table 3.2, with their relative importance at GeV-scale neutrino energies shown in
Figure 3.4. For transitions to isospin I = 1/2 resonances, such as N*, the vector form
factors can be related to electromagnetic form factors analogous to the rules shown in
Table 3.1. For transitions to isospin I = 3/2 resonances, such as the A(1232), different
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relations based on isospin symmetry can be derived [76]. In both cases, the vector

form factors can be constrained by electron scattering data.

Name L I J P BR(Nn)
A(1232) 1(P) 3/2 3/2 +  99.4%
N(1440) 1 (P) 1/2 1/2 + 55—T75%
N(1520) 2 (D) 1/2 3/2 — 55— 65%
N(1535) 0(S) 1/2 1/2 — 32—52%

Table 3.2 The four lowest mass baryon resonances. The column L gives the orbital
angular momentum, J is total spin, I is isospin, P is parity, and BR(Nm) is the
branching ratio to single pion-nucleon final states, taken from Ref. [1]. These are

also described in spectroscopic notation Lary(2.), such that A(1232) is, for instance,
P33(1232).
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Fig. 3.4 Calculation of neutrino RES cross-sections at F, = 1.5GeV with varying
four-momentum transfer, showing the dominance of the A(1232) resonance in the
low-GeV region. Adapted from: Ref. [90].

For spin-1/2 resonances, similar connections as before but with a sign dependence
on the parity of the resonance can be made between the pseudoscalar and axial form

factors [76] (Mo £ M) M
R ~N) Mn

Q? + M3

Fp(Q?) = Fa (@) (3.16)
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Vy I (Vg)

Fig. 3.5 Feynman diagram showing CC (NC) neutrino deep inelastic scattering charac-
terised by hadronisation as the result of significant momentum transfer to a quark. X
is the set of possible hadronic final states.

with Mg being the resonance mass and Fy4 (Q?) again described by a dipole, as in
Equation (3.13). For spin-3/2 resonances, the form factor parameterisation differs
and derives from the Rarita-Schwinger formalism for spin-3/2 fermions [91]. However,
the relationships between the form factors carry over to spin-3/2 resonances, and
the axial form factor remains the part that cannot be obtained from charged-lepton

scattering [76].

3.3 Deep Inelastic Scattering

At neutrino energies above ~ 2 GeV, scattering transitions from resonance to deep
inelastic scattering (DIS), as shown in Figure 3.2. In these interactions, the exchanged
boson is energetic enough to resolve individual quarks inside a nucleon. A hadronic
shower is produced following significant momentum transfer to a quark in the struck
nucleon, as can be seen in the Feynman diagram in Figure 3.5. Both NC and CC

interactions are possible

v+ N0 +X (CO),
v+ N—>vy+X (NC),

where X is any number of hadrons.
DIS is described in terms of the two kinematic variables y and x. Inelasticity y is
the fraction of neutrino energy transferred to the nucleon and, in the lab frame with

the nucleon at rest, is given by

L
y:

f=n

w
— 1
i (3.17)
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where w = (E, — E’) is the energy difference between the incoming neutrino and
outgoing neutrino or charged lepton. The Bjorken x gives the fraction of the nucleon’s

momentum that is carried by the struck quark

r = . (3.18)

Without considering lepton masses or higher-order effects, the inclusive cross section

for DIS can be written in terms of these two variables and three structure functions [88]

d*o
dxdy

X (nyFl(xv Q°) + (1 —y - ]\g]g:y) Fy(2,Q%) +y (1 - g) wFy(z, Qz)) :

’ (3.19)
The last term derives from the existence of axial contributions in weak interactions
and is not present in EM scattering. The virtual bosons exchanged in the interaction
can have three polarisations: two transverse and one longitudinal. The absorption of
transverse states is described by F (x, Q?), while Fy(x, Q?) describes both transverse and
longitudinal contributions. A purely longitudinal structure function can be constructed
as [92]
4M%

02

Measuring the cross-section ratio of transverse to longitudinally polarised exchange

Fr(r,Q%) = (1 + 2 ) Fy(r, Q%) — 22 F (7, Q). (3.20)

bosons then makes it possible to relate Fi(z, Q%) and Fy(z, Q?), reducing the structure
functions that need to be measured to two. The remaining structure functions for weak

interactions can be expressed as [88]

Fy(w, Q%) = 22 [4i(w, Q%) + @i(, Q)] (3.21)
rF3(z, Q%) = 21:2 [qi(x, Q% — ¢z, QZ)] , (3.22)

where ¢;(x, Q%) and g;(z, Q?) are the parton distribution functions (PDFs) for quarks
and antiquarks of flavour ¢, giving the probability density of finding a parton carrying
momentum fraction x at four-momentum transfer Q2.

Modelling of shallow inelastic scattering (SIS), which is the transition region from
resonance to deep inelastic scattering, is an ongoing research effort [93]. With regard
to pion production, the low-energy end of deep inelastic scattering produces single
pions overlapping with the resonance region. With increasing energy, more complex

hadronic final states, including the production of multiple pions, take over.
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3.4 Multi-Nucleon Interactions

Aside from the three interactions with single nucleons (partons in the DIS case), there

are two more interactions with compound nucleons to discuss.

3.4.1 Coherent Interactions

At low four-momentum transfer Q% < 0.1 GeV?, coherent interactions with the entire
nucleus become relevant [94]. The nucleus remains in the ground state during these

interactions, which are dominated by the production of pions

v+ A= +7"+A (CC),
w+A—=vy+1+A (NO),

as illustrated in Figure 3.6.

Vy 0~ (l/g)

A

Fig. 3.6 Feynman diagram for a CC (NC) coherent neutrino interaction with a nucleus
A producing a pion and leaving the nucleus in the ground state.

Coherent interactions are characterised by leptons and pions exiting at very forward
scattering angles, meaning close to the direction of the neutrino beam. Furthermore,
the particles produced in these interactions do not undergo further scatterings inside the
nucleus, unlike nucleon-level interactions. These interactions constitute a small fraction
of events in the GeV neutrino energy range, but still impact the predicted kinematics

of pion cross sections and form backgrounds for searches such as v, appearance.

3.4.2 Meson Exchange Currents

In addition to quasielastic one-particle-one-hole (1plh) scattering described in Sec-
tion 3.1, in which a single nucleon is knocked out of the nucleus, scattering can also
occur on correlated nucleon pairs in two-particle-two-hole (2p2h) and higher interac-

tions. These interactions are facilitated by meson-exchange currents (MECs), primarily
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through the exchange of pions, and fall in the energy-momentum transfer region between
QE and resonance production. They arise via a combination of various interaction
diagrams that share the emission of two nucleons [95]. For neutrino interactions, these

are

vp+A— 0"+ N+ Nj+ (A—2) with Ny =p, N; € {n,p} (CC),
vi+A— v+ N+ Nj+ (A—2) with N, N; € {n,p} (NC),

where A and (A — 2) are the initial and final nuclei. Antineutrino interactions are
similar. Neglecting these interactions can skew the neutrino energy reconstruction
needed for oscillation experiments, as the presence of undetected neutrons or protons

below the detection threshold is not accounted for.



Chapter 4

Neutrino Sources at Fermilab

Neutrino production at Fermilab involves multiple stages, beginning with ion generation
and acceleration, stripping of electrons, further acceleration of the resulting protons,
and finally collision with a fixed target to produce neutrinos via intermediary particles.
This chapter covers both the Booster Neutrino Beam (BNB) and the Neutrinos at the
Main Injector (NuMI) beams, with the BNB being the primary beam for MicroBooNE

and the focus of the analysis described in this thesis.

4.1 Proton Beam

The Fermilab accelerator complex accelerates hydrogen ions into high-energy proton
beams suitable for neutrino production. The structure of the complex is illustrated in
Figure 4.1. It starts with hydrogen ions (H™) that are generated in the pre-accelerator
and accelerated to 750 keV. They then pass through a series of radio frequency (RF)
cavities and magnetic focusing elements in the linear accelerator (LINAC), which boosts
their energy to 400 MeV. The ions are directed to the Booster synchrotron, where a
thin foil strips away the electrons, leaving a pure proton beam. The Booster finally
accelerates these protons to 8 GeV and sends them either directly to the BNB target
hall or to be further accelerated in the Main Injector before being focused on the NuMI
target. The Main Injector increases the proton energy to 120 GeV for delivery to the
NuMI beamline and other experiments. A storage ring known as the Recycler allows
manipulation of the Booster batches through a process called slip-stacking, effectively

doubling the beam intensity before transfer to the Main Injector [96].



4.2 BNB Target Hall 46

NuMI
Main Injector

BNB

MTA

Booster P Pre-Accelerator

»
Switchyard

Fig. 4.1 Illustration of the accelerator complex at Fermilab, starting with ions in the
Pre-accelerator and ending with accelerated protons delivered to the BNB and NuMI
beamlines. Source: Ref. [96].

4.2 BNB Target Hall

The 8 GeV protons from the Booster arrive at the BNB target hall where they collide
with a fixed target consisting of seven stacked segments of beryllium. When protons
collide with them, they produce secondary particles, predominantly pions, with kaons
constituting a smaller fraction.

Surrounding the target is the horn, which is a pulsed electromagnet made from
aluminium that produces a toroidal magnetic field and is illustrated in Figure 4.2. It
operates at a current of ~ 174 kA, which flows along the inner surface of the horn
and returns along the outside (or vice versa) [97]. The horn can be operated in both
forward (neutrino) and reverse (antineutrino) modes by switching the polarity of the
applied voltage. In forward horn current mode, it focuses positively charged secondary
particles resulting from the proton-beryllium collision while simultaneously defocusing
negatively charged particles. In reverse horn current mode, this focusing effect is
inverted [98].

After exiting the horn, the focused secondary particles enter a 50 m long air-filled
decay pipe illustrated in Figure 4.3. At the start of the pipe, the particles must pass
through a collimator that serves to block particles travelling at large angles with respect

to the beam direction from entering. Inside the pipe, the particles, mainly charged
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Target

Fig. 4.2 Tllustration of the outer and inner conductors of the horn. The target is placed
inside the inner conductor. Source: Ref. [99].

pions, decay predominantly to muon (anti-)neutrinos:
+ + - -1 5
T = u+y, or T =+, (4.1)

The dominant production of muon neutrinos is a consequence of helicity suppression.
Pions have zero spin and in their rest frame the momenta of the produced neutrino and
antilepton have to be opposite. To conserve angular momentum, their spins must also
be opposite. In the limit of zero mass, helicity and chirality are equivalent. Neutrinos
are nearly massless and are overwhelmingly in left-handed helicity states, meaning
their spin is anti-aligned with their momentum. To conserve angular momentum,
the accompanying antilepton must also be in a left-handed helicity state. However,
only right-chiral antiparticles couple to the weak interaction. The projection between
the antilepton’s left-handed helicity state and the interacting right chiral state that
couples to the W depends on mass and energy via m/FE. This factor suppresses the
production of electrons in pion decays due to their small mass. The tau lepton is too

heavy to be produced, so among the accessible flavours, muons are favoured [100]:

['(rt —efr,)

~ 1074 4.2
I'(rt = pty,) 0 (42)

In addition to this primary decay channel, neutrinos can also be produced by the
subsequent decay of muons. The main impact of this is the addition of an intrinsic

electron (anti-)neutrino component to the beam:

pr—=et v, or um e v+, (4.3)
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Fig. 4.3 Nlustration of the target hall, showing the horn, the decay pipe and the beam
stop. At 25 m is an intermediate absorber that can be moved into the decay pipe for
testing. Source: Ref. [99].

A beam stop made from steel and concrete is located at the end of the decay pipe
to absorb all remaining non-neutrino particles. The overall ratio of v to v depends
on the horn current mode. For the five runs of data taken by MicroBooNE, the horn

operated purely in neutrino mode with an average beam energy of ~ 800 MeV.

4.3 NuMI Target

Similarly to the BNB, the NuMI beam at Fermilab is produced by firing much higher-
energy protons from the Main Injector onto a target made of graphite. The resulting
mesons are then focused by two magnetic horns. These particles travel through a 675 m
long decay pipe filled with helium, where they decay into neutrinos and other secondary
particles. An absorber at the end of the decay pipe stops hadrons and is followed by
240 m of rock to stop muons [101]. The NuMI beam achieves much higher neutrino
energies with the on-axis v, flux, for instance, peaking at ~ 6 GeV [102]. However, the
energies observed by MicroBooNE are lower, as the experiment is positioned off-axis

to the beam, as will be described in Chapter 5.



Chapter 5

The MicroBooNE Detector

SBIND-BNB Targeh

Fig. 5.1 Liquid-argon short-baseline detectors at Fermilab. The red line at the top

illustrates the path of the NuMI beam starting from the target and the line at the
bottom illustrates the BNB.

MicroBooNE uses a LArTPC with a total mass of 170 metric tonnes, of which 85
are part of the active volume [103]. It is a single-phase horizontal drift time projection
chamber (TPC), meaning an anode and cathode horizontally sandwich a volume of
liquid argon. The detector is affiliated with the SBN programme at Fermilab and is
located 468.5 metres from the target of the BNB. It also lies 8° off-axis to the NuMI
beam. This section summarises the key components of the experiment and is based on

the MicroBooNE design and construction report, see Ref. [103].



5.1 Cryostat 50

5.1 Cryostat

A 12.2 m long cylindrical vessel with domed end caps, an inner diameter of 3.81 m,
and walls made of 1.1 cm-thick stainless steel serves as the housing for the liquid argon,
the TPC, and the light collection system. It has 34 access points for connections to
electrical and cryogenic systems on the outside. A nitrogen refrigeration system holds
the argon at a temperature of 89.4 K and a pressure of 1.24 bar. To ensure uniformity
in the drift velocity, temperature gradients must remain below 0.1 K. To shield the
cryostat from outside conditions and fluctuating temperatures, it is coated with 41 cm
of sprayed-on polyurethane insulation.

MicroBooNE depends on travelling ionisation electrons reaching a detection mecha-
nism to work and a low rate of attenuation of these charges is important. Argon itself
is a noble gas and as such does not attenuate the electrons, but ionisation charges do
attach to electronegative impurities, reducing the charges relative to the drift time. An
argon purification system is used to minimise this effect. It maintains electronegative
impurities at 17 parts per trillion (ppt) Oy equivalent [104], meeting the < 100 ppt Oq
equivalent target set for observing minimum ionising particles (MIPs) drifting across
the full width of the detector. Here, Oy equivalent includes impurities from other
sources, such as HyO. Additionally, the argon must contain less than 2 parts per million
(ppm) N, as nitrogen quenches and absorbs scintillation light. However, nitrogen
cannot be effectively removed by the filtering system, making this a requirement for the
supplied argon. A monitoring system inside the cryostat keeps track of temperature

and argon purity.

5.2 Time Projection Chamber

At the heart of the detector lies the liquid argon (LAr), which serves both as the
target for neutrino interactions and the detection medium for the resulting final-state
particles. A TPC with dimensions 2.56 m (width) x 2.33 m (height) x 10.36 m (length)
is immersed in the argon and defines the active target volume. The cathode on the left
side of the detector, from the perspective of the beam, is constructed from stainless
steel sheets and is held at -70 kV. The anode consists of three layers stacked 3 mm
apart. Each layer is made up of parallel wires also spaced 3 mm apart, with +£60°
angular offset between the initial two with the final plane as shown in Figure 5.2. The
final layer, whose wire direction is vertical and parallel to the side of the frame, has

3456 wires. The other two have 2400 wires. The wires are kept at ~ 7 N of tension to
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Fig. 5.2 Illustration of a LArTPC with an incoming neutrino creating charged particles
that ionise the argon. The ionisation electrons then drift towards the anode under the
influence of a strong electric field, where they are recorded on three layers of sense
wires. Source: Ref. [103].

keep them from sagging. The sides of the active volume not enclosed by the anode
and cathode are surrounded by a field cage consisting of 64 field cage loops, shown
in Figure 5.3, that step down the voltage in steps of 2 kV across loops using resistors.
This ensures the electric field created between anode and cathode is uniform, with an
electric field strength of Ey ~ 273V /cm.

Charged particles produced by neutrino interactions or backgrounds, such as cosmic
muons, ionise the argon as they traverse the detector volume. The electric field drifts
the free electrons towards the anode at a speed of ~ 1.1 mm/us [105], kept constant
by collisions with the argon atoms. Bias voltages are applied across the wire planes at
-110 V, 0 V, and 4230 V, starting with the innermost layer, ensuring that the first two
planes are transparent to the drift electrons. As electrons pass by these first two wire

planes, they induce a bipolar signal, while on the final plane the signal is unipolar as
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Fig. 5.3 Interior view of the MicroBooNE TPC before anode installation and insertion
into the cryostat. Source: Ref. [103].

the electrons are collected directly. The difference between these signals can be seen in
Figure 5.4. The figure also shows that the second and third planes are shielded against
the effects of more distant charges by the planes in front of them. This is not the case
for the first induction plane, which results in it being more susceptible to noise.

The position reconstruction of interactions is achieved along one dimension by
measuring the charge distribution across the parallel wires, while the drift time of the
electrons provides the orthogonal dimension. This configuration enables the detector
to record photograph-like projections of interactions from three different perspectives,
allowing for 3D reconstruction of neutrino interactions. An example of a candidate
neutrino interaction recorded by the collection plane is shown in Figure 5.5. It shows
charged particles produced in an interaction travelling through the argon and producing

long tracks or decaying in electromagnetic cascades, producing shower signatures.

5.2.1 Electromagnetic Interactions

Charged particles traversing the detector volume primarily lose energy through ionisa-

tion and excitation of the argon. The stopping power, or mean energy loss per unit
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Fig. 5.4 Simulated digitised waveforms for wires from all three planes for an idealised
MIP track, illustrating the difference between the bipolar signals for the induction
planes in red and blue and the unipolar signal for the collection plane in black. Source:
Ref. [106].

path length, can be approximated with the Bethe-Bloch equation for relativistic heavy
charged particles [1]:

dE Z1 1. (2mef?y* Wi 5(8
—<dx> :KzQZE [Zln (”) —62—(27)], (5.1)

with the terms being:

o — (dF/dz): Stopping power (mean energy loss per unit path length).

« K: A constant K ~ 0.307 MeV mol™" cm? [1].

z: Charge number of the incident particle.

7: Atomic number of the medium.

o A: Atomic mass of the medium (in g/mol).

B = wv/c: The velocity of the incident particle relative to the speed of light.

e v=(1— %)% The Lorentz factor.
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Fig. 5.5 Cropped collection plane recording of candidate neutrino interaction producing
tracks and showers. A number of cosmic-ray muon tracks are also visible. Source:
MicroBooNE Collaboration.

me = 0.511 MeV: Electron rest mass [1].

Wnax: Maximum energy transfer to an electron in a single collision,

2m, 3?2

Wmax = 2
1+295F + (%)

where M is the mass of the incident particle.

I: Mean excitation energy of the medium, an empirically determined quantity.

d(S7y): Density effect correction, which accounts for polarisation of the medium

at high energies.

This is only accurate for moderately relativistic particles with 0.1 < g~ < 1000, beyond
this, additional effects such as radiative losses become larger than 1% [1]. The formula
also only accurately approximates the energy loss of charged particles heavier than
electrons. For electrons and positrons, additional terms need to be added due to their
low masses [1]. Figure 5.6 shows the Bethe-Bloch distribution of ut over different
energy ranges in a material. The stopping power exhibits a minimum and particles at
energies in this range are MIPs.

For electrons and positrons, energy loss occurs through ionisation and bremsstrahl-
ung. The latter is radiation emitted due to acceleration, here from the electric field of
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Fig. 5.6 Stopping power for antimuons in copper as a function of 5y = p/M. Source:
Ref. [1].

a nucleus. At lower energies, ionisation dominates, similar to heavy charged particles,
while at higher energies bremsstrahlung becomes the dominant process.

Low-energy photons transfer their energy to bound electrons via the photoelectric
effect, leading to ionisation. Intermediate-energy photons Compton scatter off free or
weakly bound electrons. High-energy photons pair-produce electron-positron pairs in
the field of a nucleus. Electromagnetic showers are produced in MicroBooNE when an
energetic photon, electron or positron interacts with the argon and initiates a cascade

of further electrons, positrons, and photons.

5.2.2 Diffusion

Electron diffusion is the spreading of ionisation electrons produced by charged particles
relative to the drift time. Under the influence of MicroBooNE’s electric field, the
diffusion is anisotropic and can be split into two components. The transverse component,
denoted Dr, spreads the electron clouds over multiple wires, while the longitudinal
component, Dy, which is most strongly affected by the electric field, causes the clouds
to spread in the drift dimension and thus broadens the waveform in time, as illustrated
in Figure 5.7.

The effects of longitudinal diffusion in argon are not well known, and MicroBooNE

has conducted its own study using cosmic muons tagged by a cosmic ray tagger
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Fig. 5.7 lllustration of waveform broadening due to longitudinal diffusion relative to
the drift time. Source: Ref. [107].

(CRT) [107]. The CRT is described in Section 5.6 and, it suffices to mention here, is a
scintillator detector surrounding the cryostat that can be used to measure incoming
charged particles. The CRT, along with the determination of the start and end points
of the track, enables the identification of the muon entry time which is required to

precisely establish the electron drift times needed to measure the level of diffusion.

