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Abstract

We search for millicharged particles using a single-electron scatter signature in the Mi-
croBooNE detector. Using 1.07 x 102! protons-on-target of data from the Neutrinos
at the Main Injector (NuMI) beam, we observe no significant excess compared to the
expected backgrounds. We set limits on the production of millicharged particles from
the decay of light neutral mesons, covering a mass range of 15 to 400 MeV, and elec-
tric charges between 5.17 x 10™* and 1.88 x 1072 times the elementary charge. These
results improve upon previous constraints from the ArgoNeuT liquid argon-time pro-
jection chamber (LArTPC), though they do not represent the most stringent limits to
date. This is the first search for millicharged particles using a single-scatter signature in
a LArTPC. The analysis targets electron recoils with energies as low as 20 MeV, where
the Wire-Cell reconstruction framework yields only a 1% selection efficiency in its de-
fault configuration. We also present the expected sensitivity for a complementary search
using a multiple blip scatter signature, aligned with the NuMI beam target, with ener-
gies as low as 0.5 MeV, similar to the search performed by ArgoNeuT. This blip-based
channel shows lower sensitivity than the single-scatter search for electric charge ranges
between 3.75x 1072 and 1.13x 1072, Only at the highest mass point of 400 MeV does the
blip-based search surpass the sensitivity of the Wire-Cell based single-scatter channel.
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1. Introduction

The Standard Model (SM) has been remarkably successful in describing the fundamental
building blocks of the universe — the elementary particles and their interactions — yet
it is known to be incomplete. It lacks a mechanism by which neutrinos can acquire mass,
fails to explain the matter-antimatter asymmetry of the universe, and does not account
for dark matter.

Neutrinos, in particular, are known to exhibit beyond the Standard Model (BSM)
properties, and their study may provide key insights into new physics. In the SM,
neutrinos appear only as left-handed particles (and antineutrinos as right-handed), which
is consistent with the SM assumption that they are massless. However, the observation
of neutrino oscillations implies that neutrinos must have a mass, albeit very small. The
Higgs mechanism, which gives mass to other fermions and bosons, requires both left-
and right-handed components, but right-handed neutrinos are absent in the SM.

Experimentally, neutrinos are difficult to detect. They interact only via the weak force
— and gravity, which is far too feeble to be relevant in particle physics experiments. The
“intensity frontier” strategy addresses this challenge by using massive detectors with
sophisticated reconstruction capabilities, placed in close proximity to intense neutrino
sources. These same features, however, also enable intensity frontier neutrino experi-
ments to search for other BSM phenomena.

The MicroBooNE detector is a liquid-argon time projection chamber (LArTPC) ex-
periment located at Fermilab. During its operation between 2015 and 2020, it collected
a vast dataset of neutrino—argon interactions from two different neutrino beams. The
LArTPC technology provides excellent spatial resolution and calorimetric reconstruction
capabilities, enabling the use of advanced reconstruction methods and the exploration
of complex topologies. This has previously allowed for a wide range of new physics
searches, resulting in numerous published results in exotic models such as heavy neutral
leptons, Higgs portal scalars, and light dark matter.

This thesis presents a search for millicharged particles using the MicroBooNE detector.
Millicharged particles are hypothetical new particles that violate the electric charge
quantisation empirically observed in the SM. They can be produced in the decays of
neutral mesons, which are abundantly generated in the same accelerator collisions that
produce neutrino beams. Millicharged particles would then travel largely unimpeded
towards MicroBooNE, where they could interact feebly with electrons in the detector’s
active volume, via the electromagnetic interaction.

In chapter |2, we introduce millicharged particles, outlining their theoretical motiva-
tion, describing the two different topologies used in our search, and providing a phe-
nomenological overview of their production in the NuMI neutrino beam and subsequent
interaction with the MicroBooNE detector.

17



1. Introduction

Chapter [3|provides a description of the MicroBooNE experiment, including an overview
of LArTPC technology, a summary of the neutrino beams at Fermilab, and a brief dis-
cussion of SBND, a current-generation LArTPC experiment, which is now operational.

Chapter (4] takes a deeper look into electron lifetime, a critical parameter related to
argon purity in LArTPC operations. This chapter presents work the author performed
to validate and calibrate the electron lifetime in Runs 4 and 5 in MicroBooNE, respec-
tively, as well as a pilot study conducted during SBND commissioning, which the author
performed. As a more self-contained chapter, it is somewhat distinct from the central
theme of the thesis — the search for millicharged particles in MicroBooNE.

Chapter [5| describes the simulation and reconstruction framework used in the search
for millicharged particles, including the treatment of backgrounds and the data samples
employed. Chapter [6] details the event selection criteria applied to both simulation
and data, as well as the Boosted Decision Trees (BDTS) trained to classify signal and
background events.

Systematic uncertainties are discussed in chapter 7], and the final results of the analysis
are presented in chapter [8| A summary of the findings and their implications is given in
chapter [9}

The author was responsible for running the millicharged particle Monte Carlo event
generator, originally developed by Pawel Guzowski, within the LArSoft framework. This
included validating the implementation of the underlying physics equations, generating
the signal simulation samples used in this work, and processing them through the LAr-
Soft reconstruction chain using existing workflows developed by the MicroBooNE col-
laboration. The author then used the outputs to train two BDTs, developing training
code based on earlier versions written by Pawel Guzowski. Neutrino-interaction and
beam-off background samples used in BDT training were produced by the MicroBooNE
collaboration. The author performed the assessment of all relevant sources of systematic
uncertainty, which required generating additional signal simulation samples, as well as
the use of existing background simulations produced by the MicroBooNE collaboration.
The author performed limit setting using the outputs of the BDTs, with original code
developed to interface with the pyhf framework.

The author also led the validation of the electron lifetime calibration in Run 4, adapt-
ing existing macros for data processing and plotting, to reproduce previous results. For
Run 5, the author performed the calibration, adapting and modifying the existing macros
for their application to new samples, developing new analysis tools as needed, thus gen-
erating new results. In the SBND pilot study, the author developed code to match TPC
and CRT tracks using the existing commissioning ntuple format and implemented tools
to extract the electron lifetime. Additionally, the author generated Monte Carlo samples
of muon tracks with electron lifetimes different from 10 ms.

18



2. Millicharged particles

In this chapter, we present the concept of a millicharged particle (mCP), a new Beyond
the Standard Model particle whose electric charge is not an integer multiple of the ele-
mentary charge e. In section we present the theoretical motivation behind them, a
mechanism via which they could arise, and the EDGES anomaly which sparked a resur-
gence of this idea in recent years. In section we outline the basic search strategy
presented in this thesis, in which we will search for mCPs in the MicroBooNE experi-
ment using a discrete number of electrons scatters as a signature. We then describe in
some detail the phenomenology of mCP production and interaction with our detector in
sections and respectively. We end the chapter with a discussion of the current
experimental limits in section [2.5

2.1. Motivation

2.1.1. Charge quantisation

Shortly after his discovery of the electron using cathode rays in 1897 [1], J.J. Thomson
measured the charge of gas ionised by ultraviolet light in 1899 [2] and concluded that the
magnitude of its negative charge was about 6 x 10719 esu, and was “equal to the positive
charge of the hydrogen atom”, meaning the proton. Later, between 1910 and 1913 |3}, 4] a
series of experiments by Millikan used oil droplets under the effects of an electric field and
gravity to establish that all electric charges are integer multiples of a fundamental unit,
the elementary charge e. He measured its value as (4.77440.009) x 10719 esu, only around
a 0.6 % difference from the current best measurements. Current experimental limits on
the deviation from unity of the proton-electron charge ratio are €, . < 1 x 1072! [5], and
the idea of charge quantisation has been solidified; since 2019, the elementary charge is
defined in the SI as the exact value 1.602 176634 x 10719 C [g].

In the Standard Model (SM) however, electric charge quantisation is only an empir-
ically observed symmetry. As a contrast, electric charge conservation is a fundamental
requirement for the formulation of a locally invariant U(1) gauge theory of quantum
electrodynamics (QED). Gauge symmetries are at the heart of the SM, and for exam-
ple in QED they are used to reach a covariant formulation that is consistent with the
massless photon observed in nature |7]. There is no such fundamental requirement or
theoretical motivation for charge quantisation in the SM, where observable elementary
particles have a charge of either +1e (charged leptons and W bosons), or zero (photons,
gluons, Z boson, the Higgs boson, or neutrinos). Quarks have a fractional electric charge
of +2/3e or —1/3 e, however colour confinement forbids them from being directly ob-
served; they only manifest as hadrons whose charge only takes integer values, such as

19



2. Millicharged particles

the A™T baryon, which has a charge of +2e, to give a non %1 e example. Furthermore,
the electric charge of quarks is still quantised, only at a lower value which can be made
integer by rescaling all electric charges by a factor of 3.

In Grand Unified Theories, the reason that the proton has the same charge as the
electron can be explained due to a yet unobserved decay of the proton, for example
p — et + 70 [8]; still this does not necessarily exclude the existence of additional ele-
mentary particles with an arbitrary charge that is a non-integer multiple of e. In 1931,
Dirac postulated the existence of magnetic monopoles as a new particle with a magnetic
charge [9], which would lead to a full symmetrisation of Maxwell’s equations. In that
same publication, Dirac showed that the existence of a single magnetic monopole in
the Universe leads to electric charge quantisation. However, magnetic monopoles have
not yet been observed experimentally [10], and both charge quantisation violation and
Dirac magnetic monopoles persist as two Beyond the Standard Model scenarios worth
exploring, yet fundamentally opposing ideas, the existence of one negating the other.

2.1.2. A minimal model for millicharged particles

One example of a minimal extension to the SM which results in a particle with a non-
integer multiple of the elementary charge is described in Ref. [11]. In this model, there are
two symmetries, Uy (1) and Us(1), in which fermions f1, fa, fi2 carry different charges 1,
2, or both (there could also be fermions fy which do not have either charge). Depending
on the charge they carry, fermions couple to the vector fields A4, A%, which could then
mix, producing off-diagonal terms. The photon can be associated to an effective field
A;”’ which couples to both f; and fo under different ratios depending on the “bare”

couplings and the masses of fio mediators. Meanwhile, a new “paraphoton” A/Q“ does
not need to couple to the SM fermions f7, therefore the proton can have the same charge
as the electron, and only new fermions fo acquire an electric charge which is “shifted”
multiplicatively by a factor e.

These new fermions are usually referred to as minicharged or millicharged particles.
We will use the latter, and often use the abbreviation mCP. The electric charge of these
particles @), is related to the elementary charge e by

Qx
€= (2.1)
As implied by the name millicharge, it is assumed that the charge @, is much smaller
than e (e < 0.001), which would result in a reduced electric coupling, leading to fee-
ble interactions which have escaped detection. The adimensional coupling € is a free
parameter of the theory, as well as the non-zero mass of the mCP, m,.

2.1.3. The EDGES anomaly and beam-dump searches

In 2018, the Experiment to Detect the Global Epoch of Reionization Signature (EDGES)
published the results of its search for the alteration of the 21 cm hyperfine line of hydrogen
due to the formation of stars in the early universe [12]. They found an absorption profile
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2.2. Search channels in MicroBooNE

Signal
iy g0 ArgoNeuT
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Figure 2.1.: Left: Outline of ArgoNeuT’s mCP search strategy. Signal is characterised
by multiple scatters aligned with the beam target, whereas background is
not aligned. ArgoNeuT observed one signal-like event (shown in the right
figure), which is consistent with background expectations. From Ref. .

consistent with the expected spectral distortion on the cosmic microwave background,
but its amplitude was twice the expected value, indicating that the temperature of the
early universe could have been half of its expected value. It was quickly suggested
that cooling could be explained by interactions of the gas with Dark Matter, and that
a 1% component of Dark Matter being millicharged would be enough to explain this
anomaly .

Beam dump experiments emerged as candidates for searching mCPs produced from
the decays of mesons . As mCPs carry a small electric charge, they could electrically
interact in a detector resulting in a small amount of energy deposited per unit length.
Ref. proposes a new scintillator detector located in either Fermilab or CERN to
search for them, however it was quickly realised that existing neutrino experiments,
such as those located in Fermilab, could search for mCPs , , as the same low-
energy detection capabilities and high spatial resolution that allow them to detect the
feeble neutrino interactions would also enable them to search for mCPs.

The ArgoNeuT liquid argon time projection chamber (LArTPC) demonstrated pio-
neering MeV-scale reconstruction capabilities with the technology , and shortly after
published world leading limits on the production of millicharged particles . Ar-
goNeuT"’s search strategy is outlined in Ref. and shown in figure Millicharged
particles would travel in a straight line from the beam target, where they are produced,
towards the detector, where they scatter off electrons in the argon producing only a few
discrete energy depositions above the detection threshold. The line joining any two of
these small energy depositions, which are usually referred to as blips , would have an
arbitrary orientation if due to background, but would point back towards the target if
due to mCPs.

2.2. Search channels in MicroBooNE

In this thesis, we will present a search for millicharged particles using the MicroBooNE
LArTPC neutrino detector, which sits downstream of the same NuMI neutrino beam

21



2. Millicharged particles

Figure 2.2.: Diagram of the two distinct topologies we will search for in this thesis (not
to scale). The light blue square represents the MicroBooNE detector, and
the dashed red arrow the passage of a millicharged particle originating from
the NuMI beam. Left: multiple low-energy blips (yellow circles) aligned
with the beam target. Right: a single high-energy electron scatter will form
a low-energy shower-like deposition (purple cone).

as ArgoNeuT, albeit on a highly off-axis angle. Like ArgoNeuT, we will also look for
low-energy electron scatters that can be geometrically traced back to the beam target.
For this, we explore two different topologies, which are sketched in figure

Like ArgoNeuT, we will search for multiple O(1) MeV scale blips aligned with the beam
target. This channel targets the lowest possible energy depositions that a LArTPC is
able to detect. Blips by themselves are point-like and have no clear directionality, hence
a multi-blip search is necessary. Additionally, we will search for single electron scatters
which are energetic enough to produce a deposition with a clear directionality. These
O(10) MeV scale scatters can be reconstructed as a low energy track or shower-like
topology. This will push the low energy range that can be reconstructed with these tools,
which are targeted at reconstructing the O(100) MeV products of neutrino interactions,
however a single interaction is more likely than multiple.

2.3. Millicharged particle production

Being electrically charged, mCPs could be produced by any photon-mediated processes.
We will not make any further assumptions other than their feeble electric charge, and
being massive, so we will look for mCP pair creation (from virtual photons). We can
relate the decay branching ratios of known processes which create pairs of leptons to
that of mCP creation, as illustrated in figure The only other consideration we must
make is that of the phase-space of the decay.

In the Standard Model, the coupling strength of the electromagnetic field to particles,
Va, is related to the fundamental charge as
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= 2.2
@ 4dmeghc’ (2:2)

where in this equation, e is the elementary charge, £y the vacuum permittivity (not to
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2.3. Millicharged particle production

be confused with the millicharge €), h the reduced Planck constant, and ¢ the speed of
light. By considering a differently charged particle @), = ee, a will be scaled by a factor
of €2 which can be factored out, as illustrated in the vertex of the coupling in figure

[~ X

It X

Figure 2.3.: Under our minimal assumptions, millicharged particle pairs (xx, in red) can
be created from any process where a virtual photon produces a lepton pair
(IT17). In most cases, the processes we consider will be ete™ pairs. The
coupling constant will be scaled by a factor of e.

At the lowest energies (0-400 MeV), we can obtain virtual photons from the decay
of neutral mesons such as 7° and 7. For higher energies their production would be
dominated by the decay of bound states such as J/¢ or YT particles, the Drell-Yan
process, and bremsstrahlung. In this thesis, we will only search for mCPs from the the
decay of light neutral mesons, as we have a well-validated prediction for their flux from
proton-on-target collisions in the NuMI neutrino beam. In the following subsections we
will study some of the possibilities for two- and three-body decay of light neutral mesons
shown in table 2.1]

Table 2.1.: Light neutral mesons which we will consider for mCP production
Meson Mass (MeV)

7Y 134.98
n 547.86
n' 957.78
p 775.26

2.3.1. Production from two-body decay of vector mesons

Neutral mesons of spin 1 (vector mesons) can decay directly to an eTe™ pair, and these
can be related to mCP pair creation by [20]

m?2 m2
Br(V = xx) = € - Br (V - ete) (1 + 2M—’§ 1- 4M—’2‘. (2.3)
1% %
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2. Millicharged particles

prw, - --

Figure 2.4.: Two-body decay of spin 1 light neutral mesons. At tree level they can decay
via a quark loop into an eTe™ pair, which we can replace with a pair of
millicharged particles and reweight the branching ratio. The replacement
works for every higher order diagram as well.

Here, V' is the vector meson, My is its mass, and m, is the mass of the mCP. In our
range of energies, V' could be a p, w or ¢ meson, however we do not have a well-validated
flux simulation for w or ¢ mesons, so we only consider decays from p mesons. This will
limit our sensitivity to mCPs above 200 MeV, but not in a way that will change the
position of our results relative to the that of other experiments with higher sensitivity.
The branching ratio of p mesons to e*e™ is shown in table which is represented
by the Br(V — ete™) term in equation . This branching ratio is modified by
a “phase-space suppression” factor (term in parentheses and square root) given by the
ratios between the masses of the meson and the mCP. The €? factor comes from the mCP
pair creation vertex and is a modification to the usual a coupling, which is contained
within the branching ratio. The tree level Feynman diagram of this decay is shown in

figure

Table 2.2.: Known branching ratios to which the two- and three-body production of
millicharged particles can be related.
Two-body decays Branching ratio

p—ete 4.72 x 107
Three-body decays Branching ratio
70 =y 0.988
n— vy 0.394
n = vy 0.0221

2.3.2. Production from three-body decay

For three-body decay, in the energy ranges we consider a (virtual) photon can be pro-
duced from the decay of pseudoscalar neutral mesons (7°, n, n'). We will relate the
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2.4. Detector interaction

branching ratios leading to mCP pair creation to the branching ratios shown in ta-
ble In the three-body case, the phase-space suppression factor is more involved as
we must integrate over the possible invariant masses ¢ of the virtual photon which will
give rise to the mCP pair. We have [20]

3T q q?

1
m2 2 q2 3 5
(o) (i) e

where P is the pseudoscalar meson which can be either 7°, 7, or 7/, with Br(P — vv) as
shown in table The kinematically accessible range gives us the integration limits: the
lower limit is (the square of) two times the mass of the millicharge (for pair generation)
(2my,)?, while the upper integration limit is the mass of the decaying meson P, Mp,
squared. A factor of 2 appears outside the integral due to the freedom to choose any
of the two photons as the virtual one. Finally, this equation also contains form factor
terms, which are given by [20]

|Fro (%) = ( t ax ;) (2.5)
—2

e = (1-13)

A2, (A,+72,)
o)) = n' \"'n n ’ 97
£l (A2,—q2>2+A2,72, >0
n nm

where a; = 0.11, A;; = 0.72GeV and v,y = 0.13 GeV. The tree-level Feynman diagrams
of these 3-body decay processes can be seen in figure where we also show a possible
production mechanism from the decay of the w and ¢ vector mesons which is described in
Ref. [20]. Although not considered in our search, this mechanism has been implemented
in a bespoke event generator which will be described in chapter [5 so it can be used in
future searches.

m2
Br (P — yxx) =€ - Br (P — ) — 2a / [dq2 (1 +2 X) (2.4)

2.4. Detector interaction

After being produced, mCPs must travel from the beam target to the detector through
matter. The interactions of mCP with matter will cause energy loss (via rare hard
collisions) and a change in their direction (via soft scattering off nuclei). It has been
estimated [18] that the energy loss in 500m of matter would only be a few MeV, and
their deflection after each successive hit only around 1072 rad, both negligible when we
consider mCPs in the GeV scale. The centre of the MicroBooNE detector is approxi-
mately 679 m from the NuMI beam target, so the estimations for ArgoNeuT of Ref. [18]
still apply.
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2. Millicharged particles

w0, - -

Figure 2.5.: Three-body decays of pseudoscalar (left) and vector (right) mesons pro-
ducing millicharged particle pairs. These processes exist in the SM when
replacing the mCP pair (shown here in red) with a pair of massive leptons,
given kinematic constraints.

Once mCPs enter the detector volume, they may interact with its liquid argon active
mass via elastic soft scattering with the electrons in the argon. At tree level, the inter-
action is described by the Feynman diagram in figure In the laboratory frame for
an mCP incident along the z axis, the 4-momenta shown in figure are as follows:

Pe = (m6707070)7 (28)
= (Ey,0,0, /B2 —m2), (2.9)
= (me + Er, Do), (2.10)

Px = (Ex - T?pX) (2'11)

Here F, is the energy of the incident mCP, m, is the mass of the electron and E, is
the recoil energy transferred from the mCP to the electron. We are considering a free
electron at rest in the lab frame, which holds as we will consider momentum exchanges
E,. > 100 keV, which is well above the atomic binding scale. The electron will be
scattered with an angle ¢ with respect to the incoming mCP, obtained from momentum
conservation as

Py = Px — De/; (2.12)
pi/ = pi + P2 — 2perpy cos(p), (2.13)
where, py = /E2 —mZ, pys = \/(Ex — E;)? —m? and pe = \/Er(E; +2m,) are the

momentum magnltudes obtained from the energy-momentum relation, from which we
find B
cos(p (By + me) . (2.14)
\/E r 4+ 2me) (B2 —m2)

As we will see, in the momentum transfer scale we are in, F, < E,, the mCP will
not change its angle significantly, as is shown in Ref. [18|. Furthermore, the kinematics
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2.4. Detector interaction

in general will be the same whether we consider x or y; in addition we have no way
of distinguishing between them, so in what follows we will refer to both particle and
antiparticle generically as mCP.

The differential cross-section with respect to the recoil energy F,. can be obtained from
the diagram in fig. and is given by [18]

do o o 2E2me + E2me — B, (m2 4+ me(2Ey +m))
=TT € .

dE, E? (E2 —m2) m2

(2.15)

Figure 2.6.: Tree level diagram of the interaction between an (anti)mCP, shown in red,
and one of the electrons bound to the argon in the detector. Due to the
differences in energy scale, the electron can be considered to be initially at
rest. The momenta in the laboratory frame are shown.

The differential cross-section in equation (2.15]) diverges when E, approaches zero, so
we must integrate between a low-threshold cut-off E™" and the maximal kinematically
allowed recoil energy EM**. In this case, the total cross-section is [18]

me(BP™ — BPi™)(2B3 + Ep™EP™)

Ep BB, — m)m?

o (ETI.nin7E7l,naX) — 7_[_0[262 {

(mi + me(2E, + me)) log (%)

_ ) 2.16
(B2 —m2)m? (2.16)
The maximal kinematically allowed recoil energy is given by [18]
2 2
max __ (EX B mX) Me (217)

T m2+2Eyme +m2’

and therefore for given values of €, m. and E,, the total cross-section in equation (2.16))
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2. Millicharged particles

depends only on E™® and it scales as

max

— bE™™ + clog ( - ) , (2.18)

o (Emin) X Emin
T

r

a
min
Er

with a,b and ¢ constants. For values of E™" near zero this tends to infinity and the
cross-section will be dominated by soft collisions. The low-energy detection threshold will
determine E™® and thus the sensitivity to mCPs. In future sections, when discussing
the simulation of interactions, we will choose a specific low-energy recoil cutoff based on
MicroBooNE’s low-energy detection efficiency and available computation time.

2.4.1. Relativistic limit for the cross-section

In the ArgoNeuT search, a relativistic approximation was used. The differential cross-
section equation ([2.15]) can be rearranged slightly as

do 9 22E>2<me — FE, [fETme + mi +2E,me + mg] (2.19)
= Ta’e . .
dE, E2(E2 —m2)m2

In the relativistic approximation we have F, > m,, and in the mass ranges we are
looking for m, > me. Since low-thresholds dominate, we will also have F, > E, and
so we can disregard the terms in parentheses in the numerator as they will all be small
when compared to the first term 2E>2<me. For the denominator, the term in parentheses
approximates to Ef(, so we will be left with

do 2mae?

dE, — m.EZ "

(2.20)

This is the same as equation (3.2) in Ref. [18], and equation (1) in Ref. [17]. However,
we will show in section that the energy spectrum of the scattered electrons gener-
ated using this approximation looks very different to that of our full simulation of the
kinematics, which we will use instead. One of the advantages of this approximation is
that it does not depend on the mCP mass m,, but we have found that, depending on
the mass and the scattered electron reconstruction efficiency, this could result in either
an under or overestimation of the sensitivity, which a full simulation of the kinematics
would avoid.

2.4.2. Mean free path and probability of detector hit
The scattering cross section can be converted into a mean free path using [21]

)\(Emin) _ mAa

= 2.21
" Z N ppo(Eminy’ (221)

where Z = 18, m4 = 39.948 g/mol, p = 1.3954 g/cm?® are the atomic number, atomic
mass and liquid density of argon and N4 is Avogadro’s number.
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2.5. Current experimental limits

The probability of an mCP interacting with argon will depend upon the relation
between the mean free path A and the length L which the mCP crosses in the active
mass of the detector. If the ratio L/ is small, the probability of an interaction above
the detector threshold will be very small. We are also interested in the cases of more
than one interaction with different argon atoms as the mCP traverses the active mass
of the detector. We can assume that these interactions are independent of each other in
each event, and thus in the limit of many events we should obtain a Poisson distribution
for the number of n-hit events as

1 L "
Pn-hits (n7 L/)\) = E ()\(Ernlrl)> e_L/A for L/)\ < 1. (222)

A generalisation for the L > X case (due for example to larger charge ratio €) can be found
in Ref. [1§]. It should be remembered that the detector interaction cross section depends
on factors such as the incident mCP energy, so this probability must be calculated on
an event-by-event basis.

2.5. Current experimental limits

The current experimental limits on the existence of mCPs are shown in figure This
is the range of € and m, accessible to beam-dump experiments. Cosmological limits,
which we will not explore, exist outside this range.

At the lowest mCP mass values up to 35 MeV limits are set by a reinterpretation [22]
of LSND electron-neutrino scattering data [23]. The 1998 experiment carried out in
SLAC [24] is an early example search, and the only purpose-built mCP experiment still
on this list, with world-leading limits between 60 and 85MeV. Save for the SLAC-
dominated region, the SENSEI experiment [25], a dark-matter experiment that uses the
Skipper-CCD technology, has leading limits between 35 and 250 MeV. SENSEI uses data
collected in 2020 from the same Fermilab NuMI beam that ArgoNeuT used and we will
use. Since then, SENSEI has moved to SNOLAB [26]. Above 250 MeV the exclusion
is dominated by a reinterpretation of data from the Big European Bubble Chamber
(BEBC) [27].

Two new purpose-built millicharged particle experiments at CERN are expected to
place stringent limits in the near future. The milliQan experiment released partial results
in 2020 using a prototype “demonstrator” with a size of around 1% that of the full
detector [28] and is currently taking data. The FORMOSA collaboration [29] similarly
installed a demonstrator in early 2024 in the same tunnel that houses FASER.
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Figure 2.7.: Current experimental limits on the production of millicharged particles us-
ing accelerator experiments. The greyed-out area corresponds to excluded
regions in the mass m, (horizontal axis) and electromagnetic coupling e
(vertical axis) 2D parameter space.
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3. The MicroBooNE experiment at
Fermilab

In this chapter, we will give an overview of the MicroBooNE liquid argon time projection
chamber (LArTPC) detector. First, we will give an introduction to LArTPC detector
technology in a general way in section [3.1l Then we will discuss the specifics of the
MicroBooNE detector in section going through its main subsystems and the data
it collected during its operation time. We will then zoom out and discuss the neutrino
beams at the Fermi National Accelerator Laboratory (Fermilab) in section [3.3] We then
end this chapter with a brief description of the SBND experiment, a next generation
LArTPC detector which has recently started operations.

3.1. LArTPC technology

A liquid-argon time projection chamber (LArTPC) for neutrino detection was first pro-
posed by Carlo Rubbia in 1977 [30] as a technology that can combine the high spatial
resolution of bubble chambers with the triggering and fast readout capabilities of elec-
tronic detectors. Early examples include prototypes for the ICARUS project [31].

A large mass of liquid argon doubles as both neutrino target and detector medium.
Charged particles produced from neutrino-argon interactions ionise and excite the nearby
argon atoms, freeing electrons and producing scintillation photons. An electric field is
applied which drifts the ionisation electron towards readout wires located in the anode.
An image can be formed by combining the 2D wire plane information with the drift
time. A diagram of this readout principle is shown in figure The timing resolution
can be vastly improved with the addition of a light collection system to detect the fast-
travelling scintillation light, usually placed behind the wire planes, which can also be
used for triggering the detector.

3.1.1. Liquid argon, ionisation, and scintillation

Pure liquid argon (LAr) has many characteristics that make it desirable for this type of
detector, which were already outlined in its original proposal [30]. As argon is a noble
gas, it does not attach electrons, enabling long drifting distances and hence a large TPC
can be built. At the same time, its high density of 1.40 gcm ™3 make each nucleus a “big
target”, increasing the probability of neutrino interactions compared to hydrogen-based
bubble chambers, or water-based neutrino detectors, so detectors can be made compact.
Its nuclear interaction length of 85.7 cm makes it a good active medium for hadronic
calorimetry, while its short radiation length of 14.0 cm is excellent for electromagnetic
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Figure 3.1.: Diagram of the readout principles of the MicroBooNE LArTPC. An incom-
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ing (invisible) neutrino enters the detector, producing ionisation electrons
which are made to drift towards three wire planes, labelled U, V and Y.
The signals from the three 2D planes is read out, with time forming a third
dimension. Diagram from Ref. .



3.1. LArTPC technology

calorimetry. Finally, LAr is easy and cheap to obtain compared to other noble gases
such as xenon, as argon makes up around 1% of the Earth’s atmosphere.

Argon is ionised at a relatively low 26.3eV. Some of the ionised electrons will re-
combine with the ion unless an electric field separates them quickly [33], so the large
electron mobility of LAr is another advantage. If the LAr is highly purified, the ionisa-
tion electrons can drift distances of the order of meters using electric fields of the order
of 1kVem™! [34].

LAr is also a very good scintillator, producing about 24000 photons per MeV at
500V em ™! drift field [32]. Scintillation light originates either from the prompt decay of
single excimer states with a lifetime of around 6 ns, or the slower decay of triplet excimer
states with a lifetime of 1.6 ps. Both components consist of photons with an ultraviolet
wavelength of 128 nm, which is not absorbed by LAr, making it a transparent medium
to its own scintillation.

3.1.2. Charge deposition topologies in a LArTPC

The passage of charged particles through liquid argon can be separated into two main
categories based on the distinct topologies they generate. Minimum ionising particles
(MIPs) will produce a track topology as they steadily lose energy through Coulomb
interactions with the electrons in the argon while travelling in a mostly straight line.
As they come to a stop, their mean energy loss per unit length reaches a maximum, a
phenomenon known as a Bragg peak. Typical track-producing particles originating from
neutrino interactions are protons, charged mesons, or muons, the latter of which produce
very long tracks. The profile of their energy loss as they stop can be used to discriminate
the particle type, as shown in figure In this figure, we see two distinct populations
around the expected values for protons and muons, given their distinct profile of energy
loss per unit length. The Bragg peak is the sharp rise on low end of the residual range,
which is the distance measured back from the track stopping point.

