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Abstract

Precision measurements of neutrino interaction cross sections will be of critical importance
to the next generation of neutrino oscillation experiments. The Short-Baseline Near
Detector (SBND) is a 112 ton Liquid Argon Time Projection Chamber experiment in the
Booster Neutrino Beam at the Fermi National Accelerator Laboratory in Illinois. It will
collect the largest ever dataset of neutrino-argon interactions with which it will pursue
a rich cross section measurement program. This thesis presents the development of a
number of tools for the reconstruction and analysis of this data to prepare SBND for
precision measurements. The ability of SBND to make a measurement of the challenging
NC 170 channel is then explored. This channel is of particular interest due to its similar
signature to the charged-current electron neutrino interactions that represent the signal
of interest in the MiniBooNE and LSND low energy excess. SBND will investigate this
excess as part of the Short-Baseline Neutrino program. Powerful selections reduce the
background to this channel by over 99 %, whilst retaining 34 % of the signal. A method
for extracting the interaction cross section is then developed, including an assessment of a
range of systematic uncertainties associated with the simulation chain. By comparing the
extracted cross section from a sample of simulated SBND data to the raw predictions from a
couple of different generator models, it is clear that significant differences will be resolvable
with SBND data. Critical further work is detailed that will enable full exploitation of the
generational advancement in precision measurements of neutrino-argon interaction cross

sections possible with SBND.
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Glossary

A non-ezhaustive list of the many acronyms used in this thesis - many experiment names

have been omitted as their somewhat contrived acronyms are not illuminating.
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FSI
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Short-Baseline Near Detector
Short-Baseline Neutrino
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Liquid Argon

Particle Data Group

Conseil européen pour la Recherche nucléaire
(European Organization for Nuclear Research)
Stanford Linear Accelerator Centre
Fermi National Accelerator Laboratory
Pontecorvo-Maki-Nakagawa-Sakata
Charge-Parity

Charged-Current

Neutral-Curret

Resonance

Deep Inelastic Scattering

Quasi-Elastic

Final State Interactions

Low Energy Excess

Space Charge Effect

Laboratori Nazionali del Gran Sasso
(Gran Sasso National Laboratory)

CERN Neutrinos to Gran Sasso
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PFO Particle Flow Object
BDT Boosted Decision Tree
MVA Multi-Variate Analysis
PD Photodetector
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Chapter 1

Introduction

The opening line of Kane’s Modern Elementary Particle Physics [1] reads:

“The Standard Model of particle physics is an awesome theory, providing a description and
explanation of the world we see, in a full relativistic quantum field theory. It leaves no

puzzles in its domain. It achieves the goals of four centuries of physics.”

Similar lines can be found in the opening of almost all modern particle physics textbooks [2,
3, 4]. The Standard Model is indeed a remarkable theory which, over 40 years after
its codification continues to be reinforced by more precise tests of its most obscure
predictions [5]. So far particle physicists have only found one definitive piece of evidence for
physics beyond this standard model, neutrino mass. Results around the turn of the century
from the SNO [6] and Super-Kamiokande [7] collaborations conclusively demonstrated
the existence of neutrino oscillations. A phenomenon that relies on mixing between
neutrino states and the existence of neutrino masses, the latter deviating from the massless
prediction of the Standard Model. This discovery won the 2015 Nobel Prize and ushered in
an exciting era of precision neutrino physics pushing the boundaries of our most accurate

model yet.

Chapter 2 contains a brief overview of the developments in the almost 100 years of neutrino

physics followed by a description of the theories underpinning neutrino interactions
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and specifically the neutral-current interactions relevant to this thesis in chapter 3.
Chapter 4 describes the general operating principle of liquid argon time projection
chambers (LArTPCs) as well as the specifics of the Short-Baseline Near Detector (SBND)
within the Short-Baseline Neutrino (SBN) program. The processing of SBND Monte Carlo
via the simulation of neutrino interactions, propagation of particles in the detector medium,
simulation of the detector and electronics responses, and reconstruction is all covered in
chapter 5. Chapter 6 describes the development and utilisation of a tool used to reject
cosmic-ray backgrounds. Finally, chapters 7 and 8 assess SBND’s ability to select and
reconstruct NC 170 events and use them to make a differential measurement of the cross

section.