5.2.3 Space Charge Effects

In MicroBooNE, which operates near the Earth’s surface, a high flux of cosmic muons
leads to significant ionisation, resulting in not only drift electrons but also positive
argon ions. The ions drift towards the cathode but are around five orders of magnitude
slower than electrons [108], leading to the build-up of a cloud of slow-moving positive
charge. This charge results in a non-uniform electric field, with the charge cloud

attracting electrons towards the centre of the detector. This is called the space charge

effect (SCE).
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Along the drift dimension, for instance, the excess charge causes variations in the
electric field strength that reach up to 10% near the cathode and 6% near the anode
from the nominal strength Ey = 273 V/cm [109]. One major effect of this is spatial
displacement, where ionisation electrons deviate from their expected drift paths, leading
to reconstructed tracks that appear squeezed in the directions transverse to the drift
direction and bent towards the cathode [110]. These effects are illustrated in Figure 5.8.
This stretching and squeezing also affects calorimetry and, in particular, the amount of
energy transferred to the material per distance, dE/dz, that is fundamental to particle
identification (PID) in MicroBooNE. Variations in the electric field also affect the
electron drift velocity and modify the rate of electron-ion recombination. Finally, the
SCE exhibits variations over time, with observed fluctuations in the charge distribution

of about 4%, potentially influenced by convective flows of liquid argon [105].
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Fig. 5.8 SCE from non-uniform charge build up in the detector, which can be broken
down into two transformations with (a) squeezing along the orthogonal directions to
the drift axis x, resembling a rotation and (b) bending of tracks towards the cathode.
Figure based on Ref. [111].

To mitigate all these effects, MicroBooNE employs two strategies to map the charge
buildup. The first is a UV laser system consisting of two units, each with a laser and
rotating mirror, that can ionise the argon and produce straight tracks with known
positions. These are then recorded by the TPC and can be used to determine the
amount of warping. The downside of this system is limited coverage of the detector
due to a constrained range of motion for the mirrors [105].

The main method used is to analyse cosmic background samples in which a muon
pierces either the cathode or anode of the detector. Tracks that pierce the anode
experience no SCE for deposited hits close to the anode due to the negligible distance
the ionisation electrons have to travel in the detector. However, this is not true for the
other sides pierced by the muons. In the first step, anode-piercing tracks are used to
correct the offsets of tracks passing through the other faces of the detector not covered
by an anode or cathode, as shown in Figure 5.9. Three-dimensional spatial offsets are

determined for the sides of the detector by first directly projecting the track ends onto
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the pierced TPC face to determine an orthogonal offset. To determine the offset in the
remaining two dimensions, an initial SCE offset map, computed using a Cosmic Ray
Simulations for KASCADE (CORSIKA) [112] simulation of muons in the detector, is
used. For this, ratios of the measured to the simulated orthogonal offsets across a TPC
face are computed. These factors are then used to scale the SCE simulation, setting
the strength of the offset in the other two dimensions. The remaining face, the cathode,
is calibrated using the scaling factors determined in the first step at the edges of the
top and bottom faces near the cathode. The top and bottom values are interpolated
to get the scaling map. Using this knowledge about the correct start and end points of
tracks passing through the TPC faces, the amount of warping in the whole volume can
be determined by examining crossing muon pairs. These pairs do not actually have to
occur at the same time but need to come very close to each other (within 1 ¢cm) when
combined. The true crossing point, determined by drawing a straight line between the
corrected end points of each track, can be compared to the observed crossing point.
The detector volume is voxelised, and the median offset in each voxel is used to average
out the effects of multiple Coulomb scattering (MCS), which are multiple small-angle
deflections due to Coulomb interactions with nuclei. The spatial offset map can then

be used to compute the electric field distortions inside the detector [105].

Anode-Piercing Cathode Bulk
Face Calibration Calibration Calibration

Anode Cathode

Fig. 5.9 The three SCE calibration steps: first, using anode-piercing cosmic muons
to correct the spatial offsets at the detector faces; second, using this information to
fine tune a dedicated simulation that determines the offset at the cathode; and finally,
comparing the true crossing point of tracks to the observed one to determine the spatial
offsets inside the detector. Source: Ref. [105].

A hybrid space charge map is created by combining the UV laser-based mea-
surements with the cosmic muon-based offsets, and this hybrid map is used for all

subsequent corrections.
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5.2.4 Recombination

Closely connected to SCE is recombination, which is the rate at which ionisation
electrons lose their excess energy and recombine with Art ions. This directly depends
on the concentration of positive ions at any point in the detector, which itself depends
on the local electric field strength moving the ions. Electrons undergoing recombination
attenuate the signal reaching the anode. MicroBooNE measures the charge deposited
over distance d@)/dx that arrives at the anode. To go from this to the correct deposited

energy dE/dz, recombination has to be taken into account [113].

5.3 Scintillation Light Detection

In addition to producing ionisation electrons, final-state particles can also produce
light via Cherenkov radiation or scintillation. The latter is central to MicroBooNE’s
photomultiplier tube (PMT) light collection system, which provides complementary

timing information.

5.3.1 Liquid Argon Scintillation

Charged particles traversing the argon lose energy by ionising and exciting argon
atoms, forming bound Arj excimers (excited dimers) in two relevant electron spin
configurations: a singlet state and a triplet state. An illustration of this is shown in
Figure 5.10. In both cases, a single electron has been promoted to a higher energy
level as illustrated in Figure 5.11. The singlet state is the dominant configuration and
has antiparallel electron spins between the excited and the other unpaired electron
(total spin zero). This state has a short lifetime of 6 ns [114]. The triplet state, making
up about one-quarter of excimers [103], has two parallel spin states (total spin one)
and a longer lifetime of 1.6 us [114], since its decay requires spin flipping. Upon
radiative deexcitation, both states decay to two separate ground-state argon atoms
while isotropically emitting vacuum ultraviolet (VUV) photons at around 128 nm [115].
Argon is transparent to this wavelength, and these photons are crucial for precise
timing and event reconstruction in noble liquid detectors like MicroBooNE.

The light yield depends on dE/dz and the electric field strength [117]. Quenching
from nitrogen has significant effects on light yield, where Ny molecules collide with
the argon excimers, resulting in a non-radiative collisional reaction. This reduces the
light yield and particularly affects the slower decaying triplet state. A ~ 1 ppm Ny

contamination, for instance, results in a ~ 20% reduction in photons [118]. Furthermore,
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Fig. 5.10 Excimers are produced via two routes. One is called self-trapping and happens
via an excited argon atom, the other is the result of ionisation of an argon atom followed
by recombination. The excimers can be singlets or triplets, and return to individual

ground state atoms via the emission of a photon or by quenching caused by impurities.
Figure based on Ref. [116].
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photons can also be directly absorbed by impurities. However, this effect is negligible
for the irreducible nitrogen contamination given the VUV nature of the scintillation
light [119]. In MicroBooNE, the photon yield is O(10,000) per MeV of deposited energy.

Ground state Singlet Triplet
excited state excited state

Fig. 5.11 Illustration of spin states for a pair of electrons. The first and second picture
show antiparallel spins in the ground and the singlet excited state. The last picture is
the triplet excited state.

5.3.2 Light Collection System

There are 32 PMTs mounted on the inside of the cryostat wall behind the anode wires
as shown in Figure 5.12. Acrylic plates covered with tetraphenyl butadiene (TPB)
are placed in front of the PMTs to wavelength shift incoming VUV photons to the
visible spectrum with a peak around 425 nm. This is needed since detecting these
small wavelengths is difficult to do with PMTs directly. Figure 5.13 shows that the
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installed Hamamatsu cryogenic PMTs have no response to photons below 300 nm [120]
and require this wavelength-shifting coating to be effective. Figure 5.13 also shows a
secondary light collection system for future detector R&D that makes use of acrylic

light guides. However, this is not used for triggering.

guide
|

Fig. 5.12 Image of the MicroBooNE light collection system in the cryostat consisting of
PMTs with TPB coated plates and a secondary system of acrylic light guides. Source:
Ref. [103].

The PMT system is not used to determine the start of a beam interaction, as
the 1.6 ps duration of the beam spill is short enough that its time of arrival can be
used as the time ty. However, the relatively long electron drift times on the order of
milliseconds, combined with MicroBooNE being a surface detector, results in cosmic
rays appearing in almost all recorded interactions. The light distributions across the
PMTs give additional information about the z and y positions of interactions without
any electron-drift delays. Flash-track matching can thus be used to match observed
light to tracks in the detector and can be used to identify the interactions in time with

the beam and to reject incidental backgrounds.

5.4 Readout System

The wire readout is shown in the top half of Figure 5.14. It starts with cold electronics
that are inside the cryostat. The readout wires are connected to analogue application-
specific integrated circuits (ASICs) that first pre-amplify and shape the weak analogue
wire signals. The ASICs are placed inside the cryostat to minimise the distance to the
wires, reducing noise. After this initial amplification, the signals are less sensitive to

noise and can be sent to the warm electronics outside the cryostat via feedthroughs.
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Fig. 5.13 Photon absorption, emission and transmission spectra relevant to the scintil-
lation light detection system. The argon scintillation spectrum is shown in red. The
fraction of emitted to absorbed photons for TPB is shown above in green, with it being
possible for multiple photons to be emitted for one energetic absorbed photon. The
spectrum of the emitted light is the dashed green light. The transmittance of the PMT
glass is shown in black and the quantum efficiency of the sensor, which is the ratio
of incident to emitted photons, is shown in blue. The emitted scintillation light gets
shifted to the detection range of the PMT. Source: Ref. [121].

An intermediate amplifier further boosts the signals to allow them to be sent to the
readout electronics several metres away. The readout system consists of analog-to-
digital converters (ADCs) and digital data handling modules called front end modules
(FEMs) that use field-programmable gate arrays (FPGAs). The ADCs digitise the
waveforms in 1.6 ms time windows. These were designed to be large enough to allow
electrons to drift the full cathode to anode distance in the planned 500 V /cm electric
field. The eventual field strength ended up being roughly half, requiring multiple
frames to be read out. There are two data streams that get buffered in the FEMs.
These are named SN and NU, with the first continuously sending recorded frames to
the data acquisition (DAQ) computers while the NU stream is for triggered recordings.
NU uses lossless compression, while SN uses lossy compression to reduce the amount
of data that needs to be stored. When a trigger signal is received, the FPGAs crop
4.8 ms out of the recorded frames so that there is 1.6 ms before and 3.2 ms after the
received trigger time. The purpose of the SN stream is for use in beam-independent
analyses, such as supernova neutrino observations. The DAQ system stores the data
on disk and tape and makes it accessible via the Fermilab Serial Access to Metadata
(SAM) system.
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Fig. 5.14 Schematic of the MicroBooNE readout system, illustrating the signal paths
from the TPC wires and PMTs to the DAQ system. The layout highlights the separation
between cold and warm electronics, the signal digitization and processing stages, and
the role of the trigger board in coordinating data collection. Source: Ref. [103].
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A single coaxial cable carries the high-voltage into the cryostat for the optical
system and the signal out. The PMT readout is shown in the bottom half of Figure 5.14.
The signal is split into high- and low-gain channels for a high dynamic range. These
are then amplified and receive some analogue processing before being digitised via
three readout boards consisting again of ADCs and FPGAs. Two of these boards
are dedicated to separately processing high gain signals for in- and out-of-beam-time
periods. The third processes the much fewer low gain signals for flashes from all
sources. In contrast to the wire readout, the PMT ADCs use a higher sampling rate for
digitising the signals. This higher rate enables better determination of the event start
time ¢y which is used for non-beam interactions (e.g. cosmic rays). The information
is recorded in the NU data stream and sent to the DAQ as four frames, with one
preceding, one containing and two following a trigger event. To reduce the amount of
data, only sections passing a minimum threshold of recorded photo-electrons are kept.
For beam-related triggers, it additionally does 1500 consecutive recordings, equivalent
to 23.4 ps, around and during the beam spill. This is called the beam discriminator.

The system also records shorter 0.6 us bursts of PMT data by self-triggering upon
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reaching a light threshold inside the remainder of the four frames. This is called the

cosmic discriminator.

5.5 Trigger System

To limit the amount of recorded data, a trigger system decides which PMT and TPC
recordings are of interest and need to be saved in full. The trigger board accepts
several types of inputs. The primary input is a hardware trigger signal, which can be
issued by Fermilab’s Accelerator Division when a neutrino spill is due to arrive from
the BNB or NuMI beams. The trigger board then issues a T1 trigger that is sent to
all FEMs, which then record the PMT and TPC data in the NU stream as described
in the previous sections.

In periods of no BNB activity, fake beam trigger signals are issued to record realistic
cosmic backgrounds, which are referred to as beam-off or EXT data. Some of these
are then later combined with simulated neutrino interactions to produce Monte Carlo
(MC) simulations with realistic backgrounds. The PMT system also provides inputs to
the trigger system. Additionally, there are three types of triggers used for calibration
studies from the UV laser system, from the CRT, and from software-based triggers
from the DAQ system.

In the DAQ system, a software trigger is also applied before triggered recordings
are saved. It filters the hardware-triggered events, retaining only those with a high
likelihood of containing neutrino interactions. The selection criteria require events to
have a minimum light signal across all PMTs coincident with a beam spill. This filter

reduces the amount of data that needs to be stored by two orders of magnitude [122].

5.6 Cosmic Ray Tagger

There is one additional component that was added to the detector later on. The CRT is
an external subsystem designed to identify and reject cosmic ray muons that enter the
TPC. The CRT consists of scintillation modules placed around the detector, except for
the beam entry and exit faces due to space constraints. Each module contains plastic
scintillator strips with wavelength-shifting fibres that guide scintillation light to silicon
photomultipliers (SiPMs). The strips are arranged in two layers with perpendicular
orientations to provide 2D position information. The output electronic signals are

then processed by front end boards (FEBs). This system provides precise timing and
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position information about tracks piercing the TPC and can be used to reject cosmic
muons [123].

The CRT self-triggers but uses the hardware trigger as a reference point in time.
To later match the recorded signals with the other data from the detector, the CRT
and TPC both store GPS timestamps for any recordings. Data collection occurs via
dedicated DAQ machines that process and store event information for later analysis.
The CRT has been used for calibration studies, but given that the information is
only available for the later Runs 3-5 of the experiment, most physics analyses do not

incorporate the information directly.

5.7 Operation

MicroBooNE recorded data for five runs between 2016 and 2020, corresponding to
1.3 x 10! protons on target (POT) from the BNB. During this time, MicroBooNE had
to compensate for non-functioning components and changes in the detector, some of
which are described below.

TPCs using wire planes are vulnerable to shorted or otherwise malfunctioning
channels due to the large number of densely stacked wires in the anode. Following
installation, approximately 10% of the channels in MicroBooNE are non-functional, as
shown in Figure 5.15. These observations represent a snapshot in time, as reported
in Ref. [106]. The number of faulty wires is largely stable, but there is fluctuation
in some wires over time. Among the 516 ASICs, 14 are misconfigured, possibly due
to electrostatic discharge during installation, but their channels remain usable with
additional noise filtering. Additionally, six ASICs are not connected to wires due to
installation errors, and 19 cannot be initialised in the cold argon, likely due to power
circuit issues. Approximately 20 channels experience intermittent non-responsiveness
due to periodic ASIC saturation. One V wire is in contact with multiple U wires,
resulting in 287 non-functioning U channels, 259 without signal and 28 exhibiting
high noise. This contact also leads to charge collection on U wires and a reduction
in signal amplitude in the subsequent V and Y layers. A total of 126 Y channels are
unusable due to shorting with V wires, 116 producing no signal and 10 exhibiting
high noise. This causes ionisation electrons that would normally be collected by the Y
plane to instead be collected by the V plane, resulting in unipolar signals on this plane.
Furthermore, 36 additional high-noise channels are present that are not in proximity
to shorted wires. The extent of the faulty channels is manageable, and 97% of the

detector volume has coverage by two or more readout planes [106].
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Vertical
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Fig. 5.15 Noisy and unresponsive wires in the anode cover 30% of the area. The regions
with more than one faulty wire, e.g. overlapping unresponsive regions between the
collection and one of the induction planes, is much smaller at 3%. Source: Ref. [124].

Additionally, one PMT became unresponsive after Run 2 [125]. The light yield
in the detector also decreased on average by 25% during the first three runs of the
experiment, as shown in Figure 5.16. This required some time-dependent corrections
and additional uncertainties to be added, but had no real effect on the experiment’s
ability to record neutrino interactions. The cause of this has not been definitively
determined [126].
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Fig. 5.16 Light yield from tracks at the anode and cathode in MicroBooNE decreasing
over time. Source: Ref. [126].
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There have also been intentional changes. Electronics upgrades after Run 1 signifi-
cantly reduced noise for the TPC readout. The PMT threshold for the NuMI beam
was adjusted to a lower value during Run 3. The CRT was installed halfway through

the experiment.



Chapter 6
Simulation and Reconstruction

MicroBooNE’s simulation and reconstruction pipeline is centred around the Liquid
Argon Software (LArSoft) framework [127], which is developed across the different
LArTPC experiments at Fermilab. The two sections of this chapter provide an overview
of the MC simulation used to model events in the detector, followed by a summary of

how simulated and data events are then reconstructed.

6.1 Simulation

The simulation of events in MicroBooNE starts with the modelling of the neutrino
beam flux, followed by neutrino interactions, the transport of final-state particles, the

detector response, and finally, the addition of cosmic-ray backgrounds.

6.1.1 Boosted Neutrino Beam Flux

The BNB flux simulation for MicroBooNE is adapted from the MiniBooNE experi-
ment, situated in the same beam line and documented in Ref. [98], with additional
constraints on 7+ and K+ production [97] from measurements taken by the Hadron
Production Experiment (HARP) [128] and the SciBar Booster Neutrino Experiment
(SciBooNE) [129]. It begins with the modelling of the incoming protons. Their spatial
distribution is determined via a beam simulation using the TRANSPORT package [130],
which was validated upstream by comparing its predictions with measurements made
by beam profile monitors [131]. The main simulation uses the GEANT4 toolkit [132—
134], version 8.1, which models the final stretch of the BNB beam line, including
the target hall and the decay pipe. For this, protons are generated with randomised

positions and kinematics according to the determined beam characteristics. GEANT4
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then step-by-step simulates the transport of particles, considering the current-induced
fields of the magnetic focusing horn, interactions with matter, and decays that do not
produce neutrinos.

The rates of hadronic interactions of protons, neutrons, and pions on beryllium and
aluminium are governed by custom cross-section tables [98]. Other particle-nucleus in-
teractions are handled by GEANT4 using the standard QGSP BERT configuration [134].
Final state configurations are also determined by GEANT4 with this configuration,
except for the main interaction of incoming protons with beryllium, for which a custom
set of double differential cross-section tables in longitudinal and transverse particle
momentum is used. These tables are computed for meson production using different
parameterisations dependent on the available data. A Sanford-Wang parameterisa-
tion [135], an empirical formula for modelling meson production from high energy
proton-target collisions, is used to smoothly fit data from various incident proton
energies for 7* and K° production [98]. For KT production, data in the BNB proton
energy range are sparse, so a different parameterisation is adopted to maintain a
consistent cross-section shape across energies. This approach is based on Feynman
scaling, which assumes that the inclusive hadron production cross section can be
parameterised independent of the incident energy at high energies [136]. K~ and
secondary nucleon production cross sections, due to a lack of experimental data in the
relevant kinematic regions, are determined from predictions of the hadronic interaction
package MARS [137]. Multiplicities and kinematics are randomly sampled from the
probability distributions defined by these cross-section tables.

Finally, a custom decay model uses available branching fraction data and accounts
for polarisation and kinematics of produced mesons and muons to compute their
ultimate decays to neutrinos. The flux of neutrinos is then computed by projecting it
onto a planar cross section of the detector volume at the required distance and position.

The predicted BNB neutrino flux at MicroBooNE, with the beam only operating
in neutrino mode, is predominantly of muon flavour, with 93.7% being v, and 5.8%
being v,. There are smaller electron flavour contributions of 0.5% for v, and 0.05%
for v,. The flux prediction is shown in Figure 6.1. Of the muon neutrinos arriving at
MiniBooNE and MicroBooNE, ~ 97% come from the decay of 7, followed by ~ 3%
produced via K, and only negligible contributions from other mesons, led by K°. 1,
is dominated by 7~ decay at ~ 90%, followed by ~ 5% coming from muon decays
following a 7™ — p* decay and smaller kaon contributions. Mainly muon and kaon
decays contribute to v, and v, production [98].
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Fig. 6.1 Neutrino flux for muon and electron (anti-)neutrinos arriving at the Micro-
BooNE detector. Source: Ref. [97].

6.1.2 Event Generation

A tuned configuration of the neutrino MC generator GENIE [138, 139], version 3.0.6,
is used to simulate neutrino interactions across all MicroBooNE analyses, according
to the predicted flux. It uses a custom MicroBooNE tune [140] that is based on the
model configuration G18_10a_02_11a. A summary of the physics model, referred to
throughout this thesis as GENIE G18, is provided in Table 6.1. The tuned version
constrains CC QE and CC MEC interactions with data from T2K. The effect of this
tuning is minimal for the signal prediction of the single charged pion analysis, but it
does affect predicted backgrounds, which are rich in pionless CC events. This section
gives an overview of the internal models used in this GENIE configuration, as well
as differences with a newer DUNE /Short-Baseline Near Detector (SBND) model set
AR23_20i_00_000 produced with GENIE version 3.04.02 and referred to as GENIE
AR23 as well as alternative generators: Giessen Boltzmann-Uehling-Uhlenbeck (GiBUU)
2023 (Patch 3) and the new version 2025 (Patch 1) [141], NEUT version 5.4.0.1 [142]
and the Wroctaw Neutrino Generator (NuWro) version 21.09.2 [143].
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G18 10a Model Set

Nuclear ground state Local Fermi Gas

Quasi-elastic Valéncia QE [144, 145] with dipole Fi4(Q?)

2p2h Valencia 2p2h [146]

Resonance Kuzmin-Lyubushkin-Naumov Berger-Sehgal [147—
150]

Shallow and deep inelastic Bodek and Yang [151]

Coherent 7 Berger-Sehgal [152]
Hadronisation Andreopoulos-Gallagher-Kehayias-Yang [153]
FSI INTRANUKE hA18 [154]

Table 6.1 Comprehensive model configuration for GENIE G18 10a as used by Micro-
BooNE.

6.1.2.1 Nuclear Ground State

The simulation of neutrino-nucleus interactions begins with a model of the target
nucleus in its ground state. The properties of this state, particularly the momentum,
spatial distribution, and separation energy of the nucleons, play a central role in
accurately modelling the kinematics of outgoing particles.