The second main topology is known as a shower. Electrons, due to their low mass, will
not behave like MIPs, and their energy loss will instead be dominated by bremsstrahlung.
As they travel through argon, the highly energetic photons they radiate will produce new
electron-positron pairs, which can then in turn radiate new high-energy photons, and so
on. This cascading reaction widens in the travel direction of the initiating particle, and
ends when no new pairs can be created. Showers can also be initiated by high-energy
photons, in which case the first few centimetres of the shower will be an ete™ pair
rather than a single electron, which results in double the ionisation energy deposited.
The start of the shower can then be used to distinguish between electron and photon-
initiated showers, as shown in figure 3.3

Photons, and neutral particles in general, do not deposit energy via ionisation, so by
themselves they are invisible to the detector and can only be detected by the secondary
charged particles that they produce. Therefore, an interaction that produces both a
photon and a charged particle will show a distinctive gap between the interaction vertex
and the start of the shower, signalling the travel distance of the photon before the first
electron-positron pair was created. The powerful electron/photon separation capabilities
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Figure 3.2.: Data from the ProtoDUNE-SP LArTPC, showing separation between pro-
tons and muons in their energy loss profile. The red and blue lines are the
expected values for each particle type. From Ref. .
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Figure 3.3.: The energy deposited by the initial few cm of a shower (diagram in (a)) can
be used to distinguish between electrons and photons, as shown in (b). Both
figures from Ref. [36].
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of a LArTPC give it an advantage over water Cherenkov detectors.

In recent years, there has been an increasing interest in the study of MeV-scale physics
using LArTPCs [37]. At this energy scale, charged particles will only travel a very short
distance before coming to a stop, producing a point-like isolated deposition, regardless
of its type.

3.1.3. Detector effects

The drift of ionisation electrons is affected by many different transport effects. First,
the electrons may reattach to the ionised argon atoms unless quickly separated by the
action of an electric field, an effect known as recombination.

The electric field inside the TPC is distorted by the remnant ionised argon atoms, an
effect known as the space charge effect (SCE). As they are positively charged, the ar-
gon ions drift towards the cathode, in the opposite direction compared to the ionisation
electrons. They drift much more slowly due to their heavier mass. This problem affects
surface LArTPCs as the high incidence of ionising cosmic ray muons leads to an accu-
mulation of Ar™. Even in ideal conditions, the drifting electrons diffuse longitudinally
and transversally as they travel, affecting reconstruction in all three dimensions.

Finally, impurities in the liquid argon can capture the electrons as they drift, effectively
quenching the charge which will arrive to the readout wires. This effect, which affects
especially interactions produced far from the readout wires in the anode, is known as
electron lifetime, and was one of the main concerns in the initial proposal for LArTPCs.

We will discuss these effects more in detail in chapter |4, when discussing electron
lifetime calibration in the MicroBooNE LArTPC experiment.

3.2. The MicroBooNE experiment

MicroBooNE is a LArTPC neutrino detector located in the Fermilab campus in Batavia,
Ilinois, USA [32]. It uses 85 tonnes of liquid argon as active mass in a TPC volume
of 2.54m x 2.33m x 10.37m. It collected data from neutrino interactions between 2015
and 2020, obtaining the largest dataset of neutrino interactions on liquid argon to date.

Situated at a short-baseline distance of 468 m from the Booster Neutrino Beam (BNB)
target, its main physics objective is the study of the low-energy excess (LEE) of electron-
like events observed by the MiniBooNE experiment [38] (and previously by LSND [39)]),
which was situated a similar distance downstream in the same beamline.

In 2021, the MicroBooNE collaboration released its first set of results, using half of
its full dataset to search for evidence of the LEE in multiple final state topologies us-
ing different reconstruction methods [40]. It searched in charged-current v, interactions
without pions using the Pandora reconstruction framework [41], quasi-elastic v, inter-
actions using deep learning reconstruction [42], single photons from the radiative decay
of neutral-current A baryons using Pandora [43], and an inclusive search of charged-
current v, interactions using the Wire-Cell framework [44]. Very recently, MicroBooNE
published the first of its second set of results of a search for the LEE in charge v, in-
teractions without pions [45], in the first search to use the full collected MicroBooNE
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BNB dataset. No significant excess has been found, and the MiniBooNE LEE remains
unexplained.

In addition to this, MicroBooNE has a very extensive cross-section measurement pro-
gramme [46-60]. More importantly for this thesis, MicroBooNE has a rich programme
of searches for Beyond the Standard Model (BSM) physics. In 2020, MicroBooNE pub-
lished the first search for heavy neutral leptons (HNLs) in a LArTPC [61], looking for
HNL decays into a pion and a muon, using data from the BNB. It has since expanded
upon this result using data from the Neutrinos at the Main Injector (NuMI) beam [62],
searched for Higgs portal scalars|62} 63], decays of HNLs to eTe™ and 7 final states [64],
a search for a dark matter portal in the form of “dark tridents” [65], and demonstrated
the use of a LAr'TPC to search for neutron-antineutron oscillations [66].

3.2.1. Time projection chamber (TPC)

The MicroBooNE TPC has three main components, the cathode, field cage, and anode
wire planes. The origin of the MicroBooNE coordinate system is situated in the anode,
at the middle of its height, on the upstream face (defined as the face which the BNB
beam first encounters). The x axis is parallel to the horizon, from anode to cathode,
the y coordinate increases with height, and the z coordinate follows the direction of
the BNB beam from up- to downstream. The cathode and anode are opposing faces of
the rectangular cuboid shape of the detector, with the field cage enclosing the volume.
Photographs of the outside and inside the TPC are shown in figure

The cathode is an assembly of 9 stainless steel sheets where a negative voltage is
applied, making it an equipotential surface. The flatness of the cathode is established
from a survey with more than 10000 points using a laser tracker, from which a “best fit
plane” is defined. The maximum deviations from this best fit plane in either direction
are 6.6mm and —6.5mm [32]. The cathode surface is parallel to the anode within
0.0413° [32]. The field cage defines the active volume of the detector, and its main job is
to create a region with a uniform electric field. Its structure consists of 64 sets of steel
tubes, shaped as rectangular loops, covering the perimeter and running parallel to the
cathode and anode planes. These loops are held in place by a rib structure made out
of G-10, a composite material composed of fibreglass laminate bonded by epoxy resin,
commonly used for structural support. These field cage loops are connected via a resistor
chain which divides the voltage in equal steps, to enforce the electric field uniformity.
The nominal electric field is of 273 V em ™!, which results in an electron drift velocity of
0.11cmps .

An anode frame holds the three planes of wires, also called anode planes, labelled
U, V and Y. Coming from the cathode, the first two planes that ionisation electrons
encounter are called induction planes, U and V, which are orientated at +60° from the
vertical line. Bias voltages of —200V, 0V, and 440V are applied to the three wire planes
to ensure that ionisation electrons continue to travel past the induction planes and are
only collected in the third and final Y plane (also referred to as the collection plane,
with vertically oriented wires), a condition refred to as wire transparency. The 2400
wires in each induction plane and 3456 wires in the collection plane are separated by
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Figure 3.4.: Left: outside view of the TPC before it was placed inside the cryostat,
showing the upstream face of the detector and the anode plane. The Mi-
croBooNE coordinate system has been drawn. Right: inside view from the
upstream face. The tubular field cage loops which make up the field cage
are held together by ribs made out of G-10. Figures adapted from .
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Figure 3.5.: Non-functioning regions in the three anode planes superimposed. Some
regions have overlap of dead wires from multiple planes. From Ref. [68].

3mm between each other, and the anode planes themselves are also separated by 3 mm.
The signal is amplified and shaped by application-specific integrated circuits (ASICs)
submerged in the liquid argon, then the signal is digitised by analog-to-digital converters
(ADCs) with a sampling rate of 2 MHz that determines the TPC drift time resolution
of 0.5 ps clock “ticks”.

Early during commissioning, a number of readout channels were deemed non-functioning
due to various issues with the ASICs, shorted wires, or noisy channels [67]. The distri-
bution of the unusable wires in the yz plane is shown in figure [3.5] These “dead wires”
cover an area of approximately 30 % of the yz plane, and their impact on reconstruction
and detector systematics will be discussed as they arise.

3.2.2. Light-collection system

MicroBooNE has an array of 32 8-inch photomultiplier tubes (PMTs) for light detection.
These are distributed in the yz plane behind the anode plane in 5 groups arranged in
a circular shape, as shown in the photograph in figure A wavelength-shifting plate
coated with tetraphenyl-butadiene (TPB) is placed in front of them in order to shift the
vacuum ultraviolet wavelength 128 nm scintillation photons into the visible-light region
which the PMTs are most sensitive to.

Scintillation photons traverse the detector in nanoseconds, which is orders of magni-
tude faster than the slow drifting of ionisation electrons, which can take milliseconds.
The light-collection system enables a precise timing calibration of the event by which a
to can be defined when a beam interaction takes place, for which its readout waveforms
are digitised with a higher sampling rate of 64 MHz, independently of the TPC readout.
During reconstruction, light activity can be matched to charge readout for the precise
timing of every interaction inside the TPC. This light-to-charge matching facilitates the
removal of cosmic activity [68] and enables nanosecond-time event resolution [69]. Ad-
ditionally, light can be used for triggering the detector, which will be discussed in the
next subsection.
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Figure 3.6.: Photograph of the PMT array mounted on the inner cryostat wall before
the TPC was installed. A group of six PMTs is arranged in a circular array.
The flat wavelength-shifting TPB plates are placed in front of them. From

Ref. .

3.2.3. Trigger and readout

Neutrino interactions are only expected to be in narrow ps-sized beam spill time win-
dows, which are signalled by the upstream neutrino beams which will be discussed in
section To capture all the relevant charge information in neutrino interactions, Mi-
croBooNE records 4.8 ms (equivalent to 9600 clock ticks) of TPC activity around an
unbiased 23.4ps beamgate window; this TPC time frame is longer than the maximum
drift time of electrons of 2.3 ms. However, due to the low neutrino cross-section, most
beam spills will not actually contain a neutrino interaction. MicroBooNE uses hardware
and software triggers for deciding whether to store the readout information or not.

The Fermilab accelerators broadcast a continuous on/off signal every 100ns. When a
beam spill is about to occur, the signal is switched to on, which determines the hardware
beam-on trigger. The hardware trigger signal is sent to the PMTs, which are normally
zero-supressed, to start reading the unbiased 23.4 s beamgate window and look for a
rapid increase in their waveforms. The software trigger activates if the PMT waveforms
show activity greater than 9.5 photo-electrons (PE), and the event is then recorded.

In addition to the beam-on hardware trigger, MicroBooNE uses a function generator
signal as hardware trigger when the beam is off. This beam-off trigger, also known as
EXT, is used for recording samples of beam-off events which either pass the software
trigger due to cosmic activity, or are unbiased towards it (EXT-unbiased), as the study
of events without neutrino interactions is useful for calibration and reducing systematic
uncertainties.
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Figure 3.7.: Diagram of the Fermilab accelerator complex. Figure from Ref. [71].

3.2.4. Cosmic ray tagger

MicroBooNE is a surface detector with no overburden shielding, which exposes it to a
high cosmic ray muon rate. This results in tens of cosmic muons being recorded in each
event, which can be a background to muon-neutrino interactions. A cosmic-ray tagger
(CRT) system was installed and became operational during 2017 [70]. The CRT consists
of four planes covering the top, bottom and side faces of the cryostat. Each plane is
composed of two layers of independent modules, each of which is composed of a series of
scintillating strips arranged in parallel, with photosensors on their ends. When a muon
crosses a CRT plane, the photosensor of the strip it crossed will tag its position along
the axis in which the strips are arranged. The second layer of modules is set up with its
strips perpendicular to the first, and combining both layers gives an x, y position of the
muon when crossing the plane.

3.3. Neutrino beams at Fermilab

MicroBooNE sits downstream from two different neutrino beams, the Booster Neutrino
Beam (BNB) and the Neutrinos at the Main Injector (NuMI) beam. Both produce
neutrinos in fundamentally the same way, from the decay of pions produced in the
collisions of protons on a target. The protons are accelerated in the Fermilab accelerator
complex |71], a diagram of which is shown in figure

For our purposes, the main differences between both beams will be the beam intensity,

40



3.3. Neutrino beams at Fermilab

the energy of the protons, the material of the target, and the orientation of the beam with
respect to MicroBooNE, all of which determine the neutrino flux seen by the detector.
We will first describe the Fermilab proton accelerators, then describe the NuMI beam,
and then only briefly describe the BNB, as it is the former which is used in the main
analysis presented in this thesis. We will end this section with some comments on the
data collected by MicroBooNE.

3.3.1. The Fermilab accelerator complex

Starting from a pulsed source of ionised hydrogen, protons are accelerated to 400 MeV
in a linear accelerator that feeds into the 474m circumference Booster rapid cycling
synchrotron. The Booster accelerates the protons to 8 GeV with typical intensities of
5.0 x 10'2 protons per pulse at 85-90 % efficiency [72]. The Booster can deliver up to
84 “bunches” (as the pulses are usually referred to) per cycle. The full output of one
accelerator cycle is referred to as its beam-spill, which we mentioned in section
when discussing the MicroBooNE readout windows. The BNB spill packs its bunches in
a batch in a time window of 1.6 ps.

If not delivered to the BNB, the booster spills are passed on to the Recycler, a 3.3 km
storage ring made from permanent magnets. The Recycler can store up to 6 full BNB
spills, but through a technique called slip-stacking [71},|72] it can stack up to 12 batches.
Six new batches are injected to the Recycler while the six already present slightly decel-
erate, after which they can be made to “slip together” just at the point at which they
are delivered to the Main Injector synchrotron. The Main Injector shares a tunnel with
the Recycler, and is capable of accelerating the protons up to 150 GeV, which was used
in the past to inject protons into the Tevatron [72]; the Main Injector is now operated
at 120 GeV to obtain optimal neutrino rates in the NuMI beam [73]. The 6+6 1.6 ms
stacked batches result in a NuMI beam spill window of 9.6 ms. A diagram summarising
the concepts of bunch, batch, and spills is shown in figure

3.3.2. The NuMI beam

The NuMI beam [73] is produced from the collision of 120 GeV protons delivered by the
Main Accelerator into a graphite target. This high-energy collision produces abundant
charged pions and kaons, which are focused using a series of magnetic horns to increase
their on-axis flux. The charged mesons then pass down a decay pipe with a length of
675 m, which ensures all of them will have decayed by the end. Pions decay predomi-
nantly to a muon and a muon neutrino, which, after crossing a hadron monitor, travel
through 5m of absorber material which stops most hadrons. The muons and neutrinos
then travel through 240m of rock, which stops muons but cannot stop the beam of
neutrinos, which now travel toward the on-axis detectors downstream. This process is
illustrated in the diagram in figure [3.9] and is a common template shared by neutrino
beams originating from accelerators.

The NuMI beam has provided an on-axis neutrino flux to the MINOS experiment [75],
MINERvA [76], and the ArgoNeuT LArTPC [77], among others. The focusing horns
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Figure 3.8.: The NuMI beam structure. Proton pulses form bunches, and the Booster
beam delivers a batch of “width” 1.6 ps each cycle to the BNB (one BNB
spill) or the NuMI beam. In NuMI these are stacked and grouped in a longer
9.6 ns NuMI spill. Figure from Ref. .
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Figure 3.10.: The position of the MicroBooNE detector relative to the NuMI neutrino
beam target. Left shows a side view, where the downward angle of the
NuMI beamline can be appreciated. Right shows a top view, where the
on-axis BNB is also shown. From Ref. [49].

work by using a magnetic field to deflect hadrons, effectively acting as hadronic lenses
increasing the hadron flux in a flexible energy range. Their operating current can be
reversed, which has the effect of focusing either positively or negatively charged mesons.
In forward horn current (FHC) mode, positive mesons are focused, which decay to a
positive muon and a muon neutrino. In reverse horn current (RHC) mode, negative
mesons result in a muon and antineutrinos. Thus, the horn current determines whether
the resulting beam is predominantly neutrinos or antineutrinos.

For MicroBooNE, NuMI provides a highly off-axis neutrino beam, with a wide range of
incoming angles ranging from 8° near the target up to 120° for neutrinos produced from
the decay of kaons at rest in the absorber. A diagram of the position and orientation
of MicroBooNE relative to the NuMI beam is shown in figure The NuMI neutrino
flux at MicroBooNE has a v, component of 4 % above 250 MeV, which is 10 times larger
than in the highly pure v, BNB [49]. The 120 GeV proton-on-target energy of the NuMI
beam is equivalent to a centre of mass energy of 15 GeV, which can produce heavy neutral
mesons such as the J/¢ or Y. It also results in a higher yield of mesons compared to
the lower-energy BNB.

3.3.3. The Booster Neutrino Beam (BNB)

The BNB produces neutrinos from the collisions of 8 GeV protons on a beryllium tar-
get. It provides an on-axis neutrino flux to the SBND, MicroBooNE and ICARUS
experiments, the three of which comprise the Short-Baseline Neutrino programme at
Fermilab [78], and in the past it provided a neutrino flux for the MiniBooNE experi-
ment.
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Figure 3.11.: NuMI collected POT. Each of the five distinct columns represents a Micro-
BooNE Run. Data acquisition downtime results in not all POT delivered
by NuMI being recorded to tape storage for offline analysis. This figure
was generated using MicroBooNE POT accounting tools.

3.3.4. MicroBooNE beam data

MicroBooNE keeps a count of the protons which are delivered to either NuMI or BNB
by tracking the rate of their respective beam spills during data taking. This count is
referred to as protons on target (POT), and is used to normalise data from each beam
independently. The beam spill rate depends on the beam conditions at the time of data
taking, and the POT is recorded multiple times during a single data taking session,
even when events do not trigger the detector. A data taking session is called a run
(with lowercase r), and may last up to seven hours. Depending on beam and detector
conditions, data-quality selections can be performed on a per-run basis, and the runs
passing these selections are referred to as good runs.

MicroBooNE collected neutrino beam data between 2015 and 2020, which is separated
in five Runs (uppercase R) of roughly one year each. The POT recorded from NuMI is
shown in figure [3.11} The data recorded on tape storage for offline analysis is 2.23 x
102! POT before good run selections. The main analysis presented in this thesis will use
1.07 x 102! POT of data from Runs 1, 2, and 3, as the remaining data from Runs 4 and
5 is in the late stages of processing. We plan to use the full dataset of Runs 1 through
5 in a publication of these results, which is in preparation.
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3.4. The SBND experiment

The Short-Baseline Near Detector (SBND) [78]EI is a 112t active mass 4m x 4m X 5m
LArTPC located on-axis with the BNB, at a very short baseline of 110 m fro the proton
target. Its size and close proximity to the BNB target will expose it to a tremendous
flux of on-axis neutrinos, and it is expected that the size of its dataset of neutrino-argon
interactions will surpass that of MicroBooNE. SBND was filled with liquid argon during
March 2023, and by December 2024 it has completed its transition from commissioning
to operations.

Figure shows the main components of the SBND detector. SBND has a cathode
plane running along the centre of the detector and two anode plane assemblies (APAs)
on each side, which means it is effectively two TPCs. This keeps the drift distance at
a size of 2m, comparable to MicroBooNE. SBND is currently operating at its nominal
bias voltage, producing a drift electric field of 500 V.em™!. The four APAs went through
extensive testing during their construction, with an emphasis on quality assurance of
the tension of the wires [79]. Its photon detection system (PDS) is considerably more
powerful than MicroBooNE’s [80], featuring a total of 120 photomultiplier tubes in
addition to a novel X-ARAPUCA |[81] light trap to increase photon collection using
silicon photomultiplier arrays. Its cosmic ray tagger system (CRT) has full 47 surface
coverage and has been fully integrated in its design since the beginning, which will help
with the removal of cosmic activity.

'In the proposal cited here, what will become SBND is referred to by the name LAr1-ND.
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Figure 3.12.: Computer rendering of the SBND detector, showing its main subsystems.
Figure from Ref. .
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In this chapter, we will explain in some detail the concept of electron lifetime and how
it is measured and corrected for in LArTPCs. While not directly related to the main
topic of a search for millicharged particles in MicroBooNE, it is an important aspect of
LArTPC calibration directly related to the argon purity. Furthermore, during the course
of my PhD I directly participated in the studies related to electron lifetime described in
this chapter, performing a validation of Run 4 and a calibration of Run 5 in MicroBooNE
using both existing analysis tools and developing some of my own. I also did a pilot study
for a measurement of the electron lifetime using early commissioning data in SBND. This
is an opportunity to document this effort while having a closer look into one of the many
electron transport effects in liquid argon. As a result of this, this chapter is more self-
contained than the rest of the thesis. All the work presented in this chapter is original
unless explicitly stated otherwise.

In section we define the concept of electron lifetime in the context of LArTPC
neutrino experiments, and outline some general aspects of its measurement. We also
mention additional electron transport effects to provide context and to give a fuller
picture of what electron lifetime calibration entails. In section we discuss how the
electron lifetime calibration for runs 4 and 5 of MicroBooNE was performed. Finally,
in section we show a pilot study for an online/semi-online measurement of electron
lifetime in SBND, in the context of its commissioning.

4.1. Electron Lifetime in LArTPCs

As the ionisation electrons drift in the liquid argon towards the readout wires, elec-
tronegative impurities in the detector, such as molecules containing oxygen [8284], may
capture them. This reduces the amount of charge that reaches the wire planes, especially
that of interactions produced far from the anode planes, whose electrons have to drift
further through the argon and have more opportunities to be captured. This effectively
attenuates the measured signals, which will result ultimately in non-uniformity in the
reconstruction of particle energy. This quenching effect, sometimes called electron at-
tenuation, is therefore an indicator of low argon purity. We can quantify this effect by
defining the electron lifetime 7 as the exponential decay

t

n = ngexp <—7f’> : (4.1)

where an initial number of ionisation electrons ng is reduced to n after a certain drift
time t4, thus reducing the amount of charge reaching the wires. In an ideal scenario, as
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electrons drift in the x direction, the drift time will be correlated to the drift distance x4
via the nominal drift velocity vg as x4 = vgtq, where vy depends on the applied electric
field. Therefore equation (4.1)) could be written as

n = ngexp (—xd) . (4.2)
VaT

In reality, the drift velocity is not constant or uniform because the local electric field
is not. Electrons also do not drift constantly or unidimensionally, due to a variety of
transport effects. The space charge effect (SCE) [85] is caused by the counterpart to
the ionisation electrons, the remnant ionisation argon atoms (Ar™), which drift much
more slowly and towards the cathode. The accumulation of Ar™ in the active volume
leads to distortions in the local electric field, which causes the position of ionisation
electrons to be misreconstructed. Surface detectors, such as MicroBooNE and SBND,
are particularly susceptible to this effect due to the high incidence of ionising cosmic
muons.

Variations in the electric field also play a role in the recombination effect [33]. If
the ionisation electrons are not spatially separated quickly from the ions, they might
recombine with them, resulting in loss of signal reaching the wires. Under higher electric
fields, separation between these occurs more quickly, which decreases the chance of
recombination. Recombination in LArTPCs is usually corrected at the calorimetry stage,
when the deposited energy per unit length dE/ daﬂ is reconstructed from the measured
deposited charge per unit length d@/dx using a modified box model 86} 87|

aQ
do ' Wion
dE eXp <gcal PE > o
dE _ 43
o 7 ) (4.3)
pE

where Cq, is a calibration constant, in which MicroBooNE normalises 1 ADC to 200 elec-
trons [87], Wion is the work function of argon — i.e. the energy required to ionise an
argon atom — with a value of 23.6 x 10~% MeV /electron, p is the liquid argon density of
1.38gcm™!, and ¢ is the MicroBooNE drift electric field of 273kV em ™. Finally, o and
B’ are the parameters of the modified box model, which are adjusted to experimental
data collected by the ArgoNeuT experiment [86], in which they measure o = 0.93 and
B = 0.212 (kV/cm)(g/cm?)/MeV. The values of these parameters can be modified to
account for systematic uncertainties, as will be described in section The recombi-
nation correction stage is performed after the electron lifetime corrections are applied,
and thus we will not elaborate further on it in this thesis.

Drifting electrons are also subject to diffusion [88]. Rather than individual particles,
ionisation electrons in an electric field can be better thought of as a drifting cloud,
whose shape can vary non-isotropically and can be modelled separately in longitudinal
and transverse components (with respect to the drift direction). This can result in
different drift times or transverse velocity components, which affect reconstruction.

1Please note here da refers to a small length along the trajectory of an ionising particle crossing the
detector, which is not necessarily in the z drift direction.
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A full calibration of the detector must take all of these effects into account, and
the order in which they are applied matters, as each step relies on assumptions from
underlying models. For example, the electron lifetime calibration is performed after
uniformity in the drift direction has been established, and thus a stable drift velocity
can be assumed (within some uncertainty). Therefore, the assumption that vg = x4/tg
is justified, and we can use equations and interchangeably.

As both MicroBooNE and SBND are surface detectors, the abundant cosmic muons
which cross them can be used for electron lifetime calibration. These relativistic muons
are minimum ionizing particles (MIPs), and as they cross the full (or most of the) length
of the detector, their energy loss per unit length can be considered constant and to
follow a Landau distribution [89, 90]. For example, anode-cathode crossing (AC) tracks,
which have one of their ends near the anode and the other near the cathode, are very
useful for calibrating effects across the drift direction such as the SCE and electron
attenuation [87).

Typically, some selection based on the incidence angle is applied to the crossing muon
tracks. For example, tracks that are parallel to the readout wires — i.e., those with
angles of +£60° or 90° with respect to the horizontal in the anode plane — can result
in misreconstructed signals. This is due to a fundamental limitation of using only three
wire planes to reconstruct full 3D information; we rely on the trajectories of particles
generating signals across multiple wires. Similarly, tracks that are parallel to the drift
direction will produce a continuous stream of electrons arriving at the readout wires,
which makes resolving the individual hits required to reconstruct a useful signal dif-
ficult. Signal reconstruction in MicroBooNE will be discussed in section and the
specific selections applied to the MicroBooNE and SBND studies will be described in
sections and respectively.

The most common method to perform a lifetime calibration in a LArTPC will be
presented using the case of MicroBooNE in the following section, but in basic terms
a slicing of the detector is made across its drift direction x, and hits from AC tracks
are sorted into the different bins across this slicing, and then compared to measure the
attenuation across the drift direction.

In the case of SBND, which has two TPCs with anode plane assemblies on each end
and a cathode in the middle, a single muon can cross the detector anode-to-anode and
could be used in the calibration of both TPCs simultaneously, however we will still refer
to this and similar situations as anode-to-cathode, and treat the tracks reconstructed in
each TPC as separate entities.

4.2. Electron lifetime in MicroBooNE

MicroBooNE has a drift distance of 2.54 m between the cathode and anode, and a nom-
inal drift velocity of 1.098 mm ps~!, therefore a nominal full drift time of 2.31ms. Mi-
croBooNE considers an electron lifetime above 37ms to be essentially infinite, and if
the measured values are above this, they are recorded as 1s. During Runs 1 to 3, Mi-
croBooNE’s electron lifetime was high for the entire period, and therefore no electron

49



4. Electron Lifetime

lifetime corrections were applied to data, opting instead to not include the few days of
low lifetime in its set of good runs. However, early during Run 4, a significant drop in
electron lifetime was observed, which is believed to have been the result of a delivery of
“bad argon” to the detector. This event affected especially the data taken in mid-to-late
September 2017, but high electron lifetime could not be recovered during the entirety
of Run 4. Therefore, lifetime correction is considered critical for this run in particular,
and applied to all of its data and simulation samples, as well as that of Run 5. In the
following subsections, we will present a complete picture of the lifetime correction in
MicroBooNE for Run 4, and then briefly mention the results for Run 5, which used the
same methods.

In MicroBooNE, corrections to the various transport effects are applied sequentially.
At the lifetime correction stage, the SCE has been corrected for, and a YZ uniformity
map correcting for misconfigured or dead TPC channels and transverse diffusion has
been applied, therefore it should be assumed that all figures in this section contain these
corrections. Longitudinal diffusion and recombination are simulated, but not corrected
for at this stage. We will only present some discussion on the YZ uniformity map in
subsection this will be done in order to keep the discussion focused on electron
lifetime, and because I had direct involvement in the YZ correction for Run 5, so it will
be presented only in the context of this Run. A full description of the calibration of
MicroBooNE in Runs 1 through 3 can be found in Ref. [87].

4.2.1. Lifetime extraction in Run 4

For lifetime extraction, MicroBooNE uses anode-cathode crossing (AC) cosmic muon
tracks, which deposit energy in the full length of the drift direction. The AC tracks used
for calibration have to fulfil some selection criteria. First, their projection length along
the detector x coordinate should be greater than 250 cm, to ensure a good coverage of
the entire drift distance while allowing some room for error due to inefficiencies in track
reconstruction. The horizontal track angle fxz should not be too parallel (< 15°) to
the drift direction, which is enforced with the selections 0x; < 75° and 105° < fOxz.
Similarly, to avoid the tracks being too parallel to the collection plane wires, the vertical
angle fyz must be outside the range [80°,100°].

The electron lifetime is extracted offline on a per-day basis, and stored in a postgreSQL
database as lifetime in milliseconds, and its error, for each calendar date; the sample
of cosmic muons used is obtained from good runs starting between 00:00 and 23:59 in
Fermilab local time — either Central Standard Time (CST) or Central Daylight Time
(CDT), depending on the date — on any given day. Using a full day’s worth of data
ensures sufficient statistics for the calculation of each lifetime value on every day of the
Run.

The detector is divided into 26 bins of approximately 10cm in size along the drift
direction, which was found to provide sufficient granularity for the measurement while
maintaining adequate statistics in most cases. The median value of the deposited charge
per unit length d@Q/dx in each of these bins by the AC tracks is used as a measure
of the energy lost due to a low electron lifetime, i.e. the median value will be biased
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Figure 4.1.: Median dQ/dxz per z-position bin in the collection plane for two different
dates. The left figure @ shows data collected on September 18th 2018.
The right figure, @ shows data from October 3, 2018. Both figures show
exponential and linear fits to the data (in red and blue respectively). In the
left figure, both fits are completely overlapping.

towards lower values for bins further from the anodes. The median values of the dQ/dz
distributions are then compiled into new histograms, two example dates of which are
shown in figure [1.1] The two days shown in figure [4.1] are representative of a day with
normal purity (September 18th, 2018), where we observe a flat distribution of the median
dQ/dx throughout the drift distance, and a day of low purity (October 3rd, 2018), where
we see a reduction in the median d@/dx for greater drift distance, which is indicative of
low electron lifetime conditions.

Figure has two different fits applied to the data. First, an exponential fit is used
to extract a value for the electron lifetime using equation @ . We see, however, that
the lifetime extracted for the normal purity day (figure of (210.47 + 151.22) ms
has a high uncertainty. This is because the distribution of data is flat rather than
exponential, which results in a poor exponential fit. This is in contrast to the case of
low purity days, such as the one shown in Fig. 4.1(b), where the extracted lifetime of
(4.03 +0.10) ms has a much smaller uncertainty. When studying the electron lifetime of
Run 4, which includes both days of normal and low purity, the MicroBooNE collaboration
considered that the large error bars in days of normal purity were not helpful when
visualising the overall argon purity, especially when considering that lifetimes above
37 ms are considered infinite given the size of the detector. For this reason, a linear fit is
also applied to the data, in which case, the slope of the fit can be interpreted as a measure
of the argon purity. Under normal purity the distribution of d@/dx is uniform across
bins, resulting in a slope close to zero, whereas in low purity days, there is a marked
difference in d@/dx depending on the drift distance, resulting in a negative slope. The
slope is multiplied by a factor of 100, and interpreted as a “percentual” deviation from
a zero slope. In this ad-hoc model — which has so far only been used internally in the
MicroBooNE collaboration — it was found empirically through analysis of the data, that

o1



4. Electron Lifetime

the benchmark lifetime of 37 ms closely corresponds to a linear fit slope of 0.05, or a 5%
deviation from a flat distribution.