Chapter 2

Neutrinos

2.1 Postulation and Discovery

2.1.1 Little Neutral One

Wolfgang Pauli was the first to, grudgingly, suggest the existence of the neutrino in 1930 [8|.
Experiments studying the kinematics of beta decay had demonstrated a continuous energy
spectrum of the emitted electron [9], a result totally incompatible with the predicted two-
body decay channel. Pauli’s letter to the Tiibingen conference suggested a solution could
be found by introducing a neutral, spin—% third body termed the ‘neutron’. It was Enrico
Fermi who took Pauli’s proposal and developed it into a full quantitative theory of beta
decay. In lieu of Chadwick’s use of ‘neutron’ in his 1932 discovery of a distinct nuclear
particle [10], Fermi used the Italian diminutive suffix to rechristen Pauli’s particle, the

neutrino.

Pauli supposedly observed that “[he had| done something very bad today by proposing
a particle that cannot be detected; it is something no theorist should ever do” [11].
Thankfully this statement was overly pessimistic, although Pauli was right in so far as his

prediction that neutrino observation would be incredibly challenging. The developments
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in neutrino physics over the last century have been in spite of these challenges and have

been all the more interesting as a result.

It would be over two decades later that another communication, this time a telegram to
Pauli, heralded the first detection of neutrinos by Frederick Reines and Clyde Cowan in
1956 [12]. Their setup consisted of two cadmium-doped water target tanks sandwiched
by three tanks containing liquid scintillator, making use of an intense neutrino flux from
a fission reactor at the Savannah River Plant, South Carolina. Electron antineutrinos

interact with nuclear protons via inverse beta decay to produce a positron and a neutron:

Vep — e n. (2.1)

A dual signature is observed resulting from the prompt annihilation of the positron and
a delayed de-excitation of a cadmium nucleus following capture of the neutron. Their
observation of what we now know to be the electron antineutrino observed a signal rate
20 times that of the reactor backgrounds. The experiment was repeated with heavy water
(lower proton density), greater and lesser cadmium concentrations and with shielding
applied (to reduce background neutron and gamma rates), all demonstrating consistency
with the expected changes [13]. As they put it in their telegram “we have definitely detected

neutrinos”.

2.1.2 Not Just One Neutrino

Whilst the hunt for the neutrino had been going on, Neddermeyer and Anderson had
identified the existence of a particle with a mass between that of electrons and protons |14,
15] in their studies of cosmic ray particles. This particle, the muon, had also been shown
to behave in a manner different to other moderate energy particles [16, 17, 18] by Conversi
and Piccioni in the mid-1940s. It would later be understood that this difference stemmed
from the fact that the other particles were mesons (mainly pions), quark based composite
particles with interactions mediated by the strong nuclear force, whilst the muon was in
fact a new lepton, a ‘heavy electron’. It was suggested by Pontecorvo that the existence of

multiple charged leptons might imply that their associated neutrinos could also be distinct

4
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particles [19]. Early results from Ray Davis’ chlorine inverse beta decay experiments at
Brookhaven had already implied that neutrinos and antineutrinos underwent non-identical

interactions [20, 21].

By the 1960s, physicists were harnessing the properties of the newly discovered pions and
muons to stray for the first time into accelerator-based neutrino physics. The Alternating
Gradient Synchrotron at Brookhaven was used to collide 15 GeV protons with a beryllium
target. The resulting particles included a significant flux of charged pions which would
decay in flight via

at s Y (2.2)
to produce a beam of neutrinos. The remaining charged elements of the beam were removed
using iron shielding. This is the principle still used to this day to produce accelerator
neutrino beams. A team led by Leon Lederman, Jack Steinberger and Melvin Schwartz
observed neutrino interactions from this beam in a spark chamber. They showed that these
neutrino interactions predominantly produced muons not electrons and that, combined
with previous observations of the neutrino interaction rates, indicated that the neutrinos
produced in pion decay, and associated with the muon were different from the electron
associated neutrinos produced in beta decay [22|. This discovery, the existence of the muon
neutrino, would go on to win the 1988 Nobel Prize in Physics for the three aforementioned

authors.