The impulse approximation is an approach used to model neutrino-nucleus scattering
by assuming that the neutrino interacts with a single bound nucleon inside the nucleus,
while the remaining nucleons act as passive spectators [155]. In this approximation, the
outgoing nucleon is described as a free particle, meaning it does not undergo any further
interactions with the residual nucleus as it exits. This approach neglects both final
state interactions and nucleon-nucleon correlations, thereby simplifying the calculation
by factorising the nuclear cross section into an independent lepton-nucleon interaction
and a nuclear structure model that describes the momentum and energy distribution of
bound nucleons. The underlying assumption is that the nucleus can approximately be
treated as a collection of independently scattering bound nucleons, and requires that
the four-momentum transfer mediated by the exchanged W= or Z boson is sufficiently

large for its wavelength A ~ 1/|g| to resolve individual nucleons rather than interact
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Fig. 6.2 Feynman diagram showing a CCQE neutrino interaction with a nucleus
on the left, and the same interactions factorised into the sum of individual nucleon
contributions using the impulse approximation on the right.

coherently with the whole nucleus [156]. This factorisation is illustrated in Figure 6.2.
The QE cross section on a free nucleon o,y from Equation (3.1) can then be used to

estimate the cross section for the interaction with a nucleus as

dO',,N

dw dQ’

dora
dw d€2

= /dsﬁdEsep P(ﬁ: Esep) (61)

where, rather than a sum over fixed initial nucleon states, the spectral function P(p, Egep)
gives the continuous probability density of finding a nucleon with momentum p and
separation energy Fi., inside the nucleus [155].

A commonly used approach to model the kinematic distribution of the nucleons
described by the spectral function relies on Fermi gas models. GENIE G18 uses a local
Fermi gas (LFG) model described by the Valencia group as part of their QE+MEC
model [144-146]. LFG models represent an evolution from the earlier relativistic Fermi
gas (RFG) models, which describe the nucleus as a sphere of uniform nucleon density
filled with non-interacting nucleons which occupy momentum states up to a fixed
global Fermi momentum k¥ for protons and neutrons N € {n, p}, in accordance with
the Pauli exclusion principle. LFG models still treat the nucleons as non-interacting
particles and avoid modelling the complex intranuclear dynamics, but use a local
density approximation to account for the spatial distribution of nucleons within the
nucleus. In these models, local nucleon densities for neutrons and protons py(r) are
used to define position-dependent Fermi momenta, which for the argon model in GENIE

use two-parameter Fermi distributions [144]:

pN(r) = oy (0)

1+ exp (T_R> 7 62)

a
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where py(0) is the central density, R is the half-density radius, and a characterises the

surface diffuseness. The local Fermi momentum is then given by [144]:
ki (r) = 37w ()], (6:3)

which in turn determines the maximum momentum available to nucleons at each
point within the nucleus. Pauli blocking is applied to prevent outgoing nucleons from

occupying already filled states below k% (r).

6.1.2.2 Quasielastic Scattering

Neutrino generators employ several QE scattering models. GENIE G18 and NEUT
have implementations based on the Valéncia model. GENIE AR23 uses a superscaling
approach based on SuSAv2 [157]. NuWro relies on the Llewellyn Smith model with
random phase approximation (RPA) corrections [158]. GiBUU uses its own model
together with its Boltzmann-Uehling-Uhlenbeck (BUU) transport simulation [141].
Accounting for nuclear effects is the main challenge in QE modelling, as it is
necessary to accurately predict both the cross section and the kinematic properties
of the outgoing particles. These properties are more sensitive to the modelling of the
nuclear ground state than in higher-energy interactions such as DIS. The Valencia

model employs several corrections:

« Random Phase Approximation: The Valéncia model enhances the simple
picture of non-interacting nucleons in the LFG model by including long-range
correlations treated using RPA. When a neutrino interacts with a nucleon inside
the nucleus, the interaction is modified by the surrounding strongly interacting
nucleons. The dominant impact is a suppression of the axial nuclear response,
leading to a reduction in the predicted QE cross section. This effect is most

pronounced at low four-momentum transfer [144].

e Nuclear Binding Energy Corrections: In the Fermi gas model, infinitesi-
mally small energy transfers suffice to lift a nucleon into an unoccupied state
and produce a 1plh excitation. However, real nuclei have an energy gap due to a
minimum required excitation energy. This requirement is imposed in an ad hoc
manner using experimental measurements of this minimum energy and is most

relevant for low-energy neutrino interactions [144].

e Coulomb Corrections: Coulomb distortions of interactions occur due to the

charged lepton in CC neutrino interactions propagating in the Coulomb field
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of the nucleus. This results in an enhancement of cross sections for neutrino
processes and suppression for antineutrino processes and is accounted for by

modifying the outgoing lepton energy and momentum [144].

6.1.2.3 Meson Exchange Currents

The neutrino event generators employ different MEC models: GENIE G18 and NEUT
use the MEC treatment described by the Valencia model [144-146], while the GENIE
AR23 configuration uses the SuSAv2 MEC approach [157]. NuWro uses the MEC
component of the Valéncia model [144-146]. GiBUU has its own implementation of
MEC contributions within its BUU transport framework [141].

The Valéncia MEC model calculates CC interactions in which a W= is absorbed by
nucleons coupled via the exchange of a virtual meson. It provides predictions for the
cross section as a function of the energy and momentum transferred from the lepton

system to the nucleus, incorporating the same corrections described for QE scattering.

6.1.2.4 Resonance Production

Resonance production in the various generators is handled as follows. GENIE and
NEUT employ the Kuzmin-Lyubushkin-Naumov Berger-Sehgal (KLM-BS) model [147—
150], which is a substantial update to the long-used Rein-Sehgal (RS) model [159].
The RS model predicts the production of 16-18 distinct resonances, depending on the
implementation. The KLM-BS model builds upon this by, among other things, more
carefully accounting for the impact of the non-zero mass of the final-state lepton. This
is important for accurately describing the cross section at low Q. NuWro calculates
resonance cross sections using the Adler-Rarita-Schwinger formalism [160] for only the
A(1232) resonance, which dominates at accelerator neutrino energies. GiBUU models
resonance production according to the Mainz Unitary Isobar Model (MAID) [161, 156].

To accurately predict the kinematics of pion production, generators also need
to consider non-resonant (also called background) contributions. These are possible
tree-level Feynman diagrams without a resonance. An example of these is a nucleon-
pole diagram, where an off-shell nucleon propagates before emitting a pion and going
on-shell [162]. Contributions from these channels are small, but do have an impact on

the kinematics of the pion predictions [163].
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6.1.2.5 Shallow and Deep Inelastic Scattering

GENIE, NuWro, and NEUT all employ the Bodek-Yang (BY) model for DIS [151], which
is an effective leading order parton model that starts from existing parton distribution
functions obtained from global fits to data and introduces modifications to extend
their validity to GeV-scale neutrino interactions. The SIS region, where interactions
transition from RES to DIS is one of the least constrained parts of neutrino-interaction
generators and shows significant variation between generator implementations [164].
In GENIE, after the primary neutrino-quark interaction, hadronisation is handled
using the hybrid Andreopoulos-Gallagher-Kehayias-Yang (AGKY) model [165], which,
depending on the hadronic invariant mass, uses the empirical Koba-Nielsen-Olesen
(KNO) model [166] or relies on the PYTHIA generator [167]. GiBUU simulates inelastic

processes with its own custom model [141].

6.1.2.6 Coherent Pion Production

Coherent pion production is treated using the coherent Berger-Sehgal (BS) model [152]
in GENIE, NuWro and NEUT. It leverages the PCAC theory, which connects forward
neutrino scattering to pion-nucleon cross sections and uses available pion scattering

data to constrain uncertainties [152]. GiBUU does not simulate coherent interactions.

6.1.2.7 Final State Interactions

One of the main sources of uncertainty in neutrino-nucleus scattering is that there
is not a one-to-one relation between particles produced in the initial scattering and
the particles exiting the nucleus. Hadrons can undergo a variety of further final-state
interactions (FSI) inside the residual nucleus. For instance, a pion produced in a
resonance interaction can undergo (multiple) further interactions such as elastic or
inelastic scattering, charge exchange (e.g. 7+ +mn — 7 + p), pion absorption, or pion
production. An illustration of this is shown in Figure 6.3. To correctly reconstruct
neutrino energies, experiments need to account for the produced visible final state
particles. FSI alter the energy and momentum of outgoing particles. They can also
change the number of final-state particles, resulting, for instance, in QE interactions
with a final state pion or a resonance interaction without a pion appearing like a QE
interaction.

Many generators employ intranuclear cascade (INC) models for handling FSI. These
vary greatly but all begin with the hadrons produced at the interaction vertex and

then use a mean free path for the hadron’s propagation inside the nucleus, determined
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Fig. 6.3 Illustration of several final state interactions on neutrons and protons that a
charged pion produced in the nucleus can undergo.

from their total cross section with nucleons. For example, given the total cross section
of a pion with nucleons and the nucleon density in the nucleus, the mean free path

is [168]
1

otn(E)p(r)
Using a MC method, the particle can then be propagated in small steps (Al < \)

ME,r) = (6.4)

with an interaction probability at each step given by Al/A. If an interaction occurs,
the type is randomly chosen based on partial cross sections. This is repeated for the
outgoing particles until all are absorbed or have exited the nucleus [1].

The impulse approximation is used to model the neutrino—nucleus interaction.
However, further simplifications are employed in neutrino generators to manage the
computational complexity of propagating resulting hadrons. These include treating
particles as having sharply defined energies and momenta, and neglecting the inherent
width of their spectral functions and broadening effects such as short-range correlations.
The nuclear density distribution is assumed to remain invariant during the reaction.
Interactions are modelled only with stationary nucleons, neglecting interactions among
ejected particles. Lastly, the free particle approximation assumes nucleons within the
nucleus are not bound by a potential and travel in straight-line trajectories between
collisions, with binding energy effects introduced separately. This contrasts with models
like GiBUU, which directly simulate binding potentials [156]. In general, GiIBUU aims
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for a less classical treatment of F'SI by relying on a transport model that uses the
BUU equations to propagate hadrons through the nuclear medium and incorporates
more nuclear properties directly into the simulation, rather than relying on ad hoc
corrections.

All GENIE configurations considered in this analysis employ the hA2018 FSI model,
which is a data-driven, effective intranuclear cascade model. Unlike the full cascade
simulations in NuWro and NEUT, which explicitly propagate hadrons step by step
through the nuclear volume as described above, hA2018 parameterises the net effect
of FSI in what is effectively a single propagation step. For each produced hadron,
the mean free path is used to compute a probability for it to undergo one or more
interactions before exiting the nucleus. If an interaction is deemed to occur, the specific
final state (e.g. elastic scatter, charge exchange, absorption, or pion production) is
chosen probabilistically based on measured branching fractions for hadron-nucleus

scattering [168].

6.1.3 Particle Transport

After GENIE generates the list of final-state particles emerging from the struck argon
nucleus, GEANT4 propagates them through a detailed model of the detector and its
surroundings. It handles relevant physical processes that particles undergo as they
traverse matter, including continuous energy loss for charged particles via ionisation
and excitation, scintillation light production, trajectory deflection via MCS, secondary
interactions of hadrons on argon nuclei, the decay of unstable particles, and the

modelling of electromagnetic showers.

6.1.4 Detector Response Simulation

GEANT4 is not used to simulate the drifting of the ionised electrons or the propagation
of scintillation light in MicroBooNE. Instead, the final stage of the simulation involves
converting the produced energy depositions and photons into the raw electronic signals
that would be recorded by the LArTPC wires and PMTs.

The Modified Box Model [169] is used to describe electron-ion recombination and
determine the fraction of ionisation charge that escapes and drifts towards the detection
wires. It is modelled as:

R ;ln(a +6), withé =g (if) | (6.5)
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where o < 1 and (8 are empirical parameters tuned to data. In simulation, this is
applied by computing the deposited charge per unit length as a function of the change

in energy per unit length:

Q R (dE) 66)

dv Wi \ dz
with Wi, = 23.6¢eV is the average ionisation energy of liquid argon [170]. This allows
conversion from energy loss to collected charge, accounting for recombination.

LArSoft uses a dedicated detector simulation to model the electric field response
produced by the ionisation electrons. The simulation includes a detailed model of the
detector’s electric field and electronics response, including amplification, shaping, noise
filtering, and deconvolution, to produce realistic digitised waveforms for each wire.

The optical system is simulated using a lookup table to provide the probability of
a photon produced by GEANT4 at a given position in the detector reaching a PMT.
The table is created using a full GEANT4 simulation of photons in the detector. The
lookup table approach is used as a full simulation that keeps track of all scintillation
photons for each event is currently computationally unfeasible. Convolutions with real
recorded single-photon PMT responses are used to realistically model the effects of the
electronics and are combined with additional noise and modelling of the digitisation

process [171].

6.1.5 Overlaid Backgrounds

MicroBooNE records interactions for which the neutrino beam timing coincides with
the detection of scintillation light. Since the MicroBooNE detector is surface-based,
there are significant backgrounds from outside the detector that are included. To
generate more realistic MC event samples, MicroBooNE models these background
interactions using an overlay technique. In this approach, the simulated neutrino
interactions are superimposed onto real data events that were recorded during periods
with the beams turned off. This way the simulation inherits an accurate model of not
only the cosmic-ray background, but also all ambient detector noise at the time of

recording.

6.1.6 Prediction Samples

Neutrino MC samples, as described above, consist of simulated neutrino interactions

and overlaid background data. These MC samples are the core of the predicted
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interactions. Two additional sample types are included to correctly model beam spills
that do not produce a neutrino interaction in the detector. The first is pure beam-off
background recordings without simulated interactions, accounting for mistriggering due
to cosmic-ray backgrounds. The second is simulated neutrino interactions occurring
outside the cryostat in the surrounding structures and rock, whose particles travel into
the detector. This also has beam-off backgrounds overlaid, and the sample type is
referred to as ‘dirt’.

An alternative neutrino MC prediction has also been produced by the collaboration
using NuWro instead of GENIE, but otherwise following the same production pipeline,
including the overlaying of real backgrounds. This is used for validation and uncertainty
estimation.

Finally, to quantify systematic uncertainties due to the modelling of the detector,
detector variation samples have been produced by the collaboration. These vary

parameters of the detector model and will be described in Section 8.2.4.

6.2 Reconstruction

The event reconstruction pipeline is the bridge between the raw electronic signals
produced by the detector and the high-level physics quantities used in analyses. This
section provides a summary of the Pandora-based reconstruction workflow, tracing the
path from raw detector waveforms to the final data products. The entire process is

applied to both MC events and real detector data.

6.2.1 Low-level Reconstruction

The first stage of the reconstruction is the processing of the signals from the TPC
readout wires and the PMTs. The raw TPC wire signals are contaminated with various
sources of excess noise, which is in addition to the irreducible electronics noise planned
for in the detector design. The sources of this have been categorised as low-frequency
noise from voltage regulators, harmonic noise from the high-voltage power supply for
the cathode, and position-dependent bursts of noise, possibly originating from another
power supply [106]. Using the coherence of the low-frequency noise between different
channels and the narrow frequency peaks of the harmonic noise, these are corrected
for. The burst noise is reduced to acceptable levels without additional filtering by the
signal processing pipeline. An example of an event display with and without noise

filtering applied is shown in Figure 6.4.
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Fig. 6.4 Event display from the second induction plane showing the raw signal as the
baseline-subtracted ADC data on the left and the noise-filtered version on the right.
Source: Ref. [106].

The signal measured on a TPC wire is the convolution of the true spatial and
temporal distribution of drifting ionisation electrons with the wire plane’s field response
and the readout electronics response. The purpose of deconvolution is to invert this
convolution process, recovering a waveform that best represents the original ionisation
charge distribution as a function of time. MicroBooNE employs 2D deconvolution
techniques that correct for signal induction effects across neighbouring wires over
time [172].

Following deconvolution, the next step is to identify discrete charge depositions,
or ‘hits’ Algorithms scan the processed waveforms to locate region of interest (ROI)
likely to contain genuine signals. Within each identified ROI, a hit-finding algorithm
searches for local maxima and fits a Gaussian to each peak. The resulting calorimetric
hits represent localised charge depositions, characterised by their wire number, peak
time, and integrated charge [172].

In addition to the TPC charge readout reconstruction, the light information from
the optical system is processed to provide timing information for each event. Light
detected by the PMTs is grouped into flashes, which represent bursts of scintillation
light from particle interactions. These flashes are used to determine when an interaction
occurred, which is essential for reconstructing the position of the event within the

detector.
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6.2.2 High-level Reconstruction with Pandora

Following low-level signal processing, the collections of calorimetric hits and flashes
are passed to one of three high-level reconstruction frameworks: Pandora [173, 174],
Wire-Cell [175, 124], or a deep-learning-based approach [176]. Their main role is to
group the lists of discrete hits into coherent structures for each wire plane, use that to
reconstruct charged particles in 3D, and ultimately produce a hierarchical description
of particles in the event. This section focuses only on the Pandora pattern-recognition
framework, which is both the most widely used of the three and the one used in the
analysis described in this work.

Pandora is a software development kit to built reconstruction pipelines for fine-
grained detectors, but is mainly used with LArTPCs. It uses a multi-algorithm
approach in which a large number of task-specific algorithms are combined to reconstruct
events. At the heart of the Pandora reconstruction is the grouping of hits in each
readout plane into clusters associated with individual particles. By comparing the
reconstructed clusters between the different planes, the interactions are reconstructed
in 3D. The Pandora reconstruction flow in MicroBooNE employs a two-pass strategy
to reconstruct and separate cosmic-ray muons and neutrino interactions. The first pass
of the reconstruction utilises the PandoraCosmic algorithm chain, which is optimised
for reconstructing long tracks characteristic of cosmic-ray muons. Following this first
reconstruction pass, hits from unambiguous cosmic muon tracks are set aside and not
considered in subsequent reconstruction steps.

The remaining collection of hits is then used as input to the second pass, which
uses the PandoraNu reconstruction chain. It starts by running some of the same
2D and 3D reconstruction algorithms used in PandoraCosmic. The 3D hits are then
separated into ‘slices’ that represent topologically distinct collections that could contain
a neutrino interaction. Each slice is then reconstructed under both cosmic-ray and
neutrino interaction hypotheses. The latter also includes estimating a 3D neutrino
interaction vertex. This produces sets of reconstructed particles organised according
to which particle originates from which other. A support vector machine (SVM)
trained on a range of reconstructed event features, including particle multiplicity,
spatial orientations, and the position of the reconstructed interaction vertex within
the detector, scores each slice on a scale from 0 for cosmic-like to 1 for neutrino-like.
This score, along with information from the optical flashes, is used to identify the most
probable neutrino interaction slice. An example of a reconstructed simulated CC muon

neutrino event is shown in Figure 6.5.
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Fig. 6.5 Pandora-reconstructed simulated neutrino event with colour-coded clusters in
one readout plane. It shows four correctly reconstructed particles, two tracks and two
electromagnetic showers coming from the decay of a 7. Source: Ref. [174].

6.2.3 Calibration

After pattern recognition, a set of calibrations is applied to the reconstructed particles.
Using long anode-cathode-piercing cosmic muon tracks, position-dependent d@/dx
corrections are determined for the drift direction x of the detector and separately for
the zz plane. This corrects for effects of space charge, cross-connected TPC wires,
electron attenuation, and diffusion. Separately, and only for data, changes in charge
deposition d@Q)/dz are corrected as a function of time to account for longer-term effects
such as variations in argon purity. This is not done for the simulation, which is constant
in time [110].

The conversion between ADC readout values to true electron numbers is calibrated
using stopping muons from neutrino interactions in MicroBooNE in the framework
of the Modified Box Model [169] and separately checked using proton tracks. The
resulting measurement of change in deposited charge per unit length d@/dzx is used to
estimate the energy loss per unit length d£/dx of particles.

An inverse of the space charge applied to simulated events can also be applied after

reconstruction to both data and MC events to correct the spatial distortions caused by
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changes in the electric field of the detector. This is relevant, for instance, for estimating

momentum from the length of tracks.

6.2.4 Data Reduction

The final stage of the data processing pipeline is the distillation of the vast information
from the reconstruction into a format optimised for physics analysis. For this analysis,
this is the ‘PeLEE’ ntuples, which contain a large set of particle- and event-level
variables, many of which were originally created for one of MicroBooNE’s low energy
excess (LEE) searches [177].



Chapter 7

Signal Definition and Selection

7.1 Motivation

A precise understanding of neutrino-nucleus interactions is essential for the success
of current and future neutrino oscillation experiments. Uncertainties in modelling
interactions limit the precision with which oscillation parameters can be determined,
impacting the search for CP violation in the lepton sector and efforts to test for physics
beyond the Standard Model [178, 34, 179]. At the energies relevant to accelerator
neutrino oscillation experiments, theoretical models continue to face significant chal-
lenges, including the previously described treatment of nuclear structure, multi-nucleon
processes, and FSI.

Cross-section measurements play a key role in improving these models and in
reducing uncertainties for current and future neutrino experiments [180]. Argon is the
target material used in several current and future TPC neutrino oscillation experiments.
Specifically, the long-baseline experiment DUNE [181] and the SBN program [182]
at Fermilab rely on this detector technology for their precise particle tracking and
calorimetry.

MicroBooNE has collected an extensive data set of neutrino interactions on argon.
This work leverages this data to measure muon neutrino charged-current single charged-
pion production (CCln*) cross sections. Previously, MicroBooNE has published results
for 7 production in NC and CC neutrino interactions [183-186], as well as CC v,
and 7, 7% production [187]. Improving CC pion production models is important, as
these interactions dominate at energies relevant to experiments such as NOvA [34] and
DUNE [188].
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7.2 Signal Definition

A key consideration in any neutrino cross-section measurement is the definition of
the signal process. In neutrino-nucleus scattering, the final-state can be significantly
modified by nuclear effects as described in Section 6.1.2.7. This means that the
observable final state may differ from the one produced at the interaction vertex. As a
result, there are two common approaches to defining a signal: interaction-based and
topological.