The extracted lifetimes and linear fit slopes for the entire Run 4 are shown in figure [4.2
in the top and bottom figure respectively. In this figure, every data point represents one
day of detector operation. We can appreciate a short period of 8 days of “normal purity”
at the start of the run, followed by low purity throughout the full run, with dips in the
bottom figure representing periods of very low purity due to deliveries of bad argon,
issues with the filter and high-voltage (HV) system, the cryostat, or general purity
issues. Starting near the end of January 2019, the electron lifetime oscillated around
21.6 ms on good days, which was found to correspond to an 8.5% deviation from a flat
slope of the linear fit. Under normal purity conditions, the data points in the bottom
figure in Fig. would be centred between the red dashed lines corresponding to a
lifetime above 37ms, or a 5% slope deviation from a flat distribution. Only the first 8
data points are within this range.

4.2.2. Lifetime correction and validation

To obtain a well-calibrated detector, we perform a correction to the deposited charge
given the knowledge of the daily lifetime that was extracted. This is done by applying
an z-dependent correction to every hit based on its x position and the extracted daily
lifetime, with the aim of recovering a uniform distribution of charge across the drift
distance. The lifetime-corrected charge per unit length (dQ/dx) is set as

T COorr

dQ B Tq d@
<dx>’r corr o (TUCl) <dl‘> YZcorr ’ (44)

where (dQ/dx)y,  is the (lifetime uncorrected) reconstructed value. The YZcon sub-
script indicates that a YZ-plane correction, which we will discuss in subsection
has already been performed. Inside the exponential term, 7 is the electron lifetime value
in the database for the day we are correcting for, x4 is the position of the hit along the
drift distance, and vq is the drift velocity. Since 7 is the lifetime value extracted by
fitting the analogous negative exponential exp (—x/7v,) it follows that this correction
aims to cancel out the decay in dQ/dz due to electron lifetime.

After the lifetime corrections have been applied to data, a sample was run through
the same analysis to perform a validation. If the corrections were applied correctly, a
new lifetime extraction upon the lifetime-corrected subsample would show high lifetime
values. The sample used for validation is a subsample of Run 4, from September 14th
to October 29th, 2018. This range of dates covers a wide range of purity conditions and
extracted electron lifetimes. The reasoning is that if the lifetime correction is applied
correctly to this representative period, then we can be confident that corrections are
applied correctly throughout Run 4.

The selection of muon tracks used for extracting a lifetime value is the validation
sample is the same as described in section [4.2.1 The extracted values of the electron
lifetime for the validation sample are shown in figure [£.3] In the top figure, we observe
that all extracted lifetime values are above the 37 ms threshold. There are many points
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Figure 4.2.: Extracted electron lifetime for every day of Run 4. The top figure shows the extracted lifetime per day, while the
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Figure 4.3.: Extracted electron lifetime (top) and slope of the linear fit (bottom) for the
electron-lifetime corrected sample. The period of “bad argon” delivery with
the lowest lifetime before corrections is shown in the bottom figure between
vertical blue lines. The horizontal red and blue dashed lines in the top and
bottom figures represent lifetimes of 37 and 21.6 ms. Some data points in
the top figures are missing due to being outside the vertical range.

which are outside the vertical range of the figure, which is already very high as a value
of 37 ms is considered infinite given the size of the detector. The slope of the linear fits
shown in the bottom figure of all lie within the 5% zones (which is equivalent to
37ms, shown as red dashed lines) compared to a flat distribution. The bottom figure
also shows the blue dashed line which represents the pre-correction lifetime of 21.6 ms
around which most days in Run 4 oscillated. The fact that most data points are well
above this value indicates that the electron lifetime correction has been applied correctly,
by making the deposited charge uniform throughout the drift direction on days of low
purity, while not negatively impacting days of normal purity.

4.2.3. Closure test on Monte Carlo

So far we have discussed the electron lifetime corrections to data, but in order for our
Monte Carlo (MC) simulation samples to model the data correctly, they too must take
into account the daily conditions of the detector, including the electron lifetime. In
order to add this effect to our simulation, a quenching of the deposited charge per unit
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Cathode

Drift time

N4

Wire

Figure 4.4.: Event display of a simulated anode-cathode crossing (AC) track (inside teal
box) used for the closure test in the detector collection plane. As the readout
window is longer than the drift time, activity beyond the anode and cathode
is recorded. The other tracks visible in the image are from beam-off data
overlaid alongside the Monte Carlo track.

length (d@Q/dx)g,, on simulations is applied based on the daily electron lifetime and
hit position. MicroBooNE applies this for the first time in Run 4; previous runs used
simulation with an “infinite lifetime”, as only data from days with high lifetime were
used.

To check that this quenching is correctly applied to our simulation, a closure test was
performed, in which a value for the electron lifetime was extracted using a sample of
simulated AC tracks overlaid alongside beam-off data. If the electron lifetime extracted
from simulated tracks only matches the values in the database, which was obtained
using data, that would mean that the lifetime smearing is being correctly applied to the
simulation. An event display of an example simulated AC track is shown in figure 4.4

We perform a selection of the simulated tracks only by looping over all the tracks
in the event, and then looping over their component hits, and counting the fraction of
them which are associated with the truth information. If the track has 90 % of its hits
associated with the truth, then the track is classified as simulation, and used in the
extraction. We can refer to this fraction as track purity, and its distribution for tracks
is shown in figure As shown in this figure, the vast majority of tracks in the sample
have a track purity either close to 0.0 or close to 1.0, with the population between 0.2
and 0.8 being orders of magnitude smaller.

Once the AC tracks from simulations are selected, the lifetime extraction proceeds
in the same manner as described in section [4.2.1; we store the hits from AC tracks in
26 histograms according to their position in the x coordinate, then compile the median
values in a new histogram, and perform an exponential fit to extract a value for the
lifetime. The result of the lifetime extraction is shown alongside of the values used in
the database in figure In this figure, we see a good agreement between MC
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Figure 4.5.: Distribution of tracks in the closure test sample according to the fraction of
their hits associated to truth (track purity). The red dotted line shows the
value of 0.9 above which we classify a track as truth in our closure study.

and the database for days of lowest purity, but a poor agreement for days of higher
purity. A possible reason for this could be the previously mentioned fact that the higher
the extracted lifetime, the exponential fits have a higher uncertainty. In this case,
the effect is compounded by the fact that this high-uncertainty lifetime was applied to
simulations. This would not explain why there is a bias towards higher lifetimes in this
second extraction, however.

Another commonly used metric is the ratio of charge present at the anode versus the
charge present at the cathode, or Q4/Qc. While this value does not contain the full
information of the charge distribution across the full drift distance, and is only the ratio
of the median charge in the first and last bins of the x-slicing, it is still useful as a simple
and commonly used indicator of the quenching of the charge as it traverses through
the detector. A comparison of the Q4/Qc between MC AC tracks and beam-off data
is shown in figure The beam-off data is taken from the same events, simply
inverting the track selection to those below 0.9 track purity, i.e. those below the dotted
red line in figure Figure 4.6(b)| shows a much better agreement between data and
simulation, and thus shows that the electron lifetime smearing has been applied to the
simulation correctly on days of high lifetime. The uncertainties shown in figure
do not come from the lifetime extraction, rather they come from the uncertaintines from
the first and last bins (from the median charge in the anode and cathode) of the drift
distance histograms.
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validations of the application of electron lifetime smearing to
[(2)} Electron lifetime as extracted from MC (red triangles)
values in the database (solid line). Uncertainties from the

exponential fit in both cases. [(b)} Ratio of the charge at the anode (Q,)
and the charge at the cathode (Q.) for both MC (red triangle markers),
and the beam-off data validation sample (solid line). Uncertainties are from
statistics in the anode and cathode bins only.
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4.2.4. YZ uniformity correction for Run 5

MicroBooNE performs a calibration in the YZ plane, which has not been discussed
thus far, for clarity of presentation. The YZ uniformity correction aims to correct for
misconfigured TPC channels, dead channels, and transverse diffusion in the YZ plane,
which is perpendicular to the drift direction x in which the electron lifetime correction is
applied. We will return to equation and take a step back to focus on the right-hand

side YZ corrected term
4,J o 4,J
(2) = Vi () (15)
dx ) vz dz ) scp

Here, a correction term YZ qirection 1S applied to the charge per unit length, after SCE
corrections. All terms in this equation contain two superindices, i and j, as they corre-
spond to bins in a two-dimensional histogram. The detector is segmented in 5 x 5 cm?
bins in the YZ plane, and the same selection of crossing muon tracks which was used for
the lifetime correction is now used to fill a 2D histogram with the medians of the charge
deposited per unit length, integrated over the z axis; this corresponds to the (dQ/dz)gly
term in equation and we refer to these values as the local medians. We show these
histograms for each of the three wire planes in figure As a side note, it would be
ideal to fully voxelise the detector in three dimensions to perform this correction more
finely, but limited statistics prevent us from doing this [87], hence why we integrate over
the x axis.

The YZ maps shown in figure have empty regions with no data, which can be seen
in white. These originate predominantly from shorted wires, such as in the upper left
corner in the induction plane U, shown within a dashed red boundary in figure It
is believed that a large number of wires in this plane are in contact with one wire of plane
V [67]. As a result of this, some wires in the U plane do not retain their bias, affecting
the surrounding electric field, and in some cases collecting some of the charge before it
reaches the other wire planes, which can be seen as an irregular region of high dQ/dx
(yellow bins) within the same red-dashed boundary, and darkened regions of diminished
charge collection in the same region in the other planes. Likewise, shorted wires in the
collection plane can be seen as a vertical empty line around 700 cm in figure
shown as a boundary delimited by a dashed green line. In this case, the induction plane
V collects the charge, resulting in a high d@/dx region seen in figure

Other features displayed in figure are caused by misconfigured TPC channels and
dead wires, as described in Ref. [67], all of which are well understood by the collabora-
tion. Most importantly as we will see, they are consistent between Runs, meaning that
since the initial event — early during commissioning — which caused wires to become
shorted, the readout channels of the detector have remained stable. The main goal of
this subsection is to establish whether this continues to be the case in Run 5, considering
the issues related to argon purity observed during Run 4.

To obtain the correction term YZé’grrection, a global median value of the d@/dz his-
tograms is obtained across the YZ maps in figure 4.7l For each plane, the local median
dQ/dx values comprising the two-dimensional bins of the YZ maps are histogrammed,
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Figure 4.7.: Map of the median charge per unit length integrated in the x axis, as mea-
sured by the three planes of wires during Run 5, before YZ uniformity
correction. Large sets of shorted wires in plane U (red dashed boundary in
upper left corner) and the collection plane (green dashed boundary between
700 < z < 740 cm) result in regions without data, and affect the electric
field in surrounding regions, which can be seen in the other planes delimited
by the same boundaries. Other minor features are due to misconfigured
TPC channels and other dead wires.
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with the result shown in figure The histograms in figure thus correspond to the
values of the z axis in their counterparts in figure so for example the tail observed
between values of d@/dz of 150 and 200 ADC/cm are due to the region of shorted wires
in the upper left corner in figure

The global median in each plane is the median of the histograms of local medians,
shown as red dashed lines in figure 4.8 These medians are rounded to the nearest
integer, which is sufficient for our purposes as we are prioritising stability during Runs
and do not wish to convey a false sense of precision. We see in figure that the global
medians are not strongly biased due to the features observed in the histograms, although
the maximum range has been set as 400 ADC/cm, which excludes the highest values seen
as yellow bins in figure 4.7} as these are considered anomalous.

The values for the global medians of all three planes in Run 5 are shown in the last row
of table alongside the values of all Runs. In this table we see that after a dip in the
values during Run 4, the global median d@/dx has returned to values more consistent
with previous Runs, which were not affected by purity issues. Finally, the correction
term in bin 4, j, YZ"’ in equation is defined as the global median divided by

correction
the local median in bin 1, j.

Table 4.1.: Global Median d@/dz (in ADC/cm) for all runs. Values are stored to the
nearest integer. We note a dip in the values of Run 4 compared to the rest
of the runs, due to low purity.

Plane 0 Plane 1 Plane 2

Run 1 235 223 210
Run 2 231 225 213
Run 3 234 222 209
Run 4 219 213 201
Run 5 231 222 215

By following this procedure, the YZ.orrection tWo-dimensional histograms are stored
and applied to all samples in MicroBooNE. We can make a further validation by com-
paring these YZ orrection histograms among different runs by dividing their corrections
bin-by-bin among any given two runs. We compare each plane of Run 5 to Run 2 in
figure [£.9] The correction maps between runs are similar in every bin, for which these
distributions have a narrow peak at 1. We subtract 1.0 from the mean value of these
distributions to define a bias, which we show in table for all three planes, comparing
the Run 5 map to those of Runs 2 and 3. A bias under 2% in all cases makes this
compatible with previous runs, and thus in practice we continue reusing the data map
from previous runs. This also shows that the features observed in the histograms in
figures 4.7 and are consistent between these Runs.

4.2.5. Run b5 calibration

We extract the lifetime of Run 5 following the same procedure outlined in section 4.2.1
We find that the purity has returned to normal levels on average, with only a dip near
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Figure 4.8.: Local dQ/dx for the integrated 2D YZ maps for Run 5, before correction.
The global median rounded to the nearest integer extracted from these his-

tograms is shown as a red dashed line.

Table 4.2.: Bias extracted from the ratio of correction factors between two different runs.

For example, the biases for Run 5/Run 2 are extracted from figure
Plane 0 Plane 1 Plane 2
Run 5/Run 2 +0.2% —-0.1% —0.2%
Run 5/Run 3 —-0.5% —0.9% +1.9%
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Figure 4.10.: Extracted values for electron lifetime during Run 5. Only a short period
of low lifetime occurred near the end of February 2020, where the values
of lifetime dip below the 37ms horizontal red dashed line. The 21.6 ms
horizontal blue dashed line which was the average lifetime during Run 4
is also shown for comparison. The period of low purity in Run 5 is shown
delimited between vertical blue lines in the bottom figure.

the end of February and beginning of March, as shown in figure [4.10]in the bottom panel
between vertical blue lines. The extracted values of the lifetime alongside their errors
were then delivered to the database to be used by the collaboration.

4.3. Pilot study of an SBND commissioning measurement

In this section, we will describe a strategy we explored for performing a measurement of
the electron lifetime in SBND during its commissioning phase. This strategy uses fast
reconstruction products, and combines information from the time-projection chamber
(TPC) and the cosmic-ray tagger (CRT) subsystems, which could also be used in studies
other than electron lifetime measurement. The work described in this section is based
solely on Monte Carlo simulations, and documents studies I carried out during a visit to
Fermilab. While this strategy was ultimately not adopted by the collaboration, it served
as a useful exercise in working with simplified reconstruction tools and data structures.

For commissioning, SBND prepared a file format containing a reduced set of variables
containing the essential reconstruction information, which we will refer to as the com-

63



4. Electron Lifetime

missioning trees. The aim was to use these computationally light files to perform quick
measurements with reasonable accuracy for quick checks, without the need to process
the early commissioning data through the full analysis chain. We will describe only the
subset of variables which were used in our study of electron lifetime as we need them.

In a LArTPC the drift direction is correlated to both the x spatial direction and time,
which presents some limitations. For example, the TPC subsystem by itself cannot
differentiate between a hit occurring at x1,t; and a second hit zs, 9 occurring at a later
time t9 > t; further downstream, xo < 1, if their time difference coincides with the
time it takes for the charge produced at the 1 to reach xo, that is x1 +vg(ta — t1) = xo.
It is for this reason that different subsystems are used to provide timing, mainly the
photon detection system (PDS). In our previous example, the scintillation light of hits
1 and 2 would travel orders of magnitude faster than the drift electrons, and unless
the time difference ¢35 > ¢1 is in the nanosecond range, the time difference in arrival of
photons measured by the PDS would be enough to resolve the hits in time. The PDS is
essential for timing reconstruction in the case of neutrino interactions, which originate
on the inside of the TPC. In the case of muons crossing the detector however, the CRT
subsystem can also provide very accurate and easy to reconstruct spatial and timing
information, and could be used in place of the PDS for this task.

There is one case in which a TPC track’s timing can be known using only information
from the TPC, and that is if the track crosses one of the anodes. In this case the
drift time at the crossing of the anode end is zero, and a ty can be defined which can
then be compared to the start of the readout window. Using anode crossing muons
is in fact what is typically done in a LArTPC for calibration, as we have established
for MicroBooNE, but there are some advantages to breaking free from this restriction.
To make a lifetime measurement, a large number of geometrically appropriate anode-
cathode crossing muons must be collected, each of which will only make a few hits in
each respective z-bin. On the other hand, a single front-to-back crossing muon with
a small fxz angle will provide O(1000) hits in one of the z-bins. An online or semi-
online electron lifetime measuring scheme could be devised in which the measurement is
continuously updated, as incoming muons deposit hits in appropriate x bins, and stale
ones are phased out, while making use of a wider variety of muon track geometries. This
is the strategy we will explore in this section.

4.3.1. Commissioning trees

Instead of the usual hit reconstruction, which involves fitting a Gaussian function to a
deconvolved waveform, the commissioning trees record what we will call a fast hit, which
is obtained by integrating the area under the curve of the ADC of a raw waveform. A
diagram of how a fast hit is constructed is shown in figure A threshold of 10 ADC
is set, the algorithm loops over the time ticks of the waveforms and a hit width is defined
as a region above threshold, while the peak time of the region is stored. A tail 3 times
the length of the width is added on each side. If the resulting tail is fewer than 100
ticks, this time length is used instead. The charge is obtained by summing the ADC
values for each time tick between the end of the tails. The extension of the tails over
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Figure 4.11.: Diagram of how a fast hit is reconstructed. A raw signal waveform (blue) in
the collection wireplane is scanned for regions above a set ADC threshold
(shown in red), and a fast hit is formed including long tails. The peak
position is shown in green. In this specific example, the signal displays
two clear peaks, in order to highlight one of the limitations of fast hit
reconstruction.

a large window of time is done to capture the full charge even on highly diffused hits.
Figure also highlights one way in which this fast reconstruction may fail, by using
a hardcoded tail length of triple the width above threshold, all activity within that wide
region will be counted as part of the same hits, when in reality it may be due to multiple
hits.

Fast hits give a reasonably good description of the charge deposited by a particle
which crosses multiple wires in a straight line, such as a crossing muon, but will have
some trouble differentiating two objects which are close to each other, such as the case
of overlapping muon tracks or delta rays knocked out by the muon tracks (in which
cases points with overlapping hits could be reconstructed as a single hit with double the
charge). Similarly to regular hits, they are unsuited for reconstructing tracks which are
parallel to the wires, or travelling directly towards them.

The main objective of fast hits is a fast reconstruction of muon tracks, which are
widely used in calibration. The commissioning trees contain a fast muon track product,
or simply TPC track. TPC Tracks are constructed using a Hough transform to find
straight lines from consecutive fast hits in adjacent wires. Normally track reconstruction
demands hit-coincidence in all three wire planes, but in the commissioning trees only a
match between the collection plane (plane 2) and either of the induction planes (0 and 1)
is considered sufficient, and the hits of only one induction plane are stored. An example
of reconstructed TPC tracks and their constituent hits from a simulation of muons using
CORSIKA [91] is shown in figure We will do a more detailed explanation of the
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simulation samples used when discussing the electron lifetime extraction in subsection

4.3.3

The commissioning trees also contain information about the CRT subsystem. In
particular they contain information about CRT hits and CRT tracks. The SBND CRT
subsystem consists of 7 planes surrounding the 6 faces of the cryostat for full 47 coverage,
plus an extra plane 2m over the top plane to provide additional spatial resolution from
the abundant comsic muons raining from above. Each plane is composed of an arrange-
ment of modules, each of which is in turn composed of flat and thin 1 cm x 10 cm x 400 cm
strips of scintillating material arranged in rows. The strips have embedded in them two
optical fibres running through their length, on opposing corners. See figure for a
diagram of the strips and module arrangement.

When a charged particle (for example a muon) crosses one of the strips, the scintillation
light produced will be guided through the fibres towards silicon photomultipliers (SiPMs)
attached on their ends. Using the relative time of arrival at each of the four SiPMs, the
position along the length of the strip can be determined. CRT planes are formed of
an arrangement of CRT modules covering a full face of the detector, and as a two-
layer perpendicular stack such that strips run in perpendicular orientations. In this
way, a time coincident hit in strips from two perpendicular modules can provide a CRT
hit, which contains two-dimensional position information on the CRT plane, as well as
timing. The placement position of the CRT plane itself provides the third coordinate,
resulting in a CRT hit containing the full 3D position of a hit plus timing information.

Finally, the time of flight of relativistic muons crossing the distance between two CRT
planes is known, therefore a CRT track is defined when two CRT hits happen within a
sensible timeframe on different CRT planes. These are also stored in the commissioning
trees as two endpoints in 3D coordinates from which a vector can be easily formed, plus
the time at which the track happened as an average of the CRT hit time.

A summary of the information stored in the commissioning trees which has been
discussed in this section and will be used in our study is shown in table [£.3]

Table 4.3.: Reconstruction products present in the SBND commissioning trees which will
be used in our study.
Reconstruction product Subsystem Information

Fast hit TPC Fast estimate of deposited charge.
Accurate y, z coordinates.

TPC track TPC Fast hits forming a straight line.
Oxz, Oyz.

CRT hit CRT Accurate z, ¥, 2z, t information.
from two perpendicular strips.

CRT track CRT Accurate endpoints x1, y1, 21

and 9, Yo, 2o from two CRT hits.
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Figure 4.12.: Event display of reconstructed fast hits in the commissioning trees. The
two SBND TPCs are shown in the left and right columns, and the three
different planes in each TPC are in shown as rows. The collection plane in
the bottom row has fewer wires than the induction planes, which is why it
is drawn with a hatched area. The event shows two muon tracks, one in
each TPC, both appearing in planes 1 and 2. The run, subrun and event
information in CORSIKA simulations is used for bookkeeping, but does
not relate to data-taking runs.
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Figure 4.13.: The SBND CRT modules are made of an array of strips of scintillating
material, with optical fibres running through them to guide the light to-
wards silicon photomultipliers (SiPMs) placed at each end. Stacking the
modules perpendicular to each other gives two-dimensional information on
the position of a CRT hit. Figure from Ref. .

4.3.2. TPC-CRT matching for front-to-back crossing tracks

TPC tracks are stored with an arbitrary « position for their endpoints, and this needs
to be corrected using information from matching CRT tracks. It was found that the x
position stored for their endpoints was incorrect as a result of an error in the code, and
was always recorded as being on one of the anodes for front-to-back crossing tracks. This
results in every front-to-back crossing track having a 0y value of zero if calculated with
their endpoints. However, the y — z information is stored correctly, and it was checked
that the angular (T5°, TFC) information is recorded independently before the error in

the endpoints occurred and was also verified as reliable.

For CRT tracks, a vector can be formed using its endpoints, from which angular
information (3T, 6Y3T) can be obtained. To match TPC and CRT tracks, we compare
their respective 0 xz and vz angles; if both angles are within 2° of each other, we classify
them as a potential match. To avoid incorrect matches from tracks which have the same
angular orientation but are in a different position in the y—z plane, we evaluate y near
the centre of the detector at z = 200 cm for both tracks and see that they match within
2 cm. If both of these conditions are satisfied, we establish a match and save both tracks.

We then use the x information of the CRT-track to calculate the x correction needed
for the TPC-track, as illustrated in the bottom panel in figure We consider the
middle z position of the TPC-track in the detector, zrpg, which for front-back crossing
tracks will be in the centre of the detector, then using the CRT-track endpoints in the
z—z plane we find the x position of the CRT track, zcrr, at the same z coordinate, which
we define as Zeenter and for which zrpc = 2cRT = Zeenter- We assume that the TPC track
should also pass through this point and use this information to correct the endpoints of
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the TPC-track. The upstream and downstream corrected endpoints, (21, 1) and (z2, z2)
respectively, will be located at

T1= Lcenter — (Zcenter - Zl) tan (HXZ) 5

T2= Tcenter + (22 - Zcenter) tan (QXZ) 5

where the angle 0x, with respect to the beamline is shown in the bottom panel in
figure With this, we now store the endpoints as a new corrected TPC-track,
alongside its matching CRT-track.

In figure [4.14] the uncorrected track in yellow is drawn using the endpoint information,
thus the incorrect information in the x position can be seen as the track appears to be
flat on the anode, whereas its XZ angle variable is recorded as non-zero and shown on
the figure as H)T(EC = —4.20°.

4.3.3. Electron lifetime extraction in SBND

The simulation samples contain muons generated using CORSIKA. A filter is applied to
keep only events which contain at least one front-to-back crossing muon, but additional
muons could be present in the event to simulate cosmic activity. The detector simulation
includes the space-charge effect as well as diffusion, and samples with different values of
the electron lifetime are generated, of 1, 3, 5, 7, 10 and 15ms. The simulation followed
the commissioning workflow, and the information stored corresponds to the fast products
described in the previous subsections.

For our measurement we used around 200 tracks across all bins. We divided the -
coordinate of SBND into 30 equally sized bins, with 15 bins of 13.33 cm in each TPC,
while filling all bins with enough tracks. As we will see, we were able to extract a good
value of the d@/dxz distribution in bins containing as few as 3 tracks. Front-to-back
crossing tracks with a narrow angle 0xz < 3.0° were selected, such that we can assign
the full track to a single z-bin, that in which its x coordinate lies at the midpoint in
the z coordinate. This results in some spillover of tracks to adjacent bins near the TPC
edges, but this is considered acceptable for this proof-of-principle measurement. Using
these single-z-bin tracks comes with the benefit of reducing any drift-induced biases
upon their constituent hits. An example of the binning is shown in figure

The charge distribution from the hits belonging to these tracks is then plotted and
fitted. In MicroBooNE, the median value of the d@/dz distribution was used to extract
the lifetime as it is a simpler measurement which will yield good results using the high
statistics of an offline measurement. As we are aiming towards an online measurement
using more limited statistics, we will rely more heavily on the fact that the energy depo-
sition of minimum ionizing particles should follow a Landau distribution. Furthermore,
the readout error of the wires can be approximated as a Gaussian, and therefore we per-
form a fit of the convolution of a Landau function and a Gaussian centred around zero to
model the measured deposited charge per unit length. Additionally, a second Gaussian
fit is applied, centred around twice the d@Q/dx of the most probable value, to account
for doubly counted hits, although this second fit is not used in the final measurement
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Figure 4.14.: TPC-CRT track matching and correction. The CRT track (blue) is
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matched to the corrected TPC track (red dashed line). The yellow line
represents the uncorrected TPC track, whose angular information does not
match its trajectory. Toy geometries of the SBND detector show the front
and back CRT panels and the TPCs from three different perspectives. The
bottom figure shows the trigonometry used to determine the points of en-
trance and exit to the TPC (z1,21) and (z2,22) from an anchored centre
point (Zeenters Teenter) and the known angle 0x 7.
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Figure 4.15.: Slicing of the SBND TPCs in the x coordinate into 15 bins each, for 30 bins
total, as a diagram of the detector from a top view. The red lines show the
trajectories of the 3 muon tracks crossing bin 5, which is highlighted as a
purple shaded area.
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Figure 4.16.: Distribution of the charge per unit length for z-bin 5, which contains only
3 tracks. The fit of a Landau convolved with a Gaussian is shown in green.
From this fit, we extract the most probable value uy,. A second Gaussian
fit (blue) centred at double the value of py is also shown.

but could be used to subtract background. An example x-bin alongside its fits is shown
in figure In this figure, only 3 tracks were used to perform the fits, however given
the geometry of front-to-back crossing hits, these 3 tracks provide over 5000 hits, from
which good fits can be applied. The example shown in figure is the bin with the
lowest number of tracks in this sample, thus bins with more tracks have better statistics.

By performing these fits and extracting the most probable value pr of the convolved
Landau and Gaussian, we follow the same procedure as in MicroBooNE and compile
them onto histograms according to their drift time. We make the assumption of constant
drift velocity vy using the nominal SBND value of 160.0cmms™!, and use vy = x4/tq
to make a conversion from our drift distance (x4) slice histograms into drift time (¢)
sliced ones, taking into consideration that the drift time is zero at the cathode position
x = 0cm. Therefore, our 30 bin slicing of the detector along the drift coordinate becomes
a 15 bin slicing in drift time. We obtain two lifetime values, one for each TPC, which
are shown for all simulation samples in figure 4.17, Due to the strong non-linearity of
the lifetime parameter, we use asymmetric uncertainties in its fit, estimated using the
MINOS algorithm, as implemented in ROOT [93].

For every different lifetime simulation between 1 and 15 ms we see a good agreement
between the lifetime values extracted in each TPC. We also observe a good agreement for
low values of simulated lifetime compared to the extracted (< 5ms). Figure shows
the extracted lifetime values with respect to the true simulated values in figure £.18] In
this figure we see a bias becoming evident, as the extracted lifetimes tend to overesti-

72



4.3. Pilot study of an SBND commissioning measurement

—~ E —~
E..F Fit = [0] exp(-t/[1]) £ 1400~ Fit = [0] exp(-t/[1])
O 1300;;2 — TPCO o r —— TPCO
8 1200;\;? ......... ?;gn;c 0{1,=1.053% ms) 8 1300;7:::‘ --------- 5'52';0 0(1,=3340% ms)
- e —t—
<C 1100 Yo e Fit TPC 1{1,= 1.02,3% ms) < B0 Fit TPC 1{1,= 33302 ms)
T 1000= S ' = T
E 900; E 1200; kﬁﬁ
= 800 = 1100: it
X Tk x 11001 S
2 700 2 ¢ S
o E o T
T 600 C 1000~ T
E H R
500 : [ N
S Y R E N B e X -~ = L1010 N T TR S R B
0 8 1 12 0 8 12
Drift time (ms) Drift time (ms)
(a) 1 ms lifetime simulation (b) 3 ms lifetime simulation
1450 —~ F
g = Fit = [0] exp(-t/[1]) g 14501~ Fit = [0] exp(-t/[1])
1400 — F —
< preolisaiied | Que o pero y-satifre
woe Fit TPC 1{ 1, = 6.00:0 ms) E Fit TPC 1 {1, =8.30°%% ms)
< g 1 066 < 1 119
E 1250 — \‘ﬁ‘r; E 1300— :isqu—l—
="t T = ¢ e
_é 1200 s _é 1250 Sy
= F N = i
Q1150 RN Q1000 B
© E T © = 'L_'-'}_._—':h
11005 N = T
F el 1150— =
B b e b b b ] e b b b b ey L
0 0.2 0.4 0.6 08 1 12 0 02 0.4 0.6 08 1 12
Drift time (ms) Drift time (ms)
(c) 5 ms lifetime simulation (d) 7 ms lifetime simulation
—~ E —~
& 1450 Fit = [0] exp(-t/[1]) e r Fit = [0] exp(-t/[1])
S __ 1pco O 1450¢ _ 1mco
O —— Fit TPC 0 1, = 15.13/95 ms) ) F e Fit TPC 0 ( 1, = 38.39/252 ms)
D 1400? TPC ! - 5.18 D ™ TPC 1 — \+29.57
< e Fit TPC 1{1,= 137755 ms) < 1400— Fit TPC 1{1,= 26.70:%5" ms)
N—r 7 N -
E 1350 E C
= ﬁﬂh—l— o S 1350
1300 T e, o
X L P P A
S r e S e
= F B = F
Q150 T N 1300+
ho] 12507 —f— %ﬁ% o -
L —— L
N I R T R P 0=, e
0 0 ) ! .