2.1.3 Good Things (Neutrinos) Come in Threes

Evidence built in the mid 1970s for a third charged lepton, with behaviour similar to that
of the electron and muon but a mass in the region of 1.7 GeV [23, 24, 25|]. The discovery
of the tau lepton by Martin Perl and others at SLAC immediately suggested that it may
be the first of a full third generation of quarks and leptons including a corresponding tau

neutrino to go with the muon and electron neutrinos [26].

Despite the confidence of these predictions it took until 2000 for a direct observation

of v;, primarily due to the large mass and short lifetime of its charged partner. The
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detection of v, and v, had utilised the production of e and p¥ respectively via charged-

+ via a charged-current

current interactions. The neutrino energy required to produce 7
interaction was prohibitively high for most accelerator neutrino beam facilities. The
DONUT collaboration at Fermilab were the first to pass this hurdle. They observed four
candidate tau lepton production events in a neutrino beam produced using 800 GeV protons
from the Tevatron accelerator [27]. The distinctive signature of a single charged lepton
produced at the vertex and decaying within the first couple of millimetres into a charged

daughter lepton left them with an expected background of just 0.34£0.05 events. An
analysis of their full dataset in 2008 yielded a total of 9 CC v, events [28].

2.1.4 1Is That It?

During the long wait for the observation of tau neutrinos, the ALEPH experiment at
CERN'’s Large Electron-Positron Collider (LEP) had indicated that there would be no
“fourth light neutrino flavour”. They studied the decay of the Z-boson, the mediator of
the weak neutral-current which had been discovered in 1983 [29, 30]. The Z-boson couples
to all fermions and thus the decay width of the Z can be expressed as a sum over all
kinematically accessible fermionic pairs:

’U,,Cl,C,S,b €1,T €0, T

Pz= > Tzt ) Tzunt+ Y Tzoum (2.3)
q l l

Note the fact that the top quark mass, m; > "% makes the decay Z — tf inaccessible

and thus the quark term is summed over the five lighter quark flavours. The decay width

expressed in 2.3 can equivalently be written as

u,d,c,s,b e, T
Tz= Y Tzog+ ) Troa+Nolzomm, (2.4)
q l

where N, is the number of light active neutrino generations, by which we mean, the
number of weakly-interacting neutrino flavours with a mass light enough to be accessible

in Z-boson decays. By measuring the Z-boson width and using Standard Model predictions
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Figure 2.1: A combined measurement of hadronic production in the region of the
Z-boson mass resonance, relative to the Standard Model predictions for 2, 3 and 4

light active neutrino flavours respectively. Figure from [33].

of the visible widths, ALEPH measured the value of N, to be 3.274+0.30 with just their
first three weeks of data, ruling out the existence of a fourth light active neutrino at the
98% confidence level [31]. A later combined analysis of the entire dataset from all four
LEP experiments (ALEPH, DELPHI, L3 and OPAL) resulted in a much more stringent
constraint (see figure 2.1). The most modern value is given by the particle data group

(PDG) to be 2.996--0.007 [32].

Cosmological measurements of the abundances of light elements (D, He and Li) can also
be used to constrain the number of light neutrino flavours, although with less precision

than the LEP result [34, 35].
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2.2 Oscillations

So we have 3 light neutrinos matching the 3 generations of quarks and charged leptons,
that all nicely fit together to form the Standard Model. With the discovery of the Higgs
boson by the ATLAS [36] and CMS [37] collaborations in 2012, the final predicted piece
was in place. However, by this point, neutrinos had already stopped playing nicely and

given experimental particle physicists plenty to think about.