Interaction-based definitions specify the signal in terms of the underlying neutrino
interaction mode, such as charged-current pion production. These definitions allow
direct association with individual theoretical models (e.g. for resonance production)
and make comparisons between measurements and models fairly straightforward for
theorists. However, this requires measurements to be corrected for nuclear effects and
introduces a large dependence on the FSI model used [188].

By contrast, topological definitions describe the signal in terms of the observable
final-state particles, meaning the particles that exit the nucleus which can be detected.
The downside of this approach is that comparisons between different measurements and
simulations are more challenging, as all possible interaction paths producing the same
set of final states must be considered and modelled in comparisons. While this does
not avoid the complexities of modelling FSI, it shifts them to the comparisons between
measurements and simulation. This reduced model dependence of the measurement
makes it more robust to future developments in generator modelling and increases
its long-term utility. Figure 7.1 illustrates how different interactions contribute to a
topological signal definition for charged-current pion production.

This analysis adopts a topological definition of the CC1z™* signal, requiring one

(anti-)muon, one charged pion, and any number of nucleons:

V', +Ar — 1pF 4+ IrF + X (7.1)

where X represents the residual nucleus and the nucleons.

Without a magnetic field, MicroBooNE cannot distinguish between 7+ and 7.
Moreover, v, interactions are included as part of the signal, although their presence in
the BNB is small, as described in Section 6.1.1. To be considered a signal event, the

neutrino interaction vertex must additionally be contained within a specified fiducial
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Fig. 7.1 Topological signal definition for CC single charged pion production. The shown
processes are: (a) A pion exits the nucleus and is visible in the detector. (b) A pion is
produced inside the nucleus via final state interactions and exits. (¢) A pion produced
at the vertex is absorbed before exiting. (d) A pion exits the nucleus and is quickly
absorbed in the detector medium. This illustration ignores phase-space restriction that
may result in any of these events not counting as signal.

volume of the detector. This volume is defined as:

10cm < x < 246.35 cm,
—106.5cm < y < 106.5cm, (7.2)
10cm < z < 986.8 cm,

providing a 10 cm gap away from the active TPC boundaries on all sides, except for
the downstream end, where the distance is extended to 50 cm.
Furthermore, signal events are only those within the defined phase space:

Muon momentum: p, > 150 MeV,
Pion momentum: p, > 100 MeV,

Muon-pion opening angle: 0, < 2.65rad.

The lower limit on the particle momenta comes from minimum length requirements

for their selection and momentum estimation. In particular, short reconstructed charged
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pion tracks in the few-centimetre range tend to be dominated by incorrectly merged
Michel electron tracks. Michel electrons originate from the decay chain 7% — p* — e
and can add additional charge at the end of a reconstructed track when not reconstructed
properly. The opening-angle phase space restriction excludes back-to-back muon-pion
pairs, which are challenging to distinguish from long cosmic muon tracks and result in
a phase space region with few signal events but high background contamination. These

requirements are justified in Section 7.6.3.

7.3 Kinematic Variables

Reporting cross sections in terms of interaction quantities such as the squared four-
momentum transfer )2, the energy transfer w, or the neutrino energy E, is beneficial
from a phenomenological perspective, as these variables are closely connected to
the theoretical description of neutrino-nucleon interactions and offer direct physical
insights when comparing data to predictions from interaction generators. However, such
quantities cannot be directly measured in neutrino experiments. Their reconstruction
depends on knowledge of the incoming neutrino energy, which is not known on an
event-by-event basis and must be measured itself. Due to the presence of undetectable
particles such as neutrons or charged particles below the detection threshold, this
estimation necessarily involves model assumptions, introducing a degree of model
dependence [188].

Observables that can be measured directly in the detector, avoiding this model
dependence, are preferred. In comparisons between measured differential cross sections
and simulations, it is then the responsibility of the generator models to provide accurate
predictions for the kinematics of these observables. By focusing on such quantities,
the resulting measurements again are more robust to future developments in generator
modelling, thereby increasing their long-term utility. This analysis presents five single-
differential cross-section measurements, in addition to an integrated total cross section.

The kinematic variables are:

Muon angle, 0,: the angle between the initial direction of the muon outside

the nucleus and the beam axis.

Pion angle, 0,: the angle between the initial direction of the charged pion

outside the nucleus and the beam axis.

Muon-pion opening angle, 0,,.: the angle between the initial muon and pion

directions outside the nucleus.
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Muon momentum, p,: the initial momentum of the muon outside the nucleus.

Pion momentum, p,: the initial momentum of the pion outside the nucleus.

The angles are taken from the Pandora 3D reconstructed particles and illustrated
in Figure 7.2. The momentum of tracks that stop in the detector could be obtained
by converting the deposited charge d@/dxz along the track length into an estimate of
the energy loss dE/dz, as described in Section 6.2.3. However, due to detector effects
such as the angular dependence between the track direction and the wire orientation,
reconstruction errors, and calibration challenges, MicroBooNE relies on fitted functions
of the track range, which map the distance a particle travels before coming to rest to
its momentum [189]. The range is the direct line distance between the start and end
points of a track, ignoring any track curvature. This assumes that particles slow down
approximately linearly and requires them to come to rest. This works well for muons
but not for hadrons, such as charged pions, which may undergo hadronic inelastic
interactions.

Charged particles traversing a medium also undergo MCS, which are multiple small-
angle deflections due to Coulomb interactions with nuclei. The deflections depend on a
particle’s momentum and can be used to estimate the momentum from a track that has
been three-dimensionally reconstructed [190, 191]. MicroBooNE uses this to estimate
the momentum of long muon tracks that are not fully contained in the detector, where
using the range of the track is not an option [189].

This analysis uses a subset of fully contained events for the muon momentum
estimation, avoiding the use of MCS, described later in Section 7.6.5. The charged pion
momentum is estimated from the travelled range as well and also requires additional
steps. Charged pions frequently scatter on the argon and can lose energy in invisible
ways such as exciting a nucleus and producing free neutrons. Additionally, they may
undergo further interactions such as charge exchange, absorption, or decay before
coming to rest. For this reason, a subset enriched in unscattered pions is selected in
Section 7.6.4 using a BDT-based approach [192], which aims to select charged pions

without visible scattering that come to rest in the detector before decaying.

7.4 Prior Measurements

A previous CC single charged pion production cross-section measurement on argon
has been made using the 0.24-ton active-mass Argon Neutrino Teststand (ArgoNeuT)
detector at Fermilab [193] using 1.25 x 10** POT in the higher-mean-energy NuMI
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Fig. 7.2 Schematic of a charged-current pion production event, showing the outgoing
muon and pion trajectories relative to the incoming neutrino beam. The angles 0,,, 0,
and 6, are the muon-beam, pion-beam and muon-pion opening angles, respectively.

beam [101]. That experiment measured CC1z* interactions for beams in neutrino and
antineutrino mode separately, collecting 115 v, and 158 7, events after background
subtraction. The MicroBooNE analysis described here has selected 6816 events after
background subtraction, offering a substantial improvement in statistical precision.
Additionally, MicroBooNE is reporting a differential cross section with respect to pion
momentum.

CC1l7* cross sections have also been measured for several other target materials,
including water, carbon, hydrocarbons, and some metals. A complete overview is shown
in Table 7.1, listing (anti-)neutrino CC17* measurements as well as more exclusive
measurements focused on coherent pion production. The Main Injector Experiment
for v-A (MINERvA) [194] has measured many of these and has shown challenges
for existing models in describing data across different nuclear targets. Cross-section
changes that result from varying the size of the target nucleus are referred to as
the A-dependence of the cross section. For instance, the measured CC charged pion
production cross sections per nucleon for iron and lead are around 80% and 50% of
the hydrocarbon value, a scaling relationship that many generators failed to predict
accurately [195]. Extrapolation from better-measured nuclei, such as carbon, to the
heavier argon nucleus is therefore not reliable, and dedicated measurements on argon
are required.

MicroBooNE [187], as well as T2K [196], have also reported first cross-section

measurements for electron (anti-)neutrino CC17® events. These measurements benefit
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from better lepton-pion separation due to EM shower production, but contain relatively

few events because the beams are predominantly composed of muon-flavour neutrinos.

Experiment  Target =+ ‘ 0
NOMAD C - | NC [197]
K2K CgHg  CC [198], CC [199] | CC [200]
H,O - | NC [201]
MiniBooNE ~ CH,  CC [202, 203] | CC [204], NC [205], NC [206]
SciBooNE CgHg  CC [207] | NC [208], NC [209]
MINOS Fe - | NC [210]
ArgoNeuT — Ar CC [211], CC [193] | NC [212]
MINERvA  C CC [213], CC+NC [214, 215], | CC [216]
CC [195]
CgHg  CC [217-219, 195], CC+NC | CC [218, 220, 221], NC [222)]
[215]
H,O  CC [195] | -
Fe CC+NC [215], CC [195] | -
Pb CC+NC [215], CC [195] | -
NOvA C - \NC [223], CC [224]
T2K CgHy  CC [225], CC [226, 227], CC
Ve [196]
H,0  CC [228] -
MicroBooNE  Ar CC v, [187], CC [183], NC [184, 186, 230]

CC [229] (this work)

Table 7.1 List of all neutrino-induced pion-production cross-section measurements to
date. Except where specified, these are muon (anti-)neutrino measurements.

7.5 Data and Simulation Samples

The analysis uses data from all five runs of MicroBooNE, corresponding to 1.11 x 10%!

POT. The data and simulation samples used in this analysis were produced through

the common MicroBooNE simulation and reconstruction workflows, with contributions

from this author in processing the samples. Missing is the first of four epochs of Run

4, whose data-MC agreement was still being validated by the collaboration at the
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time of unblinding, as well as some additional data from Run 1 that also only became
available later. Table 7.2 shows the POT of the data and simulation samples used in

this analysis.

1 2 3 4bcd 5 Combined

Beam-on Data 1.67 262 264 274 1.48 11.14
Neutrino MC: Training | 6.42 5.08 6.57 10.48 4.86 33.40
Neutrino MC: Testing | 6.42 5.08 6.57 10.48 4.86 33.40
Dirt MC 3.16 9.51 3.27 832 3.57 27.83

Table 7.2 POT of Run 1-5 samples in units of 102°. The main MC sample is split up
into a set used for training BDTs and a test set used for the cross-section extraction.

Cosmic background interactions can produce scintillation light in coincidence with
a beam spill. These interactions mimicking neutrinos are modelled using dedicated
beam-off samples collected with a dedicated trigger, which are scaled to the beam-on
data. For this, the ratio of hardware triggers announcing an incoming beam spill in
the beam-on samples to the hardware triggers of the beam-off sample without actual
beam activity is used. The number of hardware triggers recorded for the samples in

this interaction are shown in Table 7.3.

1 2 3 4bced 5 Combined
Beam-off Data | 6.6x107 1.5x10% 2.1x10% 2.1x10%® 1.1x10% 7.5x108
Beam-on Data | 3.7x107 6.2x107 6.4x107 6.4x107 3.5x107 | 26.1x107

Table 7.3 Number of hardware triggers recorded in the beam-off sample. Each beam-on
trigger marks an incoming beam spill registered by the DAQ. In beam-off runs, these
triggers occur without any actual beam activity.

7.6 Event Selection

This section describes the signal event selection. First, a short summary of a commonly
used preselection in MicroBooNE for CC muon (anti-)neutrino events is provided.
This is followed by a description of the BDTs trained for particle identification in the

analysis. The main selection criteria, including the use of the BDTs, are described after
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that. Finally, the construction of dedicated subsets for the two momentum differential

cross sections is described, and the performance of the selection is evaluated.

7.6.1 Preselection

The preselection inclusively selects CC muon (anti-)neutrino interactions in Micro-
BooNE and distinguishes them from NC and electron (anti-)neutrino interactions. The
selection criteria in this analysis follow the selection described in Ref. [116], and this
section provides a short summary.

A series of particle-level requirements are applied to identify potential muon candi-
dates. For an event to be considered further, at least one reconstructed particle must

satisfy all of the following:

Track score: Pandora provides a score for each reconstructed particle that indicates
how shower-like versus track-like it is on a scale from 0 to 1. This uses a set of
metrics that include the total length of the reconstructed particle in the detector,
the distance from the reconstructed neutrino interaction vertex to the start of
the particle, and changes along its length, such as in its transverse extent [174].
Distributions of this metric for different simulated particles in MicroBooNE are
shown in Figure 7.3. Muon candidates must be clearly identified as track-like

particles via a high track score > 0.85.

Vertex distance: Potential muon tracks must start within 4 cm of the reconstructed
neutrino vertex, which helps reduce cosmic rays being misidentified as muons

originating from a neutrino interaction.

Generation: Next, only primary tracks in Pandora’s reconstruction hierarchy are
considered. This is sorting out particles that appear to come from the decay or

interaction of primary particles in the argon.

Track length: The muon candidate must also have a track length of at least 20 cm.
This corresponds to a momentum above 150 MeV, which aligns with the muon

momentum phase space restriction that is enforced in the analysis.

Xz» Xo and x2/x2: In the last steps, the energy loss curve dE/dx for reconstructed
calorimetric hits at the end of a track is compared to simulated distributions
for muons and protons. The resulting metrics shown in Figure 7.4, which are
denoted x?2, are used to determine how muon- or proton-like a given track is.

This is done by requiring a proton score of XI% > 60 and a muon score of XZ < 30.
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To strongly favour muon agreement, a proton-to-muon x? ratio requirement of
X;% / Xi > 7 is also applied. The double-peaked distribution of the muons in these
plots is the result of the difference between contained and exiting muons.
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Fig. 7.3 Track scores computed by Pandora of different simulated particles. Of the
named particles, protons, muons and charged pions produce tracks. Neutral pions
decaying to photons are counted as photons here. Particles left of the vertical line are
rejected.

Next, three quality requirements are applied at the event level:

Particle start: All primary particles must start at least 10 cm away from all TPC
boundaries.

Fiducial vertex: The reconstructed neutrino interaction vertex is within the fiducial
volume defined in Equation (7.2).

Topological score: The topological score calculated by Pandora described in Sec-
tion 6.2.2 is used to distinguish neutrino events from cosmic-ray backgrounds.
Its distribution for simulated neutrino and recorded cosmic events is shown in
Figure 7.5. A minimum topological score of 0.25 is required in the preselection,
which, while later superseded in the pion selection by a more stringent require-
ment on this variable, is mentioned here for completeness, as events passing the
preselection are used to train BDTs in the next section.

An overview of the applied selection criteria is provided in Table 7.4.
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Fig. 7.4 The x? metric shows the agreement of the energy loss curve, dE/dz, for
reconstructed calorimetric hits at the end of a track with templates for muons and
protons. The top left plot shows scores for simulated particles under a proton hypothesis
X3, the top right shows scores under a muon hypothesis 7, and the bottom plot shows
the per-particle ratios X% / szr Particles right of the vertical line for the Xi plot are
rejected, and particles left of the vertical line are rejected for the other two plots.

o

7.6.2 Boosted Decision Trees

This analysis uses three BDTs to identify particles: one for muons, one for protons,
and one to identify unscattered pions. The set of input variables used by each BDT
is derived from an iterative feature selection process [192] that considered several
additional variables. As part of this, the BDTs were retrained multiple times, each time
removing one feature to assess its impact on performance. Changes in performance
were used to gauge the relative importance of each variable. Features found to have
little or no impact were excluded, and the process was repeated until all remaining

inputs made a significant contribution. The result is the list of six variables for the
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Fig. 7.5 Distribution of topological scores assigned to Pandora-reconstructed events.
The cosmic distribution corresponds to pure beam-off detector data, while the neutrino
distribution shows simulated neutrino events with beam-off overlay, in which at least
50% of the neutrino interaction was reconstructed as part of the event. This excludes
cases where only the overlaid background was reconstructed as the neutrino candidate.
Events left of the vertical line are rejected.

Particle-level Preselection

Track score Track score > 0.85
Vertex distance Particle to neutrino vertex distance < 4 cm

Generation Pandora generation = 2 (primary particles only)

Track length Track length > 20 cm

X12’ Proton x? > 60

XZ Muon x? < 30

xﬁ/xi Proton x?/ Muon 2 > 7

Event-level Preselection

Particle start Tracks cannot start closer than 10cm from a
detector boundary

Fiducial vertex Neutrino vertex inside fiducial volume

Topological score Topological score > 0.25

Table 7.4 Selection criteria for the CC muon (anti-)neutrino preselection.

muon and unscattered pion BDTs listed below. The proton BDT uses five variables, as

it does not rely on the number of descendant particles.
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The first three variables rely on multi-plane calorimetric information to ensure
robust dE/dx reconstruction [231]. When possible, collection plane information is
preferred due to its higher resolution and accuracy when measuring the deposited
charge d@/dz [232]. For tracks travelling at small angles relative to the collection
plane wires, the information from the induction planes is used, weighted by the number

of hits in each. The general definition for a calorimetric input variable L is [192]:

L= LyNy + Ly Ny (73)
if sin?6 0.175
Ny + Ny I s oy < )

where Ly yw are the plane-specific values, Nyyw are the calorimetric hit counts

for each plane, and 6y is the angle between track direction and the orientation of

the collection wires in the XZ plane. The variables are defined below and shown in
Figure 7.7:

« Bragg Log-Likelihood Ratios: The proton-to-MIP and charged-pion-to-MIP
log-likelihood ratios are computed from the last 30cm of a track, comparing
observed dF/dx values with templates for protons, pions, and MIPs that are
shown in Figure 7.6 [233]. The resulting metrics, LLR(p/MIP) and LLR(7/MIP),
reflect the compatibility of a track with a proton or pion hypothesis.

« Truncated Mean dE/dz: Computed from the beginning and middle sections
of a track, this is the mean dE/dz after removing the first three hits, the final
30 cm of the track, and outliers with d£/dx beyond one standard deviation from
the median.

The energy loss simulation of tracks in the detector has been tuned to data [231],
but uncertainties remain, and the calorimetric variables show some differences between
data and MC for this selection. In particular, the data peak of the truncated mean
dF/dz distribution in Figure 7.7c is at slightly lower values than the simulation. This
is a result of differences in MicroBooNE’s simulation of electron-ion recombination
with data. This is accounted for as an uncertainty via the usage of varied detector
model simulations, as described in Section 8.2.4.

The remaining three variables describe the particle topology and are shown in
Figure 7.8:

e Descendant Particle Count: This variable counts the number of reconstructed
descendant particles associated with a given primary in the Pandora hierarchy.

It provides a measure of decay activity.
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Fig. 7.6 Computed probability distributions for the energy deposition dE/dzx of different
particle types as a function of the distance to the end of a track for the collection plane
of the MicroBooNE detector. Source: Ref. [233].

o Track Wiggliness: The standard deviation of the angular differences between
the directions at adjacent points along the trajectory of a fitted track. More
colloquially, this is a metric for the wiggliness of the track and provides information
about scattering and decays. The two-peaked appearance of the distribution in

Figure 7.8b is a feature of the logarithmic scaling of the x-axis.

o Track-Shower Score: The SVM-based score from Pandora that quantifies how

track-like or shower-like a particle topology is.
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Fig. 7.7 Distributions of calorimetric input variables for simulated CC17* events and
data. Each variable is shown as an area-normalised distribution of particle types for
simulated signal events (left) and the stacked simulation compared to data (right). The
ratio plots shown are between the data and MC. The Querlaid Background category for
the simulated signal events on the left contains cosmic muons that were reconstructed
as part of a signal event. The Other category for the comparison with real data contains
all particles, including those not belonging to signal events, such as 7° or photons.
Only statistical uncertainties are shown.
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Fig. 7.8 Distributions of topological input variables for simulated CCl7* events and
data in the same format as Figure 7.7. The double-peaked appearance of the area
normalised wiggliness distributions is a result of the log-scaled x-axis.
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This analysis relies on the same set of calorimetric and topological features above.
Those not common to MicroBooNE have been reimplemented as part of MicroBooNE’s
shared PeLEE sample production pipeline.

Each BDT is trained using the Toolkit for Multivariate Data Analysis (TMVA)
framework [234] to recognise its target and reject other particle types. Training
uses contained reconstructed particles from GENIE MC signal events that pass the
preselection. Each reconstructed particle needs to have a label of the true particle
type, which comes from a truth matching process that identifies the simulated particle
that contributed most to a reconstructed track. The simulated particle categories
are p, p, Scattered 7 and Unscattered m*. For the latter two, additional scattering
information is used from the GEANT4 transport simulation to distinguish between
pions that undergo elastic or inelastic hadronic interactions in the simulation and those
that do not. Querlaid Background is the label assigned to all reconstructed particles
that cannot be matched to a simulated particle, such as cosmic muons in the real
beam-off data that is overlaid on all simulated interactions. This category also includes
reconstructed tracks in which the contributions to the individual calorimetric hits are
a mix of simulated and overlay backgrounds, with the latter dominating.

The GENIE sample is split into two equally sized subsets: one for training and one
for testing, with the training set corresponding to approximately 63,000 particles. The
testing set is also later used for the cross-section extraction. To reduce the influence
of poorly reconstructed tracks, particles are weighted by their completeness, which
is defined as the fraction of calorimetric hits from the matched simulated particle
that are assigned to the reconstructed particle. Matching between simulated and
reconstructed particles is done on the basis of which simulated particle contributes the
largest number of hits to a given reconstructed particle. Overlaid cosmic-ray tracks
are assigned uniform weights.

The particle separation power of the BDTs for the training and the unseen test
events is shown in Figure 7.9 with no signs of overfitting. Comparisons with data are

shown in the next section, where the BDT scores are used as part of the event selection.

7.6.3 General CCln* Selection

The general charged pion selection builds upon the preselection described earlier and
applies a series of criteria designed to isolate events with a topology consistent with
the signal definition: one muon, one charged pion, and any number of protons. This
selection forms the basis for all cross-section measurements presented in this analysis,

with additional subset requirements applied later for specific differential measurements.
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Fig. 7.9 Area normalised BDT-score distributions of contained reconstructed particles
from GENIE simulated signal events passing the preselection. The points denote
the training sample and the solid line the unseen testing sample, with statistical
uncertainties shown. Owverlaid Background particles are reconstructed tracks dominated
by overlaid beam off contributions.