.8 .
Drift time (ms)

(e) 10 ms lifetime simulation

.8 .
Drift time (ms)

(f) 15 ms lifetime simulation

Figure 4.17.: Most probable values of d@ /dx from Landau-Gaussian fits per drift time for
different simulated values of electron lifetime. Different fits (dashed lines)
are applied to each of the two TPCs, shown in blue and red respectively.
A value of electron lifetime is extracted from these fits, and shown in the
legend.
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Figure 4.18.: The lifetimes extracted from simulation (markers) obtained by averaging
the lifetimes obtained for each TPC. Blue line shows what 1:1 agreement
between simulated and extracted would look like. For simulated lifetimes

above bms the extraction is biased towards overestimating the lifetime
value.

mate the true simulated values. Such deviations are expected, as we are not applying
corrections for the space charge effect or diffusion — both of which are present in the
simulation — and these sources of systematic uncertainty are not reflected in the error
bars.

4.4. Electron lifetime summary

In this chapter, we have presented a detailed study of the measurement and correction
of electron lifetime effects in LArTPCs, which are closely tied to argon purity. For
the MicroBooNE experiment, we outlined the full procedure for performing electron
lifetime corrections based on the measured energy deposition per unit length of cosmic
muons traversing the detector. We also examined the factors that led to a reduction in
electron lifetime during MicroBooNE’s Run 4 data-taking period, from September 2018
to July 2019. An electron lifetime of 37 ms is sufficient to avoid degrading data quality
in MicroBooNE, given its maximum electron drift time of 2.3 ms — this condition was
met in most runs during Runs 1-3. However, during most of Run 4, the electron lifetime
fluctuated around 21.6 ms.

The work presented in section is not part of any previous publication. Ref. [87]
presents results using data from Runs 1-3, where electron lifetime is mentioned, but
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the substantial efforts undertaken by the collaboration to make Run 4 data usable are
not addressed. More recently, MicroBooNE published its first results incorporating data
from all five of its Runs [45], an achievement made possible by the corrections detailed
in this chapter. Notably, the lifetime correction applied in MicroBooNE represents the
largest-scale electron lifetime correction implemented in any LArTPC experiment to
date. Although the millicharged particle search presented in the rest of this thesis uses
only data from Runs 1-3, the full dataset will be used in an upcoming publication, which
is currently in preparation.

For SBND, we have shown in section a pilot study designed to measure the elec-
tron lifetime quickly, in the context of the detector’s commissioning. This study uses
reconstruction tools with simplified pattern recognition algorithms, intended to enable
a rapid measurement that could, for example, inform operations in the case of a “bad
argon delivery”, such as occurred in MicroBooNE. We have shown that we can match
tracks detected in the CRT and TPC subsystems, bypassing the need to involve the
PDS. This is very valuable as CRT reconstruction is computationally fast and can be
used to trigger the detector and store events to a separate stream for analysis. We have
also shown that using front-to-back crossing tracks, as few as 3 tracks in a bin can result
in sufficient hit statistics for measuring the charge-per-unit-length. Using fewer tracks
would enable this to be an online or semi-online measurement, as opposed to an offline
measurement as described in MicroBooNE.

The SBND pilot study presented serves as a proof of concept, but many of its pa-
rameters would need to be optimised for full implementation, for example, the geometry
of the crossing tracks. If diagonally crossing muon tracks, which deposit fewer hits per
bin, were used instead of front-to-back tracks, fewer tracks could still provide a sufficient
electron lifetime estimate. The binning was also not optimised and was chosen based on
our simulation sample. A full study would need to consider the rate of crossing muons
detected during normal operations and select appropriate track geometries and binnings
that allow for a reasonably good measurement of the electron lifetime.

SBND is now beyond its commissioning phase and is fully operational, collecting a
large amount of neutrino interaction data. Its electron lifetime is periodically measured
offline, using calibration tools based on robust and sophisticated reconstruction frame-
works. These measurements also take into account transport effects, such as diffusion,
that were neglected in this chapter, but do not yet incorporate the SCE. The measured
lifetime is generally high, with only occasional short dips following disruptions in the
cryostat.
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Search for millicharged particles in
the MicroBooNE detector
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5. Simulation and reconstruction

In this chapter, we will describe our simulation of millicharged particles (mCP) and the
scatter electrons they produce as they cross the detector. We will then give a general
overview of particle reconstruction in MicroBooNE before discussing the reconstruction
of our scattered electron signal in particular. We will also briefly discuss the neutrino
background simulation.

In MicroBooNE, both simulation and reconstruction are integrated in the LArSoft
framework [94) |95]. Starting with a bespoke mCP event generator, which takes as input
the NuMI beam flux, we simulate the interactions of the mCP with electrons in the
liquid argon volume. We then follow the standard MicroBooNE reconstruction workflow
for Monte Carlo simulations, including the overlaying of beam-off cosmic background
data.

The structure of this chapter closely follows the same order in which simulation and
reconstruction chain steps are applied. In section we describe the simulation of the
neutral meson flux from the NuMI beam towards MicroBooNE. In section we discuss
how the protons-on-target (POT) normalisation discussed in section is realised
in our Monte Carlo signal simulation, which we record as an unweighted set of events.
Then, in section[5.3|we describe the generation of the mCPs from the decay of the neutral
meson flux, as well as some general characteristics of their kinematics. In section [5.4] we
describe our simulation of electron scatters.

We will search for mCPs in two topologically distinct signal channels, one with multiple
electron scatters of order O(1 MeV), and one with a single-electron of O(10 MeV). These
two topologies will present only a few differences in kinematics at the simulation stage,
but the tools which will be used in their reconstruction will be vastly different.

We describe the general reconstruction methods in MicroBooNE in section in
particular the BlipReco [19] tools we use for the low-energy multiple-scatter search, and
the Wire-Cell framework [96, 97| we use for the high-energy single scatter. We then
show the application of these reconstruction tools to our signal simulation in sections
and We will then briefly describe the main backgrounds in the search in section
We end this chapter with a description of all the data and Monte Carlo simulation
samples that are used in the searches in section [5.10)

5.1. Neutral meson flux
An extensive sample of Monte Carlo (MC) simulation generated using the g4numi [98]

package is used to model the NuMI beam induced fluxes in MicroBooNE. The g4numi
package is based on Geant4 [99], and aims to simulate full hadronic production in the
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NuMI beamline. It has been used by multiple Fermilab experiments downstream of the
NuMI beam, such as MINERvA and NOvA. Neutrino analyses typically use the charged
meson flux as input to the GENIE event generator [100], however we are interested in the
neutral meson flux, as discussed in chapter

The output flux files store information of the produced mesons, such as their type, and
kinematic information at the time of production. For generating mCPs we are limited
by the available flux files, which do not store information about w or ¢ mesons, so these
channels are not available to us. For the same reason, we also do not consider the decays
of heavy neutral mesons such as J/1 or Y. This will limit our sensitivity to mCPs above
200 MeV, but not in a way that will change the position of our results relative to the
that of other experiments with higher sensitivity.

A weight is applied to each event in order to constrain the proton-on-carbon interac-
tions in the target based on data from the NA49 and MIPP experiments, as described
in Ref. [98]. This “Flux weight” wpyx is stored independently of POT normalisation,
and we will detail how we account for it and other weight factors in what follows.

5.2. Monte Carlo POT normalisation

MicroBooNE normalises its data and simulation to the protons-on-target (POT) deliv-
ered by the neutrino beam, in this case NuMI. Each gdnumi flux file has 500,000 entries
representing physics events, and in a naive scenario we would assume this corresponds
to the same number of POT. However, event generators often use weight factors to take
into account the probabilities of a given interaction occurring, and the real number of
POT is obtained by summing the weights across all events. Our goal, however, will be to
generate unweighted events and use POT normalisation to account for all probabilities.
This will make it easier to compare our generated mCP signal to other MicroBooNE
samples, such as data or neutrino simulations.

In our signal, we have three weight factors to consider. First, the flux weight we have
already mentioned, which corrects the number of simulated mesons. Second, a branching
ratio weight, which accounts for the probability of a meson decaying into a mCP. Finally,
a scatter weight, which is the probability that a mCP crossing the detector will generate
n electron scatters above a given minimum recoil energy E™". The latter two weights
will be discussed in future subsections.

The event generator will loop through the events in the meson flux and “attempt” to
generate a millicharged particle which crosses the MicroBooNE detector. This attempt
may fail if there is no suitable meson in this event, for example if the mCP fails to
cross the detector, or due to kinematic constraints in the decay or the scatters. Once
a suitable event is found in the flux, the millicharged particle and electron scatters are
generated. The kinematics of the meson, mCP, and electron scatters will determine a
total event weight wiota for the event given by

e e e e
Wiotal = WFlux WBRWn-scatterss (51)

where wpuyx, WBR, and Wy scatters are the flux, branching ratio, and scatter weights
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respectively, and the superscript e reminds us that this is a per-event weight which
depends on the kinematics of the meson, mCP and scatter electrons.

In order to obtain unweighted events, we use rejection sampling — a technique by
which a target distribution can be reproduced by probabilistically accepting or rejecting
weighted events. For this, we need a value which is larger than any given wy_,,;, which
we call the maximum weight wpax (the value of which is to be determined). For every
mCP event we generate, we also generate a random number v uniformly between 0 and
Wmax. We then compare the event weight wy ., to u, and if u > wg ., we reject the
event e.

As we loop through the entries in the flux file, we keep only the events which have
been not been rejected, either due to kinematic constraints or our sampling, and the
POT counting will be given by

MC POT — Entries looped through.

o (5.2)
All the weight information has been encoded in this normalisation. Events which have
a high total weight have a proportionally high probability of not being rejected. This
means fewer entries would need to be looped through to accept them, keeping the MC
POT low. The opposite is true for low wy,,, events.

The only remaining task is to find a value for wmax. This is done by generating a large
MC simulation sample which has the same configuration parameters but is not subject
to rejection sampling. In this case, we do store the weight information, and we record
the value of wmax as the highest value of wg,,,, in all the events, plus an additional 10 %
for safety. Choosing a value of wpax that is too high will result in more events failing
rejection sampling, which means an inefficient simulation. Choosing a value that is too
low will result in incorrect POT accounting, which is why the event generator has been
configured to return an error if it encounters an event where wg ;.| > Wmax-

The configurable parameters of our event generator are the mCP coupling factor e,
the mCP mass m,, the minimum electron recoil energy E™® and the minimum number
of scatters to generate ngcatters- Generating a new sample only to obtain a value for
Wmax May seem like an expensive extra step, but this task is computationally very light
as it does not require the entire detector simulation, only the event generation step.
This step also has to be run only once, as the distribution of the total weight per
event is completely determined by the chosen parameters, therefore the same value of
wmax(e,mX,Eﬁnin,nscatters) can be reused when generating a new MC sample with the
same parameters. Examples of MC samples used to obtain values for the maximum
weight are shown in figure [5.1

The MC POT shown in equation is a number which can be used as a scaling
correction. Our mCP sample S will be normalised to a certain number of beam-on data

POT as

A Data POT
S =S X Jcpor (5:3)

where we use the hat notation S to represent the data-normalised sample. So for exam-
ple, if we want to search for millicharged particles in a beam-on data sample equivalent
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Figure 5.1.: MC samples used to obtain the maximum weight in two different event gen-
erator configurations. Left shows a two-scatter sample with a low Em®
of 1MeV, while right shows single-scatter events with a higher EX™® of
20MeV. Both samples contain 2 million events, and are of a mCP mass
m, of 100 MeV and coupling € of 0.001. The maximum weight value se-
lected is shown as a dashed red line, which is a factor 1.1 above the highest
weight of any event in the sample.

to 1.0 x 102! POT, and our simulation sample has a POT of 2.0 x 10?6 POT, we scale our
MC sample by a factor of 1.0 x 1021 /2.0 x 10%¢ = 5 x 1075, An equivalent POT account-
ing strategy is used in the simulation of neutrinos, although the method for obtaining
unweighted events may be different, and we will not discuss them in this thesis.
Finally, we note that the branching ratio weight wpr will always contain a factor of €2,
as it originates from the branching ratio equations and . The scatter weight
Whseatters Will have a factor of € for each electron scatter generated, as it involves the
sampling of the cross-section equation . Therefore, the normalised sample will be
proportional to a factor e2t2mscatters which is contained in wmay in equation ,

S’ o 62+2nscatters . (54)

Factoring € out of the sample in this manner allows us to use a single simulation of
millicharges with a parameter ¢y which can then be easily rescaled. For any two given
normalised samples S and Sy which differ only in €

N ~

S(E, my, E:«niny nscatters) _ SO (60’ my, E;nin’ nscatters) (5 5)

€2+2nscattcrs 62+2nscatters
0

1
S’ 2+2ngscatters
€ = € = . 5.6

!This assumes that the samples have sufficiently high statistics. Equalities among independent MC
simulation samples can be considered an abuse of notation.

from which we obtain
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Figure 5.2.: Branching ratios used for the decay of neutral mesons into mCPs. Lines
show a digitised version of the data points in Ref. [20], while markers show
our implementation in the event generator. Agreement shows that our im-
plementation of the equations in Ref. [20] is correct.

This means that instead of sweeping the 2-dimensional parameter space (my,€) with
different MC simulation samples, we only have to simulate different mCP masses m,,
which drastically reduces computation time.

5.3. Millicharged particle simulation

We produce mCP pairs yx from the decay of neutral mesons as described by the branch-
ing ratios described in equations and , depending on the parent meson, which
determines the weight wggr. The branching ratios from our simulation can be seen in
figure where we compare the values in our event generator to those of Ref. [20].

The light neutral mesons which we consider decay promptly via an electromagnetic
process (as opposed to charged mesons or heavy neutral mesons, which decay via a weak
process) with a lifetime 7 < 1 x 107!7s, thus the travel distance can be assumed to
be zero, and we set the initial position of the mCP pair to the position of the neutral
meson. Most of the neutral mesons from the flux are generated in the target itself,
which means that most of the mCPs will be as well. This means that there will be little
variation in their incidence angles 6 and ¢ on the MicroBooNE detector. A diagram of
the MicroBooNE coordinate system along with these angles and an incident mCP can
be seen in figure [5.3

The xx pair is generated in its rest frame as a back-to-back pair. We use polar coordi-
nates (6, ¢) and take random numbers from a flat distribution for cos(#) between (—1,1)
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5. Simulation and reconstruction

Figure 5.3.: MicroBooNE uses a Cartesian coordinate system, whose origin is shown in
the figure as O, with the z coordinate on-axis with the BNB and z increasing
against the drift direction. Most millicharged particles (x, in red) coming
from the NuMI target would enter the MicroBooNE detector through the
anode face (—z) and exit on the cathode side (4+x). We define a spherical
coordinate system from the Cartesian coordinates as usual (in purple), with
0 the angle of the particle with respect to the z axis, and the ¢ azimuth
angle in the z—y plane, starting from +z. The detector volume is to scale,
but the typical mCP direction has been altered to better display the angles.
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5.3. Millicharged particle simulation

and for ¢ between (0,27) and give the pair an orientation (in Cartesian coordinates) as

pi = —p3 = p™ (cos(¢) sin(8), sin(¢) sin(6), cos(9)) , (5.7)
where p® is the momentum magnitude, which is obtained from the energy and mass of
each mCP as p®™ = (EM)2 —m2. Here we have been using the superscript CM to

emphasize that we are in the centre of mass frame of the mCP pair. The energy ESM is
generated differently for the cases of two- and three-body decay. For two body decay, we
simply take the energy as half the mass of the parent neutral meson M as ESM = M)/2.

For three-body decay, we proceed as two consecutive two-body decays. First, we split
the available phase space between the virtual photon which will give rise to the mCP pair,
and a third particle Y (a real photon) which we will not be interested in. The invariant
mass of the virtual photon ¢? is distributed according to the phase space suppression
factor, which is the term inside the integral in equation , and is generated as a
random value between 4m§< and M%,, the limits of the integrals where Mp is of the
parent pseudo-scalar neutral meson. Ref. [20] also includes the case of decays of vector
mesons, which in our ranges of energy would be w and ¢ mesons. Although we do not
include those decays in the search, their decays have been implemented in the event
generator in case we obtain access to a reliable flux in the future. In these decays, the
outgoing third particle Y can have a mass My, as shown in figure As its mass and
that of the virtual photon are different in general, the momentum magnitude is obtained
using the more general K\”{a}ll\’{e}n function A |101],

. o 1
7] = 121 = 57/ M2 M, g2), (53)

where M is the mass of the parent meson (either vector or pseudoscalar). The energy
then follows from the energy-momentum equation, and the orientation of these particles
is sampled randomly as in . Finally, both particles are boosted back from the
decaying meson center-of-mass frame into the laboratory frame. For pseudoscalar meson
decays, the “third particle” Y is a (real) photon with zero mass, therefore it can be
considered a special case.

We then use the 4-momentum of the generated virtual photon to produce a pair of
mCPs in the rest frame of the virtual photon. The available energy is given by the rest
mass /2, which, due to the interval in which we sampled, will always be bigger than
the 2m, we need. This is a simple two-body decay in which each mCP gets half of the
energy, the momentum magnitude is obtained from the energy-momentum relation, and
the particle orientation is uniformly generated according to equation . Finally the
mCPs are boosted back into the laboratory frame.

Initially, we generated 2 x 6 x 95 MC samples corresponding to different configurations
of the horn current (FHC and RHC), minimum recoil thresholds (0.1, 0.5, 1.0, 5, 10
and 20 MeV), and millicharged particle masses between 5 and 475 MeV every 5MeV.
However, carrying out this many samples through the entire detector simulation chain
is computationally expensive, hence we will reduce the number of samples by using only
FHC, selecting two minimum recoil thresholds, and 12 mass points for a total of 1 x2x 12
MC samples.
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Figure 5.4.: Comparison between FHC and RHC modes, showing (a) Energy and (b-d)
momentum distributions for mCPs of mass m, of 100 MeV and 1 detector
interaction.

5.3.1. Horn current comparison

The energy and momentum distribution for a sample of mCPs of mass 100 MeV with a
minimum recoil energy of 1 MeV is shown in figure We see no significant differences
between the forward and reverse horn currents (FHC and RHC). This is expected, as
the different currents are designed to focus the on-axis flux of charged pions. Our decays
are from neutral mesons, which are not affected by the horn current. The deflection of
mCP by the magnetic horns would, in principle, be suppressed by a factor e. However,
we do not simulate this effect, as the mCP flux originates from the decay of neutral
mesons, which happens predominantly at the target — which is located upstream from
the focusing horns — or in the NuMI absorber, well downstream from them. In both
cases, the horns are not expected to cause significant deflection.

More important than the energies and momenta in Cartesian coordinates, we are
interested in the angles of incidence of the mCP, which will be close to the angles of the
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Figure 5.5.: Comparison between FHC and RHC modes for a mCP signal of mass
100 MeV showing the angles (a) 6 and (b) ¢ in the MicroBooNE coordi-

nate system.

vector pointing from the NuMI target towards MicroBooNE, given by
Onunt = 27.46°, ONum1 = 6.20°. (5.9)

In figure[5.5] the angular orientation of our mCP simulation in MicroBooNE coordinates is
shown. As expected, the angle values are highly peaked around the nominal values. The
off-peak angle values are due to the decay of mesons along the decay pipe. By applying a
selection on the meson decay position within a box of dimensions 250 cm x 16 cm x 500 cm
centred on the target, we obtain the distribution shown in figure We note that this
box is significantly larger than the target itself, and the selection is simply intended to
isolate decays far from the target region. In figure [5.6| we observe that the horizontal
axis scale has drastically changed, with no events outside these narrow bands less than
one degree wide.

Our multiple low-energy scatter channel heavily depends on this angular information;
therefore, we will perform a selection on the angle variables, as will be discussed in sec-
tion We do not apply such a selection in the single-scatter channel. However, since
the majority of the mCP flux originates near the target, we can neglect contributions
from the absorber. From this point on, we use simulations with forward horn current
only.

5.3.2. Millicharge mass comparison

Figure shows a comparison of the millicharge energy for different values of the mCP
mass m,, for minimum recoil energies of 1 and 20 MeV. The differences between the
mass points are only due to kinematics, which affect the number of events via three
different mechanisms. The decay of mesons into mCP pairs becomes inaccessible once
the sum of the mass of the mCP pairs 2m, goes above the mass of the parent meson.
The phase-space suppression factor also depends on the ratio of the mass of the mCP
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Figure 5.6.: Comparison between FHC and RHC modes for a mCP signal of mass
100 MeV showing the angles (a) 6 and (b) ¢ in the MicroBooNE coordi-
nate system after a selection based performed based on the decay position
of the meson originating the mCP.

compared to its parent meson. Both of these effects can be appreciated on the vertical
axis of figure as a gradual decrease in the overall number of events for increasing
My .

The third mechanism is the fact that the minimum recoil energy limits the available
phase space when generating a viable mCP which can produce scatters. This is very no-
ticeable in the case where the minimum recoil energy is set to E™® = 20 MeV, appearing
as sharp cutoffs at low mCP energies (as can be seen on the horizontal axis in figure
for increasing values of m,. Let us remember that there is a maximal kinematically
allowed recoil energy, given by equation ,

max __ (E)Z( B m?{) Me

" m2+2Eyme+m2’

According to this equation, for a mCP mass of m, = 400MeV, the maximum recoil
energy EM is above 20 MeV (and thus above E™") only when the mCP energy E, is
above 2.55 GeV, which is the cutoff point we see in figure This severely limits our
sensitivity to higher values of m, when using a high threshold for the recoil energy, as
we would need very high energy mesons to cross this cutoff point. This effect is much
less noticeable in the left figure in which uses a minimum recoil of 1 MeV which we
will use in the low energy scatters channel.

5.4. Electron scatter simulation

We now simulate the recoil electrons, which are the visible particles that we will recon-
struct. We will look for recoil electrons in two different channels. In one channel, we
look for single electron scatters with a relatively high energy of the order of 10 MeV. In
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Figure 5.7.: mCP energy for different mCP mass simulations in FHC mode, for minimum
recoil energies of (left) 1 MeV and (right) 20 MeV. All signals are normalised
to a POT of 1.5 x 102!,

a second channel, we look for two lower-energy scatters (order of 1 MeV) aligned with
the detector target. To aid this, we can select the number of scatters, and their energy
threshold in our event generator.

The minimum value for the generated electron energy E™" is a very important as-
pect. As discussed in chapter [2| equation (2.18]) shows that the cross-section of the
detector interaction scales as 1/E™® which means the recoil electrons favour low ener-
gies. However, there is no clear-cut value for the minimum recoil energy E™" from a
physics standpoint. The reconstruction methods which we will use in our two channels
are very different, but generally there is a decreasing efficiency for lower recoil energies.
Therefore, if we set E™" too low, we will be simulating recoils which have a very low
reconstruction efficiency, and will have to generate more simulations to obtain a Monte
Carlo sample with sufficient statistics; if we set the threshold too high, we will not cor-
rectly model the interaction of mCPs in our detector, and as we have seen, we limit the
phase space for high mCP masses. So our general plan will be to set it as low as possible
within computation considerations, and taking into consideration the reconstruction ef-
ficiency, for which we will discuss it in the corresponding reconstruction section of each
channel.

Recoil electrons are generated in a uniform distribution across the length L which the
mCP crosses in the detector volume. The detector time of the electrons is calculated us-
ing information of the time of flight of the mCP. For the recoil energy for the electron, we
sample a value of E,. according to the distribution of the differential cross-section .
The sampling is done between the values of E™" (which we set as parameter of the
simulation) and a maximum recoil energy EX®* given by kinematics (see eq. (2.17)).
We obtain the distribution by using the rejection sampling method on the differential
cross-section distribution.

For the low-energy two-scatter channel, a histogram of the resulting energies for dif-
ferent E™1 low-threshold values of 100, 500 and 1000 keV can be seen in figure for a
mCP mass of 100 MeV. As the differential cross section depends on the mCP energy F,,
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Figure 5.8.: Recoil energy of the scattered electrons for a selection of mCP energy for
different low-threshold configurations, alongside the full differential cross
section function (black) and its relativistic approximation (violet). The cut-
off on the left side of the histograms shows the effect of threshold selection.

figure shows only a subset of the generated sample for which 0.9 < E, < 1.0GeV.
We also show the relativistic approximation from eq. , and see that it is not a good
fit, even if at B\, = 10m, we should be well into the relativistic regime. For this reason,
we will not use the relativistic approximation in the following, as our full simulation of
the kinematics proves to be a better fit.

The resulting energy of the electron is me + E,, and its momentum magnitude p, =
\/(me + E;)2 —m2. We should mention that unlike in the previous particle generation
which we have described, this time we are already in the lab frame and there is no need
for boosting. Finally, the orientation of the electrons is generated with an angle ¢ with
respect to the mCP, as was shown in equation ,

cos(p) = Er(Bx + me) .
VBB +2mo) (B — m3)

We can see the angular dependence on the minimum recoil energy in figure |5.9] where
the generated scatter angle is shown for two different values of E™" of 1 and 20 MeV.
We see that the harder momentum transfer of 20 MeV forces the electrons to be more
forward.
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Figure 5.9.: Angle of the generated scatter electrons with respect to the mCP direction
for minimum recoil energies of (left) 1 MeV and (right) 20 MeV.

5.4.1. Probability of multiple hits in the detector

As we have mentioned, the number of generated electron scatters is a configurable pa-
rameter of the event generator, which we have set to either one or two scatters. However,
we still would like to consider the cases of 3, 4, etc. scatters, even if they have a low
probability of being realised. The probability of generating n scatters corresponds to
the scatter weight wgcatter, and more scatters results in a lower weight.

Let us remember that the probability of n-hits in the detector is given by a Poisson
distribution we have discussed in equation ,

pn—hits(nv L/)‘) = <L7/,’j\)n€_L/>\- (510)

This probability is now weighted against the probability of generating n 4+ 1 hits using
rejection sampling over the cumulative distributions for a given L/A,

(LN o
(n+1)! ‘ ’

In both these equations, L is the length of the detector which is crossed by the mCP,
and A the mean free path, which, as shown in equation , depends on the cross-
section, which in turn depends on the mCP energy and mass. Therefore, the probability
of generating n scatters is calculated event by event given the geometry and kinematics
of the mCP, with a weighted random chance of increasing the number of scatters from
n to n+ 1. The process by which the number of scatters is increased is iterated, for a
chance to increase from n + 1 to n + 2 scatters, and so on. In practice, the probability
of such cases is very low.

P(n+1)-hits(n + 1, L/A) = (5.11)

5.5. Data driven cosmic backgrounds

As a surface detector, events in MicroBooNE typically contain an important component
of cosmic muons. Thus, a realistic simulation of signal must also include this activity.
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Figure 5.10.: Overlay of MC simulation and beam-off data. On the left, we show the
MC simulation of a 30MeV electron scatter. The middle figure shows
beam-off data due to cosmic muons. On the right, we have overlaid the
MC signal with the beam-off data at the waveform level. All images show
the collection plane, with wires on the horizontal axis and time on the
vertical axis. In this toy example used for illustration, the images have
been manually edited.

Rather than using Monte Carlo simulations which may introduce additional systematic
uncertainties, MicroBooNE uses events with an unbiased trigger — i.e. not subject to
9.5 photo-electron threshold described in section [3.2.3] — which are outside of the beam
spill window, and thus contain only cosmic activity and electronic noise. These beam-
off events are then mixed with the MC signal before the detector simulation stage, as
exemplified in figure In MicroBooNE this process of mixing MC simulation and
beam-off data as well as the resulting sample are referred to as “overlay”.

After the overlay stage, subsequent stages apply the same reconstruction methods
for MC simulations and data. In what follows, when talking about the generated MC
signal specifically, we will refer to it by the commonly used term “truth”. During the
entire analysis chain, LArSoft keeps an internal record of which reconstruction products
are matched (even in part) to truth information, so in the example shown in figure
after reconstruction the shower would ideally be “truth matched” while the cosmic muon
tracks would not. This could be impacted by partial truth matches; for example, a
hit could contain depositions from both truth and beam-off data if these are in close
proximity. Such a hit could end up as part of a track or shower, where the rest of the
constituent hits are either from truth or beam-off data. For this reason, the fraction
of truth-deposited energy to reconstructed energy is often used to classify a product as
truth, and it is ultimately up to the analysers to decide what fraction of truth energy is
sufficient for this. We briefly discussed this as part of the closure test on Monte Carlo
study of electron lifetime calibration, in section
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5.6. Reconstruction in MicroBooNE

We have presented the implementation of the theoretical model for mCPs in a newly
developed event generator written by Dr. Pawel Guzowski for the LArSoft framework.
The “end product” of our simulation will be either one or multiple isolated electron
scatters generated along the trajectory of the mCP inside the detector, which can then
be reconstructed.

MicroBooNE, as most other LArTPCs, is designed to be sensitive to neutrino inter-
actions in the energy range of O(100MeV), which result in tracks and showers that
are reconstructed by high-level pattern recognition frameworks. In this section we will
discuss reconstruction in MicroBooNE in general, starting from the low-level reconstruc-
tion of ionisation electrons and scintillation light, and finishing with a description of the
high-level Wire-Cell framework, which reconstructs entire neutrino interactions. We
will also discuss MeV-scale reconstruction, which is a relatively recent development in
LArTPC reconstruction, in which small point-like isolated depositions known as blips
provide information on an energy scale which is outside of the scope of track and shower
reconstruction algorithms. We will then apply these reconstruction tools to our electron
scatters in their respective energy scales.

5.6.1. Raw waveforms, noise filtering and 2D deconvolution

As ionisation charge travels near the induction plane wires towards the collection plane,
a bipolar signal is induced, as they travel towards, and then away from them. The charge
is then collected in the collection plane wires, where a unipolar signal is registered. These
signals, known as raw waveforms, go through a number of stages to filter the noise due
to the TPC and PMT electronics [67].

The raw waveforms are effectively a convolution of the distribution of the ionisa-
tion electrons, the electric field response to their propagation, and the electronics re-
sponse [102]. For calorimetry, we make a conversion between charge and energy, and as
charge is dictated by the number of ionisation electrons, we need to extract the number
of electrons by applying a deconvolution to the raw waveforms.