The general selection process follows this sequence: events with the correct particle
multiplicity are selected, and muon, proton, and pion candidates are identified. This is
followed by a series of quality requirements, and finally, phase space restrictions are
applied in accordance with the signal definition. Each step is described below, with

data—simulation comparisons provided for each requirement.

Number of Reconstructed Tracks: To enforce the signal topology consisting of a
muon, a charged pion, and any number of protons, a minimum of two tracks is required
to be present in the event. As Figure 7.10 shows, this removes mainly pionless events
without protons. These events include mainly interactions producing a muon and any

number of non-visible neutrons.
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General criterion #1: At least two tracks
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Fig. 7.10 The number of reconstructed tracks is shown for data as black points and
simulation as a stacked histogram of event categories. The ratio of these is shown
on the bottom. Events to the left of the line are rejected. This is mainly removing
muon (anti-)neutrino events without pions and protons in bright yellow. The main
background of this analysis CCOrNp, N> 1, which is pionless events with protons, is
shown separately in dark yellow.

Number of Uncontained Tracks: Muons produced in CC interactions tend to
receive a significant fraction of the neutrino energy. Protons have a higher average
ionisation loss (dF/dz) compared to muons and charged pions. Hadrons also frequently
scatter inelastically on argon. As a result, muons typically have longer tracks and are
much more likely to exit the detector. If there is one escaping track, defined as a track
that ends within 5 cm of a TPC boundary, it is always identified as the muon candidate.
As Figure 7.11 shows, events with more than one escaping particle are removed. This
is mainly a quality requirement, removing events close to a TPC boundary that have a

significant fraction of the event outside the detector.

Muon Identification for Fully Contained Events: For fully contained events,
the particle with the highest muon BDT score, as shown in Figure 7.12, is selected as
the muon candidate. No events are rejected at this step. The overall data—simulation
agreement yields a p-value of 0.05, with some shape and normalisation differences
observable for the least muon-like (most proton-like) particles. These deviations likely
stem from differences in the modelling of calorimetric variables, mainly arising from

the treatment of recombination effects [113], and are visible in the input variables
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General criterion #2: At most one uncontained track
H POT: 1.114 x 10*
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Fig. 7.11 The number of reconstructed tracks ending within 5cm of the detector
boundaries. Most events are either fully contained inside the detector or have one
exiting particle, which is almost always a muon. Events to the right of the line with
more than one exciting particle are rejected.

Figure 7.7. These modelling differences are addressed via the systematic uncertainties
described in Chapter 8, which are included in the shaded bands of Figure 7.12. Despite
these discrepancies at low scores, the selection of the muon candidate is quantitatively
robust. The muon candidate is defined as the track with the highest score, which
typically resides in the well-modelled region above —0.7. Consequently, while these
shape differences in Figure 7.12 may affect the assigned BDT scores at the extremes of
the distributions, their impact on particle selection is minimal because the selection is
determined solely by the highest-scoring particle, making it insensitive to small local
shifts.

Proton and Pion Identification: After a muon candidate has been determined,
the remaining particles are evaluated on how proton-like they are using their proton
BDT score shown in Figure 7.13. Particles to the right of the —0.06 threshold are
considered protons. If exactly one particle remains after this selection step that is not
identified as either the muon or a proton, it is classified as the charged pion. Otherwise,
the event is rejected as shown in Figure 7.14. As with the muon BDT score distribution,
there is a divergence in the number of protons. This variation at high BDT values,
however, does not influence the identification of pion candidates, which are selected
from tracks left of the threshold value.
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MicroBooNE in the BNB, 1.11 x 10% POT, x2 = 37.65/ 25 bins, p = 0.05
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Fig. 7.12 Muon BDT scores for reconstructed particles, showing the predicted distribu-
tion as a stacked histogram and the data distribution as black dots. The distribution
shows particles in events that pass all prior requirements and where the event is fully
contained. Statistical and systematic uncertainties on the stacked histogram prediction,
as described in Chapter 8, are shown as grey shaded bands. The highest-scoring track
is selected as the muon candidate in fully contained events.

Valid Pion dE/dz: This requirement removes events where the energy loss of the
pion candidate is unphysical and characteristic of misidentified protons using the
same truncated mean dFE/dx variable used for the BDT defined in Section 7.6.2.
Calorimetry is poor for tracks travelling directly towards the wire planes, as the charge
is continuously deposited on few wires. This is one cause for protons to be misidentified
as pions. The requirement (d£/dz) > 1 MeV /cm is enforced for the pion candidate as

shown in Figure 7.15, rejecting those with very small energy loss.

Three Pion & Muon Perspectives: The three-dimensional reconstruction of
events in Pandora relies on the matching of reconstructed particles across the different
wire planes. This can be more challenging for shorter tracks, especially when data is
not available from all three planes due to the particle lying in an unresponsive region
of one of the wire planes, as described in Section 5.7. The limited information can lead
to reconstruction failures, including incorrect angle reconstruction in three dimensions.
A visible failure mode is tracks being reconstructed as isochronous with no extent in

the drift dimension x, corresponding to peaks at ¢ = £7/2 in Figure 7.16. To address
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Fig. 7.13 Proton BDT scores for reconstructed particles, showing the predicted distri-
bution as a stacked histogram and the data distribution as black dots. The distribution
shows particles that passed all prior criteria and are not the identified muon candi-
date. Statistical and systematic uncertainties on the stacked histogram prediction, as
described in Chapter 8, are shown as grey shaded bands. Particles right of the line are
considered protons.

General criterion #3: Two non-protons
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Fig. 7.14 The number of reconstructed particles classified as neither muon nor pion.
Events between the two dashed lines are selected.
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General criterion #4: Pion candidate's dE/dx is valid

POT: 1.114 x 10*

8000
m— Beam-on data

Em Statistical uncertainty

I .5, ccur (scattered Te), 15.28%
v,/V, CCIre (unscattered T¢), 8.78%

7000

6000

% 5000 B o 218%

@ 4000 B \on-Fiducial, 6.70%

* B .5 010%
o - B \c.3a7%
2000 =— v,/V, CCOm Other, 6.50%
1000 _} oy v,/V, CCIr®, 6.67%

|
|
|

Other v,/9, CC, 3.11%
I .5, ccie Non-Signal, 2.88%
v, /U, CCOmNp, N = 1, 24.36%
15—-*-"-'-!—"3"—"""'—-”_‘;___ et S gm0 Beam-off data, 18.28%
0 0.5 1 15 2 2.5 3 3.5 4 45 5
Reconstructed track energy loss, dE/dx / MeV / cm

LSS

Fig. 7.15 The truncated dE/dz of the pion candidate. Events to the left of the line
are rejected.

this, a quality requirement is enforced that pions have to have hits on all three wire
planes. The same requirement is also enforced for the muon candidate, but due to
their on average much longer track lengths, it is much rarer for them to completely lie

in an unresponsive detector region, and the impact of this requirement is very small.

Topological Score 2: FEvents with a topological score below 0.25 are already removed
by the CC inclusive muon (anti-)neutrino preselection. In addition to this preselection
criterion, a second more stringent threshold requiring a score > 0.67 is applied in the
pion selection to further reduce cosmic and dirt backgrounds by removing events that

are ambiguous in origin, as shown in Figure 7.17.

Tracks Near Vertex: The largest distance allowed between the reconstructed neu-
trino vertex and the start point of all primary particles is 9.5 cm as shown in Figure 7.18,
ensuring that all particles originate close to the vertex. This removes events with
photons, particularly from 7¥ decays, and other backgrounds not directly attached to

the neutrino vertex.

Muon—Pion Opening Angle Phase Space Restriction: The event reconstruc-
tion occasionally splits a single long track, such as a stopping muon, into two
back-to-back tracks, mimicking a muon—pion topology and substantially increasing

the background. To suppress this, events must satisfy 6, < 2.65, which excludes



7.6 Event Selection 107

Before general criterion #5: With pion-candidates in gaps

POT: 1.114 x 10*
m— Beam-on data
Statistical uncertainty
I .5, ccur (scattered Te), 15.29%
- v,/V, CCIre (unscattered T¢), 8.83%
B o 25%
B \on-Fiducial, 6.61%
B .o 016%
[

NC, 3.26%

# Events

600 —_-d- H—-—n__#- --5—

v,/V, CCOmOther, 6.44%

v,/9, CCIe, 7.50%

Other v, /V, CC, 3.34%
I .5, ccie Non-Signal, 2.88%
4 v, /V, CCOMNp, N = 1, 23.72%

L
0%y = 3 y i 3 3
Reconstructed pion azimuthal angle, (pn/ rad

I P S

/ / ) 4 / / / /

Vo000

Ratio
}I-‘l“
it

Beam-off data, 17.81%

After general criterion #5: Without pion-candidates in gaps

POT: 1.114 x 10%*
m— Beam-on data
E§§§§ Statistical uncertainty
I .5, ccie (scattered ), 17.18%
[ v9, cce (unscattered T¢), 9.60%
B o 235%
R \on-Fiducial, 6.77%
R 5. 019%
B \c.358%

v,/V, CCOm Other, 4.80%

200 22 s vrrrrer e st v,/V, CC1r®, 8.70%

# Events

/ 9%
0000000000000 Other v, /7, CC, 3.70%

v,/V, CCIre Non-Signal, 2.75%

12 v,/7, CCOTNp, N 2 1, 22.04%

\
A
NN

Ratio
.

Beam-off data, 16.34%

=3 + -
E +-.=__F+q_;*":l=f:_,__-h.g.d:l-_+ ELE ST I SN
=3 = =1 0 i 3 3
Reconstructed pion azimuthal angle, (pn/ rad

0.8

Fig. 7.16 Azimuthal angle of the reconstructed pion candidate before (left) and after
(right) removing events in which the pion candidate does not have hits on all three
planes.

this region of the phase space with a high background contamination, as shown in
Figure 7.19.

Muon Momentum Phase Space Restriction: The muon momentum is required
to be greater than p, > 150 MeV to maintain consistency with the minimum track
length requirement used in the preselection. Figure 7.20 shows the requirement on

reconstructed muon momentum. The data-simulation difference results from issues
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General criterion #7: Topological score
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Fig. 7.17 The topological score of the events as determined by Pandora. To show the
distribution of beam off overlaid background, the y-axis uses a log-scale due to the
concentration of events in the furthest right bin. Events to the left of the line are
rejected.

General criterion #8: All tracks start close to neutrino vertex
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Fig. 7.18 The largest distance between the reconstructed neutrino vertex and the start
point of all tracks. Events to the right of the line are rejected.

with the momentum estimation method used for uncontained muon tracks, which

appears to be biased towards lower momenta. This is the motivation behind the
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Phase space criterion #1: Opening angle
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Fig. 7.19 The opening angle between the reconstructed muon and pion candidates for
MC events only. Events to the right of the line are rejected.

separate subset of events for the muon momentum differential cross section discussed
in Section 7.6.5.

Phase space criterion #2: Muon momentum
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Fig. 7.20 The momentum of the reconstructed muon candidates. Events to the left of
the line are rejected.
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Pion Momentum Phase Space Restriction: A requirement of p, > 100 MeV is
imposed on the reconstructed pion momentum, as shown in Figure 7.21. In practice,
this threshold is already effectively applied for well-reconstructed events, as shown in
Figure 7.22, where reconstructed momenta rarely fall below 100 MeV. These events
with low true pion momentum are effectively excluded from the selection due to their
short track lengths, which prevent the calculation of key BDT variables. Consequently,
true low pion momentum events that do get selected typically involve either the wrong
particle being identified as the pion candidate or reconstruction failures, such as merged
pion and Michel electron tracks. The smearing effect arising from such reconstruction
failures is illustrated in Figure 7.23, which shows the distribution of reconstructed
versus true pion azimuthal angle ¢, across bins of true pion momentum. Since ¢,
is uncorrelated with pion kinematics, deviations from a diagonal structure indicate
misreconstruction. This is evident below 100 MeV, where the distribution becomes
distinctly non-diagonal.

Phase space criterion #3: Pion momentum
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Fig. 7.21 Momentum distribution of reconstructed pion candidates. Events to the left
of the line are rejected.

Excluding events with below-threshold true pion momentum introduces additional
model dependence, as these events now contribute to the MC background that is
subtracted from data. For a total cross-section measurement, not enforcing a lower
momentum bound would be preferable, as it avoids this dependence. However, as seen
in Figure 7.23, for differential cross-section measurements there is no reliable kinematic

information in this region, and including such events would lead to additional smearing.
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Fig. 7.23 True versus reconstructed pion azimuthal angle ¢, in different regions of true
pion momentum.

This requirement marks the end of the general selection used for the total and
angular differential cross sections. One additional criterion each is enforced for the

selections used to calculate the muon and pion momentum differential cross sections.
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7.6.4 Pion Momentum Subset

The momentum of pions is measured using a subset of events rich in unscattered
pions that have come to rest. This subset is created by applying a —0.03 minimum
threshold on the unscattered pion BDT score, shown in Figure 7.24. As with previous
distributions, this is presented with full statistical and systematic uncertainties. While
the data points generally fall within the shaded uncertainty bands, some systematic
shape differences are observable. Most notably, the simulation under-predicts the data
to the right of the selection threshold. These discrepancies indicate that pion scattering
and secondary interactions, to which the BDT is sensitive, are not perfectly modelled
by the central value simulation. However, the fact that the data remains within the
grey bands suggests that the systematic uncertainty treatment, described in Chapter 8,
provides a sufficiently conservative estimate to account for these modelling limitations.
Relevant here, beyond general uncertainties on flux, detector, and interaction modelling,
are uncertainties on the pion—argon interaction cross section. The event-level impact of
the BDT threshold is illustrated in Figure 7.25, which demonstrates that this selection
step creates an unscattered-enhanced sample by excluding a significant fraction of
events that show signs of pion scattering, such as visible kinks in the track topology,
secondary vertex activity, or the absence of a clear Bragg peak.

The pion momentum for this subset is estimated from the track range. The accuracy
of this estimator is characterised by the resolution, defined as the standard deviation
of the relative difference 6, between reconstructed and true momentum for correctly

identified pion tracks:
5p — <preco o ptruth)/ptruth‘ (74)

This yields a resolution of ¢ = 0.20 for the J, distribution of the simulated subset.
Figure 7.26 shows the differences between the reconstructed and true charged pion
momentum for simulated events that pass or fail the unscattered pion BDT requirement.
The same range-based momentum estimation is applied to all events, with the latter
group exhibiting a biased and down-smeared distribution, which arises from momentum
being underestimated for scattered charged pions. Excluding scattered pions is therefore
necessary to accurately estimate the momentum from the track length.

The signal definition remains the same for the cross-section measurement performed
as a function of pion momentum, but the selected unscattered pions are generally of
lower energy. Figure 7.27 presents the true momentum distributions for scattered and
unscattered 7% in simulated signal events. The extractable pion momentum differential

cross section using unscattered pions is thus limited to lower energies.
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Fig. 7.25 Unscattered pion BDT response. Events to the left of the line are rejected.
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deviations as defined in Equation (7.4) for correctly identified pion candidates in
selected signal events, with green representing events passing the unscattered pion
BDT threshold and blue representing all other events in the general selection. Together
they show all events in the general selection.
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Fig. 7.27 True pion momentum distribution of all signal events, showing contributions
from scattered and unscattered charged true pions as predicted by GENIE + GEANT4.

7.6.5 Muon Momentum Subset

Some previous MicroBooNE analyses have employed both range-based and MCS muon

momentum estimation techniques [235-237, 186]. Recent results, such as the single
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differential muon momentum cross section for CC 7° events reported in Ref. [186],
have highlighted significant shape discrepancies between data and simulation. These
discrepancies are found for uncontained muons, for which MCS is used to estimate
momentum, and are not observed in fully contained muons. Although uncontained
muons are typically of higher energy, which introduces some physical differences between
the sets of muons, it is likely that the discrepancies arise from shortcomings of the
MCS implementation itself.

Figure 7.28 compares the relative momentum resolution, defined in Equation (7.4),
between contained muons estimated from range and uncontained muons estimated
using MCS. The range-based estimation achieves a much better resolution of o = 0.08,
compared to o = 0.29 for the MCS method. Consequently, the cross section as a
function of muon momentum reported in this analysis uses only the more accurate
range-based technique. The additional requirement is enforced in Figure 7.30 and shows
significant improvement in data-MC agreement. The trade-off for this is a reduction
in the number of considered events for this differential cross section. As for the pion
momentum subset, the signal definition remains unchanged, but the muon momentum

distribution is lower for fully contained events, as shown in Figure 7.29.
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Fig. 7.28 The relative difference between true and reconstructed muon momentum
for correctly identified muon candidates in selected signal events, with cyan being
contained and red being uncontained muons. Together they show all events in the
general selection.
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Fig. 7.29 True muon momentum distribution of all signal events, distinguishing between
contained and uncontained true muons as predicted by GENIE + GEANT4.

7.6.6 Selection Performance

The selection performance is assessed in terms of efficiency, purity, and the ability to
correctly select unscattered pions. Efficiency is defined as the fraction of signal events
that are selected. Purity is the fraction of selected events that are signal events. The
unscattered charged pion fraction is the fraction of selected signal events that have a
charged pion that does not interact beyond ionisation with the argon and comes to
rest in the detector. Figure 7.31 shows the impact of each selection criterion on these
metrics with the additional momentum subsets shown as the last two points.

Figure 7.32 shows that the kinematic variables of the simulated GENIE events are
well reconstructed along the diagonal of the confusion matrices, which compare the
reconstructed quantities to their corresponding true values.

In addition to selecting events with the correct set of final-state particles, the
analysis must accurately identify which track corresponds to the muon and which
to the pion. Table 7.5 highlights the strong dependence of this identification on the
relative track lengths of the two particles. The typically lower momentum of pions
compared to muons, combined with their higher rate of nuclear interactions, makes
selecting the exiting track as the muon a powerful strategy for particle identification.
Similarly, even for the muon BDT-based selection, which does not use particle length
as an input, the relative track lengths are important. As the table shows, when the

pion track is longer than the muon track, the ability to distinguish between them is
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Fig. 7.30 Muon momentum of all reconstructed muon candidates (left) and of contained
muon candidates only (right).

reduced. However, such events represent only a small fraction of the overall signal, and

this selection provides robust separation in the phase space regions where most events

lie.

A step-by-step summary of the data and predicted event counts, together with their

data—simulation ratios, is shown in Table 7.6. This highlights once more the trade-off

in efficiency for the dedicated subsets, as well as their higher data—simulation ratios,

particularly for the pion momentum subset.
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Fig. 7.31 Efficiency, purity, and the unscattered 7* fraction at each selection criterion.
The final two points are the momentum subsets deriving from the general selection,
which ends with the ‘Pion momentum’ phase-space requirement.
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Fig. 7.32 Confusion matrices of GENIE CV signal events for the five kinematic variables.
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Fraction of Correct Muon Candidates
Contained Muons | 53% of 408 | 86% of 2396
Uncontained Muons | 95% of 76 | 99% of 3319

Fraction of Correct Pion Candidates
Unscattered Pions | 59% of 398 | 88% of 3554
Scattered Pions 65% of 86 | 95% of 2162

Table 7.5 Fractions of correctly identified muon and pion candidates from selected
GENIE signal events, categorized by whether the true track length R of the muon
exceeds that of the pion. Results are shown for contained and uncontained muons as
well as scattered and unscattered charged pions as simulated by GEANT4. The number
of simulated events in each category is also shown.

Finally, a breakdown of the topologies making up the selected simulated events is
shown in Table 7.7, which shows that the single largest contribution to the backgrounds
comes from muon (anti-)neutrino CC events with zero pions and at least one proton,
arising primarily from the misidentification of proton tracks as charged pions.

The next chapter will discuss the uncertainties in this analysis and show that they
are especially large in the low-pion-momentum range, which makes up a significant

portion of the pion momentum subset.
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(GGeneral Selection Prediction [x10°]
Criteria for Runs 1-5 Signal Background Data [x10%] Ratio
Particle-level Preselection
None 30.5 (100%) 45523 (100%) 4108.5 (100%) 0.9
Track score 25.5 (83.5%) 885.1 (19.44%) 881.5 (21.45%)  0.97
Vertex distance 24.0 (78.9%) 817.1 (17.95%) 815.7 (19.85%)  0.97
Generation 24.0 (78.9%) 817.0 (17.95%) 815.6 (19.85%)  0.97
Track length 23.0 (75.3%) 752.3 (16.53%) 752.6 (18.32%)  0.97
% 22.0 (72.0%) 7111 (15.62%) 711.4 (17.32%)  0.97
X 21.4 (70.0%) 646.9 (14.21%) 646.3 (15.73%)  0.97
X?)/Xi 21.0 (69.0%) 627.2 (13.78%) 625.4 (15.22%)  0.96
Event-level Preselection
Particle start 19.1 (62.7%) 317 (6.96%) 339.0 (8.25%) 1.01
Fiducial vertex 19.1 (62.6%) 309.7 (6.80%)  331.9 (8.08%) 1.01
Topological score 17.3 (56.7%) 141.5 (3.11%)  161.0 (3.92%)  1.01

Charged Pion Selection

4 Tracks > 2 17.0 (55.8%) 124.6 (2.74%)  140.0 (3.41%)  0.99
# Uncontained tracks <1 15.7 (51.3%) 114.9 (2.52%) 129.8 (3.16%)  0.99
( )
( )

4 Non-protons — 2 105 (34.3%)  33.6 (0.74%)  45.7 (L11%)  1.04
Valid pion dE/dz 10.1 (33.2%) 317 (0.70%)  43.2 (L05%)  1.03
Pion not in gap 8 5(27.7%)  23.0 (0.51%) 32.9 (0.80%) 1.04
Muon not in gap 1(26.6%)  21.0 (0.46%)  30.5 (0.74%)  1.05
Topological score 2 1(23.2%)  12.3 (0.27%) 20.0 (0.49%) 1.04
Tracks near vertex 3 (20.7%) 7.0 (0.15%) 13.9 (0.34%) 1.05

Phase Space Requirements

Muon-pion opening angle 6.3 (20.5%) 6.0 (0.13%) 12.9 (0.31%) 1.05
Muon momentum 6.2 (20.4%) 5.8 (0.13%) 12.7 (0.31%) 1.05
Pion momentum 6.2 (20.3%) 5.8 (0.13%) 12.6 (0.31%) 1.05

Subset 1: Muon Momentum
Criterion applied to general selection

Contained muon 2.6 (8.4%) 2.0 (0.04%) 4.9 (0.12%) 1.07

Subset 2: Pion Momentum
Criterion applied to general selection

Unscattered pion 2.9 (9.5%) 2.9 (0.06%) 6.5 (0.16%) 1.12

Table 7.6 GENIE predicted signal and background event counts, data event count and
the data-MC ratio after every criterion for the general and the two subset selections.
Percentages indicate the fraction of events remaining after each criterion is applied,
normalised to the pre-selection total. The results for each selection are coloured green.
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Category ‘ Fraction
Signal

_ | 17* (unscattered) 33.1%

CC | via/ Py 17* (scattered) 18.8%
Background

OrNp, N > 1 16.8%

O other 1.4%

oc v/, | 170 6.7%

17* (non-signal) 3.3%

Other 5.5%

Ve Ve 0.3%

NC 3.2%

Non-Fiducial 3.4%

External 6.4%

Dirt 1.1%

Table 7.7 Breakdown by category of selected simulated events. External are cosmic
background events from the beam-off data.



Chapter 8
Binning and Uncertainties

This chapter describes the bin structure of the differential cross sections of the analysis,

the treatment of uncertainties, and a sideband check.

8.1 Bin Structure

The predicted distribution histogram p’ is constructed for the reconstructed kinematic
variable z'. Here, i € {1,..., Ny} labels the five variables considered in this analysis:
muon angle, muon momentum, pion angle, pion momentum, and the muon-pion opening
angle. Each variable z* has N{, _ discrete bins indexed by a € {1,..., N{. _}. Each bin
covers a phase space

Azl =2l — ! (8.1)

a’

where %, .. are the bin edges, listed in Table 8.1. Bin edges were chosen

DTNy
with the aim of r;:i;taining a sufficient number of events in each bin and considering
the resolutions of the kinematic variables. The momentum variables, for instance, have
fewer bins, concentrated in the lower momentum regions where most events lie. The
last bins of the momentum variables are open-ended, but a finite upper limit is used
when normalising the cross-section measurements by bin width.

The content of bin a in histogram p’ is then given by
pz — dgff,i —FSZ’i + Sgirt,i7 (82)

where d is the event count from recorded beam-off background data, s%* is the

GENIE-predicted central value (CV) neutrino interaction contribution, and st is
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Bin Total cos(6,) pu | GeV cos(0) pr | GeV 0. / rad
1 Al [-1,-027)  [0.15,0.23) [~1,-0.47) [0.10,0.16)  [0,0.49)
2 - [-0.27,0.29) [0.23,0.32)  [-0.47,0)  [0.16,0.19)  [0.49,0.93)
3 - [0.20,0.46)  [0.32,045)  [0,0.39)  [0.19,0.22)  [0.93,1.26)
4 - [0.46,0.58)  [0.45,0.66)  [0.39,0.65) [0.22,0.6/00) [1.26,1.57)
5 - [0.58,0.67) [0.66,1.5/00) [0.65,0.84) ; [1.57,1.88)
6 - [0.67,0.77) ; [0.84,0.93) ; [1.88,2.21)
T - [0.77,0.82) - 0.93, 1] - [2.21,2.65]
8 - [0.82,0.88) ; - ; ;

9 - [0.88,0.93) ; ; ; .
10 - [0.93,0.97) - ; ; ;
1 - 0.97,1] ; - : .

Table 8.1 Bin-range definitions for each observable. The last bins of the momentum
variables are open-ended but use a finite bin limit for cross-section calculations.

the contribution from simulated out-of-detector neutrino interactions with surrounding
material.

Uncertainties are handled using the MicroBooNE-internal tool xzsec analyzer, de-
veloped by Steven Gardiner and described in part in Ref. [238]. It uses a block-matrix
approach to presenting results, allowing covariances to be reported not only within
each differential cross section but also between them. To facilitate this, the individual
histograms p’ for each reconstructed variable are concatenated into a single stacked

vector:

pP= . ) (83)

Nvar

p

as illustrated on the right side of Figure 8.1. The associated covariance matrix V; is
constructed by evaluating bin-to-bin variations across a set of systematically varied
universes u = 1, ..., Ny, €ach representing a modified version p* of the CV prediction

p®V. A covariance matrix is then computed across these variations:

Nuniv
Va, = ijv 2_:1 bt —pS"] [ph -] (8.4)

The blockwise structure of the covariance matrix is illustrated on the left side of

Figure 8.1.
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COS(‘%) pu cos(0x) pr 0yum

cos(6,,) | cos(6,,)
Pu H 7.

cos(0) ; cos(0)
. .
el

Fig. 8.1 Illustration of a concatenated one-dimensional histogram (right), which com-
bines the bins of all kinematic variables. An example would be a histogram of data
or predicted event counts. On the left is a block matrix constructed from this vector,
such as a covariance matrix. The coloured blocks indicate covariances within each
differential cross section, while the white regions show covariances between bins of
different kinematic variables.

8.2 Uncertainties

The following sections briefly lay out the uncertainties considered in this analysis,
starting with those using Equation (8.4), which are categorised as either unisims or
multisims. Here, unisims refer to single-parameter variations, where a single change,
for example a variation of a parameter in the detector simulation or the use of an
alternative model, is compared across one or two universes. Multisims correspond
to ensembles of MC universes in which several parameters are varied simultaneously
according to their uncertainties, allowing for efficient estimation of the combined change
caused by possibly correlated sources of uncertainty. Following this, the treatment of
fully correlated uncertainties arising from two normalisation parameters is described.

Finally, the handling of statistical uncertainties is explained.
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8.2.1 Flux

As described in Section 6.1.1, the MicroBooNE flux simulation is an updated version
of the one developed by MiniBooNE. It uses the same set of systematic uncertainties,

of which this section provides a brief overview [98, 97, 239].

8.2.1.1 Beam Unisims

The non-hadron-production contributions encompass simulation uncertainties not
arising from proton collisions with the beryllium target. This includes uncertainties
on the pulsed currents applied to the focusing horn and the skin effect, which is the
tendency of alternating currents to be strongest close to the surface of a conductor and
to fall off exponentially with depth. This skin depth is a source of uncertainty that
affects the magnetic field produced. Finally, uncertainties for the pion and nucleon
cross sections on beryllium and aluminium are considered. The unisims are produced
by varying each parameter by +1o, or by switching between models for the skin depth,
producing sets of two alternative universes per parameter (one for skin depth).

Event weights are calculated per neutrino flavour (v, v, 7, ) and in bins of true
neutrino energy. For each unisim with two variations, the weight assigned to an event

is given by the ratio of the shifted flux prediction to the CV prediction in that bin:

Q10
1+r“<q)+1—1>, r* >0,
wu_ CcvV

(8.5)

1+ [ (q)‘l" - 1) <0,
Py

For unisims with only a single variation, such as the skin depth, the missing opposite

shift is constructed by reflecting the available variation about the CV. Random values

r*, drawn from a standard normal distribution across u € {1,2,...,1000} universes,

then vary the strength of the alternative prediction. The final weight in each universe

is the product of the contributions from all individual unisims, creating a combined

estimate of the uncertainty.

8.2.1.2 Hadron Production

As described in Section 6.1.1, the neutrino flux is produced mainly via the production
and decay of pions, with smaller contributions coming from kaons. Uncertainties in
the production of these hadrons constitute the largest source of flux uncertainty. To

estimate charged pion production uncertainties, the double-differential cross sections
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reported by the HARP experiment [128] are varied by sampling from a multivariate
Gaussian distribution using the provided covariance matrix, which encodes correlated
fluctuations in pion momentum and angle bins. A spline interpolation is then applied
to the varied cross sections, enabling smooth comparisons with the CV Sanford—Wang
parameterisation described in Section 6.1.1. The ratio of the varied cross section to
the central value yields the event weight for each universe [239].

A more direct approach is used for K+ and K° production. Their cross sections
are randomly varied according to the covariance matrices of the fitted parameters of
their respective Feynman and Sanford—-Wang parameterisations. Weights are again
calculated by comparing the central cross section to the randomly varied ones. For
K, a simpler 100% normalisation uncertainty is applied due to their small impact,
which is propagated by generating weights from a Gaussian distribution. The final
weights are combined with the beam unisim weights to produce a single set of 1000

alternative universes for the MC.

8.2.2 Interaction Model

Uncertainties on the CV interaction generator, the MicroBooNE-tune of GENIE using
T2K data as described in Section 6.1.2, are assessed through multisim variations of
GENIE parameters and unisim variations with alternative GENIE configurations or

other generators.

8.2.2.1 GENIE Multisims

A multisim approach is used for the majority of interaction model uncertainties by
simultaneously varying a set of 44 GENIE model parameters, listed in Ref. [240], across

w € {1,2,...,600} universes. Each universe represents a set of varied parameters:
oM — (9&“% . ,eﬁj)), (8.6)

where each 9](-“) was drawn independently from a Gaussian around the parameter central

value:

05 ~ N (65, 02), (8.7)
with o; being the standard deviation. For parameters tuned by MicroBooNE, o; comes
from the fit to the T2K data, while for untuned parameters, the default uncertainties
determined by the GENIE collaboration from fits to data are used. Event weights are

calculated for the alternative parameter universes using the GENIE Reweight package.
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8.2.2.2 GENIE Unisims

A smaller set of uncertainties is assessed with unisims, where a single parameter is
replaced by an alternative model prediction. These unisims cover changes to the angular
distributions of final-state nucleons in 2p2h interactions (isotropic changed to cos®#
distribution), photons from radiative A decays (isotropic to cos?#), and pions from
A resonance decays (RS prediction to isotropic). The total cross sections for CC and
NC coherent pion production are individually scaled up by 100%. The strength of the
CCQE RPA correction is shifted up and down by one standard deviation. Shape-only
variations of the CCQE form factors are considered for both the axial and vector
terms (axial: dipole to z-expansion, vector: BBAO7 [80] to dipole). Finally, the lepton
kinematics in CC 2p2h events are compared between the MicroBooNE-tuned and

untuned Valencia model [240].

8.2.2.3 Second-Class Current Unisim

F} and F3 are hypothetical second-class current form factors. Upper limits constrain
them to be small, but they could still have a few-percent effect on the total CCQE
cross section [241]. The NEUT [242] generator is used to evaluate the CCQE cross
section with these form factors. By comparing it with GENIE cross sections without

the second-class current contributions, alternative event weights are calculated [140].

8.2.2.4 NuWro Unisim

Cross-section extraction tests using simulated events produced with the NuWro in-
teraction generator, described in Section 9.3.2, show that the uncertainties on the
GENIE CV prediction, as described above, are not sufficient to consistently extract
cross sections close to the true underlying kinematic distributions of the NuWro mock
data. Similar issues with uncertainty coverage have been reported in Refs. [237, 243],
and, following their example, an additional unisim variation representing the difference
between the GENIE CV and the NuWro prediction is included.

8.2.3 Hadronic Reinteractions

Hadrons produced in neutrino interactions can undergo secondary interactions with the
liquid argon, altering the observed energy and topology of the event. For example, the
absorption or inelastic scattering of charged pions, often accompanied by the production

of undetected nucleons, can bias momentum estimation if not properly modelled.
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Similarly, charge exchange to neutral pions may prevent signal events from being
correctly identified. These effects, collectively referred to as hadronic reinteractions,
are an important source of systematic uncertainty, particularly for pion kinematics
which are highly sensitive to such processes. In MicroBooNE, particle transport is
simulated using GEANT4, and uncertainties on hadronic pion and nucleon cross sections
are assessed using the Geant4dReweight framework [244]. Instead of regenerating
simulated samples under different hadronic interaction models, Geant4dReweight applies
a reweighting procedure: events are first generated under the CV model, and then
weights are computed to approximate their phase-space distributions under varied
interaction models. Elastic and inelastic cross sections are varied across momentum
ranges, with the GEANT4 predictions fitted to external data. Best-fit parameters and
associated uncertainties are derived from the resulting covariance matrix. These are
propagated through 1000 reweighted universes, with MicroBooNE reweighting the

transport of charged pions and protons in argon for the channels listed in Table 8.2 [245].

Reweighted Channels Definition
Elastic Channels
p: Elastic p+A—=>p+ A
7*: Elastic 4+ A4 A
Inclusive Inelastic Channels
p: Total Inelastic p+A—->A+X
Exclusive Inelastic Channels
7*: Quasielastic 7t 4+ A=t + A +EN
7%: Absorption at+A— A+ kN
n%: Single Charge Exchange | 7% + A — 70+ A’ + kN
7%: Double Charge Exchange | 7 + A — 7t + A’ + kN
7%: Pion Production 7t 4+ A mr+ A +EN

Table 8.2 Reweighted GEANT4 channels. A is the initial nucleus and A’ is the resulting
nucleus after the interaction. X is the set of possible inelastic products. m is the
number of outgoing pions and k is any number of knocked-out nucleons N.

8.2.4 Detector Variations

Separate MC samples are used to account for detector simulation uncertainties. This
section provides an overview of the uncertainty estimation approaches for the wire
response simulation, photon production and detection simulation, and the modelling
of ion build-up in the detector [246].
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8.2.4.1 Wire Response

Uncertainties in the wire response are assessed with a data-driven waveform modification
method that operates directly on the Gaussian hits fitted to the real and simulated
waveforms, defined by their total charge @@ and their width o. Changes in these two

quantities are evaluated for four dedicated wire-modification variations [247]:

» Drift-position dependence x: This captures effects that vary primarily with
drift distance, for example longitudinal diffusion, electron attenuation, and any

residual drift-dependent response.

« Transverse-position dependence (y, z): This two-dimensional variation maps

dependencies in the wire-plane dimensions.

e Angular dependence in the XZ plane: The angle of a track with respect to
the transverse wire-plane direction (z here refers to the axis perpendicular to the

drift direction x and the wire direction y in each plane).

e Angular dependence in the YZ plane: The angle of a track with respect to

the wire direction in each plane.

The above variables are treated as uncorrelated because non-uniformities in the
electric field due to the space-charge effect have been corrected to first order, as
described in Section 5.2.3. The y- and z-dependences are considered together since they
strongly depend on properties of individual wires, and effects such as non-responsive
wires affect both dimensions in a correlated way.

() and o are measured using anode- and cathode-piercing cosmic muons throughout
the detector volume. The detector simulation uses the CORSIKA [112] framework to
generate cosmic muon events. For each variable, starting with the drift direction =,

ratios of binned data and simulated calorimetric hit properties are computed:

RY = (Q™*(x)) / (Q™(x)) (8.8)

R} = <adata(x)>, / <051m(x)>,, (8.9)

K3 K3

where the value within each bin is the mean computed after iteratively truncating the
distribution tails until the mean converges, thereby reducing the impact of asymmetric
smearing. The ratio histograms are smoothed using spline fits. The same approach is
used for the remaining three variables, except the hits are first corrected for effects

along the drift dimension using the above-computed ratios. The variations along the
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transverse dimensions y and z are treated together as the ratio of two-dimensional
histograms.

A single alternative universe is computed for each of the four variables by modifying
@ and o of the Gaussians fitted to the simulated hits according to the computed ratios.
The altered hits then undergo the remaining reconstruction chain in the same way as
the unmodified CV sample. These alternative universes are used as unisims to assess

the detector systematic variations.

8.2.4.2 Optical Response

As described in Section 6.1.4, a position-based photon visibility map is used to efficiently
compute the probability of a photon being detected by a PMT at any point in the
detector. Three detector variations of the optical response are produced by modifying

the photon visibility maps [126]:

o Light yield: Comparisons with data indicate that the light yield, defined as the
ratio of PMT-observed photons to reconstructed track length, is overestimated
in the nominal simulation [126]. A downscaling of the scintillation light yield by

25% is applied as an alternative universe by uniformly rescaling the lookup map.

« Rayleigh scattering: The Rayleigh scattering length of VUV photons in LAr is
varied by a position-dependent rescaling. The GEANT4 photon simulation is run
once with the nominal Rayleigh scattering length of 60 cm and once with 120 cm.

The ratio of these results is then used to rescale each voxel in the visibility map.

« Photon attenuation: This variation models position-dependent quenching and
absorption responsible for the reduction in collected light near the anode and
cathode. Starting with Run 3 and persisting in subsequent runs, declines in light
yield are observed at both the anode and cathode. This effect is modelled by
modifying the quenching and absorption lengths of photons in the simulation
near these regions to reproduce the observed behaviour, producing an alternative

photon visibility map.
All three optical variations are propagated through the full reconstruction chain, in
the same way as the nominal simulation, and used as unisim uncertainties.
8.2.4.3 Ion Build-up

Two additional detector variations are used to account for uncertainties in the modelling

of positive ion build-up in the detector:
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« Recombination: Uncertainties in how energy loss dE'/dx relates to the measured
deposited charge d@/dx are treated by altering the empirical parameter 5 of the
Modified Box Model for electron-ion recombination described in Section 6.1.4.
The variation was chosen to be conservative and to cover measured distortions of
the electric field [247].

« Space Charge Effect: The MicroBooNE UV laser system is used to estimate
the residual bias that remains after the space-charge correction described in
Section 5.2.3 and Section 6.2.3 is applied [105]. This position-dependent bias is

then used to calculate an alternative space-charge map.

8.2.5 Fully Correlated Uncertainties

Uncertainties on the overall normalisation factors are added as fractional deviations
from the CV. This only uses the simulated components of s®V, excluding the beam-off
component [248]:

Vip = k(8L 4 s3™) () + sp). (8.10)

The following fully correlated uncertainties are considered:

o Target: A k = 1% normalisation uncertainty is assumed on the number of argon

nuclei in the fiducial volume of the detector.

o Protons-On-Target: A x = 2% normalisation uncertainty is used to account
for the uncertainty on the protons delivered to the target to produce the BNB.
This uncertainty stems from the agreement observed between the two toroids

monitoring the beam [98].

8.2.6 Statistical Uncertainties

Two-dimensional reconstructed event rate histograms are used to calculate the statistical
uncertainties. Events that are in both bin a and b of the same one-dimensional data,
beam-off, neutrino MC, or dirt MC histogram x € {d, d°%, s, s4**} fall into bin x4,
of the corresponding two-dimensional histogram. The two-dimensional histograms
are needed to account for the fact that the same events are found in the different
kinematic histograms and the statistical fluctuations in each bin are not independent
Poisson distributions. Since the histograms are concatenated into one in the blockwise
approach, statistical uncertainties must be computed using these 2D counts x4, to

accurately include inter-bin correlations [238].
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The beam-off and MC samples have different weights for each run as they are scaled
to the data. The beam-on data events always have unit weight. The MC samples
also contain per-event weights resulting from the MicroBooNE GENIE tune. The 2D

histogram entries are the sum over all event weights w for the set of events X

Tap= »_ W' (8.11)

1€Xap

and using Poisson statistics, the statistical uncertainties are obtained by summing the

squared weights in each bin:

Vi Stat = 3" (wh)2, (8.12)
1€Xap
This gives covariance matrices for the data statistical uncertainties V/Pata Stat- and
the statistical uncertainties on the prediction:
VPred. Stat. — VNeutrino MC Stat. 4 VDirt MC Stat. + VBeam—off Stat.. (813)

8.2.7 Total Uncertainties

Uncertainties are further combined by summing the individual covariance matrices.

For the total uncertainty, this gives

yloal = Ny (8.14)

where a runs over all individual data and simulation uncertainty sources described in
the previous sections.

Uncertainties throughout this analysis are shown in one of two ways:

« Data-simulation comparisons of selected event rates: Beam-on statistical
uncertainties are shown on the data, the remaining uncertainties are shown as a

band on the prediction. Both signal and background predictions are varied.

« Extracted cross sections: The total uncertainty is shown on the extracted

cross section. Only the background prediction is varied.

Figure 8.2 shows a breakdown of the fractional uncertainties for the MC prediction.
This includes uncertainties on the signal events and shows cross-section uncertainties

dominate. Uncertainties on the extracted cross sections will be shown in Chapter 10.
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Fig. 8.2 Fractional uncertainties of the signal 4+ background cross-section predictions.
The plots include uncertainties on the signal events, showing very high interaction

model uncertainties.
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8.3 Sideband Study

The previous chapter has shown that the dominant background of the analysis is
topologies consisting of muon and proton tracks without pions. To verify that the
background modelling is well-behaved, an orthogonal sideband selection is employed by
modifying the criteria used in the main selection. Instead of requiring one muon, any
number of identified protons, and one other particle (the charged pion candidate), the
sideband selection targets events with one muon, one or more protons, and no other
particles. This is done by changing the requirement of two non-protons (a muon and a
charged pion candidate) to one non-proton (only the muon candidate), which is shown

in Figure 8.3.

Sideband criterion #3: One non-proton

# Events
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Fig. 8.3 The number of reconstructed particles classified as neither muon nor pion.
Events to the right of the line are rejected.

The remaining criteria are kept the same, but those applying to the pion candidate
are instead applied to the proton candidate for the sideband selection. In the case
of multiple protons, the leading proton, determined by track length, is chosen as the
pion-equivalent.