Instead of a 1-dimensional deconvolution on the signal of a single wire per plane,
MicroBooNE performs a 2-dimensional deconvolution, which also considers neighbouring
wires. A comparison of the resulting waveforms after noise filtering, and applying 1D
and 2D deconvolution, is shown in figure [5.11]

5.6.2. Hits and clusters

The basic building blocks for practically all high-level reconstruction of TPC activity
are hits. Hits represent the passage of discretised ionisation electrons in close proximity
to the readout wires. They are formed by fitting Gaussian functions to the deconvolved
waveforms, with each hit corresponding to one fitted Gaussian. An example from the
ArgoNeuT LArTPC can be seen in figure

Hits exist on a wire, and have a time tick position and a width o, also measured in
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Figure 5.11.: A neutrino candidate event is shown (a) after noise filtering, (b) after 1D
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deconvolution, (c) after 2D deconvolution. The horizontal axis represents
the wire number on the “U” induction plane, the vertical axis shows the
time steps of 3ps. The colour scale shows amplitude on an arbitrary unit
scale. The non-deconvolved waveform in (a) is still a bipolar signal which
alternates between negative and positive values. Figure from Ref. .
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time ticks, given by the parameters of the fitted Gaussian. The number of electrons
is obtained from a calibration factor applied to the measured ADC in the waveform.
Then the area under the curve corresponds to the charge (), which is proportional to
the number of electrons. The number of electrons will ultimately be converted to energy
after calibration.

The waveforms are not completely flat even in the absence of ionisation electrons, due
to irreducible electronics noise. For this reason, hits must have a lower reconstruction
threshold. In MicroBooNE, this threshold is determined based on several criteria: the
signal must be above the root mean squared noise by 20 the induction planes and above
30 in the collection plane; the peak amplitude must have a minimum of 1000 electrons;
and the mean amplitude of the hit must be of at least 500 electrons.

As can be seen in figure it is common for hits to be clustered together. Clusters
are reconstructed independently in each of the three wireplanes, although clusters in one
plane without a matching counterpart in one of the others are considered to be due to
electronic noise and discarded.

5.6.3. Light reconstruction

The scintillation light produced by interactions in the detector travels much faster than
the drifting of ionisation electrons. For this reason, the reconstructed information of
light signals from the photomultiplier tubes (PMTs) is crucial for precise timing of in-
teractions.

As mentioned in section the light readout from the 32 PMTs records light-
waveforms independently of the TPC system. The time and number of photoelectrons
(PE) in an interaction is reconstructed offline from the deconvolved PMT waveforms. A
flash is constructed when a group of PMTs records signals within a short window of time,
as shown in figure Flashes reveal information of the position of the interaction,
given the relative PEs recorded in each PMT, whose relative position is known.

5.6.4. The Wire-Cell reconstruction framework

Wire-Cell [96], 97] is an event reconstruction framework developed for MicroBooNE based
on 3D tomographic imaging. In a nutshell, Wire-Cell uses the deconvolved charge de-
positions which arrive at the readout planes in a narrow 2ps time window to define a
2D time-slice “image”, which is in effect a tomographic cross-section of the detector. By
concatenating the time-slices over the full readout time window, a full 3D reconstruction
of the detector activity is generated.

The most fundamental units in Wire-Cell reconstruction are called cells, which are
determined by the 2D wire overlap geometry in the detector in each time-slice. A
diagram of this geometry is shown in figure in which an individual cell is shown as
a black triangle. In the scenario depicted, signals are found in 8 U wires, 5 V' wires, and
6 Y wires. There are 55 cells contained in the region of overlap of these wires, which is
a larger number of “unknowns” than the “known” information from the 19 wires. This
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Figure 5.12.: Event display from the ArgoNeuT detector of a neutrino interaction show-
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casing the reconstruction of hits. In the topmost figure, a neutrino inter-
action is shown in which the horizontal axis is the consecutive wires of the
LArTPC, and the vertical axis is the readout time. The four figures at
the bottom show the waveforms (“raw” in black, and deconvolved in blue)
from four different wires (vertical slices enclosed by a pink contour in the
topmost figure). Gaussian fits to the waveforms are shown in orange, each
of which is considered a hit. Figure from Ref. .
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Figure 5.13.: Light flash reconstruction. The deconvolved readout from the 32 PMTs is
shown as black lines. In this example, two flashes, indicated by vertical
red lines, initiate subsequent flash windows (red shaded area). Figure from

Ref. .

represents a fundamental ambiguity introduced by having only three readout planes, as
opposed to a fully pixelated readout.

To mitigate this readout ambiguity, the entire region of overlapping wires is treated
as a unit and its cells merged in a tiling procedure. The merged cells are referred to as a
blob, shown as a blue contour in figure[5.14} and the continuous set of wires in each plane
is referred as a wire bundle (hence a blob is also defined by the overlap of three wire
bundles). This tiling reduces the number of variables fed into a following solving step,
in which a system of linear equations is constructed to solve the charge, which has been
integrated for the entire time-slice, into the respective blobs in which physical activity
has occurred.

The ambiguity in readout introduces a number of fake blobs, referred to as ghosts, in
which no true physical charge is present. The fact that there are many regions in the
detector with non-functional wires in which the tiling has to be done with only two wire
bundles significantly increases the number of ghosts in each event. In an ideal scenario,
the system of linear equations would assign its true charge to each “real” blob, and
zero charge to ghosts. However, the system of equations has no unique solution, and is
treated as an optimisation problem instead. This charge solving makes use of additional
constraints such as the sparsity of the activity in the LArTPC, and an approximation
technique known as compressed lensing to reduce computation time.

A further de-ghosting step is performed, now considering the concatenated time-slice
information in 3D space. The remaining ghosts are usually present in areas where one
wire planes is non-functional. The effects of this step are shown in figure [5.15| The
entire step process described (tiling, charge solving, and de-ghosting) is iterative, with
the number of iterations based on empirical evaluation and described in [97].
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Figure 5.14.: Diagram of a time-slice in Wire-Cell. The solid lines represent wires, with
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dotted lines on each side representing the region covered by each wire. The
triangular region of overlapping coverage by the three wires defines a cell,
one of which is shown in black, and which is the smallest unit of coverage
given the geometry of the wires. In this example, there are 55 possible
cells represented by blue squares, and the entire region of overlap in which
activity has been detected is known as a blob, and shown as the solid blue
line. Figure from Ref. .
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Figure 5.15.: Comparison of one MicroBooNE data event before (top) and after (bottom)
deghosting has been performed. The colour scale represents the relative
amount of charge in each blob. Most of the activity present is due to
cosmic rays, for which further selection is needed to remove. Figures from

Ref. .
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Figure 5.16.: MicroBooNE data event after Wire-Cell 3D clustering. Each reconstructed
3D cluster is shown in a different colour, with colours maintained across

the three views of the detector shown. The black rectangles in each view
represent the edges of the TPC. Figures from Ref. [97].

The result of reconstruction at this stage is an event-topology-independent 3D image
of the ionisation electrons, which is then used as the basis for 3D clustering (not to be
confused with the hit clusters discussed in the previous section). The goal of this 3D
clustering is creating a solid base that would allow a later “high-level” stage to separate
the activity in each event according to its physics origin, for example cosmic muons,
or individual particle states in beam-related activity such as protons, pions, electrons,
etc. An example of the final 3D clusters reconstructed in a MicroBooNE data event are
shown in figure [5.16

Finally, a many-to-many charge to light matching is performed between the 3D clusters
and the light flashes described in section The z-position of the 3D cluster at
this stage not time-calibrated, and only given by its wire readout time. Its position
is changed along this drift/time axis, and a prediction of the signals it would generate
on the PMT is done using a photon library. The prediction is then compared to the
signal recorded in the flash being compared to. A diagram of this matching is shown in
figure Typically, there are more flashes (40-50 per event) than 3D clusters (20-30),
mainly because light from interactions outside the TPC but inside the cryostat is also
reconstructed. Despite this, there still may be 3D clusters left without an associated
flash, due to inefficiencies in light reconstruction. It should be emphasised that the
isolated light-matched neutrino interaction cluster, shown in figure is only one of
many matched clusters at this stage. The removal of clusters due to cosmic activity will
be discussed in section
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Figure 5.17.: Light matching for a neutrino interaction 3D cluster. Three views of the
TPC are shown as red rectangles. The top figure also shows the PMT
arrangement, with red circles indicating the reconstructed PEs in each
PMT, a bigger circle representing more PEs. The green circles represent
the predicted PEs, given the 3D cluster being tested. We see very good
agreement between the size and position of the red and green circles, indi-
cating a match. Figure from Ref. [97].

5.6.5. MeV scale reconstruction

In recent years, there has been an increasing interest in the study of MeV-scale physics
using LArTPCs [37]. Particles at this energy scale will only travel a short distance (in
the millimetre scale) in the liquid argon before coming to a stop. This means they will
not be able to form long tracks or showers, and instead manifest as short depositions
spanning only a few wires, which are known as blips. An example of blips alongside
tracks and showers can be seen in figure [5.18

The study of MeV scale physics in LArTPCs was pioneered by ArgoNeuT [16], after
which it was quickly adopted by MicroBooNE [105-109]. The reconstruction and anal-
ysis tools for this new topology have now reached a high level of maturity in the form
of a new LArSoft module named BlipReco, dedicated to blip reconstruction and which
is described in Ref. [109]. MicroBooNE has recently demonstrated the sophisticated
energy calibration and particle identification capabilities of BlipReco in Ref. [19]. There
are many possible applications of blip reconstruction in LArTPCs [110], such as the tag-
ging of neutrons (which are by themselves invisible in a LArTPC) via the de-excitation
photons they produce [111], or the constraint of backgrounds in supernova burst de-
tection [112, |113]. They have potential application in BSM searches [114], searches for
millicharged particles in particular, as shown by ArgoNeuT [17], which acted as the main
motivation behind our search.

Blips are constructed by matching hits from different wireplanes based on wire and
time proximity. Hits are required in the collection plane (as it is used for calorimetry)
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Figure 5.18.: Simulation of a NuMI v, interaction in MicroBooNE highlighting two blips
(magenta circles), one of which has been zoomed in (magenta square).
While many more point-like depositions can be seen near the overlaid cos-
mic tracks, or in the electron shower from the neutrino interaction, the
blip reconstruction discussed in this chapter is targeted towards isolated
depositions, such as the ones highlighted.
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Figure 5.19.: Event displays of (left) electron-like and (right) proton like blips. The
electron-like blip spans 6 wires, which are denoted by dw in the figure, and
its extent along the drift coordinate is shown as dz. From Ref. .
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Figure 5.20.: Hit and blip reconstruction efficiency for different hit-forming threshold
configurations. The standard thresholds have been used in most Micro-
BooNE publications. Ref. [109], from which this figure is taken, is an
example of an analysis that uses a low-threshold hit reconstruction data
sample.

and at least one of the induction planes. The resolution and spatial extent of blips in the
YZ plane is determined by the 3 mm wire pitch, while in the drift direction X its length
and position are determined from the drift velocity and the time information of the first
and last hits comprising it. This is shown in figure [5.19] and the same information will
determine the 3D position of blips. The shortest distance to a track is recorded, as
blips due to cosmic activity are abundant, and this facilitates the removal of blips which
are within a certain distance of a track. Energy calibration for tracks and showers in
MicroBooNE is typically obtained from the charge per unit length, d@Q/dx. However, the
small spatial extent dx of blips makes this approach impractical. Instead, an “electron-
equivalent” energy is estimated using simplified assumptions, as described in Ref. [109],
which reports energy biases between 10 % and 20 % in the 0.1 MeV to 1 MeV range.

MicroBooNE’s main goal is the reconstruction of neutrinos of O(100MeV), and the
hit-forming thresholds described in subsection have been set with the aim of fa-
cilitating the identification of track and shower topologies. Blip reconstruction would
benefit from less stringent hit-forming thresholds, but as hits are formed very early in
the reconstruction stages, obtaining a sample with lowered thresholds implies the repro-
cessing of vast datasets. A sample with low thresholds was collected and analysed for the
studies in Refs. [108,|109], and the impact of the threshold on hit and blip reconstruction
efficiency is shown in figure [5.20

In our blip search channel, we will use data from Runs 1, 2 and 3 from NuMI with
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Figure 5.21.: Event display of a single-scatter mCP interaction (inside red box) alongside
overlaid cosmic from beam-off data. The view is from the collection plane,
with wires on the horizontal axis and time in the vertical axis.

the “normal” thresholds described in section [5.6.2] The sample of data processed with
lowered thresholds is from a period with no beam activity, and thus could not be used in
our search for mCPs. Using low hit forming thresholds significantly increases the number
of blips due to cosmic activity, which are a background in our search. We performed
preliminary studies which did not show a significant increase in sensitivity to mCPs
when using lowered thresholds.

5.7. Wire-Cell single-scatter reconstruction

Wire-Cell is designed to reconstruct neutrino interactions at the (100 MeV) scale
. Given the similarities between our signal and neutrino interactions containing
electrons in the final state, such as v, charge-current interactions and especially to a
neutral-current elastic electron scattering, we will apply more or less the standard Wire-
Cell reconstruction and event selection, and effectively Wire-Cell will treat our signal as
a neutrino event. In this section, we will describe Wire-Cell neutrino event reconstruc-
tion. The main difference between our signal and neutrino interactions is the generally
lower energy of our scatters, which will cause Wire-Cell to fail to reconstruct a neutrino
interaction, which will affect our signal efficiency. An event display of a simulation of a
mCP interaction with cosmic beam-off data overlaid alongside it is shown in figure|5.21
As MicroBooNE is located on the surface, one of Wire-Cell’s primary concerns is the
removal of the large number of cosmic muons present in each event while retaining the
relatively sparse v, and v, interactions. In Wire-Cell this is referred to as the generic
neutrino selection, and can achieve a rejection of 99.98% of the cosmic-ray backgrounds,
resulting in a contamination of only 14.9% of events (9.7% when above 200 MeV of
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visible energy) while retaining 87.6% efficiency for inclusive v, CC interactions [6§]. An
example of the application of this selection to one event is shown in figure Minor
adjustments to this selection will be noted as relevant and summarised in subsection [6.2
when discussing event selection.

5.7.1. Generic neutrino selection

The first step in the selection is to remove all the activity outside the beam spill time
window. This is accomplished by matching charge depositions in the TPC to flashes
reconstructed by the light-collection system, which have precise timing information; then
removing TPC activity which is outside the beam window. This matching is described
in detail in Ref. [97], and a summary has been given in section m

The remaining clusters are in-time with the beam-spill, and could be produced by the
interactions of particles originating from the beam, light-mismatched events (LMM), or
cosmic tracks which are randomly coincident with this time window. These cosmic tracks
can be further subdivided into through-going muons (TGM), which cross the entirety
of the TPC, or stopped muons (STM), which enter through one face of the detector
but stop within the active volume. In what follows, we will present the main concepts
of the generic neutrino selection, whereas a more technical description can be found in
Ref. [68].

A cluster is identified as a TGM by finding its highest and lowest points in the three
coordinates x, y and z, and checking that both extreme points lie at the boundaries
of the TPC. The boundary considered must take into account the space charge effect
(SCE), which distorts the electric field and thus affects the drifting of electrons to the
wires. The SCE creates an “effective detector boundary”, which manifests as a reduction
from the active volume as defined by the wireplanes and cathode plane, increasing with
the distance from the anode plane. This effective boundary is shown in figure [5.23
alongside an example of a TGM. An extra 3 cm cut is applied on all faces of this volume,
which defines the fiducial volume of the detector. A cluster is defined as fully contained
(FC) if all its extreme points lay within the fiducial volume. We will require our events
to be FC, which is not something required in the generic neutrino selection.

Stopped muons (STMs) can be distinguished from beam activity thanks to the fact
that they will exhibit a Bragg peak (increased d@Q/dx) as they stop; this is a telltale
sign of a track that is at the end its trajectory (as opposed to starting it, as it might
do if its origins were due to a neutrino interaction). To identify a Bragg peak, the 3D
imaging information from Wire-Cell is projected onto the 2D space of the wire planes,
and a series of Kolmogorov-Smirnov [116} [117] (KS) tests against the Bragg-peak/flat-
MIP hypotheses. An example STM that was identified in MicroBooNE data using this
procedure is shown in figure

While a first pass of light-to-TPC charge matching has already been performed to
remove the out-of-beam-time activity, the reduced background now allows for a second,
more careful pass to remove light-mismatched (LMM) events. The majority of LMM
events arise from low-energy activity, which are typically small, point-like clusters with
low light intensity. The generic neutrino selection records whether an event is classified
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Figure 5.22.: Example event display showing the reconstructed TPC activity (a) before
and (b) after generic neutrino selection is applied. Most of the activity
in the top figure has been categorised as cosmic interactions, and a single
neutrino-interaction candidate remains in the bottom figure. Source: Ref.
[115].
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Figure 5.23.: Example of a through-going muon (TGM) in MicroBooNE data. The left

panel shows a side view of the TPC, where the thick blue line within the
detector corresponds to the TGM. The red circles drawn inside the de-
tector represent the flash information observed using the light-detection
system, while the green circles outside indicate the predicted flash infor-
mation, based on the charge depositions. The right panel shows the TGM’s
endpoints crossing both sides of the effective detector boundary (dashed
red lines) in the z—y plane. Source: Ref. [68].
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Figure 5.24.: Example of a stopped muon (STM) in MicroBooNE data. Fig. (a) shows

the side, end, and top views of the MicroBooNE TPC, where the thick red
line contained within is the STM. The red circles drawn inside the detector
represent the flash information observed using the light-detection system,
while the green circles outside indicate the predicted flash information,
based on the charge depositions. Fig. (b) shows the charge deposited per
unit length as a function of track position. Source: Ref. .
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as low-energy, and separately tracks the minimum cluster length. In our selection, we
lower the minimum cluster length threshold from 15 cm to 0 cm, but we retain the veto
on low-energy events, despite the significant impact on our signal efficiency. This is
necessary because an event may have a cluster length of 0 cm but still not be classified
as low-energy. By doing this, we aim to remove low-energy point-like clusters, which are
better targeted by our dedicated tools in the blip channel, where we have more effective
and well-validated methods for background rejection.

Another potential cause of LMM events is that light produced near the cathode plane
has a lower reconstruction efficiency, as it is the furthest from the light-detection system.
To identify them, a KS test is performed between the predicted and observed light pat-
terns. If the result of the KS test is extremely low, the cluster is immediately discarded;
if it shows only a small disagreement, the cluster is checked against other flashes [68].
Let us remember that TPC clusters obtain their timing information, and therefore their
x position, only when matched to a flash; hence, as the matching of different flashes are
tested, the x coordinate of the clusters as a whole are tested. Now that the effective
detector boundary has been calculated in a previous step, these clusters can be tested
against the TGM or STM hypotheses. In the absence of any flashes matching the clus-
ter, the cluster is moved in the x direction to find whether it matches the edges and be
classified as a TGM. In the absence of a match, it is assumed that the flash was lost.

5.7.2. Wire-Cell 3D pattern recognition

After applying the generic neutrino selection, the cosmic-ray backgrounds have been
greatly reduced and a more sophisticated 3D pattern-recognition stage can be performed.
The main goal of this final selection is a full reconstruction of the “particle flow” of a
neutrino interaction, meaning the identification of all final state particles from the 3D
clusters, including their kinematics and parentage relation. The methods summarised
here are described in full in Ref. [115].

The first step is to reconstruct the neutrino vertex. A vertex is a point at which many
different clusters converge, and vertices can be categorised as either the neutrino (also
called primary) vertex — produced by the initial neutrino interaction — or secondary
vertices, which arise from subsequent interactions of particles generated in the initial
event. As the neutrino is the originator of the entire interaction, all the energy, mo-
mentum, and the type of secondary particle generated will depend upon it, thus finding
its vertex is fundamental for particle flow reconstruction. The neutrino vertex is found
using two different methods: a “traditional” series of pattern-finding algorithms, and a
deep-learning (DL) based method.

Traditional vertex reconstruction relies on knowledge of neutrino interactions. For
example, the primary vertex tends to be more upstream and have more tracks connected
to it. Second, the fact that the initial particles in the interaction (the neutrino and argon
nucleus) are invisible, means that all particles will seem to “travel out of” the primary
vertex, whereas in a secondary vertex some may travel towards it. To determine the
direction a particle is travelling, the identification of clusters as either tracks or showers
is made at this point. The travel direction in tracks can then be determined by a Bragg
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peak, while showers will widen in their travel direction.

The DL method uses a regressional segmentation network which takes as input only
the voxelised position and charge of the clusters and outputs a single “confidence value”
whose value becomes larger closer to the primary vertex [115]. The DL method shows
improvements over the traditional method, however the final vertex selection is made
using a hybrid method. If the vertex found using the traditional method lies within
2 cm of the DL-based one, the DL vertex is used; otherwise, the traditional candidate
is retained. This approach accommodates the existing pattern recognition workflow,
which still relies on many non-DL methods. However, it is expected that Wire-Cell will
continue to incorporate more DL-based techniques in future iterations.

Once the vertex is found, the particle flow tree is reconstructed. Starting from the
primary vertex, the electromagnetic (EM) showers are clustered from what are initially
multiple smaller 3D clusters. Second, neutral pions are reconstructed. Around 99 % of
the time 7¥s decay to a pair of photons, and the reconstruction of their invariant mass
can be used to validate the EM energy reconstruction itself. They have also been used to
constrain the background in single EM shower searches, such as in v, CC interactions [44]
and single photon events [43]. Neutral current interactions could produce a single 7% and
no additional visible products in the event, in which case the primary vertex is likely to
have been erroneously connected, therefore a dedicated algorithm exists to test for this
case. During this step, Wire-Cell applies a variety of specialised “taggers”, designed to
classify clusters according to their origin, such as cosmic rays, neutral pions, and other
common background or signal sources.

Track reconstruction (for muons, charged pions and protons) has been done during the
traditional neutrino vertex finding stage, which completes all possible final state particles
commonly expected in MicroBooNE. With the particle flow tree from the neutrino vertex
completed, the neutrino energy is obtained from the sum of the kinetic energy of all
particles in the particle flow tree, adding the masses of each muon, pion, or electron
present, and a binding energy of 8.6 MeV per proton identified. Finally, Wire-Cell uses
the information from its many taggers and the reconstructed kinematics of the interaction
as input to a number of boosted decision trees (BDTs) which assign the interaction a
probability of being a v, or v, interaction. BDTs will be described in section as we
will use this tool ourselves to classify events as originating from a mCP interaction.

5.7.3. mCP signal event reconstruction

In each event, Wire-Cell will first try to find a neutrino event candidate by looking
for light-charge matched clusters in time with the beam time window. In a very small
fraction (< 0.1 %) of our signal events, our generated electron scatters will fail to deposit
any energy in the detector. It is also possible that Wire-Cell is not able to find a neutrino
candidate in our signal events, for example due to light flash misreconstruction. Finally,
it is possible that Wire-Cell does find a neutrino candidate, but which is due to the
cosmic activity overlaid alongside our generated electron scatter, in which case it should
be considered a “bad match”. We show the fraction of events which pass this first series
of tests in figure Here we see that around 30 % of our events will generate a flash
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Figure 5.25.: Fraction of events in which the scatter electrons deposit energy, Wire-Cell
is able to find a flash-charge match in time with the beam, in which those
matches are due to our signal instead of cosmic activity. The fractions for
different masses are shown with different markers and colours, and they
are offset within their bins for better visualisation.

and charge signal that Wire-Cell is able to match to beam time, i.e. a “good beam
match”.

The reconstruction and selection efficiency of single electron scatters from a mCP
signal of 15 MeV is shown in figure[5.26] We will discuss the effect of the selections applied
in section but for now we use this to justify our choice of a simulation threshold of
20 MeV, as the efficiency at this point is (1.49 £ 0.09) %, especially considering that the
efficiency further decreases for higher values of m,,.

In events in which a neutrino interaction has been successfully reconstructed, the
reconstructed energy and vertex position is similar to that of the true electron scatter
values, as shown in figure [5.27] The reconstructed energy shows a cut off below 20 MeV,
as this is the lowest energy we simulate in this channel. It also shows some bias towards
higher energy, but ultimately this is not important as the energy will not be an input for
our multivariate search, we only care that a neutrino interaction has been reconstructed
with some accuracy, and figure [5.27] shows that for a large population of events, it has.

The comparison between true and reconstructed vertex positions in the three coordi-
nates is also shown in figure where we observe that, in the vast majority of events,
the vertex position is well reconstructed, as indicated by the dense population of events
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Figure 5.26.: Reconstruction efficiency for different values of truth electron scatter en-
ergy, for different minimum recoil energy, while maintaining all other sim-
ulation parameters. Event selection has also been applied. Left shows the
detail at low energy ranges, using a logarithmic scale in the vertical axis.
Right shows the efficiency in the high energy range, where fluctuations at
the highest energies are due to the limited simulation samples used. The
error bars are from statistics only.

along the diagonal. In all three coordinates we observe tails in the 2D histograms: in x
and z these tails appear above the diagonal (i.e. reconstructed values are biased high),
while in y, the tails are more symmetric around the diagonal. This can be explained
by cases where a secondary vertex is misidentified as the primary one. The asymmetry
between the z/z and y coordinates can be understood by considering the NuMI beam’s
incidence angle, with Onuvir = 27.46° and ¢gnuvt = 6.20°, corresponding to a unit vector
of approximately (0.46,0.05,0.89) in Cartesian coordinates. As the scatter electron tends
to be forward-going along this direction, reconstruction biases are more pronounced in
x and z, whereas the smaller y component results in a more symmetric distribution of
vertex differences in that coordinate.

We also observe a population of events where the vertex has been reconstructed with
a significantly higher z value (over 50 cm above the true value), as well as populations
at the extreme y values (i.e., near the top and bottom of the detector). Both features
can be explained by artifacts introduced by the effective detector boundary, discussed
in section and illustrated in the right panel of figure This effective detector
boundary is implemented in Wire-Cell to account for electric field distortions caused
by the space charge effect. Finally, we observe a horizontal band of events in the z
around 700 cm, and a smaller one around 400cm. These correspond to regions non-
functioning wires in the collection plane. As described in section , such areas lead to the
reconstruction of a large number of fake blobs (or ghosts) in Wire-Cell.

Wire-Cell reconstructs the shower momentum in the (z,y, z) coordinates, from which
we construct the (6, ¢) angles and compare them to those of the orientation from NuMI
Onumr = 27.46° and ¢nuvr = 6.20°. This is shown in figure One limitation is that,
in the configuration used, Wire-Cell will not reconstruct showers with a kinetic energy
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Figure 5.27.: Reconstructed neutrino energy and vertex compared to the true scatter
electron energy, after mCP event selection.
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5.8. Blip multiple-scatters reconstruction

below 70 MeV, as seen in the bottom panel in figure Nevertheless, the associated
charge depositions are still used to reconstruct a neutrino interaction, and the events are
not discarded.

We observe that the reconstructed shower angles for a large population of events is
well reconstructed, and centred around the expected values, with some smearing due
to the non-zero angle of the electron scatter with respect to the mCP. The top panels
in figure display a zoomed-in view, focusing on the angular region around these
main populations around the diagonals. However, the full distributions extend beyond
this range, and both 8 and ¢ exhibit long tails spanning the full angular range, from 0°
to 180° in # and —180° to 180° in ¢. These extended tails, not shown in figure [5.28]
are likely due to events in which cosmic activity was misreconstructed as the primary
neutrino interaction.

In the top panels, we can observe two populations for the truth shower angle. This can
again be explained by the small vertical (i.e. y-axis) component of the mCPs incidence di-
rection. Since electron scatters are generated at angle with respect to the trajectory of the
mCP, the relatively large components in the x and z coordinates smooth out any bimodal
structure. In contrasts, the small ¥ means that deviations are more impactful, allowing
a clearer separation into two populations. This explains why the effect is more notice-
able in the ¢ angle, which depends on the ratio ¢ = arctan (y/z) and is therefore more
sensitive to variations in y. Meanwhile, the polar angle § = arccos (z/+/x2 + y? + 22) is
dominated by the large z component and less affected by changes in y, leading to less
visible structures.

5.8. Blip multiple-scatters reconstruction

The reconstruction efficiency of blips has been studied in Ref. [109] and is shown in
figure We observed the same results in our simulation, and chose to use a minimum
recoil energy E™™ of 0.5MeV, which has an efficiency of 17.5%. The signature we
target with this channel is of multiple blips aligned with the detector target, as blips
by themselves have no directional information, so as we need to reconstruct at least two
blips, this lowers our event efficiency to 3 %. Figure only shows the efficiency in the
lower blip reconstruction range, but as the scatter electrons become too energetic the
depositions start to become more track-like in nature, lowering the efficiency. We show
the high-end energy range of blip reconstruction efficiency in figure If we combine
this information with the reconstruction efficiency obtained for Wire-Cell, we identify
a “blind spot” in reconstruction efficiency, shown in figure [5.30] although it should be
emphasized that in the case of Wire-Cell this efficiency already includes the effects of
event selection, and Wire-Cell parameters were not optimised for low-energy searches.
The blip position distribution of signal and background blips along the x coordinate
and the YZ plane is shown in figure where we have used a signal sample with a mCP
mass m, of 100MeV. As previous studies have shown [19} 106, 107], there is an increased
number of blips in the positions of the G-10 ribs used to support the field cage tubes.
These hot-spots of activity can be seen in the YZ plane in the background distribution
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Figure 5.28.: Comparison between the true (simulated) and reconstructed shower angle
orientations (top panels), and between between true shower energy and the
reconstructed neutrino energy (bottom panel), for mCP signal sample.
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Figure 5.29.: Upper energy range of blip reconstruction efficiency, compared to figure
We see a dropoff for blips depositing over 5 MeV, as they start to
resemble short tracks.
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Figure 5.30.: Reconstruction efficiency of single electron scatters using either BlipReco
or Wire-Cell (blue and green, respectively). The width of the band repre-
sents the uncertainties due to statistics. Wire-Cell reconstruction efficiency
reaches a plateau above the energy range shown.
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5. Simulation and reconstruction

near the top and bottom of the vertical y axis. These hot-spots are a prime candidate for
removal due to their decreased signal-to-background ratio. We also see that BlipReco
saves the entire readout window, which extends beyond the main drift window. We only
simulate mCPs in time with the beam spill, therefore we can remove blips outside this
range. We will come back to this when discussing event selection in section but
for now we will continue discussing blip reconstruction without applying any selection
to them.

Each event in MicroBooNE has on average around 85 background blips, as shown
in figure In this figure, we also show the number of reconstructed signal blips
compared to the number of truth blips. The simulation parameter we used calls for at
least two electron scatters, with a small probability of more than two scatters occurring.
However, we see a large range of “truth blips” in the right panel of figure |5.32] The
primary electron scatters are not in a one-to-one correspondence with the truth blips.
On the low primary electron energy range, their depositions may have a low efficiency,
resulting in fewer than two truth blips per event. In the high scatter range, their de-
positions may be more resemblant of tracks or showers, in which case none or multiple
blips may be reconstructed. We observed a small fraction of events in which there are
hundreds of truth associated blips, well outside the range shown in figure It is
this truth-association information which must be used in obtaining an efficiency, as was
shown in figure [5.29] This effect can also be seen in the reconstructed energy, as shown
in figure [5.33] The figure shows values of truth energy below the minimum recoil energy
of 0.5 MeV used, as the primary scattered electron may produce additional low-energy
depositions.