To better match the kinematics of protons misidentified as pions in selected back-
ground events, additional criteria are applied to select events with more MIP-like tracks.
The leading proton is required to have a minimum muon BDT score > —0.4 and a low
proton BDT score of < 0.1, close to the selection threshold of > —0.06, above which
particles are considered protons. Together, these criteria exclude the most clearly

identifiable protons, leaving only more pion-like protons in the sideband selection.
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Figure 8.4 shows how these criteria improve the kinematic agreement between true

CCOnXp events in the main and sideband selections.
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Fig. 8.4 The black lines show the true CCOm events with at least one proton in the
neutrino MC sample selected by the main analysis. The coloured lines show events
from the orthogonal sideband: blue for the selection without the additional criteria,
and green for the selection with extra criteria applied to better match the kinematics
of the main selection.

The sideband comparison with data uses the same binning as the main selection.
It also relies on the same full uncertainty treatment used for the main selection. The
muon kinematic variables are computed identically to the main selection, and the pion
kinematic variables once again use the leading proton. The momentum of the leading
proton is determined using the pion momentum estimator used for the CC1z* selection
to match how misidentified CCOr Xp, X> 1 events are treated in the main selection.
The mapping is shown in Table 8.3.

The sideband comparison between data and simulation across the kinematic vari-
ables is shown in Figure 8.5. It highlights known GENIE modelling differences with

MicroBooNE data, such as a dip at low )? with very forward muon angles in Figure 8.5b
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CC1a*> Op Sideband CC 07=> 1p
Muon momentum
Muon zenith angle
Leading proton momentum
(via pion momentum estimator)
Pion zenith angle — Leading proton zenith angle
Muon-pion opening angle <> Muon-leading proton opening angle

Muon momentum
Muon zenith angle
Pion momentum

T

Table 8.3 Correspondence between kinematic variables in the main and the sideband
selection.

for CC events with protons and no pions as reported in Ref. [249]. An attempt was
made to incorporate the sideband information as an additional constraint using the
method outlined in Ref. [238], as implemented within MicroBooNE’s shared analysis
tools. In practice, this approach did not yield reduced uncertainties, and its behaviour
was found to be sensitive to implementation details. Given the lack of improvement
and the additional time that would have been required to make this procedure work,
it was ultimately abandoned. Nevertheless, the sideband data-simulation comparison
shows agreement within uncertainties across all kinematic variables, indicating that
differences are well covered by the included uncertainties. This validation provides
some confidence in the modelling of the dominant background in this analysis. The
next chapter covers the cross-section extraction and includes further robustness checks

using simulated data.
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Fig. 8.5 The sideband selection using the binning used for the main analysis and
treating the leading proton like the pion in the main selection. The plots include full
statistical and systematic uncertainties. Overall data-simulation agreement is good.



Chapter 9
Cross-Section Extraction

The fundamental observable in a neutrino experiment is the count of interactions in
the detector. A target containing Ny nuclei is exposed to a neutrino-energy-dependent
flux ®.(E,) of flavour k € {e, u, 7}. The total number of interactions of neutrinos of

flavour & is given by
R = NeNeor [ @(B,) 0u(E,) dE,, (9.1)

where Npor is the total number of protons on target, and o, (F,) is the total neutrino-
nucleus cross section describing the probability that a neutrino of energy E, interacts
with a target nucleus. The flux of neutrinos of flavour k arriving at the detector is the
sum of initially produced neutrinos maintaining or oscillating to this flavour, which is

given by

flavours

(PH(EV) - Z Plo\—n/,g (L/EV> @&nit. (El/) ) (92)

where B, ,,, (L/E,) is the oscillation probability from Equation (2.36) and &} (E,)
is the initial flux directed towards the neutrino target. Understanding the change in
the neutrino flux, and thus the oscillation properties of the neutrinos, is the ultimate
goal of many neutrino experiments. However, the flux is folded with the cross section.
Additional complexity arises from the electrically neutral nature and extremely low
interaction rate of neutrinos, which is not only a challenge for their detection but also
for their production. Neutrinos from accelerator beams are produced via the decays of
mesons, which themselves originate from proton beam collisions with a fixed target.
This process results in a broad energy spectrum which, once produced, cannot be
controlled or monochromatised, unlike beams of electrically charged particles. However,

since the oscillation probability depends on the neutrino energy E,, knowledge of this



140

energy is crucial for extracting oscillation parameters. As the neutrino energy cannot
be measured directly, it must be inferred from the observed kinematics of the particles
produced in interactions at the detector. This is done either via the kinematics of the
outgoing lepton for QE-like interactions or by reconstructing and summing the energies
of all visible final-state particles. Both methods are sensitive to nuclear effects, such as
FSI, and detector limitations, such as an inability to detect neutrons or sub-threshold
charged particles. Because the neutrino interaction rate scales with the target mass,
heavy nuclei are typically employed to increase the number of interactions. However,
this comes at the cost of introducing more complex nuclear effects. Uncertainties in the
cross sections propagate to the reconstructed energy spectrum, which has the potential
to bias oscillation measurements [250]. The study of neutrino oscillation thus requires
a good understanding of neutrino—nucleus interactions.

Cross-section measurements are typically reported as flux-integrated quantities,

which avoids the need to determine neutrino energies:

1
o= 6/<I>(Ey) o(E,)dE,, (9.3)

with ® being the integrated flux:
P = / dE,®(E,). (9.4)

This approach reduces the dependence on an individual cross-section model that would
otherwise be needed to estimate neutrino energies. As previously described, cross
sections can be reported with respect to directly observable kinematic quantities,
such as the momentum and angles of final-state particles. The simplest case is a
differential cross section with respect to a single kinematic variable z. The average of

the single-differential cross section can then be measured for a set of discrete bins:

do 1 zat1l do
<dx>a = Al’a /xa @dl’, (95)

where z, and x,,; are the edges of the a'" bin of width Ax,.

The experimentally accessible quantity is the number of reconstructed events in
the detector, not all of which are guaranteed to be signal events. To correct for this,

an estimate of the background must be subtracted from the recorded events:

do da _ ,CV Backg.
<dl’>a B (I)NTNPOTAZL‘Q7 (96)
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with d, being the selected data events and plV Bak& heing the selected non-signal
events that are part of the CV prediction defined in Equation (8.2).

The measured event rate is affected by detector effects, which can be described
as the combined impact of smearing and efficiency. Smearing refers to bin migration,
where events originating in a given true kinematic bin end up in a different measured
bin. Selection efficiency in this context is the probability that an event produced in a
true kinematic bin is successfully reconstructed and selected.

To compare a truth-level prediction to the measured reconstructed distribution,
one must account for both selection efficiency and bin migration. These detector,
reconstruction, and selection effects are taken from the fully simulated and reconstructed
CV prediction. Let nSY be the number of CV signal events generated in true bin a,
and let nCY be the subset of those that pass the analysis selection and are also in

reconstructed bin a. The selection efficiency in true bin « is then [238§]

cv

_ ZCL naa

- [&3%
na

(9.7)

€a

The conditional probability to reconstruct a selected event from true bin « into

reconstructed bin a, which describes the smearing effects, is [238]

nCV

Son = 220 (9.8)

and the response matrix mapping true counts to reconstructed selected counts is then

nCV

Raa =~ = Sua €a- (9.9)

Given a theoretical prediction for the true signal distribution nPd a value for the
selected events in reconstructed bin a is obtained by forward-folding with the response
matrix R:

psred. — Z Raa ngred.. (910)

The folded truth distribution can then be used to calculate the cross section for the

prediction in terms of reconstructed quantities:

do pred. pgred' 011
<dl‘> N (I)NTNPOTA(L’Q7 ( . )

a

which can be compared to the measured distribution from Equation (9.6).
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More commonly, one inverts the detector effects to obtain the unfolded, or ‘true’,
differential cross section. This allows for direct comparisons between different exper-
iments and facilitates easier interpretation in the context of theoretical models. An
unfolding matrix U,, is used to convert the measured event counts with reconstructed
kinematic values into truth-level distributions, with the aim of removing efficiency and
smearing effects. The differential cross-section distribution in true kinematic bins « is
then

<d0> R ) (9.12)

dz ® Ny NporAz,

The challenging part of unfolding is deriving an unfolding matrix U from the response

matrix R:

Inversion
R ——U.

Creating an exact inverse matrix for which
UR =1 (9.13)
holds, with I being the identity matrix, is trivially done via
pdirect — (RTR)IRT, (9.14)

which is a left inverse of the response matrix, as the matrix need not be square and
the number of true and reconstructed bins can differ [251].

However, this is not a good approach to unfolding, as the problem is ill-posed and
small differences, such as statistical noise in the data, can result in highly oscillatory so-
lutions [252]. To address the large fluctuations, regularisation is used. This incorporates
a priori knowledge about the expected form of the true distribution. Many regularisa-
tion methods exist. A commonly used method is Tikhonov regularisation [253], also
known as ridge regression when simply penalising large values.

Any regularised unfolding matrix U can be decomposed as
U = AcUdreet, (9.15)

where A¢ is a matrix that describes the effects of the regularisation [251] and can be any
type of matrix. It is up to the regularisation method to find one with a good trade-off
between adding bias and reducing the variance (i.e., oscillations) of the unfolded results.

To achieve this, unfolding methods typically have a free parameter to set the

strength of the regularisation that is applied. An illustration of this is shown in
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Figure 9.1. A different approach, and the one utilised in this analysis, is the Wiener-
filtered singular value decomposition (SVD) method [251]. It constructs a filter that
optimises the unfolded measurement based on the predicted true signal distribution.
This suppresses unphysical oscillations in the unfolded result while avoiding tuning
parameters.

A detailed description of the unfolding methods and the relation between the
Wiener-SVD method and Tikhonov regularisation is provided in Appendix A.

9.1 Total Cross-Section Extraction

The extraction of the total cross section represents the simplest case of the unfolding
problem. As there is only one true bin and one corresponding reconstructed bin, bin
migration effects are, by definition, impossible, and the unfolding process reduces to a

straightforward efficiency correction:

d — phked

true __

= —. 9.16
E(ﬁNTNpOT ( )

9.2 Analysis Extraction Details

All cross-section extractions in this analysis are performed with the half of the GENIE
CV neutrino events not used to train the BDTs. The product of integrated flux and
POT for the MicroBooNE samples used in this analysis is shown in Table 9.1. The
number of scattering targets is Ny = 1.03 x 10%° argon nuclei inside the analysis

volume.

Integrated Flux Predictions
(I)Vu NPOT QDNNPOT Total (I)NPQT
8.22 x 10 em™2 | 0.51 x 10! em™2 | 8.73 x 10! cm ™2

Table 9.1 Product of integrated muon (anti-)neutrino flux predictions and 1.11 x 10%!
POT for the data used in this analysis. The flux value is approximated using the flux
in the entire active volume, instead of the slightly smaller analysis volume imposed by
the additional limitations on the neutrino vertex.

This analysis employs the Wiener-SVD technique, with the GENIE CV simulation

serving as the true signal input. As described in the first section, a choice must be
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Real (Discretised) Distribution
T

Measured Distribution
T T T T T

- real response matrix + noise =

True Kinematic Variable Méasured Kine‘matic‘ Variable
(a) The real distribution of a variable of interest is transformed to reconstructed space via the
real response matrix, which encapsulates the actual (unknown) detector and reconstruction
effects that yield the measured distribution. Part of this transformation is noise due to the
finite statistics of the measurement.

Unregularised Unfolded Distribution
T T T T T

response matrix
from simulation

) - measured distribution =

| | | | |
True Kinematic Variable

(b) The most direct method for obtaining an estimate of a true distribution from a measured
distribution involves using a response matrix and performing a direct matrix inversion. In
particle physics, the response matrix typically comes from simulation, in which case all
uncertainties, including systematic ones, contribute to the noise of the transformation. As
a result of the noise, the inversion is an ill-posed problem, and the unfolded distribution
exhibits strong unphysical oscillations.

( regularised

. : - measured distribution =
unfolding matrix

High Regularisation Strength Optimal Regularisation Strength Low Regularisation Strength
T T T T T T

| — [‘Jnfold‘cd —— 4 = bnfoldcd e 1L — bnfol(icd

——=Truth I --- Truth --- Truth

J | | | | |
True Kinematic Variable True Kinematic Variable True Kinematic Variable

(c) Applying regularisation uses additional information to guide the unfolding towards a phys-
ical distribution. Methods such as Tikhonov regularisation require adjusting a regularisation
strength parameter. The plot on the left here illustrates the effect of over-regularisation,
where the unfolded distribution is strongly biased. At the other extreme, under-regularisation
leads to high-variance solutions and oscillations, which in the limit approach the unregularised
solution. The challenge is finding the right balance between bias and variance.

Fig. 9.1 Illustrations of the transformation from truth to measured space and unfolding
with different regularisation strengths.
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made for the C' matrix, i.e., whether to regularise the absolute values or the first- or
second-order derivatives of the unfolded truth. A common choice for unfolding in
particle physics is to regularise based on the second derivative of the solution. This
tends to smooth oscillations in the unfolded result by damping curvature, which biases
the solution towards smoothness. First-derivative regularisation biases towards a flat
solution. Biasing towards zero by regularising the absolute values is less commonly
used in these cases.

The choice, however, is less important for this analysis. Like all unfolded mea-
surements, the results are reported in a regularised vector space of the truth, but by
publishing the regularisation matrix Ac along with them, any theoretical prediction
can be transformed into the same space. Effects from the choice of regularisation
therefore have no impact, at least for these comparisons, as applying A to a theoretical
prediction preserves the data-prediction agreement through the unfolding process.

The regularisation matrices for first- and second-derivative Wiener-SVD unfolding
are compared in Figure 9.2 for one kinematic variable. It shows that more smearing is
observed when using the second derivative, meaning a larger transformation separates
the regularised and actual truth spaces. For this reason, this analysis regularises the

first derivative.

o
(&

IN

Regularized Truth Bins
S

Regularized Truth Bins

w

L
1 2 3 4 5

Truth Bins Truth Bins

(a) First-derivative Wiener-SVD (b) Second-derivative Wiener-SVD

Fig. 9.2 Regularisation matrices A for first- and second-derivative Wiener-SVD
unfolding of the muon momentum distribution using the GENIE CV prediction. The
first derivative shows less smearing.
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9.3 Validation Studies

Before unblinding and unfolding the real data, a number of mock-data studies are

performed by treating simulated event samples as data.

9.3.1 Closure Test

To test the unfolding procedure, a closure test is performed by treating the Run 1-5
MicroBooNE Tune GENIE CV prediction as data. The mock data is then unfolded via
the Wiener-SVD method. The unfolded results are compared to the true distributions
of the GENIE CV signal events. Since the prediction, which is also used to compute
the response matrix, is the same as the data, the unfolded distributions must reproduce
the prediction exactly, which they do within floating-point accuracy, as Figure 9.3

shows.

9.3.2 NuWro Mock-Data Study

The closure test is primarily used to check the unfolding machinery for implementation
errors. This mock-data test with an alternative generator evaluates whether the
unfolding procedure can accurately recover the true kinematic distributions when the
input model differs from the CV GENIE prediction, as is the case with real data. For
this, simulated data produced with the alternative neutrino event generator NuWro
version 19.02.1 is used. Like the GENIE samples, these events have undergone the
entire detector simulation and reconstruction pipeline. With a POT of 1.7 x 10%!, the
sample provides an exposure of similar magnitude to the real Run 1-5 BNB POT of
1.1 x 10%Y. As the differences between the GENIE MC and the NuWro mock-data
samples are confined to the generator model, only statistical and model uncertainties
are considered.
The level of agreement between the unfolded and true distributions is evaluated
using a x? test statistic,
a— (ﬁ - npred'>T Vi (ﬁ, - npred'), (9.17)
where nP™ is the truth distribution of the simulated sample, 7 is the unfolded
distribution of the reconstructed quantities of the same sample with covariances V.

From this, p-values are obtained via

b= - sz (X2> Nbins) ) (918)
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Fig. 9.3 Closure tests using the Runs 1-5 GENIE MC samples as data. The blue line
shows the true signal distributions for the GENIE CV simulation. The black dots are
the reconstructed kinematic distributions of the same unfolded GENIE samples. They
close perfectly to reproduce the true distributions.
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where F2 is the cumulative distribution function of the x? distribution with Npine
degrees of freedom.

Since this is comparing unfolded and true distributions from the same generator
model, p-values that deviate significantly from unity can be a sign of underestimated
interaction model uncertainties, and similar issues with uncertainty coverage have
been reported in prior MicroBooNE analyses [237, 243]. Following their approach, an
additional unisim uncertainty for the difference between the GENIE CV and NuWro
predictions is included as previously described in Section 8.2.2.4. The effect of this is
listed in Table 9.2.

p-values
NuWro Unisim
Kinematic variable Without With
Cosine of muon angle 0.92 —  1.00
Muon momentum 0.58 —  0.95
Cosine of pion angle 0.42 — 0.99
Pion momentum 0.18 — 0.90
Muon-pion opening angle 0.97 — 1.00

Table 9.2 Comparison of p-values when comparing unfolded NuWro mock data with
the underlying true distributions for the different kinematic variables, without and
with an additional NuWro-based uncertainty.

Figure 9.4 shows the distribution of the selected NuWro events and the unfolded
cross-section distributions obtained from them. The unfolded plots also show the true
distributions of the GENIE CV prediction and the true distribution of the NuWro
sample. The unfolded distributions closely match the true NuWro distributions.

9.3.3 Charge-Exchange Mismodelling Study

The GENIE configuration for the prediction in this analysis uses the hA2018 intranuclear
cascade model for FSI [154]. A shortcoming that has been discovered for this model is
an unphysical overprediction of the pion-nucleon charge-exchange cross section below
~ 400 MeV and an underprediction above this, as shown in Figure 9.5. This issue
stems from an over-reliance on an older simulation to fill gaps where experimental
data is unavailable [254]. This is relevant to this analysis as it affects the conversion of

charged pions to neutral pions in the FSI simulation.
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Fig. 9.4 Unfolded NuWro mock-data cross sections. The black dots are the unfolded
NuWro selection with uncertainties. The green line is the true NuWro distribution
with the additional smearing matrix Ao applied. The dashed blue line is the true
GENIE CV prediction with Ax applied.
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Fig. 9.5 Comparison of the 7™ on Argon charge-exchange cross section for different
GENIE FSI models, with the hA2018 model showing an unphysical distribution. Source:
Ref. [254].

The mock-data test with NuWro, which uses its own cascade model not affected by
this issue, has shown that, within the included uncertainties, it is possible to successfully
unfold differential cross-section measurements despite this FSI mismodelling in the
prediction.

To further verify that this mismodelling does not significantly affect the selection
process and that the number of selected signal events does not deviate substantially, a
modified simulation sample produced for MicroBooNE was used [254]. This sample
reweights the GENIE Run 1 events based on the fixed charge-exchange cross sections
from an updated hA2025 model. The comparison of the selection efficiencies between
the original and reweighted samples in Figure 9.6 shows no large differences across the
kinematic bins.

Together with the other mock-data studies, this gives confidence in the selection
and the robustness of the unfolding technique. The results of unblinding and unfolding

the real data are presented in the next chapter.
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Fig. 9.6 The selection efficiency for the nominal Run 1 neutrino interaction MC is
compared to a reweighted version that corrects for charge-exchange mismodelling. The
muon and pion momentum sections have different overall efficiencies, as they use the
additional criteria for the momentum subsets. No uncertainties are available for the
reweighted sample as this is essentially a bug fix in the model. This comparison, thus,
serves as an additional sanity check together with the mock data studies. No significant
differences are observed for this selection.
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Results

The analysis was approved for unblinding by a MicroBooNE-internal editorial board
and subsequently received experiment approval to be made public [229]. This chapter
first presents the unblinded reconstructed data, followed by the unfolded cross-section
measurements, and finally compares the results to state-of-the-art interaction generator

predictions.

10.1 Unblinded Data

A summary of the selected event counts for the CCla analysis and its two momentum
subsets is shown in Table 10.1 with uncertainties. The general selection represents
a 25-fold increase in the number of background-subtracted data events compared to
the only prior measurement on argon made by ArgoNeuT [193], but at a much lower
beam energy that makes direct comparisons not viable. The results of this analysis
should therefore be considered complementary to the prior measurements, rather than
superseding them. Figure 10.1 shows in detail the predicted and observed event rates
across the five differential kinematic variables as well as for the total event rate. The
pion and muon momentum distributions are displayed using their respective dedicated
subsets. Data—simulation agreement is good, with distributions captured within the
total uncertainty band of the prediction across all of the phase space. However, the
comparison here includes uncertainties on the predicted signal events, which is not the
case for the extracted cross-section measurements in the next section.

Event displays of recorded interactions passing the selection are shown in Figure 10.2.
The first example clearly shows a long muon-like track, a shorter proton-like track, and

a pion candidate track that appears to decay to a Michel electron via a muon.
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Fig. 10.1 The stacked histogram shows the predicted rate of events passing the selection.
The grey grid is the total uncertainty on the signal + background prediction. Black
dots are measured event rates with statistical uncertainties. The plots shown are (a)
the total event rate, (b) the scattering angle between the muon and the neutrino beam,
(¢) the muon momentum using the contained muon subset, (d) the scattering angle
between the pion and the neutrino beam, (e) the pion momentum using the unscattered
pion subset, and (f) the opening angle between the muon and the pion. The last bins
of the muon and pion momentum selections serve as overflow bins. The dark and light
green stacks are scattered and unscattered charged pion signal events. The v, CCIn*
Non-Signal events are selected events with the right topology but outside the defined
phase space. Fxternal are cosmic background events from the beam-off data.
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BNB Run 24727, Subrun 108, Event 5417
o nBooNE

Candidate 7

BNB Run 25740, Subrun 0, Event 44

- BNB Run 24813, Subrun 26, Event 1310

. Candidate =+

Fig. 10.2 Two event display from the collection plane and one from the first induction
plane of different selected events in the detector consisting of a long muon candidate and
a charged pion candidate. The first event also shows a shorter proton track candidate.
The pions appear to decay to a Michel electron via a muon. Cosmic rays are visible in
the bottom left corner of the first event display and across the third one. Sections of
tracks are missing due to unresponsive detector wires.
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Selections Selected Events Efficiency | Purity Uliscatte.r ed
Data | Prediction 7™ fraction
General 12566 | 11949 + 2426 20.3% 52% 36%
Unscattered pion || 6535 | 5843 + 1120 9.5% 50% 68%
Contained muon || 4867 | 4547 + 931 8.4% 56% 39%

Table 10.1 The number of data and predicted events selected by the general and the two
subset selections. The prediction includes all statistical and systematic uncertainties.
Also shown are the efficiency, purity, and the fraction of unscattered pion events for
the prediction.

10.2 Unfolded Measurements

The total flux-integrated cross section is extracted from the efficiency-corrected and
background-subtracted event count, as described in Equation (9.16) using the flux and

target size values given in Section 9.2. It is measured to be

o= (3.75 4+ 0.07 (stat.) & 0.80 (syst.)) x 107*® cm?/Ar (10.1)

at a mean neutrino beam energy of approximately 0.8 GeV. A breakdown of the
uncertainties for the extracted total cross section is provided in Table 10.2, which
shows flux, interaction model and detector modelling uncertainties dominate.

The differential cross sections have been unfolded using the first-derivative Wiener-
SVD approach. The raw extracted cross-section values are shown in Figure 10.4. These
values are not bin-width normalised and are combined into one histogram (vector)
here as described in Equation (8.3). Each distribution was unfolded independently
of the others using the blockwise unfolding approach, but the results are reported
together with the covariance matrix between all unfolded bin values Vs, as defined in
Appendix A [229]. The main benefit of providing covariances not just between bins
of the same kinematic variable but also between different differential cross sections
is to enable more rigorous model development and tuning by allowing models to be
evaluated against multiple distributions simultaneously, and to accurately quantify the
goodness-of-fit [238]. For better visualisation, Figure 10.5 shows the correlation matrix

instead, which is a normalised measure of the linear relationship between the bins:

(Vunf)aﬁ ‘
\/(vunf) aa (vunf)ﬁﬁ

Tos = (10.2)
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Fig. 10.3 Fractional uncertainties for the unfolded differential and total cross-section
bins, showing the dominance of flux, interaction model and detector simulation uncer-
tainties.
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Category Uncertainty (%)
Total 21.4
Systematic 21.3
Flux 14.1
Interaction model 12.6
Detector 9.1
POT 3.3
Target 1.6
Reinteraction 1.5
Statistical 2.0
Data 1.6
Background 1.1

Table 10.2 Fractional uncertainties for the extracted total cross section. The background
statistical uncertainty contains the simulated neutrino prediction and the beam-off
sample.

A breakdown of the uncertainties, specifically the diagonal elements of the covariance
matrix, for each bin is shown in Figure 10.3. It highlights how MicroBooNE’s flux
modelling, the neutrino interaction model, and the detector simulation are the main
systematic uncertainties limiting this measurement.

Theoretical predictions for the true cross-section distributions need to be smeared
with the regularisation matrix shown in Figure 10.6 to apply the effects of regularisation
and to preserve the data-generator y? agreement through unfolding when comparing
the prediction to the unfolded results in Figure 10.4. Some stronger smearing, for
instance, can be seen for one of the muon-pion opening angle bins. However, by
choosing the first derivative Wiener-SVD method for this analysis, the smearing is

overall kept low, as previously described in Section 9.2.

10.3 Generator Comparisons

The unfolded cross sections are compared with predictions from several event generators,
listed in Table 10.4, using the NUISANCE framework [255]. Among these is the
recently updated GiBUU 2025 (Patch 1). Publications on 7 cross sections from
MicroBooNE [256] or using MicroBooNE data [186] have demonstrated a strong
sensitivity of GiIBUU 2023 (Patch 3) to changes to in-medium effects, which are effects

on particles while inside the nucleus. In particular, these studies suggest a better
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Fig. 10.4 Extracted differential cross-section values with inner error bars showing
statistical uncertainties on the data and outer error bars showing the total uncertainties.
The measurements are not normalised by bin width.
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10.3 Generator Comparisons 160

agreement with data when collisional broadening of the A resonance is absent, a change
now implemented by default in the 2025 GiBUU configuration [257].

The regularisation matrix A is applied to the differential cross-section predictions.
No regularisation is applied to the single bin measurement of the total cross section.
Table 10.3 summarises the p-values quantifying data-generator agreement for the

individual cross-section measurements described below.

Generators | Total cos(0,) p, cos(60:) px 0,
GENIE uB 0.85 0.26 0.78 0.84 0.67  0.68
GENIE G18 0.91 0.25 0.82 0.85 0.72 0.67
GENIE AR23 | 0.67 0.20 0.71 0.77 0.54  0.58
NuWro 0.44 0.00 0.82 0.79 0.62 0.78
GiBUU 2023 0.08 0.33 0.12 0.13 0.01  0.15
GiBUU 2025 0.99 0.72 0.90 0.24 0.19 0.54
NEUT 0.24 0.00 0.69 0.30 029 0.54

Table 10.3 P-values of the different generator-data comparisons. Highlighted is the
best fit for each cross section.

Name Version Configuration Tune

GENIE 1B 3.0.6 G18_10a_02_11a  MicroBooNE Tune
GENIE G18 | 3.04.02 G18_10a_02_1la -

GENIE AR23 | 3.04.02 AR23_20i_00_000 —

NuWro 21.09.2 Default -

GiBUU 2023 | 2023 (patch 3) Default -
GiBUU 2025 | 2025 (patch 1) Default -
NEUT 5.4.0.1 Default -

Table 10.4 Summary of the generators used in the comparisons with the unfolded data
results.

10.3.1 Total Cross Section

The total flux-integrated cross section using all selected CCln* events is shown in
Figure 10.7. This result is unregularised, meaning the generator predictions have
no additional scaling or smearing applied, unlike the differential cross sections. The
result closely matches the GiBUU 2025 prediction and also shows very good agreement
with all other generators apart from GiBUU 2023. NuWro and NEUT predict higher,
while GENIE predicts lower cross sections than the unfolded data. GiBUU 2023 tends
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to systematically underpredict pion production cross sections for MicroBooNE, as
previously reported on 7° production in Ref. [186]. These earlier MicroBooNE results
are also likely to have contributed to the significant improvement in agreement now
seen with the newer GiBUU version [256].

MicroBooNE in the BNB with 1.11x10%* POT

—_ — NuWro
Z = T X2=0.24/1bin
= 45 =
i= = NEUT
o 41— x?=0.74/1 bin
[oe] -
™ —
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= R B X2=3.63/ 1 bin
3 GIBUU 2025
- X? = 2.42e-04/ 1 bin
25—
= GENIE G18
2 Xx?2=0.12/1 bin
= GENIE AR23
1.5 " x?=0.43/1 bin
1= GENIE uB
C 7' X2=0.18/1bin
0.5
E ® Unfolded data
0

Fig. 10.7 The total extracted cross section. The black dot represents the efficiency-
corrected selection with the associated total uncertainty. The thicker inner error bar is
the statistical uncertainty only. The dashed blue line is the GENIE CV truth prediction.
The other lines are predictions from alternative generators and tunes. The line of the
GiBUU 2025 prediction is under the data point.

10.3.2 Differential Cross Sections

The differential cross section with respect to the cosine of the muon angle, shown in
Figure 10.8, reveals significant divergence among generator predictions at very forward
angles, where momentum transfer to the nucleus is minimal. GiBUU 2025 performs best,
followed by the GENIE predictions. NuWro and NEUT overpredict in this region and
do not agree well with data, as the p-values in Table 10.3 show. Models overpredicting
at low momentum transfer, Q?, for single pion final states has been well documented by
several experiments, including MINOS [258], MiniBooNE [202], and MINERvA [217].
It also again matches MicroBooNE’s result for the CC v, 7 cross section [186]. MINOS
and MINERvA have improved their data-simulation agreement by introducing ad hoc

QQ*-dependent suppression functions for resonance production simulations [217, 259).
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The muon momentum differential cross section shown in Figure 10.9, using the subset
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Fig. 10.8 Unfolded differential cross section with respect to the cosine of the muon
angle with the beam axis.

of completely contained events described in Section 7.6.5, demonstrates good agreement
with all models except GiIBUU 2023 due to it systematically underpredicting. The pion
angle differential cross section in Figure 10.10 shows strong agreement with GENIE
models in the backward direction, while NuWro, NEUT, and GiBUU 2025 overpredict
there. In the forward direction, measured cross sections consistently exceed GENIE
and GiBUU 2025 predictions, aligning better with NuWro and NEUT due to their
higher total cross-section predictions. Overall, data-simulation agreement is best for
the GENIE configurations and NuWro, with NEUT and GiBUU performing worse.
Figure 10.11 shows the differential cross section with respect to pion momentum,
using the unscattered-enhanced subset of events described in Section 7.6.4. The large
uncertainties in the first bin are driven by uncertainties on the background prediction
arising from the neutrino interaction model. GENIE and NuWro predictions sit around
7 x 107 cm?/GeV/Ar, but NEUT and GiBUU 2025 significantly deviate, predicting
much higher cross sections at low pion momentum. Comparison with Figure 10.12,
which has FSI disabled for the generators, shows that these higher values are driven
by their final-state simulations. At higher energies, FSI simulation suppresses the

predictions, contributing to the underprediction in the last bin. Overall, data-simulation
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Fig. 10.9 Unfolded differential cross section with respect to muon momentum using
the dedicated selection subset defined in the text.
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Fig. 10.10 Unfolded differential cross section with respect to the cosine of the pion
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agreement is best with GENIE and NuWro, followed by NEUT and GiBUU 2025.
GiBUU 2023 shows poor agreement with the data.
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Fig. 10.11 Unfolded differential cross section with respect to pion momentum using the
dedicated selection subset defined in the text.

Finally, Figure 10.13 shows the differential cross section with respect to the opening
angle between muon and pion using all selected events. Data-simulation agreement
is generally good apart from GiBUU 2023, with NuWro performing best, followed by
GENIE, GiBUU 2025, and NEUT.

10.4 Summary

This analysis has successfully leveraged MicroBooNE’s large collection of recorded
neutrino-argon interactions to report unfolded muon neutrino single charged pion cross-
section measurements. The generator comparisons show no one generator captures the
data features perfectly across all kinematic variables. Overall, GIBUU 2025 performs
best for the total and muon kinematic variables, but, apart from GiBUU 2023, has the
worst agreement with data for the pion variables. GENIE and NuWro give the closest
predictions for those differential cross sections. Predictions of the most forward muon

angle cross section are generally higher than the data, especially for NuWro and NEUT,
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Fig. 10.12 Comparison between the unfolded pion momentum cross section and genera-
tor predictions with FSI disabled.
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signalling deficiencies in low-(Q? modelling. At backward pion angles, NEUT, GiBUU
2025, and, to a lesser extent, NuWro have higher predictions than both GENIE and
the data. Finally, uncertainties and differences between generators are both large at
low pion momentum. The measurements here are limited by systematic uncertainties
in the detector simulation, the background estimation, and the neutrino flux modelling
as highlighted previously in Figure 8.2. Future work to reduce these uncertainties,

especially at low pion momentum, is needed.



Chapter 11

Conclusion and Outlook

This thesis presents new flux-integrated measurements of CC muon (anti-)neutrino
cross sections on argon for events with a charged pion and any number of nucleons
in the final state. Measurements are reported for the total cross section and for five
kinematic variables: muon momentum, pion momentum, muon angle with respect to
the beam, pion angle with respect to the beam, and the muon—pion opening angle. The
analysis employs a BDT-based selection and defines subsets of events for muon and
pion momentum estimation. The pion momentum differential cross section represents
the first such measurement on argon. The total cross section is measured to be
o= (3.75 £+ 0.07 (stat.) £ 0.80 (syst.)) x 107® cm?/Ar at a mean neutrino beam
energy of ~ 0.8 GeV. Data from all five experimental runs of the MicroBooNE detector
in the BNB were utilised, resulting in up to a factor 25 increase in the background-
subtracted event count compared with a prior measurement of this process on argon
by ArgoNeuT. Compared with ArgoNeuT, which used the NuMI beam, these cross-
section measurements provide new data at lower beam energies and are therefore
complementary to the existing data. This work has been published in Ref. [229]. The
measurements are limited by systematic uncertainties, the dominant sources of which
are the neutrino flux, the neutrino interaction model, and the detector simulation.
The cross-section measurements presented in this work have been compared to
a suite of modern neutrino-nucleus interaction generators, providing insights into
current modelling strengths and areas for refinement. While the total cross section is
well described by all generators within the uncertainties, notable tensions emerge in
specific kinematic regions. The latest version of GiBUU performs best for the total
and muon kinematic variables, but shows lower agreement with data for the pion
variables than other generators. GENIE and NuWro give the closest predictions for

those differential cross sections. A notable pattern in the modelling of the hadronic final
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state is that several generators overpredict at backward pion angles and underpredict
at high pion momentum. Predictions for the forward muon angle shape generally
exceed the data, and are especially high for NuWro and NEUT, signalling deficiencies
in low-Q? modelling. Finally, uncertainties and variations among generators are both
high at low pion momentum, with the latter driven by differences in FSI modelling.

The significance of these measurements for the field comes from the crucial role
resonance-producing neutrino—nucleus interactions will play in the future DUNE experi-
ment, where, due to higher beam energies compared to MicroBooNE, these interactions
will dominate. The wide energy spectrum with which neutrino beams are produced
necessitates the reconstruction of the energy of each interacting neutrino for oscillation
measurements. This requires accurate neutrino interaction generators, and thus precise
cross-section measurements are crucial for reducing the systematic uncertainties that
limit neutrino oscillation experiments. This is of particular importance for the search
for CP violation in the lepton sector.

Direct measurements on argon are important to tune empirical generator mod-
els. Beyond that, this analysis also contributes to the collective set of cross-section
measurements made on a variety of different nuclear targets. It therefore provides a
valuable source of data to better understand the A-dependence, i.e. the change of the
cross section with nuclear target size, for resonance production.

MicroBooNE is pursuing multiple further charged pion analyses focused on exploring
proton multiplicity, transverse kinematic imbalance variables (which are variables
particularly sensitive to nuclear effects [227]), measurements of charged pion channels
using the NuMI beam data, and coherent pion production. Several of these ongoing
analyses make use of knowledge, samples, and tools produced during this analysis.

The SBND experiment at Fermilab [260], which started continuously taking beam
data in December 2024 and is expected to run until 2027, will be another major step
forward for neutrino—argon interaction statistics, with an expected order-of-magnitude
increase in flux compared to MicroBooNE [261]. However, to fully leverage this,
improvements in systematic uncertainties are essential. SBND benefits from reduced
interaction model uncertainties resulting from the suite of cross-section measurements
from MicroBooNE and other prior experiments. For instance, SBND’s charged pion
measurements will benefit from the improved constraints on pionless cross sections
produced by MicroBooNE that form the major background of this analysis. In the
same way, this analysis will reduce uncertainties on QE-like cross-section measurements.

SBND will also make use of new techniques and flux models, as well as benefit
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from improvements in LArTPC reconstruction and simulation software resulting from
MicroBooNE and the DUNE development effort.

Beyond existing analysis methodologies, new approaches to charged pion and
muon measurements also have the potential to improve selection purity and extend
cross-section measurements to new energy regions. The Liquid Argon In A Testbeam
(LATrIAT) experiment has shown that muons and charged pions stopping in liquid
argon can undergo nuclear capture on argon nuclei, producing very short MeV-scale
energy deposits or ‘blips’ upon the subsequent de-excitation of the nucleus [262]. These
blips provide a handle for distinguishing between muons and pions, with pions found
to generate more of them due to their higher rest mass. This offers a promising new
method for improving muon—pion separation in liquid argon detectors, though its
practical use will require improved modelling of nuclear de-excitation processes and
reconstruction of the blips. Additionally, an algorithm that fits the measured energy
loss along the section of a charged pion track before it visibly scatters to a theoretical
model, effectively calculating the total length the particle would have travelled had it
not interacted inelastically, provides a way to estimate the momentum from charged
pions scattering on the argon [263]. This approach would allow measurements to be

extended to higher pion momenta.
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Appendix A

Unfolding Method

A.1 Tikhonov Regularisation

A method to obtain a true distribution from a reconstructed one is through a y?
minimisation of the difference between the measured data, m, and forward-folded
guesses of the true signal distribution, 7. The minimisation approach also incorporates

the uncertainties on the measurement in the form of the covariance matrix V:
Y2(h) = (m — RV (m — Ra), (A.1)
and R is the response matrix as defined in Equation (9.9). This can be rewritten as
V(R) = (m—Ra) (i —Ra), (A.2)

by decomposing the inverse covariance matrix as V=1 = QT Q, as described in Ref. [251].
The covariance matrix can then be absorbed into the measured spectrum and detector

response as

m=0m and R =CQR. (A.3)
The minimum of this y? function is at
m = R, (A.4)

which is the case when the prediction matches the result of the direct inverse, analogous
to Equation (9.14):
f = (R"R)'R"m. (A.5)
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The only difference in this minimisation approach so far is the inclusion of the co-
variance matrix. However, this does not address the large oscillations. The idea behind

Tikhonov regularisation [253] is the addition of a penalty term to the minimisation:
_\T _
(7)) = (m—Ra) (m—Ra) +7(C)"(CR), (A.6)

where C' is a chosen matrix. Common choices include the identity matrix, which
penalises large values such as those arising from strong oscillations in the unfolded
spectrum, or first- and second-derivative matrices, which penalise bin-to-bin differences
and curvature, respectively. The strength of the regularisation is controlled by the free
parameter 7, and a suitable value needs to be chosen to balance bias and variance for
the unfolded solution.

The minimum of Equation (A.6), found by setting % =0, is at:
f=(R'R+C"C) R (A7)
_ _ -1 _
_ o ((RC‘l)T(RC‘l) + ﬂ) (RCTim (A.8)
o -1 _
_ o (RERC 4 ﬂ) RELin, (A.9)

which was rewritten in anticipation of the following steps and where on the last line
the change of variable R = RC~! is made.

To better understand how Tikhonov regularisation addresses the oscillations, it is
helpful to re-examine the problem using SVD, as done in Ref. [251]. The redefined

response matrix, R¢, can be decomposed as
Re = OXGT, (A.10)

where (G is an orthogonal matrix transforming a true signal distribution into an ‘effec-
tive frequency’ basis, where the detector response ¥ = diag(<i, <z, ... ) is a rectangular
diagonal matrix containing the singular values ¢;. O is another orthogonal matrix trans-
forming the result into the basis of the measured reconstructed quantity. Substituting
Equation (A.10) into Equation (A.9) gives

h=C'GX*+ 1) B0 m. (A.11)

This can be rewritten as
fh=C'GFS'0"m, (A.12)
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where Y71 = diag(é, é, . ) The small singular values now correspond to high-

frequency components. In the direct inverse, dividing by these small ¢; values dra-

matically amplifies any noise in the measurement, causing the oscillations. The filter

2 2
F = diag(glfjﬁ, ggiT, .. ) is also a diagonal matrix that reduces the impact of small

values of ¢;, with the degree of suppression controlled by the parameter 7.

A.2 The Wiener-SVD Approach

The Wiener-SVD approach to regularisation provides an alternative method for con-
structing the filter based on principles from signal processing [251]. While the Tikhonov
filter uses a single parameter 7 to suppress small singular values g;, the Wiener-SVD
method builds an optimal filter for each component by maximising the signal-to-noise
ratio. The method makes use of the Wiener filter [264], which in its classical form for

time-series data is defined in the frequency domain as

E|(Rw)s @)

Wideal<w) — 5
E|(Re)S@)’| + BN

, (A.13)

where S(w) is the true signal in frequency space, R(w) is the response function, and
N(w) is the noise. Here E[-] denotes the statistical expectation. When the true statistics
are unknown, one can replace expectation values with predictions (for instance from

simulation):

(AW Sw)"
(R(w)S(w))" + N(w)?

W(w) = (A.14)

The effect of the filter is that it most strongly suppresses the frequencies for which
noise dominates over signal contributions. To apply this idea to unfolding, one treats
the SVD effective-frequency basis as analogous to the frequency domain. Let ngv
be the event rate prediction in true-bin space. Transforming this prediction into the
effective-frequency basis and applying the response ¥ gives the effective amplitude in
component 7:

neft = (ZGTC’nCV) .

v i

(A.15)

The noise here arises from the uncertainties on the measured data. After the

transformation in Equation (A.3), the covariance matrix of m is the identity matrix,
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and the measurement uncertainties are thus uncorrelated with unit variance. Hence,
the expected noise power in each component is one. The Wiener-SVD filter can then

be constructed as a diagonal matrix with entries analogous to Equation (A.14):

W — (m")" (A.16)
S () |

This filter W replaces the Tikhonov filter F in Equation (A.12), giving the unfolded

estimate:

f=CtGWstoTQm. (A.17)

Unfolding matrix U

This method does not rely on a tuning parameter, but the dependence on the

€V means it requires the prediction to be a reasonable approximation of

prediction n
the truth.
The unfolded and scaled differential cross sections can then be computed using
that unfolding matrix as shown in Equation (9.12). The covariance matrix for the
Wiener-SVD unfolded differential cross-section measurements can be computed from
the covariance matrix for the background-subtracted event counts before unfolding V'

together with the unfolding matrix [238]:

b UaaVas (UT),, (A.18)

Vin = .
( f)aﬁ (QNTNPOT)2 A.IQA.CIfg

For reporting the covariances between bins of all differential cross-section measure-
ments, the block-wise covariance matrix V, as defined in Equation (8.4) but for the
background-subtracted event counts, can be unfolded using a block-diagonal unfolding

matrix constructed from the individual cross-section unfolding matrices [238]:
U = diagyoq, (U<, UPe, Uesn) gen i) (A.19)
which is then used as in Equation (A.18):

T
Sap UaaVar (UT),
(®NrNpor)”

Vunt)ap = , (A.20)
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to get the covariances between bins of all five unfolded differential cross sections. The
bin width normalisation is omitted here to have consistent units across all matrix

entries.
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