The main advantage of using LArTPCs to study blips is the millimetre-scale spatial
resolution allowed by the wire spacing, which we can use to look for blips aligned with
the NuMI beam target. A blip by itself has no orientation, which is why we need multiple
blips. As will be explained in detail in section |6.4] we will consider blip-pairs to make the
final selections, where the pair orientation is given by the angles of the line connecting the
blips. We use the angles (6, ¢) in MicroBooNE coordinates, the distributions of which
are shown in figure for truth, reconstructed signal, and background blips. By signal
pairs we mean that both blips in the pair are associated to the primary simulated electron
recoil, whereas for background pairs neither of them are. There is an extra “mixed” case
in which one of the blips is from signal and one from background, which will be explored
when making selections on the pairs. For now, we note that the truth signal is very
highly focused on a single bin in angle space around the angles of the vector pointing
from the NuMI target towards MicroBooNE, Onuvt = 27.46° and ¢numr = 6.20°. Those
pairs whose orientation is not in this bin or an adjacent one are distributed uniformly.
These correspond to secondary low-efficiency blips, and we can see in figure that
they are not reconstructed. The background blip-pair distribution in figure shows
features due to the geometry of the detector. A small ¢ angle indicates that both blips
are on the same horizontal plane rather than vertical, while a small 6 angle indicates
small deviation from the Z axis, both of which are explained from the detector being
much longer in the Z direction.
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Figure 5.31.: Distribution of signal (top left) and background (top right) blips in the
YZ plane. On the YZ plane the dead wire regions are visible through
decreased reconstruction. The background distribution shows “hot spots”
of activity as high as 500 blips per bin around the positions of G-10 struts.
The bottom figure shows the distribution of signal and background blips
along the drift direction. We see that blips are reconstructed through the
entire readout window but signal is only present in time with the beam,
hence on an effectively shorter x distribution. Signal blips decrease further
from the anode (higher z) due to detector effects.
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5. Simulation and reconstruction

5.9. Backgrounds

The main backgrounds in both search channels will be cosmic activity and beam neutrino
interactions. Our single low-energy electron scatter channel has the same signature as
electron-electron neutrino elastic scattering v, + e~ — v, + e~. Ultimately, it is the
low energy of our signal which will help us remove most other neutrino backgrounds
in the single scatter channel, at which point cosmic activity that was not correctly
removed by Wire-Cell becomes the dominant remaining contribution. The reconstructed
shower angles and energy distributions of these backgrounds are shown compared to
truth information (from neutrinos) in figure The angle reconstruction, shown in
the top panels, shows a large population around the diagonal, indicating good agreement
between truth and reconstruction. We also observe that the angular distribution is much
more wide, compared to that of mCPs which are very focused on the angle of incidence
from NuMI. Events away from the diagonal are likely cases where cosmic activity has
been mistakenly included in the shower reconstruction, affecting the shower direction. In
the bottom panel, the reconstructed neutrino energy is uncorrelated from the diagonal.
This is expected, as neutrino interactions typically involve more complex topology than a
single shower. Additional components, such as tracks or secondary showers not targeted
in this selection, contribute to the total reconstructed energy, leading to discrepancies
between these different axes.

In the multiple scatter channel, the condition of alignment with the beam target will
remove most neutrino backgrounds, as even if a neutrino originates from the NuMI beam
target, it is unlikely that the blips produced by it will retain this alignment. The NuMI
beam has a significant v, component, which could be a potential background if other
hadronic activity is not reconstructed correctly. Neutral current v, interactions can also
produce an electron in the final state. Photons initiated showers can be distinguished
from electron showers thanks to the profile of energy deposited at the start of the shower.

To simulate neutrino interactions, we use the GENIE v3 event generator [100, |118].
This simulation uses a set of parameters to match data from neutrino interactions from
the T2K experiment [119], commonly referred to as the “MicroBooNE tune” of GENIE.
The simulation contains the full range of v, and v, interactions expected from the NuMI
meson flux, and has been used in numerous MicroBooNE NuMI based analyses|62-65].

5.10. Monte Carlo and data samples

For the single scatter search, we will generate samples of 12 different values for the mCP
mass m,, between 15 and 400 MeV, which will go through the entire analysis chain.
In chapter [6] we will describe the use of a boosted decision tree (BDT), which needs
to be trained and validated over a large sample of signal and background. The size of
the signal samples is of around 100000 training events and 10 000 validation events, per
mass point. All of these signal events are overlaid with beam-off data from cosmic rays,
as described in section We will use the same signal samples for all Runs and horn
modes (FHC and RHC).
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Figure 5.35.: Comparison between the true (simulated) and reconstructed shower angle
orientations (top panels), and between true shower energy and the recon-
structed neutrino energy (bottom panel), for the GENIE neutrino sample.
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5. Simulation and reconstruction

We will use beam-on data from MicroBooNE Runs 1, 2, and 3. Runs 1 and 2 can
be divided into FHC and RHC components, while Run 3 only has data in RHC mode.
The beam-on data POT for each Run is shown in table where we also show the size
of the GENIE MC simulation sample, which is a different sample for each Run/horn
mode configuration. We also show the scaling factor applied for each Run/horn mode.
The GENIE simulation is also overlaid with beam-off cosmic data, and when showing
its distribution in histograms, we will separate it into “GENIE v”, which is neutrino
interactions exclusively, and “Cosmics”, which is due to the overlaid beam-off data. The
“dirt” sample is a simulation of neutrino interactions which occur outside the cryostat
but whose final state particles enter the TPC volume. This will only contribute a small
fraction of the background, as we are selecting only events that are fully contained, and
the neutrino vertex is outside the TPC which means that Wire-Cell will most of the
time ignore them. We do not use the dirt samples for BDT training. As of the time of
writing, we do not have a dirt sample for Run 1 RHC available.

Table 5.1.: Normalisation of Monte Carlo samples used for each Run period

Sample POT Scaling
Run 1 FHC Data 1.98 x 1020

GENIE 1.12 x 10?' 1.78 x 107!

Dirt 6.15 x 100 3.23 x 10!
Run 1 RHC Data 5.96 x 1019

GENIE 8.69 x 10?° 6.86 x 1072
Run 2 FHC Data 1.28 x 1020

GENIE 1.08 x 102! 1.19 x 10!

Dirt 1.37 x 100 9.38 x 107!
Run 2 RHC Data 2.30 x 10%0

GENIE 9.97 x 1020 2.31 x 107!

Dirt 1.07 x 100 2.15
Run 3 RHC Data 4.56 x 10%0

GENIE 2.70 x 102! 1.69 x 10!

Dirt 9.05 x 1020 5.04 x 107!

In addition to the cosmic backgrounds overlaid in the GENIE sample, an extra “beam-
off” sample, which contains only events triggered when the beam is off, is used (also
known as the EXT trigger). This is to account for events in which the detector was
triggered by cosmic activity, with no neutrino interactions present. These samples are
only divided on a per-Run basis, and do not distinguish between horn current modes, as
no beam activity was present. For the same reason, they cannot be normalised to POT;
instead, they are normalised by dividing the number of triggers when the beam was on
by the number of triggers when the beam was off.

For NuMI, only a fraction of the beam-off triggers are actually stored. This fraction
(known as prescale factor) changes on a run by run (lowercase r, meaning a single data
taking session of a few hours at most) basis, and it has to be accounted for when obtaining
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5.10. Monte Carlo and data samples

the total number of EXT triggers. The number of EXT triggers is much larger on Runs
2 and 3, thanks to an increase in the available computing resources, which allowed
MicroBooNE to collect more beam-off data.

For the multiple-scatter channel, our signal simulation samples contain approximately
30000 events per mass point, and an additional 30000 events for validation. Initial
Monte Carlo studies indicated that our sensitivity is significantly lower than in the
single-scatter channel; therefore, only a small subset of beam-on data, corresponding to
2.786 x 1019 POT, is used. As such, we present results for this channel as a sensitivity
estimates only.
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6. Selection and BDT training

In this chapter, we will describe the selection applied to the events. We use our Monte
Carlo signal and background samples to train a boosted decision tree (BDT) in each
search channel. After training, the BDT is applied to independent samples, includ-
ing data, to obtain an output score, which has prediction power on whether an event
is background- or signal-like. The resulting distributions of BDT scores are recorded
as histograms, which alongside their uncertainties will be passed onto a limit setting
framework to obtain a final result.

In section we will describe the general principles behind BDTs as they are com-
monly used in experimental particle physics, along with the main parameters used in
our training. We then take separate looks at both our signal channels. In section
we detail the event selection in the Wire-Cell single-scatter channel, and describe the
BDT in section After this, we move to the two-blip channel and describe the event
selection in section and its BDT in section We end the chapter with a brief
summary in section [6.6] which reiterates the main results obtained, which are histograms
of high scoring events in each BDT which we will use to set exclusion limits.

6.1. Boosted decision trees (BDTs)

A boosted decision tree (BDT) is a machine learning tool used for classification, which
has become commonplace in experimental high energy physics data analysis [120]. It
consists of a series of algorithms which through an iterative process known as training
can learn to distinguish between different types of data (in our case a binary classification
between signal and background) based on multivariate information present in each event.
BDTs are computationally efficient, can handle a large number of variables, and their
results can be interpreted in terms of the physics variables used as inputs. We will use
BDTs to predict whether the data events recorded by MicroBooNE correspond to a mCP
signal or one of the background samples we consider in each of our two search channels.

BDTs are based on decision trees, an algorithm which uses the information from
multiple variables of an event before deciding on a classification, rather than using a
singular criterion |121]. A diagram of this concept is shown in figure At each node
of the tree, a binary decision is made based on the unbinned sorted values of one variable.
Based on this decision, the event is split into two different branches, after which it may
encounter more nodes, or reach a leaf, where a classification decision is made, usually in
the form of a probability. In the case of binary classification this score s will be a value
in the range 0.0 < s < 1.0, although it is common to present these results using a logit
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6. Selection and BDT training

transformation

logit(s) = log <1 - S) , (6.1)

which has the effect of “spreading out” values that are very close to either 0.0 or 1.0.
The maximum number of nodes that any event goes through before reaching a leaf is
known as the tree depth.

In machine learning, boosting refers to the use of a collection of weak classifiers, which
are more error-prone and may only perform slightly better than random guessing, but
are easy to construct. These weak classifiers work together iteratively to build a strong
classifier, which has better performance and a smaller error rate, but is harder to con-
struct from fundamental principles [120]. In the case of BDTs, this means the use of
multiple decision trees in an ensemble, with each new tree using the results from the
tree ensemble as input, in addition to the multivariable data from the events. For ex-
ample, the commonly used AdaBoost [122] (Adaptative Boosting) family of algorithms
adds emphasis on events which have been misclassified by one tree by weighting these
events more heavily when passed onto subsequent trees, with the aim of reducing the
misclassification rate. In gradient boosting [123], the goal is to minimise the loss function
in a gradient-like manner, by adding new decision trees in sequence which improve upon
the errors of previous ones.

One issue commonly encountered in machine learning is overtraining. A BDT suffers
from overtraining when it performs well on the training samples but is not capable of
making accurate predictions on new ones. This may be due to the BDT having become
too familiar with the training set, and basing its predictive power on very specific features
which may not be present in more general data. Overtraining can occur if the model is
too complex (for example if trees have too many nodes), there is insufficient training data,
or too many iterations are used. One recent variant of gradient boosting, DART [124]
(Dropouts meet Multiple Additive Regression Trees), attempts to alleviate overtraining
by randomly dropping trees from the ensemble in each iteration. This results in the
effects of the first trees in the ensemble not becoming overwhelming, and allowing newly
added trees to contribute more significantly to predictions, even after many iterations.
As a result, DART training can take longer, but it provides very powerful results.

6.1.1. XGBoost

XGBoost [125] (eXtreme Gradient Boosting) is an open-source gradient boosting library
that is highly scalable, supports parallel computing, is capable of running on GPUs, and
can be interfaced through many programming languagesﬂ It gained attention in the high
energy physics (HEP) community after its adoption by a number of teams participating
in the 2014 “Higgs Machine Learning (ML) challenge” [126], which earned its creators
the “HEP meets ML” award, in recognition of its potential benefit for HEP. Since then,
XGBoost has become a widespread tool used in many particle physics searches, in par-
ticular BSM searches in MicroBooNE [61-64]. We use the DART algorithm of XGBoost
version 2.1.2 to train a BDT in each of our channels.

'In this work we used the Python implementation.
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Figure 6.1.: Structure of a simple decision tree of depth two, illustrating a binary classifi-
cation using two variables for a sample of background (red) and signal (blue)
events. Events begin at the top node, where a split is performed based on
the “Distance to nearest track” variable. Depending on whether the value is
below or above a threshold (chosen to maximise signal-background separa-
tion), the event proceeds to one of two branches. Each branch then performs
a further split using the ¢ angle. The final nodes, or leaves, are represented
as pie charts showing the signal-to-background ratio within each leaf. This
ratio determines the BDT score assigned to any event ending in that leaf.
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Many aspects of the training can be configured via a set of parameters. The values we
use in training only differ slightly between channels, so we present a brief description of
the main ones which we have tuned in table Any XGBoost parameters not shown
in this table have been left in their default values in both channels. We aimed to keep
the maximum tree depth small, preferring to do multiple iterations with smaller trees.
One of the notable features of XGBoost is their use of an approximate algorithm for tree
learning, which can handle very large datasets efficiently, and is described by the authors
of XGBoost in Ref. [125]. We use this approximate method by setting the tree_method
parameter to hist.

We use a fraction of our training samples to perform evaluation of the performance
of the BDT during training (this subsample is then known as testing sample). Different
metrics can be evaluated during training, which can be used to stop the iterations if
no further improvements are seen. In practice we will consider multiple such metrics,
which allows us to set the initial number of iterations to a very large value (say, 1000
iterations), and let the training run until reaching this point of diminishing returns, after
which we select the best iteration as our model.

Table 6.1.: Main parameters used in XGBoost BDT training.
BDT parameter Description
Tree parameters
Maximum tree depth Maximum depth of the decision trees

Learning rate (7) Weight given to new trees added to the model,
effectively slowing learning
Objective Logistic regression for binary classification
Gamma Minimum loss reduction to make a new partition at a node
Subsample Fraction of the training data used in each step
Tree method Tree construction algorithm
DART parameters
Drop rate Fraction of previous trees to drop
Skip drop Probability of skipping the dropout procedure

6.2. Wire-Cell single-electron selection

Our event selection is based upon generic neutrino selection (GNS), which we have
discussed in section we will briefly summarise it here and discuss the modifications
applied for our analysis. First, we require a light flash matched to a 3D charge cluster in
time with the neutrino beam time. As we have seen many of our signal events fail this
selection, and many events which pass it do so thanks to a “bad match” due to cosmic
interactions instead of our signal. In real data we have no way of knowing whether a
match is good or bad, thus in this section we will discuss selections only based on our
“good matches”, i.e. our mCP signal.

In GNS, the matched cluster must not be in a region with too many dead channels,

128



6.2. Wire-Cell single-electron selection

and it must not be tagged as either a through-going muon, stopped muon, or as a light-
mismatched cluster. The cluster must not be tagged as low-energy. We make no changes
in these selections, compared to GNS. In GNS, a minimum cluster length of 15cm is
required, however we will relax this restriction to allow for cluster lengths of any length
greater than 0cm, which only removes point-like clusters which we are targeting with
our blip channel. We also require the candidate cluster to be fully contained. Although
this is not a part of GNS, it is a selection criterion used in most other neutrino analyses
to exclude events that would be poorly reconstructed. Finally, we require that a neutrino
interaction is successfully reconstructed.

A summary of our event selection is shown table alongside the generic neutrino
selection, which also highlights our departures from it. The efficiency of each selection
applied individually upon our millicharge signal is shown in figure Note that the
efficiencies shown here are applied over good beam matches. The “Event type” selection
which we have not so far mentioned and shows an efficiency of 1 is a Wire-Cell consistency
check, which never fails in our signal.

Table 6.2.: Selection criteria applied to our millicharged particle (mCP) signal in the
Wire-Cell single electron scatter channel. The generic neutrino selection
(GNS) is also shown, with items in red highlighting our departures from
it. Selection criteria marked as “True” must fulfil the condition described,
while those labelled “False” indicate that events are rejected if they fulfil
it. A dash indicates a selection is not applied for this variable. We show a
shorthand name which will be used in the labels of figures.

Shorthand Description mCP sel. GNS
Beam match Light-charge match in time with beam found True True
Dead channel Candidate is in region with too many dead channels False False
Event type Valid cluster classification #0 #0
FC Candidate is fully contained True -
TGM Tagged as through-going muon False False
STM Tagged as stopped muon False False
Low energy Tagged as low-energy False False
Cluster length ~ Minimum cluster length (cm) >0 > 15
Light mismatch Tagged as light-mismatched False False
v Teco. Reconstructed neutrino energy (MeV) >0 -

We see in figure that only three selections significantly reduce our efficiency: the

low energy, cluster length, and v reconstruction requirements. These three selections
however are highly correlated, as shown in figure for two examples of mCP masses of
100 MeV and 350 MeV. In these 2D histograms, we show the fraction of events passing
the selections on the horizontal and vertical axes simultaneously, normalised to the
separate efficiencies in each axis, F; and Ej respectively, as 1/,/E;F;. We find that the
correlations are similar across all simulated mCP mass points.
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Figure 6.2.: Effect of individual selection criteria upon our signal efficiency for the differ-
ent mCP mass simulations. The markers for different mass points are offset
in the horizontal axis for easier visualisation.
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Figure 6.3.: Correlation among any two selection criteria for simulations of (left) a
100 MeV and (right) a 350 MeV mCP. The joint selection efficiency in the z
axis is the fraction of events passing the selection criteria in the horizontal
and vertical axes simulatenously, normalised to the product of their individ-
ual efficiencies.
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6.3. Wire-Cell single-electron BDT

6.3. Wire-Cell single-electron BDT

We apply the mCP selection to our signal and background training samples, and use the
selected events to train a BDT in XGBoost. In the following subsections we will detail
some aspects of the training, and the resulting BDT-score distributions, which will be
used to set limits on the signal.

6.3.1. Wire-Cell single-electron BDT training

The signal used for training is a combination of all the mCP signal mass points. This was
done to increase the robustness of our BDT via a bigger training sample, as we did not
observe fundamental differences on the kinematics of the scatter electrons for different
mCP masses. We separated the training samples in a 2:1 ratio for training and testing,
which allows for a sufficiently large testing dataset while still having a robust training set,
with a total of around 115000 signal events are used for training, 57000 for testing. In
addition to the training and testing samples, we use a sample containing an independent
set of Monte Carlo simulation events, not involved in BDT training, which we refer to
as the validation sample. This sample helps prevent biases due to overtraining, and the
histograms shown in this section are always derived from this validation sample. The
size of the signal validation sample is of around 20 000 events, spread across the different
mass points.

We also used 46 000 events from GENIE neutrino event generator as background, and
around 3600 events of beam-off data to train against purely cosmic-induced backgrounds.
For validation of the neutrino and cosmic samples, we used the simulation and beam-off
data from different run periods — and thus are also independent samples, not involved in
the training — and found no significant overtraining. The number of cosmic background
events used for BDT training, which come from both the “EXT” beam-off sample and
bad matches in the GENIE neutrino sample, is the lowest. This is because generic
neutrino selection, which is the basis of our event selection, removes the vast majority
of cosmic activity. The dirt sample was not used in BDT training.

We used 228 variables from Wire-Cell for training, comprising all variables containing
physics information, with only bookkeeping variables (e.g. event number, run number)
excluded. In addition to the final particle flow of a full neutrino interaction reconstruc-
tion, Wire-Cell also stores lower-level information from many of its “taggers” which were
used in the neutrino vertex finding and full event reconstruction. Given the very large
number of variables used in training, we reduce the complexity of the BDT by using
a small maximum tree depth of 3, as an excessively complex model may lead to over-
training. We will only discuss here the 10 most important variables under two different
metrics, total gain and weight, which are shown in figure Total gain refers to the
cumulative improvement in the loss function (i.e. how much the model’s predictive ac-
curacy improves) from all splits where the variable is used. Weight refers to the number
of times that a variable is used to split the data across all trees in the ensemble. While
gain reflects how useful a variable is in reducing error, weight captures how frequently it
is used during training. The absolute numbers shown in figure correspond to inter-
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Figure 6.4.: Bar charts of the most important training features for the Wire-Cell BDT
in terms of (left) total gain and (right) weight.

nal metrics used by XGBoost during training. While these values may not be directly
interpretable, our primary interest lies in the relative ranking of the variables. We see
that the the same variables appear at the top under both metrics, highlighting their
predictive power.

The most important training variables across metrics are the cluster length and the
v, BDT score. As we have mentioned, generic neutrino selection involves a selection of
cluster length above 15cm only, which we have removed as our low-energy scatters are
likely to result in shorter clusters. The v, BDT score refers not to our BDT, but one
that Wire-Cell uses to classify an event as originating from a muon neutrino interaction.
These are characterised by the absence of electrons and presence of a muon in the main
vertex. As our interactions feature an electron and no muons, our BDT will naturally
reject any v,-like interaction, which are most neutrino interactions from the NuMI beam.
The distribution of signal, backgrounds, and data for Run 1 FHC are shown in figure[6.5]
In this figure we see good agreement between data and Monte Carlo, except in a region
close to a v, BDT score near 0, which will only overlap with our signal region slightly.

Other variables related to the presence of tracks in v, interactions which score highly
are the maximum muon length, track length, and maximum track length. In figure [6.4
these are tagged as “(any type)”, this is because the Wire-Cell v, tagger has different
categories, for example for short or longer muon tracks connected with the main ver-
tex. These “any type” tracks is the broadest category. We show these variables in our
samples in figure We also observe good agreement between data and Monte Carlo
backgrounds in these figures. In these histograms, most signal events have a length of
0 cm, indicating that no track was reconstructed for these events. The prominence of
these variables in BDT training suggests that the BDT effectively rejects events in which
the reconstructed “neutrino interaction” includes long muon tracks.

Many different Wire-Cell taggers use angular information in their respective tasks.
We see that the angle 6 information from the cosmic tagger (used to tag cosmic rays,
which predominantly come from above), low-energy overlap tagger (which aids in sep-
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Figure 6.5.: Most important BDT training variables. The filled coloured stacked his-
tograms represent the different backgrounds, the blue histogram is a mCP
signal of mass 30 MeV, and the markers are data. The backgrounds are nor-
malised to data PO, while the signal is scaled to a higher POT for better
visualisation. Left: length of the main cluster. Right: v, BDT score.
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Figure 6.6.: Data, Monte Carlo signal and background comparison for the track length
variables which are most important in classification. The filled coloured
stacked histograms represent the different backgrounds, the blue histogram
is a mCP signal of mass 30 MeV, and the markers are data. The backgrounds
are normalised to data POT, while the signal is scaled to a higher POT for
better visualisation.

133



6. Selection and BDT training

10°

[ Genie v (34560 events) [ Genie v (34560 events)
5 [ Cosmic (1848 events) 107 [ Cosmic (1848 events)
10 [ Dirt (1848 events) [ Dirt (1848 events)

[ Beam-off (3381 events) 5 [ Beam-off (3381 events)
—  Signa 30 MeV (3.42e+22 POT, 57440 events) 10 —  Signa 30 MeV (3.42e+22 POT, 57440 events)
Data (NuMI Run 1 FHC, 1.98e+20 POT, 10871 events) ———— Data(NuMI Run 1 FHC, 1.98e+20 POT, 10871 events)

* e = *%ea0e, *,
r-p'lp”‘ "Stae yt0 Sty

LA R L
R

[EE UL o lp
60 80 100 120 140 160 180

0O 20 40 60 80 100 120 140 160 180 0 20 40
Angle 8 (cosmic tagger) (deg) Angle @ (low-energy overlap tagger) (deg)
1OE [ Genie v (34560 events) 105 [ Genie v (34560 events)
2 [ Cosmic (1848 events) 2 [ Cosmic (1848 events)

10 1 Dirt (1848 events) 10 [ Dirt(1848events)
[ Beam-off (3381 events) [ Beam-off (3381 events)

106 ———— Signa 30 MeV (3.42e+22 POT, 57440 events) 106 ————— Signa 30 MeV (3.42e+22 POT, 57440 events)
———— Data(NuMI Run 1 FHC, 1.98e+20 POT, 10871 events) ——<—— Data(NuMI Run 1 FHC, 1.98e+20 POT, 10871 events)

_ I
0°~ 20 40 60 80 100 120 140 160 180

0 20 40 60 80 100 120 140 160 180
Angle 8 shower 1 (1, tagger) (deg) Angle 8 shower 2 (1, tagger) (deg)

Figure 6.7.: Different Wire-Cell angle taggers. The filled coloured stacked histograms
represent the different backgrounds, the blue histogram is a mCP signal of
mass 30 MeV, and the markers are data. The backgrounds are normalised to
data POT, while the signal is scaled to a higher POT for better visualisation.

arating highly overlapped low-energy clusters) and the 7° tagger (which identifies final
state neutral pions by fitting both its photon showers separately) are amongst the most
important training variables of our BDT. This is expected, as our signal has a very
characteristic angle which can be easily separated from the background. We show the
values of our samples for these variables in figure In these histograms we see good
agreement between data and the Monte Carlo backgrounds. The signal shows a peak
around 30° in all figures, which is close to the orientation of the direction from the NuMI
target. This peak is especially pronounced in the case of the low-energy overlap tagger.
A large population of signal and background events is concentrated on an angle of 0°,
indicating that no shower was reconstructed.

Finally, we have variables related to the presence of protons and showers in our events.
We see that proton energy and momenta in « and z appear in our top variables, as well
as the shower momentum in x and y. We show some of these variables in figure In all
of these we see many events for signal, backgrounds, and data, which fall onto the default
value of —1, which indicates that a proton or shower has not been reconstructed. Signal
is vastly concentrated on this default value, indicating that it is rarely misidentified as
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Figure 6.8.: Data and Monte Carlo signal and backgrounds comparison for proton and
shower reconstruction variables. The filled coloured stacked histograms rep-
resent the different backgrounds, the blue histogram is a mCP signal of mass
30MeV, and the markers are data. The backgrounds are normalised to data
POT, while the signal is scaled to a higher POT for better visualisation.

a proton. The fraction of signal events in which a shower is reconstructed is larger, in
which case it is of very low momentum in x or y. The absence of the z coordinate, or
the x and y coordinates in the case of proton momentum, is simply due to our choice to
focus only on the top 10 variables. Expanding our analysis to include the top 20 variables
would reveal their presence as well, due to similar reasons, i.e. they encode information
about showers or protons in the events. In the reconstructed proton energy shown in
the bottom right histogram in figure showing the reconstructed proton energy, we
observe an anomalous data point at around 0.14 GeV. While this may be indicative of
a bug, and will be investigated further, we do not believe it reflects a widespread issue
or a cause for concern.

6.3.2. Wire-Cell BDT results

The receiver operating characteristic (ROC) curves for our BDT are shown in figure
ROC curves are a standard metric for evaluating the performance of binary classifiers,
displaying the background rejection as a function of signal efficiency. In an ideal classifier,
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the curve remains at a background rejection of 1.0 until the signal efficiency reaches 1.0,
at which point it drops to 0.0. A common way to summarise the quality of a ROC
curve is through its area under the curve (AUC), with a value close to 1.0 indicating
a near-perfect classification. By contrast, a linearly decreasing ROC with an AUC of
0.5 — shown in figure as a dashed red line — would mean that the classifier has no
discriminating power, and is equivalent to random guessing.

In our case, the ROC curves shown in figure are obtained by applying the BDT
to our signal validation samples and the backgrounds from each respective Run period
to obtain their BDT score distributions. We observe minimal variations across different
Runs and horn current configurations, with the lowest AUC still reaching 0.978, indicat-
ing consistenly strong performance. As a result, we do not need to train separate BDTs
for each MicroBooNE Run, saving computation time. The ROC-AUC metrics are also
mCP-mass independent, only slightly favouring high masses, despite the signal efficiency
of these being lower.

We show the (logit of) BDT scores in figure for data and simulation of Runs 1,
2 and 3. In this figure, we distinguish between a “signal region” for scores between 0.0
and 6.5, and a “full region”, showing scores from -10 to 6.5. We see that the values
below 0.0 are vastly dominated by neutrino backgrounds. The Beam-off and cosmic
components present a more uniform distribution, and represent the highest backgrounds
in the signal region. The variable size binning is chosen to ensure sufficient statistics
in the highest and lowest bins, especially when considering the systematic uncertainty
samples which will be discussed in the next chapter. We see agreement between data
and the sum of backgrounds, with a slight deficit of data events in the low-score regions
and a slight excess in the high-score regions, but which is still mostly within the error
margins. The error bars in figure [6.10| consist of the sum of statistical MC uncertainties,
plus the systematic uncertainties which will be discussed in the next chapter, added in
quadrature.

We find two events in the highest-scoring bin. Both events belong to Run 1, and
Wire-Cell has reconstructed them as electrons of 64 and 170 MeV respectively. We show
event displays of these in figure

6.4. Two-blip selection

For our two-blip search channel, our strategy will be to study blip-pairs as an entity, and
use this to train a BDT and classify each pair of blips in the event. Doing this allows us
to use information which any single blip does not possess, such as orientation. However,
if the number of blips in any event is of order ~100, then the number of unique blip-
pairs in each event will be of order ~1000, by combinatorics. If our signal contains only
one pair, this means a 1:1000 signal to background ratio. We will therefore perform a
preselection on single blips, then construct the blip-pairs, and perform further selections
on the blip pairs.
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ROC curve of a classifier with no discriminating power, shown for contrast.
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Figure 6.10.: BDT scores for Runs 1, 2 and 3 data, shown alongside background predic-
tion and 30 MeV signal.
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NuMI DATA
Run 5151, Event 9099
February 2nd 2016

NuMI DATA

Run 6959, Event 275
July 24th 2016

Figure 6.11.: Event displays showing the highest-scoring data events in the collection
planed, as ranked by the Wire-Cell BDT. In the top panel, Wire-Cell re-
constructed an electron with an energy of 64 MeV; in the bottom panel, an
electron with 170 MeV.
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Figure 6.12.: Signal to background comparison for blip reconstruction of the = position,
before any selections are applied. Blips originating from mCPs are shown
in blue, while background blips are in red. Signal is normalised to have the
same integral as background, for easier visualisation.

6.4.1. Single blip selection

As we have mentioned previously, the TPC does not have the ability to reconstruct
the = position of a charge deposition by itself, it can only do so when matching to a
flash from the light-detection system. For this reason the blip reconstruction uses the
full time-window, as to not miss blips which may have been light-mismatched and thus
lost. Blips by nature will have low energy, and thus low scintillation, and are more
susceptible to this effect. In our simulation however, we observe that the z position of
signal is matched correctly. In figure[6.12| we see a comparison of signal and background.
It is safe for us then to select blips which are reconstructed within the nominal drift
distance of (0.0 < z < 260.0) cm in the TPC, without loss of useful signal. In figure
we also observe attenuation of the number of signal blips reconstructed far from the
anode.

Previous studies of MeV-activity in MicroBooNE have found the existence of blip hot-
spots coincident with the G-10 ribs used to support the field cage tubes |19} 106, |107].
We show the impact of removing these hotspots in figure When comparing to no
selection, the removal of the area around the G-10 ribs, and a harsher removal of an
entire region in the YZ plane, 25 cm on each side of the Y axis and 40 cm on each side
of the Z axis, the signal to background ratio increases.

At the end of these two selections we have effectively “fiducialised” the detector to a
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Figure 6.13.: Distribution of (left) signal and (right) background blips in the YZ plane
for (top) no selection, (centre) cutting the G10 strut position and (bottom)
removal of a slice in the YZ axis. The data shown corresponds to a sample
of around 34,000 events of 100 MeV mCPs signal overlaid with beam-off
data, after applying the previously described selection on the X axis.
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Figure 6.14.: Shortest distance of signal (blue) and background (red) blips to the nearest
track in the event, after selections have been applied in the X direction and
YZ plane. Signal is normalised to have the same integral as background,
for easier visualisation.

volume contained within

0.0 cm < X < 260.0 cm,
—90.0 cm <Y < 90.0 cm,
40.0 cm < Z < 1000.0 cm.

With these selections, the number of unique blip-pairs is significantly reduced, and the
signal-to-background ratio increased.

A further selection we could perform is based on the distance between blips and the
nearest track in the event. As cosmic muons traverse the detector, they tend to produce
blips close to their trajectories. In contrast, blips originating from mCPs are not corre-
lated to cosmic muon tracks; their distance to the nearest track is instead determined by
the distribution and number of tracks in the event. This can be seen in figure which
shows the shortest distance of blips to the nearest track. A large fraction of background
blips lie within 10 cm of a track, whereas signal blips most commonly fall in the50 cm
to 100 cm range. This variable shows a clear separation between signal and background
which we could use to perform a selection which optimised sensitivity. However we will
not to apply this selection at this stage, and instead pass this information to the BDT.
The main goal of the preselections described in this subsection was to optimise computa-
tion time by reducing the number of unique blip-pairs, which has now become sufficiently
manageable. Further selections on blip-pairs will be much more powerful that what we
can do at single-blip level.
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6.4. Two-blip selection

6.4.2. Blip-pair selection

We construct blip-pairs by looping over each blip in the event and, for each one, looping
over the remaining blips, while checking that they are both within the fiducial volume
described in the previous section. The blips in each event are indexed, by which we avoid
double counting a pair. Some of the training variables we will use (described in the next
subsection) take into consideration a third blip, which is the nearest to the blip-pair in
some capacity. For this, we also iterate over all blips not in the pair, without double
counting.

Blip-pairs are formed from two blips, which we label blips 1 and 2. The pairs are
formed such that the position in z of blip 2 is always greater than that of blip 1. This
helps to keep the angular variables consistent, and gives us information on the lowest
and highest z positions which would otherwise be randomly distributed.

We can separate the blip-pairs into three categories: signal, mixed and background,
for the cases in which two, one, or zero blips in the pair are due to a mCP interaction.
We will train our BDT using only the signal and background blip-pairs, as we will see
that mized pairs have only limited classification power. In this section, we will show the
properties of all three of them, and show the results in the following section.

By far the biggest indicator of a mCP interacting multiple times with the detector
is the orientation of the interactions, which in our case is the angles of our blip-pair.
This is basically the strategy used in the ArgoNeuT search [17} [18], however in our
case the angle corresponds to the position of the NuMI beam target with respect to
MicroBooNE. We show the distributions of signal, mixed and background blip pairs in
figure We can see similarities between the background and mixed distributions,
which possess features due to the geometry of the detector; a small ¢ angle indicates
that both blips are on the same horizontal plane rather than vertical, while a small 8
angle indicates small deviation from the Z axis, both of which are explained from the
detector being much longer in the Z direction. The distribution of signal blips, on the
other hand, is confined to only a few bins around the angle from the NuMI target, for
which a preselection is applied according to

27.0° < 6 < 28.5°,
3.0° < ¢ < 8.0°.

The results of this preselection, which is applied to the same sample shown in figure|6.15
is shown in figure We see that we have removed a significant amount of background.
Our mixed pair distribution in particular is nearly uniform and vastly reduced, but we
have retained the region with the most signal.

As a final comment, we note that a natural consequence of considering blip-pairs is
that there may be more than one blip-pair per event for both signal and background.
As the POT information is given by the sample as a whole, we do not need to perform
any further normalisation; in our final analysis we should however perform checks on the
rate of events which contain more than one blip-pair, as the presence of an event with
more than one blip-pair classified as signal would be indicative of a 3+ blip interaction.
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Figure 6.15.: Coordinates of the blip-pair in angular space in MicroBooNE coordinates.

6.5. Two-blip BDT

6.5.1. Blip-pair BDT input variables

We construct 28 variables from our blip-pair selection to train a BDT. A summary
table of the variables can be found in figure [6.3] where they have been separated into
categories. We will describe these categories and the variables in detail within in this
section, however we will display figures with comparisons only for those with visible
distinguishing features. The full set of signal-background comparison figures can be
found in appendix [A]

Per-blip variables, index-wise

We have a set of “per-blip” variables, in which we record information of the constituent
blips 1 and 2 according to their index. Blips in the pair have indices 1 and 2, where
by construction blip 2 is always downstream from blip 1 (22 > z1). This makes these
variables correlated to the geometry of the detector.

We use the six blip position coordinates ((z;, ¥, i), where @ = 1,2) for training. The
blip-position variables are shown in figure In this figure, we observe a higher
concentration of background blips towards the edges of the detector in the x and y
axes, whereas the mCP signal blip distribution is more uniform in these axes. In the
z axis we observe the gap in the region between 700 < z < 740cm due to dead wires
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Figure 6.16.: Coordinates of the blip-pair in angular space in MicroBooNE coordinates
after applying a narrow selection in their 6 and ¢ angles.

Table 6.3.: Summary of blip-pair BDT training variables, separated in four categories.

Category Variables N. variables
Per-blip, index-wise Blip i positions (z;, y;, 2i) 6
(blip 1 and blip 2) Blip i extents Ax;, A(yz); 4
Per blip, magnitude-wise  Blip size 2
(blip min. and blip max.) Blip energy 2
Number of hits in the collection plane 2
Sum of number of hits in induction planes 2
Minimum distance to a track of each blip 2
Blip pair Blip angles 2
Blip separation 1
Third blip Transverse distance of nearest 3rd blip 4
Overall distance of nearest 3rd blip 1
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in the collection plane, affecting signal and background equally. In this figure — and
throughout all figures comparing signal and background training samples in this section
— the signal and “mixed” distributions will be normalised to have the same integral as
the background blip-pairs, to aid the visual comparison in the shapes of the distributions.

For signal, the electron scatter positions and energies are generated randomly and
independently of each other; therefore the blip extent (which is correlated to energy)
should not correlate to the index (correlated to position). However, this is not necessarily
the case for background, as the electric field or other unaccounted effects may depend
upon the spatial coordinates. In any case, we will include the blip size, which is correlated
to the extents via \/(Ax)2 + (A(yz))? as a non-indexed variable, so we will essentially
study extent information in two ways: indexed and not indexed. These variables do not
show strikingly different features between signal and background.

Per-blip variables, magnitude-wise

Per-blip information can also be separated index-independently according to their mag-
nitude. These are the cases where we can define minimum and maximum magnitudes
that do not necessarily correlate with the spatial position information stored in the
indices.

Blip size, blip energy, and the number of hits in the collection plane are all examples of
such variables, and we record the largest and smallest blip size, maximum and minimum
blip energy, and maximum and minimum hits in the collection plane, for both blips in
the blip-pair.

We use the sum of number of hits in the induction plane as blips may have matching
hits from one or two of them (so called 2D or 3D blips). In the case of no matches,
the number of hits on that plane is set to a default unphysical value. If we used four
variables, for the minimum and maximum in each plane, many of the minima would be
recorded with this default value; BDTs are able to handle this sort of feature, however
summing the values in both planes also gives these discrete integer variables a wider
usable range.

Finally, the blip reconstruction saves the distance from each blip to the nearest track.
If for example blip 1 is closer to a track than blip 2, we record that distance as the
minimum, and the distance of blip 2 to its closer track as the maximum. The maximum
distance from any blip to its nearest track is notable, as it is the only variable in which
the mized sample is noticeably more similar to signal rather than background. This is
due to the fact that background blips are more likely to be closer to a track (hence in the
“minimum” distribution) whereas signal-blips are less likely to be close to a track. As
mixed-pairs by construction have one signal and one background blip, this variable has
differentiating power between signal, mixed, and background blip-pairs, and could be
used for a targeted retraining, should we choose to consider the mixed channel as either
signal or background. This classification power would have been lost had we performed
a hard selection at the single-blip level. We display these features in figure
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Figure 6.17.: Per-blip index-wise BDT training variables. The figures show the (z,v, 2)
positions of blips 1 and 2 for background (filled red histogram), signal
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Figure 6.18.: Per-blip magnitude-wise variables. Left (right) shows the minimum (max-
imum) distance from any of the two blips to the nearest track.

Blip-pair variables

Blip-pair variables consider the blip-pair as its own entity. There are only three such
variables, however they have by far the greatest distinguishing power between signal and
background, and will be the most important for BDT training. Their distributions can
be found in figure [6.19

First, we have the angles # and ¢ of the vector joining the pair, in MicroBooNE
coordinates, which has been discussed in the previous selection section. The background
and signal samples follow a flat distribution, while the signal samples have a marked
peak at the centre; this is natural as we have made an angular preselection targeted at
this.

The distance among the blips in the pair, or blip separation, is the magnitude of the
vector joining the pair. In our generator, electron scatters are generated with a uniform
separation along the trajectory of the mCP in the detector, which results in a linearly
decreasing distribution when considering the finite detector length. The separation be-
tween background blips on the other hand will be dictated mostly by the rate of cosmic
muons, which as we have discussed drives blip position.

Relation to third-blip variables

The final category of training variables considers the position of a third blip in relation
to the blip-pair. We define three regions in the detector using two planes intersecting the
blip-pair in consideration, and perpendicular the direction joining the blip-pair; we call
these behind, between and ahead, according to the position relative to the blip-pair and
(implicitly) the z direction of the detector. A diagram of these regions and the training
variables is shown in figure

For each blip-pair, we loop over all the remaining blips in the event and calculate their
distance to either the nearest blip in the pair (when behind and ahead) or the centre of
the line joining them (when in between). We record the minimum transverse distance
R to the line joining the blip-pair in all three regions, as well as the overall minimum
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Figure 6.19.: Blip-pair BDT training variables. Top: angle variables § and ¢. Bottom:
Blip separation. These variables show good separation between signal and
background.

149



6. Selection and BDT training

Behind \Between Ahead

Figure 6.20.: Diagram showing the “third-blip” training variables. Green circles are the
blip-pair in consideration, with the line joining them shown in blue. The
dashed black-lines separate the remaining blips in regions behind, between,
or ahead of the blip-pair. Red circles are other blips in the event, over which
we loop to find the nearest blip in each region. The distances to the nearest
blips are shown in orange, and their transverse distances R, in magenta.
In this example the nearest “between” point is also the one with overall
minimum distance Ry,in, while the “ahead” blip has the minimum R . This
is a 2D diagram, but all of these distances are calculated in 3 dimensions.

R in the three regions. The reasoning behind these variables is that multiple scatters
along the same line (low R ) is a signature of scatters due to mCPs. We also record the
magnitude of the minimum distance vector to any third blip in the event.

The distribution of these variables for the signal, background and mixed pairs is shown
in figure[6.21] It should be noted that in each event, there will always be one blip furthest
to the left and one furthest to the right, in which cases the respective regions would be
empty. Additionally, there may be pairs for which there are no blips in between. In all
these cases a default distance value of —4 c¢m is used, which is reflected in the horizontal
axes in some panels in figure not starting at zero. The “closest distance overall”
could also have empty values if there is exactly one blip-pair after performing selection
in the event, and thus no third-blips to compare to, but we did not observe this case in
any of our samples.

6.5.2. Blip-pair BDT training

We train a BDT using a sample of combined masses of signal and background, with
roughly the same number of events for each mass signal sample. The number of total
signal pairs is around 60000, and the number of background around 125000 pairs. A
fraction of 80% of the events is used for training, with the remaining 20% used for testing
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Figure 6.21.: Third-blip BDT training variables.
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the performance of the BDT while training.

During training, the log loss, error and AUC metrics were evaluated for both training
and testing samples. These metrics also determined whether early stopping would be
triggered, based on the “Early stopping rounds” parameter of 20. Training stopped
after 421 rounds, and the log loss, error, and AUC metrics measured during training are
shown in the top panels in figure [6.22

Overtraining would manifest as a clear separation in BDT score distribution between
the training samples and independent validation samples. In the bottom panels of fig-
ure [6.22] we compare these distributions for two representative mass points of 30 MeV
and 350 MeV. The validation samples have been scaled to match the number of en-
tries in the training samples, to better visualise any shape differences. No significant
shape differences are observed, indicating that overtraining is minimal. This behaviour
is consistent across all other mass points, not shown in this figure.

The bottom panels of figure also include the “mixed-pairs” validation sample.
Mixed pairs were not used during training, and therefore can not be overtrained. We
show their BDT score distribution to demonstrate that they closely resemble the back-
ground distribution, with only a slight bias towards higher scores. This slight separation
may be leveraged in future analyses.

6.5.3. Blip-pair data-MC comparisons

We apply the BDT to a small beam-on sample of data equivalent to 2.786 x 10 POT
as described in section to see the agreement between data and Monte Carlo (MC).
We show the results for some of the most important blip-pair variables in figure [6.23
where we see good agreement between data and MC.

The GENIE and cosmic background samples in figure have been normalised to
the data sample POT. The Beam-off sample is normalised to the ratio of the number
of beam-on versus beam-off triggers. The signal sample is normalised to have the same
integral of the data, for better visualisation, otherwise it would not be visible. Its POT
equivalent is shown in the legend.

We see that neutrinos from the GENIE simulation are not a significant contribution,
and that the data can be explained very well only using the cosmic and beam-off samples,
both representing the same type of activity from either cosmics or noise. This means
that blip-pairs from neutrino interactions do not pass the selections we have applied.

The full figures of data-MC comparisons for the blip BDT can be found in appendix [B]

6.5.4. Blip-pair BDT results

We apply the BDT to the samples shown in the previous section, to obtain a distribution
of BDT scores for each pair, which are shown for in figure [6.24

As we will not process the full dataset of Run 1, 2 and 3 for the blip-pair channel,
we will scale the signal and backgrounds to 1.07 x 102! POT and use these simulation-
only samples to obtain a sensitivity for this channel. The scaled samples are shown in

figure [6.25]
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Figure 6.23.: Data-MC comparison for the blip-pair BDT training variables. The sam-
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ples are normalised to data, except for the signal. The number of pairs
in each histogram is shown in the legend. Top: angle variables 6 and ¢.
Bottom: Blip separation. These variables show good separation between
signal and background. We see good agreement between data and MC.
The contribution from neutrino simulation is too small to be seen.
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Figure 6.24.: BDT scores for a subset of Run 1 data, shown alongside background pre-
diction and 30 MeV signal. All the samples are scaled to data. The top
figures, [6.24(a)| and [6.24(b)|, show the full range of BDT scores, while the
bottom figures show scores above 0, which can be considered as our signal
region. Figures on the left are shown on a logarithmic scale, while those
on the right are on a linear scale in the vertical axis.
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6. Selection and BDT training
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Figure 6.25.: BDT scores for signal and background samples scaled to 1.07 x 102! POT

6.6. BDT training summary

We have trained boosted decision trees for two channels (Wire-Cell single electron, and
blip-pairs) using Monte Carlo simulation samples of signal and background, as well as
beam-off data. We then used the BDT model to predict the BDT scores of independent
samples of MC signal, MC background, beam-off data, and beam-on data. We obtained
BDT score distributions and used the value of 0.0 to separate them into background and
signal regions, with events below 0.0 completely dominated by background.

We observe good agreement between data and background prediction. In the case
of the single electron scatter channel, we used data from the entirety of MicroBooNE
Runs 1, 2, and 3, corresponding to 1.07 x 102! POT, and we will use these to set limits
on the mCP coupling. For the multiple-scatter channel, we only used a fraction of data
corresponding to 2.79 x 10'° POT from Run 1. We then scaled the signal and background
samples to that of an equivalent of 1.07 x 10! POT, and we will use that to obtain a
sensitivity for MicroBooNE in this channel. We will obtain this limit and sensitivity by
passing the histogrammed distributions of BDT scores shown in figure to a limit
setting framework, which is described in chapter |8} following a discussion on systematic
uncertainties.
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Figure 6.26.: BDT scores for signal and background samples scaled to 1.07 x 10! POT.
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7. Systematic uncertainties

In this chapter we will discuss the uncertainties which are applied to our samples. The
uncertainty types considered are similar to those of previously published results from
MicroBooNE, in particular, to those of previous BSM searches. Our search will be
ultimately limited by the fact that we are looking for a very weak signal, and we have
found that the uncertainties we chose do not affect the final results significantly.

The systematic uncertainties described here are only applied to the Wire-Cell search.
We will present the blip channel as a sensitivity without systematic uncertainties, al-
though preliminary studies show that the sensitivity is largely unaffected by different
choices of uncertainties.

7.1. Flux uncertainties

The main uncertainty in the flux of millicharged particles and neutrinos is the hadron
production at the NuMI target. In the case of the NuMI neutrino flux, these uncertainties
are constrained using the PPFX software package [127], which uses data from fixed target
experiments as a basis. The uncertainties for the NuMI neutrino flux on MicroBooNE
have been found |36 to be of 22 %, which come from 21 % hadron production and 6 %
beamline simulation added in quadrature.

The flux of millicharged particles, unlike that of neutrinos, originates from the decay
of neutral mesons. Previous studies have shown [65] that the expected ratio of neutral
meson production from g4numi when comparing neutral to charged mesons is what is
expected from isospin symmetry, and therefore we are justified in using the same flux
uncertainty of 22 %.

7.2. Monte Carlo statistical systematic uncertainties

Systematic uncertainties due to the limited number of Monte Carlo simulation events
in our samples are considered as Poisson errors of v/N; for N; measurements in each
bin ¢. They are calculated independently for each sample before performing POT nor-
malisation, which is performed separately for each Run and horn current configuration.
After POT normalisation, the scaled errors of each background sample are added in
quadrature.

While the EXT sample does not correspond to Monte Carlo simulation but rather
beam-off data, we mention here that its errors are also Poisson errors scaled by the
number of triggers normalisation, which are added in quadrature to the other background
samples (GENIE and Dirt).
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7. Systematic uncertainties

7.3. Detector systematics

To evaluate the systematic uncertainties due to the detector response we perform Monte
Carlo simulations under different detector configurations and with different physics pa-
rameters. These simulations of millicharged particle signal and neutrino background
are a completely independent samples from those used in the main search. The same
generated events are run through a modified version of the full analysis chain, which
in the case of these “detector variations” now differs at one stage in which the special
configuration is applied. After this point the events are treated as separate samples.
The events in the initial sample are tagged, which allows us to remove events which are
not present across all samples after the reconstruction stage, in order to avoid bias due
to runtime errors. In addition to the variation samples, we also run a central value (CV)
sample, which follows the unaltered event reconstruction chain and serves as a “nominal
value” against which the variations will be compared.

The detector variations can be divided in three categories: TPC systematics, in which
the interactions and propagation of particles within the detector argon volume are al-
tered, WireMod systematics, which is a novel method developed by MicroBooNE [12§]
for evaluating variations in the position, time and charge as read out by the detector
wires by directly modifying simulated waveforms and comparing to data, and Light yield
systematics, which modify the propagation of light within the detector and parameters
of the light detection system. Table provides a brief summary of these 10 detector
variations, which are described in Ref. [128] and in what follows.

Table 7.1.: Standard MicroBooNE detector variations, separated into categories.

Category Systematic Description
WireMod X Variations in = coordinate
YZ Variations in the y — z plane
Ox7 Variations in the 0x 7 angle
Oy 7 Variations in the 0y 7 angle
dE /dx Variations in the energy per unit length
TPC SCE Space charge effect
Recombination Recombination effect
Light yield Down 25 % light yield reduction
Rayleigh Alternative liquid-argon Rayleigh scattering length
Attenuation Additional quenching and absorption

The TPC systematics are due to the space charge effect (SCE) and recombination
effects, which have been briefly discussed in section For the SCE systematic, an
alternative sample is generated using a different SCE map. For the recombination effect,
variations are performed on the two free parameters of the modified box model [86].

The WireMod variations are obtained by modifying the wire waveforms and comparing
between beam-off data events and MC simulations. Variations are performed indepen-
dently in the X direction and YZ plane, as Y and Z are highly correlated. Additionally,
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7.3. Detector systematics

there are variations in the xz and 0y z angles, which are cartesian angles with respect
to the beam direction z rather than the spherical-coordinate based 6 and ¢ angles we
have considered. Finally, variations as a function of dE/dz are performed, although it
has been found that this is highly correlated with the recombination variation.

The light yield “Down” variation simulates the effects of a 25% reduction in overall
light yield, as it was found through data/simulation comparisons that the simulation
tends to overpredict the photo-electrons per centimetre of track length by this amount.
The Rayleigh variation accounts for the uncertainty of the Rayleigh scattering length in
liquid argon. MicroBooNE uses a nominal value of 60 cm, however other measurements
have shown values as high as 100cm. The variation used changes the light-yield in
a position-dependent manner by scaling the ratio of the simulation between 120cm
compared to the nominal. Finally, the attenuation variation is used to account for a
decline in light-yield which was observed for MicroBooNE in Run 3. The reasons for
this decline are still under investigation, but it is measured in both anode and cathode,
with a sharper decline at the cathode, which suggests both quenching and absorption
components. This variation simulates a quenching of 20 and 40 %, and an absorption
length of 8 and 13 m for the anode and cathode respectively. Despite the decline not
being present in Run 1, we take a conservative approach and apply this variation to all
Runs.

As the detector variations are computationally taxing, we used only two mass points
(30 and 400 MeV) to test for differences between low and high masses. We find that the
same detector variations are dominant in both samples, and no significant differences
other than the fact that the 400 MeV sample requires more simulation due to the low
reconstruction efficiency of this mass point.

The set of detector variations used in MicroBooNE have been chosen such that they
have small correlations between them; thus we will add the detector variations in quadra-
ture bin by bin, that is, for each bin ¢ we obtain a value ¢ given by

CV,; — DV, \ 2
g = Z (C\Q) , (7.1)

DV=det. vars

the term inside brackets (CV,; — DV;)/CV; is a ratio representing the offset between
each detector variation DV and the central value CV, in bin i. We show these ratios
for each variation in each bin in figure as coloured histograms. We see that most
variations oscillate around a deviation of zero, with no clear pattern across bins. The
exceptions to this are the light-yield attenuation and light-yield “down” variations, both
of which consistenly result in a reduction of the reconstructed signal compared to the
central value. This can be explained by the fact that our signals are very low energy
electrons, which produce minimal scintillation light. Scintillation light is used to trigger
the detector, hence a reduction in light-yield will reduce the trigger efficiency. Lowered
light yield also impacts Wire-Cell selection, as discussed in section reducing the
selection efficiency.

Since their systematic effect is much larger than the other variations combined, and
both result in a reduction of signal — which will result in a reduction of sensitivity
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Figure 7.2.: Left: light-yield attenuation signal detector variation. Right: light-yield
“down” signal detector variation. Both are shown for the 30 MeV sample.
The asymmetric quadrature sum envelope is shown as the outermost blue
line.

— we will use asymmetric detector systematics when adding in quadrature. In the
negative direction, we add in quadrature all the detector variations, but on the positive
side we exclude these two variations which have a clear downward trend. The resulting
quadrature envelope can be seen in figure[7.1]as the outermost, thicker blue line. We show
the detail of the light-yield attenuation and light-yield “down” variations in figure
where we also show the envelope for visual comparison.

Given that the quadrature sum obtained for the 400 MeV signal sample is bigger across
all bins in the signal region, we will use that as our detector systematic uncertainty
as a conservative estimate. This may seem excessive, given that the quadrature sum
uncertainty is as high as 60 % in the lowest bin, and around 25 % at best. As previously
mentioned, this choice does not affect the final result significantly when compared to
using the quadrature sum from the 30 MeV sample, as will be shown in section
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Figure 7.3.: Detector variations for the GENIE background neutrino sample. The ratio
of each variation (DV) compared to the central value (CV) sample, as well
as the bin-by-bin quadrature sum as an envelope are shown as coloured line
histograms.

For the GENIE neutrino sample, the detector variations are shown in figure (7.3} There
are no overwhelmingly dominating variations, and the uncertainty is driven by the lim-
ited statistics of neutrino interactions in the signal region of high BDT scores. For
comparison we show the same light-yield variations which were dominant for signal in
figure[7.4] where we now observe an increase compared to the CV. At first, it may seem
counterintuitive that attenuation in light yield would lead to higher yields, but this is
due to the fact that as we trained on a low-energy, low-scintillation signal the BDT has
learned to classify the typically higher energy neutrino interactions as background. As
the light yield on these events decreases, they may seem more signal-like. The uncer-
tainties shown for each variation in figure [7.4] are due to the limited statistics in each
sample.
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Figure 7.4.: The main contributors to background systematic uncertainty of the GENIE
sample are (left) light-yield attenuation and (right) the recombination effect.
Uncertainties are due to limited statistics of the samples.
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8. Results

In previous chapters we have described the use of boosted decision trees (BDTs) to
predict the probability that an event in data contains a millicharged particle (mCP)
interaction. As we apply this BDT to our simulation and data samples, we obtain dis-
tributions of BDT-scores, from which we construct histograms. We have also considered
the systematic uncertainties, constrained them, and used them to add error bands to
our binned distributions.

In this chapter we will analyse these binned distributions using statistical analysis
to test the hypothesis of whether we observe mCPs in MicroBooNE, and if not, what
limits we are able to set upon their existence. For this we will use statistical analysis
via specialised software which implements these mathematical tools, and apply it to our
distributions.

8.1. Statistical data analysis

In terms of data analysis, the end-result of a particle physics experiment is a series
of measurements, which usually take the form of a collection of real-valued variables
per event, which can then be histogrammed. Our assumption is that, even if the spe-
cific values of the variables in our events are random, the underlying physics processes
distribute the data in a specific manner, from which we can construct (or refine) a theo-
retical model. In statistics this is known as inference, and is illustrated in the diagram in
figure In experimental particle physics, the use of statistical inference is necessary
due to the fundamentally random nature of quantum mechanics which underlies it.

There are numerous textbooks in which a detailed treatment can be found, such as
Refs. [129,130]. In this section we will give a brief overview of some fundamentals, with
a focus on the methods which we will use in our analysis, particularly the concepts of
hypothesis testing and limit setting.

8.1.1. Probability distributions, measurements, and parameters

Data can be distributed randomly with different probabilities in a discrete or continuous
manner. An example of a discrete distribution would be the number of scatters of a
millicharged particle in the MicroBooNE detector, which in equation we have
modelled using a Poisson distribution,

n ,—v

ve

n!

P(nlv) = (8.1)

A distinction can be made between the measurements themselves, which represent the
physical quantities we measure directly (number of scatters), and the parameters (v),
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Probability

Theory Model ,:> Data

data fluctuate according
to the process’ randomness

Inference

Theory Model <:| Data

model parameters are uncertain
due to fluctuations in the finite
data sample

Figure 8.1.: Interaction between theory and data. We assume the distribution of the data
arises from processes which can be modelled from theory, and the models
can be refined with the study of more data. Figure from Ref. [129].

which are related to how the measurements are distributed. An example of inference
would be to estimate the value of an unknown parameter v (and its uncertainty Av)
given a number of measurements n and the knowledge that it must follow a Poisson
distribution. We would assume that it is highly unlikely that consistently measuring a
high n could be reconciled with a small v. Formally, we define an estimator v = 0+ AD,
where the estimated values are denoted with a hat, and the non-hatted variable the true
value of the parameter.

In general, we will work with continuous distributions, which when generalised are
called probability density functions (PDFs). As functions denoting probabilities, they
must be non-negative, and be normalised to 1. A PDF can have an arbitrary number of
variables and parameters, which we denote as y and 6 as in

1z yal0, O, 00) = £ (7

5) . (8.2)

In general, we are not be interested in the variables ¢ themselves, but rather in a set of
observed values (which we will denote with # = 1, - , x,, instead) which are present in
the data in each event.

The likelihood L is a function which, for a given set of parameters 5, returns the
probability P of a simultaneous measurement of the n random variables x1,--- , x,, and
is defined as

. dp (f g )
L(zls) = TP 5
. dry---dz, (8.3)
If we have N different observations of the variables ¥ = (z1,---,z,), we denote this
sample as {21, -+ ,xn}. If these are independent observations, as would be the case of

particle physics events, the likelihood of the entire sample is the product of the PDFs of
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each individual observation, as

N
i=1

In practice, it is more computationally efficient to perform sums rather than products,
for which we will take the logarithm of (8.4]). It is also more efficient to minimise rather
than maximise, for which we also add a minus sign. With these changes, equation (8.4))
becomes

0 ) . (8.4)

N
—logL(az‘i,-~~,x?v\§>:—z:logp<ﬁ|§), (8.5)
i=1
and we say that the maxzimum likelihood is equivalent to the minimum log-likelihood.

8.1.2. Hypothesis testing

Having a sample does not tell us which underlying theory model would be the best fit.
What we can do is study the PDF under different models with our sample, and establish
which one would be the best fit. We refer to each of these competing models as an
hypothesis. When two hypotheses are compared, one is said to be the null hypothesis Hy,
and the other the alternative hypothesis Hi. For example, if we wanted to establish the
discovery of a new particle, say, a millicharged particle, we would assume its existence as
an alternative hypothesis to the Standard Model, which would act as the null hypothesis.
In the blip channel, the number of aligned blip-pairs or single scatters coming from NuMI
which score highly in our BDTs would be enhanced in the alternative hypothesis.

In general, the distribution of a PDF f(#) will be different under Hy and Hj; instead
of trying to use all the variables in Z, we use a test statistic t, which is a function of the
measured values,

t=t(Z). (8.6)

The Neyman-Pearson lemma [131] indicates that the test statistic with the largest
signal selection for a fixed background misidentification probability is given by the like-
lihood ratio .

&) = M (8.7)
L(Z |Ho)
In practice however, this requires the knowledge of the multidimensional PDFs of the
hypotheses. The boosted decision trees which we have introduced in section [6.1| can be
thought of as a numerical method which aims to approximate to this ratio.

In a search for new physics, we may only be interested in one or a few parameters
(say, i parameters), which we refer to as parameters of interest (POI) and denote with
;. However, optimising our model with only these parameters may not give a good
enough description of the data. For this reason, more parameters, known as nuisance
parameters (denoted with the usual 5) are added. In practice, these are usually related
to our expected backgrounds, whose values are constrained with the use of independent

Monte Carlo simulation samples.
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In our case, we search only for one signal, thus we only need a single POI p, which we
call signal strength. This parameter is defined such that the expected number of events
v in the signal plus background hypothesis is v = us 4+ b, with s and b the expected
signal and background based on our Monte Carlo simulation, respectively; thus the
background-only hypothesis is obtained by setting p = 0, resulting in ¥ = b. From now
on, unless we explicitly make use of p in an expression (as in ps+ b), we will use “s+ b”
and “b” to refer to the signal-plus-background, or background-only hypotheses.

When the number of parameters of one hypothesis is a subset of the parameters
of another one, we can use an approximation to equation known as the profile

likelihood. This is given by
L (f Noﬁ(#o))

A(po) = L(f ﬂjéﬁ) : (8.8)

In this test statistic, the denominator is the (unconditional) likelihood function evaluated
at the parameters which maximise it (i.e. both p and g are unrestricted). In the
numerator, the POI is fixed at a given value p = g, while the nuisance parameters
are optimised to maximise the (conditional) likelihood [129, 132]. We say that, in the
numerator, the nuisance parameters have been “profiled”, which is what the double-hat
notation indicates |[L01]. Note that this test statistic is no longer a ratio of different
hypotheses as in equation , and has to be applied to the measurements under each
hypothesis independently.

8.1.3. Discoveries and limits

Searches for new physics can be classified as either discoveries, or limits. A discovery
occurs if an experiment sees evidence of new physics, in the form of disagreement with
the background-only hypothesis. If, on the other hand, the results show agreement with
the background-only hypothesis, they can be presented as an exclusion limit, meaning
that the evidence of no new physics in the parameter space searched excludes that region
of parameter space.

The standard of what constitutes that a result excludes an hypothesis “beyond sta-
tistical fluctuations” is ultimately dictated by scientific consensus, and whether a new
signal is accepted as either “discovered” or “excluded” is a process which will involve
discussion among the scientific community, going beyond any singular metric (not to
mention differences in interpretation between the Bayesian and frequentist approaches);
nonetheless there are quantifiable statistical measurements which are commonly used to
aid in this discussion.

The probability p that a test statistic ¢ has a value greater or equal than the observed
one tohs assuming that the null hypothesis is true, is called a p-value. A very small
p-value would then mean that the observed data is very unlikely to occur under the null
hypothesis due to statistical fluctuations only. This concept is illustrated in figure [8.2
The distributions depend on the value of the observations & which are more or less likely
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t(X)

Figure 8.2.: Diagram illustrating the distribution of the signal-plus-background (s + b)
hypothesis (blue) and the background-only (b) hypothesis (red) under a test
statistic ¢(Z). The blue shaded area is the p-value of the s + b hypothesis,
and the red shaded area is 1 minus the p value of the background-only
hypothesis.

to occur under each hypothesis. The value t,,¢ of the test statistic for the observations
Zobs actually measured in an experiment is shown as a vertical dashed line. The shaded
blue area under s + b above this line is the p-value of the s + b hypothesis if it were
considered as the null hypothesis, as in the case of a limit search. If b was considered
the null hypothesis, the shaded red area would correspond to 1 minus its p value, which
is the correction term applied in the CLg method.

In the case of a discovery search, the background-only hypothesis is taken as the null
hypothesis, and very small p values of 1.35 x 1073 and 2.87 x 10~7 are usually considered
as evidence or observation of a new signal, respectively. These values are the equivalent
p-values of the rightmost tail of a normal distribution either 3 or 5 standard deviations
from its centre (0); results in discovery searches are usually quoted in terms of this
Z significance as Zo (so in these cases, 30 or 50). In the case of exclusion limits, the
hypotheses are inverted, and now the signal plus background hypothesis is considered the
null hypothesis. The p-value requirements in this case are usually much less stringent,
with p < 0.05 or p < 0.10, which correspond to 95 % confidence level (CL) or 90 % CL
respectively, being the standard.

In the case of limit searches, a modified frequentist approach, also known as the
CLs method, has been adopted by the community in order to avoid cases in which an
experiment with higher expected background may provide more stringent limits in the
case of zero observed events. An example from Ref. [129] is very illustrative: consider two
experiments A and B looking for a rare signal, expecting low backgrounds of b = 0.01
and b = 0.1 respectively. If both experiments observe zero counts, B will achieve a
more stringent limit due to its higher background expectation, despite having a worse
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expected performance. The correction proposed by the CLg; method is to consider the
p values under both the s + b and b hypotheses (denoted as psyp and pp), and use the
value of

>\ Ps+b (/%5)
CLSOMQ)__l—prag) (8.9)

instead of simply ps1p to set limits. Therefore, the denominator 1 — pp, which is shown
graphically as the red shaded area in figure [8.2 acts as a correction term.

The test statistic we will use is a variation of the profile-likelihood shown in equa-
tion , which has become commonplace since the search for the Higgs boson. We
define g, as
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Here, the first case is used to account for situations in which a negative signal would be a
best fit of fi, as in the case of underfluctuations in data; it essentially forces the signal to
have a physical, non-negative value by profiling the denominator to 4 = 0. The second
case is the usual profile (negative log-) likelihood test statistic given in equation (8.8).
The third case is meant to avoid the effects of upwards fluctuations in the data; this test
statistic by construction follows ¢, > 0, therefore a value of 0 will always be below the
observed value and these cases will not form part of the s 4+ b p-value, preventing them
from being counted against the s + b hypothesis.

In general, obtaining the distributions of test statistics under different hypotheses
to measure their p-values is not trivial. It is typically done using pseudo-experiments
generated using Monte Carlo (often called Toy Monte Carlo). A collection of toy mea-
surements Zi,, are generated around the expected values for s + b and b, then the
test statistic calculated, and the p-values obtained from the tails of the distributions.
Naturally, few toys will be in the tails of these distributions, and thousands of pseudo-
experiments need to be generated. Performing the parameter optimisation in the test
statistic for each toy can be computationally expensive; for this reason, an asymptotic
approximation to test statistics can be used, a detailed description of which can be found
in Ref. [132]. Essentially, since we are only interested in the tails of the distributions,
under certain conditions the distributions of the test statistic can be approximated using
normal distributions, whose variance parameter o can be obtained from a single data
sample A (as opposed to thousands of toys) that has an estimated value of p equal to
the true value p/ (which in practice is set to its expected value). Such a sample A is
called the Asimov data set.
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8.1.4. Software implementation: pyhf

We will use the pyhf [133,134] framework for limit setting. This is a Python implemen-
tation of HistFactory [135], a template for running statistical analysis which has been
extensively used in particle physics searches. pyhf implements the variations to the test
statistics and asymptotic formulas described in Refs. [129, 132}, equation in partic-
ular, and the p-values and CL;. In addition to the asymptotic formulas it also supports
the generation of Monte Carlo pseudo-experiments, and modern graph libraries such as
PyTorch and TensorFlow, to take advantage of features such as GPU acceleration.

HistFactory, as its name implies, is based around histograms, organised in an XML
file according to a determined hierarchy; for pyhf this has been translated into plain-text
Python dictionaries. According to this hierarchy, the analysis is composed of disjoint
binned distributions (channels), each of which comes from the sum of different physics
processes (samples). The samples, in addition to having an identifier name and a his-
togram of nominal expected entries, are subject to parametrised variations which can
be free (7), or constrained () parameters for systematic uncertainties, the POI being
a subset of the free parameters. HistFactory and pyhf use a frequentist approach to
constrain uncertainties using a set of auxiliary measurements, and modifiers for rate
modifications. The modifier types differ on whether the uncertainties are constrained or
unconstrained, applied to all samples or on a sample-by-sample basis (shape uncertain-
ties), and in the case of binned modifiers whether the uncertainties are correlated across
bins or not. The type of modifier we use for each uncertainty discussed in section [7] is
shown in table

Table 8.1.: pyhf modifiers used in both channels.

Uncertainty Modifier
Flux Normalisation Uncertainty
MC statistical Uncorrelated shape

Detector variations Correlated shape

8.2. Results of our two-channel millicharged particle search in
MicroBooNE

We will now use pyhf to perform the limit search which we have outlined in the previous
sections. We will show this for each of the two channels independently, going through
all the steps in detail only in the first channel (Wire-Cell single scatter) starting with
one mass point. Then, we will combine all mass points in the single-scatter channel, and
finally apply the same strategy in the multiple-scatter channel.
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Figure 8.3.: Upper limits from a scan of fixed signal strength parameter values pg from
pyhf for the 15MeV mass point. The dashed line indicates the expected
value, with green and yellow bands indicating the +10 and +2¢ bands
around it respectively. The solid line indicates the observed value. A red
line shows the 95% confidence level threshold from the CLg; method, at
which point we record expected and observed values of p.

8.2.1. Wire-Cell single-scatter search
Single mass point upper limits

pyhf has a method for obtaining upper limits using hypothesis tests. It iterates over
a range of values of the signal strength ug, computes the test statistic for the
s+ b and b hypotheses using an asymptotic approximation, then returns the CL; value
for the expected and observed values. The expected values come from using the sum of
background expectations as observations in the test statistic, while the observed values
come from using the real observed data from the beam-on sample. The results are
usually presented alongside the +10, +20 ranges for the expected values at each tested
1o POI point, in what is colloquially known as the “Brazil plot” due to the colours used
for these bands. The application of this method for the 15 MeV mass sample is shown
in figure

Our normahsed sample Sy was simulated with a fixed value of the millicharge coupling
parameter ¢g = 0.001. As discussed in sectlon ., we can scale Sy to a sample S with
an arbitrary parameter € as shown in equation (|5 ,

1
S’ 2+2ngscatters
€E=¢€0 | = .
So
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8.2. Results of our two-channel millicharged particle search in MicroBooNE

We want to scale it to the sample in which a signal strength of 1 gives a 95 % confidence
level of exclusion, in which case puSyp = S, and the exclusion is set at the coupling

parameter € given by
1

€E = 60M2+2"scatters . (811)
For the Wire-Cell channel, the number of scatters is ngcatters = 1, and we use equa-
tion (8.11) to obtain the values of € from the points of intersection of the p bands along

the red line in figure which indicates 95 % confidence level. This is shown in table
B.2

Table 8.2.: Values of the € parameter obtained for the upper limits on the signal strength
1 in pyhf for the 15 MeV signal mass point. The values of p are those of the

red line in figure

Point u for g = 0.001 Millicharge e
Exp. —20 2.96 x 102 4.15 % 1074
Exp. —1lo 3.98 x 1072 4.47 x 1074
Expected value 5.55 x 1072 4.85 x 10~
Exp. +1o 7.81 x 1072 5.29 x 1074
Exp. +20 1.07 x 1071 5.72 x 10~*
Observed value 7.17 x 1072 5.17 x 1074

Upper limits for all mass points

We repeat the above procedure for all the signal samples of different mCP mass to
obtain the signal strength parameters, which are shown in table We also show some
examples of the Brazil plots for different mass points in figure We then convert these
values to the general millicharge parameter € using equation and show the results
in table 8.4l

We can then combine the results from all masses to cover the mCP mass parameter
space, as shown in figure This is our final result. We exclude the region of parameter
space for € above the observed points at 95 % confidence level. Figureshows the result
as a continuous line, which is simply connecting the discrete values obtained for the 12
mass points simulated. We justify this on the basis tat, in the model we consider, the
millicharge mass does not play any significant role — other than affecting the flux of
millicharged particles produced (due to kinematics and phase-space suppression) and
their selection efficiency, as shown in section — both of which impact the statistical
sample. That is, we do not expect any enhanced production of millicharged particles at
any particular mass point, as would occur in the case of resonant production.
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Figure 8.4.: Upper limits from a scan of fixed signal strength parameter values p from
pyhf for the different mass points. The dashed line indicates the expected
value, with green and yellow bands indicating the +10 and +2¢ bands
around it respectively. The solid line indicates the observed value. The red
line shows the 95 % confidence level threshold.
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8.2. Results of our two-channel millicharged particle search in MicroBooNE

Table 8.3.: Expected and observed limits for the signal strength parameter pu at 95 %
confidence level at each mCP mass m, considered.

my (MeV) —20 —lo Exp. p +1lo +20 Observed
15 296 x 1072 398 x 1072 555x 1072 7.81x1072 1.07x 10! 7.17x 102
20 5.07x1072 6.82x1072 951 x1072 134x107! 183 x107! 1.21x10°!
30 1.26x 107" 1.69x 107" 236 x 107! 3.32x1071 4.54x 107" 3.01 x 107!
50 5.43x10°Y 7.30x 107! 1.02 1.43 1.96 1.31
80 1.42 1.91 2.67 3.76 5.15 3.50
100 2.56 3.45 4.81 6.77 9.28 6.13
150 1.14 x 100 1.54 x 101 214 x 10" 3.02 x 10°  4.13 x 10"  2.72 x 10!
200 5.06 x 100 6.80 x 100 9.49 x 10  1.33x 102 1.83x 102  1.20 x 102
250 1.32x 10> 1.78 x 10> 248 x 10> 349 x 10> 4.78 x 10>  3.15 x 10?
300 3.27 x 102  4.39x 10° 6.12x 10> 8.62x 102 1.18x10®  7.74 x 102
350 1.24 x 10> 1.67 x 10> 2.33 x10% 328 x10® 450 x10°  2.99 x 103
400 5.08 x 10*  6.83 x 10* 951 x10* 1.34x10° 1.83x10° 1.25x 10°

Table 8.4.: Expected and observed limits for the millicharge parameter € at 95 % confi-
dence level at each mCP mass m, considered.

my (MeV)

—20

—1lo

Exp. €

+1o

+20

Observed

15
20
30
50
80
100
150
200
250
300
350
400

4.15 x 10~*
4.74 x 1074
5.95 x 1074
8.58 x 1074
1.09 x 103
1.27 x 1073
1.84 x 1073
2.67 x 1073
3.39 x 1073
4.25 x 1073
5.94 x 1073
1.50 x 102

447 x 1074
5.11 x 10~*
6.41 x 10~*
9.24 x 10~*
1.18 x 1073
1.36 x 1073
1.98 x 1073
2.87 x 1073
3.65 x 1073
4.58 x 1073
6.39 x 1073
1.62 x 102

4.85 x 10~
5.55 x 10~%
6.97 x 10~*
1.00 x 1073
1.28 x 1073
1.48 x 1073
2.15 x 1073
3.12 x 1073
3.97 x 1073
4.97 x 1073
6.95 x 1073
1.76 x 102

5.29 x 10~*
6.05 x 10~%
7.59 x 1074
1.09 x 1073
1.39 x 1073
1.61 x 1073
2.34x 1073
3.40 x 1073
4.32 x 1073
5.42 x 1073
7.57 x 1073
1.91 x 102

5.72 x 1074
6.54 x 10~*
8.21 x 10~*
1.18 x 1073
1.51 x 1073
1.75 x 1073
2.53 x 1073
3.68 x 1073
4.68 x 1073
5.86 x 1073
8.19 x 1073
2.07 x 1072

5.17 x 1074
5.90 x 104
7.41 x 1074
1.07 x 1073
1.37 x 1073
1.57 x 1073
2.28 x 1073
3.31 x 1073
4.21 x 1073
5.27 x 1073
7.39 x 1073
1.88 x 1072
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Figure 8.5.: Observed and expected limits for the Wire-Cell single-scatter channel using
data from Runs 1, 2, and 3.
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Figure 8.6.: Comparison of the expected sensitivity of the Wire-Cell two-scatter channel
under different configurations of the detector systematics. The error bars
have been omitted to simplify visualisation.

Comparison of expected sensitivity under different systematic uncertainties

In chapter |7| we discussed the systematic uncertainties applied to our signal and back-
ground Monte Carlo simulation samples. In particular, in section we described the
detector-related uncertainties applied to the mCP signal, which are derived from dif-
ferent detector variation samples. The quadrature sum of these variations defines an
“envelope” that is applied to the signal samples as asymmetric systematic uncertainties
in each bin.

Due to high computational cost of simulating all the mCP signals under multiple
detector variations, we generated these detector variations only for two different mass
points: a low mass point of 30 MeV and a high mass point of 400 MeV. We observed
similar behaviour of the detector variations at both mass points, with the most noticeable
differences stemming from statistical fluctuations. This is expected, as the 400 MeV
signal has a lower flux and selection efficiency, which reduces the effective statistics of
its detector variation samples.

Given this similarity, we use the 400 MeV envelope as a conservative approximation
for all mass points. In figure we show the expected sensitivities obtained using three
approaches: the 400 MeV envelope (which is what we was used throughout the previous
subsection , the 30 MeV envelope, and a scenario in which the detector system-
atics are excluded altogether (although we do retain all other systematic uncertainties
described in chapter [7)).

In figure we observe that the expected limits under all three scenarios are ex-
tremely similar, and nearly indistinguishable in the top panel. The bottom panel shows
the ratio of the 95% confidence level limit on of the millicharge ¢ at each mass point,
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€scenario, Ielative to the case of 400 MeV uncertainties, e400mev. This ratio is defined as
€scenario/ €400 Mev- Even in this case, there is virtually no difference between using the
30 MeV and 400 MeV uncertainties. We do observe a small deviation in the case of the
“no detector systematics”, where the sensitivity to € is stronger by approximately 1.7 %.

These results behave as expected: excluding detector systematics gives a slightly
higher sensitivity, as does using the 30 MeV envelope. Had this not been the case,
it would have indicated a potential error in our limit-setting procedure.

8.2.2. Blip-pair two-scatter search

To obtain the sensitivity in the blip-pair two-scatter channel, we repeat the above pro-
cedure using the blip Monte-Carlo simulation samples. There are only a few differ-
ences with respect to the previous channel. First, we present these results as Monte
Carlo-only expected sensitivities, meaning they are based exclusively on simulated sig-
nal and background predictions, with no use of beam-on data; therefore, we show only
expected limits here. Second, when converting from signal strength u for our simulation
of ¢g = 0.001 towards the generalised millicharge parameter € using equation , we
NOW US€ Ngcatters = 2.

The values obtained for the signal strength p are shown in table and their con-
version to € in table The expected sensitivity obtained is shown in figure [8.7]

Table 8.5.: Expected value and uncertainty bands of the signal strength p at which we
obtain an exclusion at 95 % confidence level for each mCP mass m, consid-
ered.

my (MeV) —20 —1lo Exp. p +1o +20
15 1.36 x 100 1.92 x 101 2.90 x 10" 4.49 x 10" 6.78 x 10*
20 1.89 x 10 2.67 x 10 4.01 x 10 6.18 x 101  9.30 x 10!
30 4.35x 10" 6.19 x 10 9.35 x 10" 1.45 x 10> 2.20 x 10?
50 2.07 x 102 2.95 x 102 4.47 x 10> 6.95 x 10> 1.05 x 103
80 4.17 x 10> 5.94 x 10> 8.98 x 10> 1.40 x 103 2.12 x 103
100 5.63 x 102 8.06 x 102 1.22x 10> 1.91 x 10> 2.91 x 103
150 1.77 x10® 251 x 10 3.78 x 10> 5.87 x 10° 8.87 x 103
200 6.48 x 103 9.21 x 10% 1.39 x 10* 2.16 x 10* 3.27 x 10*
250 1.50 x 10* 2.12 x 10* 3.19 x 10* 4.94 x 10* 7.47 x 10*
300 2.11 x 10* 3.02 x 10* 4.59 x 10* 7.18 x 10* 1.09 x 10°
350 4.38 x 10* 6.22 x 10* 9.39 x 10* 1.46 x 10> 2.21 x 10°
400 9.55 x 10° 1.35x 105 2.04 x 105 3.16 x 105 4.78 x 106

The points in figure [8.7 are obtained from table and as in the single-scatter
case the filled area is connected point-to-point between the 12 mass points simulated.
As discussed, the sensitivity for this channel is not as stringent as the single-scatter
channel. We present both results simultaneously in the next subsection.

178



8.2. Results of our two-channel millicharged particle search in MicroBooNE

Table 8.6.: Expected value and uncertainty bands of the millicharge parameter € at which
we obtain an at with 95 % confidence level for each mCP mass m,, considered.

my (MeV)

—20

—1lo

Exp. €

+1o

+20

15
20
30
50
80
100
150
200
250
300
350
400

1.54 x 1073
1.63 x 1073
1.88 x 1073
2.43 x 1073
2.73 x 1073
2.87 x 1073
3.48 x 1073
4.32 x 1073
4.96 x 1073
5.26 x 1073
5.94 x 1073
9.92 x 1073

1.64 x 1073
1.73 x 1073
1.99 x 1073
2.58 x 1073
2.90 x 1073
3.05 x 1073
3.69 x 1073
4.58 x 1073
5.26 x 1073
5.58 x 1073
6.30 x 1073
1.05 x 1072

1.75 x 1073
1.85 x 1073
2.13x 1073
2.76 x 1073
3.11 x 1073
3.27 x 1073
3.95 x 1073
4.90 x 1073
5.63 x 1073
5.98 x 1073
6.74 x 1073
1.13 x 1072

1.89 x 1073
1.99 x 1073
2.29 x 1073
2.98 x 1073
3.34x 1073
3.52 x 1073
4.25 x 1073
5.28 x 1073
6.06 x 1073
6.45 x 1073
7.25 x 1073
1.21 x 1072

2.02 x 1073
2.13x 1073
2.46 x 1073
3.19 x 1073
3.58 x 1073
3.78 x 1073
4.55 x 1073
5.65 x 1073
6.49 x 1073
6.91 x 1073
7.77 x 1073
1.30 x 1072
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Figure 8.7.: Expected sensitivity for the multiple-scatter channel using blips, based on
an exposure of 1.07 x 102! POT. The empty circle markers indicate the
expected limit, while the green and yellow bands represent the +1o and
+20 confidence intervals, respectively.
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Figure 8.8.: Excluded parameter space from other experimental results compared to our
own. Exclusion limits from the MicroBooNE Wire-Cell single-scatter chan-
nel are shown as a shaded magenta area, while the blip-pair scatter search is
shown as a dashed line. Markers indicate the mass points used in simulation.

8.3. Comparison with other experiments

With our two main results, the limits for the single-scatter channel in figure [8.5] and
the multiple-scatter sensitivity shown in figure [8.5, we now compare the results between
both channels, as well as with the existing results from other experiments. Figure [8.8
shows our results alongside the current leading limits on the parameter space set by the
experimental searches by SENSEI [25] and the milliQ experiment at SLAC [24], as well
as reinterpretations of results from LSND [22, 23] and BEBC [27]. We also show results
from the ArgoNeuT LArTPC [17].

We exclude values of the millicharge e above 5.0 x 104 and 1.8 x 1072 for masses
of 15 and 400 MeV respectively. These limits are the most stringent of any LArTPC
experiment, surpassing those of ArgoNeuT in the range 15MeV to 350 MeV. We ob-
serve a rapid decrease in sensitivity for higher millicharge masses with the single-scatter
channel, which makes our limit on a 400 MeV millicharge not as stringent. This is for
three main reasons, which have been discussed in previous sections. First, the kinemat-
ics of momentum transfer in the elastic scattering of a millicharge with the electrons is
limited by a maximum threshold, which highly overlaps with the minimum threshold in
the single-scatter channel, which affects high masses especially. Second, the lower recon-
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struction efficiency for low energy electron scatters, which is also accentuated at higher
mass millicharged particles, which tend to have low energy themselves and produce less
energetic scatters. Finally, we do not consider the decays of neutral mesons of a mass
higher than 7’. Doing so would increase the sensitivity at higher masses, and extend our
sensitivity range beyond 400 MeV.

Comparing our two channels, the single-scatter search excludes a larger region of
parameter space at all but the highest mass of 400 MeV considered. In general, the
increased sensitivity in this channel is due to the higher probability of a millicharged
particle generating a single scatter above detection threshold, as opposed to multiple
scatters. Furthermore, the two-scatter result shown does not consider systematic uncer-
tainties, which once applied will reduce the sensitivity.

Other experimental results show more stringent limits than ours. SENSEI [25] in
particular, a highly sensitive pixelated dark matter detector, located underground on-
axis with the NuMI beam, shows more stringent limits in all mass points. The MilliQ
experiment at SLAC is the only dedicated millicharged particle experiment which has
world-leading limits in a range 60 MeV to 85 MeV, however they did not have access to
a beam capable of producing mCPs above 100 MeV.
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In this thesis we showed the results of a search for millicharged particles in the Mi-
croBooNE experiment using a single-electron scatter signature. We observe agreement
between data and the expected backgrounds, and set limits on the production of mil-
licharged particles between 15 and 400 MeV originating from the decay of light neutral
mesons from the NuMI beam. We also show the sensitivity of MicroBooNE for a search
using a different channel consisting of multiple low-energy electron scatters.

For this search we used the equivalent of 1.07 x 10! POT of NuMI beam-on data in-
teractions from Runs 1, 2 and 3 of MicroBooNE. We developed Monte Carlo simulations
of signal from millicharged particles in the form of electron scatters within MicroBooNE;,
which we overlay alongside beam-off data of cosmic interactions. In the single-scatter
channel, we reconstructed electron scatters as low as 20 MeV using the Wire-Cell re-
construction framework, which at this energy level only has a 1% efficiency. For the
multiple-scatter channel, we use a low-threshold of 500 keV for our signal, and use dedi-
cated MeV-scale methods to reconstruct blips, which at this energy have a reconstruction
efficiency of 20 %. As we look for signals with blip-pairs, the efficiency of our signal at
this energy scale is reduced to 4 %.

We used Monte Carlo simulation samples of neutrino interactions from the GENIE
event generator as a background, in addition to the cosmic interactions. We train dif-
ferent BDTs in both of our signal channels using XGBoost, and use them to perform a
selection on the data. We find that the biggest background in both channels is due to
cosmic activity, with neutrino interactions being a negligible background in the case of
the multiple-scatter blip search. Systematic uncertainties are applied over the BDT score
distribution of the single-scatter search by performing a full simulation under different
physics parameters and detector configurations, which give as a result an uncertainty
of around 25 % in the BDT-score region with most signal. We also consider a neutral
meson flux uncertainty of 22 %, and a POT uncertainty of 2 %.

We use the signal region of our BDT to set limits on the millicharge parameter € in
a mass range 15MeV to 400 MeV, for values of € between 5.17 x 104 and 1.88 x 1072,
Our results compare favourably to the ArgoNeuT liquid-argon time projection chamber
(LArTPC), with more stringent limits in the range between 15 and 350 MeV mass point,
making ours the most stringent limit on millicharged particles for LArTPCs in this mass
range. However, other published experimental results place more stringent limits across
all the mass range considered.

Our results show that LArTPCs can search for millicharged particles using a single-
scatter signature. The only previous search for millicharged particles in a LArTPC is
from ArgoNeuT, in which they used a two-blip signature. There are many key differences
between the ArgoNeuT experiment and MicroBooNE, some of which with play in favour
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of ArgoNeuT and some in favour of MicroBooNE, with the end result being that the
sensitivity of the two-scatter search presented here is very close to that of ArgoNeuT.
ArgoNeuT was placed 100m underground, which provides shielding from cosmic rays
thus reducing the number of background blips. They triggered on every NuMI beam
spill, most of which did not produce a neutrino interaction, and thus had a vast neutrino-
background free data sample, whereas we are restricted to using a “parasitic” trigger,
envisioned for detecting neutrinos. Finally, the experiment was on-axis with the NuMI
beam, which increased the flux of neutral mesons and their energy, and consequently of
millicharge production. On the other hand, the advantages for MicroBooNE are having
a bigger time-projection chamber, the use of cold electronics which reduces noise-induced
blips, and around 10 times more POT recorded, not to mention the improvements in
reconstruction techniques, many of which were pioneered by ArgoNeuT.

Future LArTPC experiments aiming to search for millicharged particles, such as SBND
or DUNE, would benefit from considering a single-scatter channel alongside a multiple-
scatter one. The biggest room for improvement in a future search is in bridging the gap
between the energy reconstruction scales of 1 MeV to 20 MeV, the energy range in which
neither blip reconstruction nor frameworks such as Wire-Cell have a good efficiency.
This could be done in either a “bottom up” approach, starting from blip reconstruction
and work towards higher energies, or a “top-down” approach, with targeted development
of high-level frameworks towards the reconstruction of low-energy clusters. Collecting a
sizeable unbiased trigger data sample in-time with the beam would also aid in searches
for millicharged particles and many other BSM models, by reducing the neutrino back-
grounds. In the case of searches for massive particles with a longer time of flight towards
the detector, improvements in timing resolution using the photon detection system can
also help to reduce neutrino backgrounds, as shown by MicroBooNE [69]. The nanosec-
ond timing methods shown in Ref. |[69] were not used in our search as at the time of
writing they have only been implemented for the BNB beam, with work underway to-
wards implementing them in NuMI. Finally, shielding from cosmic rays and improved
understanding and modelling of the way in which they produce blips would be an ad-
vantage.
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A. Full blip-pair BDT training variables
(signal vs. background)

Table A.1.: Summary of blip-pair BDT training variables, separated in four categories.

Category

Variables

N. variables

Per-blip, index-wise
(blip 1 and blip 2)

Blip i positions (z;, y;, 2i)
Blip i extents Ax;, A(yz);

Per blip, magnitude-wise
(blip min. and blip max.)

Blip size

Blip energy

Number of hits in the collection plane
Sum of number of hits in induction planes
Minimum distance to a track of each blip

Blip pair Blip angles
Blip separation
Third blip Transverse distance of nearest 3rd blip

Min. transverse distance to nearest 3rd blip
Overall distance to nearest 3rd blip

= o= W NN NN DNNASEOD
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Figure A.1.: Per-blip, index-wise: blip position variables



Blip pairs

Blip pairs

x10°

30
I ES==== Background blip-pairs (125289)
25 Signal blip-pairs (All masses, 56379, x2.2)
E Mixed blip-pairs (6993, x17.9)
20
15—
10
5
O: L L P B
0 05 1 15 2 25 3
Extent of blip 1in x (cm)
x10°
902 B Background blip-pairs (125289)
802 Signal blip-pairs (All masses, 56379, x2.2)
702 Mixed blip-pairs (6993, x17.9)
60F
50
o
30
20
10
OE‘ ! \‘I‘IHI‘\IH-\-HA.H

05

T 15 2 25 3
Wire extent of blip 1inyz (cm)

Blip pairs

Blip pairs

x10°
25} _ Background blip-pairs (125289)
N Signal blip-pairs (All masses, 56379, x2.2)
20F Mixed blip-pairs (6993, x17.9)
15
10—
5
o051 15 2 25 3
Extent of blip 2in x (cm)
x10°
90; _ Background blip-pairs (125289)
80? Signal blip-pairs (All masses, 56379, x2.2)
70 Mixed blip-pairs (6993, x17.9)
605
505
o
305
205
10F
o= | T | \‘I‘ B8 8. .8 0. .u. .

05 T 15 2 25 3
Wire extent of blip 2inyz (cm)

Figure A.2.: Per-blip, index-wise: blip extent variables
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Figure A.3.: Per blip, magnitude-wise training variables.
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Figure A.5.: “Relation to third-blip” BDT training variables.



B. Full blip-pair BDT training variables
(data vs. MC)

Table B.1.: Summary of blip-pair BDT training variables, separated in four categories.

Category

Variables

N. variables

Per-blip, index-wise
(blip 1 and blip 2)

Blip i positions (z;, y;, 2i)
Blip i extents Ax;, A(yz);

Per blip, magnitude-wise
(blip min. and blip max.)

Blip size

Blip energy

Number of hits in the collection plane
Sum of number of hits in induction planes
Minimum distance to a track of each blip

Blip pair Blip angles
Blip separation
Third blip Transverse distance of nearest 3rd blip

Min. transverse distance to nearest 3rd blip
Overall distance to nearest 3rd blip

= o= W NN NN DNNASEOD
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B. Full blip-pair BDT training variables (data vs. MC)
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Figure B.1.: Per-blip, index-wise: blip position variables
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Figure B.2.: Per-blip, index-wise: blip extent variables

211



B. Full blip-pair BDT training variables (data vs. MC)
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Figure B.3.: Per blip, magnitude-wise training variables.
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B. Full blip-pair BDT training variables (data vs. MC)
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Figure B.5.: “Relation to third-blip” BDT training variables.
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