2.2.1 Solar Neutrino Problem

Given the original neutrino predictions emanated from anomalies in beta decay results,
the Sun was an obvious place to search for a significant flux of neutrinos [38]. Detailed
models of solar behaviour, developed principally by John Bahcall, indicated the decay of
boron-8 should be the dominant source of solar neutrinos and that a larger version of the
radiochemical experiments performed by Ray Davis at Brookhaven should be sensitive to

this flux [39].

Davis established an experiment in the Homestake mine in Lead, South Dakota using
390,000 litres of tetrachloroethylene. The experiment observed electron neutrino capture
on the 520 tons of chlorine-37 contained in the tetrachloroethylene resulting in the creation

of a radioactive argon isotope with a half-life of 35 days.

ve 37C1 — 3TArt e, (2.5)

The argon was removed by purging the liquid with helium gas, and then its decay was
observed using a small proportional counter. The initial results in 1968 showed that the rate
of solar neutrinos was significantly lower than that predicted by Bahcall’s modelling [40,
41]. Work continued over the course of the next decade with questions being put to both
the theoretical predictions and the experimental results, but both held up under scrutiny.
As more data was taken with the Homestake setup it became clear that the observed solar

electron neutrino flux was consistently around a third of that predicted by the models [42],

8
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Figure 2.2: An illustration of the evolution of a cosmic ray shower induced by

interaction in the earth’s atmosphere. Figure from [46].

the tension was real and very much remained.

Further experiments including SAGE [43|, GALLEX [44] and Kamiokande [45] further
reinforced the Homestake results using both similar radiochemical approaches and water

Cherenkov detection.

2.2.2 Atmospheric Neutrino Problem

Another large natural source of neutrinos originates from the top of our atmosphere. The
earth is continually bombarded by a large flux of cosmic ray particles which undergo high-
energy interactions with the atmospheric medium, creating showers of a variety of particles

as indicated in figure 2.2. The hadronic cascades that result from these interactions
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primarily finish with the following decays:

(-)
™+ — v, pF

b ) 5. 20
As a result, the flux of atmospheric neutrinos was expected to consist of about double
the number of muon neutrinos and antineutrinos relative to electron neutrinos and
antineutrinos [47]. This neutrino flux was expected to be a significant source of background
to the first generation of large proton decay experiments in the 1980s. Both the IMB and
Kamiokande water Cherenkov experiments made measurements of the rate of atmospheric
neutrinos in order to constrain this background. Both experiments observed that the ratio
between muon-type and electron-type atmospheric events was lower than expected [48,
49|. These results were strengthened over the coming decade with further measurements at
IMB-3 [50] and Kamiokande [51] as well as experiments such as MACRO [52] and Soudan-
2 |53] using alternative detector technologies. What all of these results demonstrated was
that the ratio was in fact significantly less than 2, whilst the deficit in muon-type events
was correlated with the zenith angle, i.e. the direction of arrival of the neutrino. Downward
going neutrinos, that had come from the atmosphere directly above the experiments,
showed rates consistent with the theoretical prediction. However, upward going neutrinos,
that had passed all the way through the earth having originated in the atmosphere on the

other side of the planet, were the source of the significant deficit.

As with the tension in the observations of solar neutrinos, this difference was thoroughly
examined with no issues in the theoretical prediction or the experimental observation being

found.

2.2.3 SNO and Super-Kamiokande

The Sudbury Neutrino Observatory (SNO) and Super-Kamiokande experiments both
published results around the turn of the millennium which conclusively demonstrated that
both the solar neutrino problem [6] and the atmospheric neutrino problem [7] could be
explained via the conversion between different neutrino flavour states. The two would

later win the 2015 Nobel Prize for this critical advancement.

10
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The SNO experiment consisted of a 1000tonnes of heavy water surrounded by 9,600
photomultiplier tubes to detect the Cherenkov light emitted by the passage of high energy
charged particles. Critically, the use of heavy water (D20) allowed SNO to be sensitive to

three different neutrino interaction processes [54]:

ved — ppe” (CC) (2.7)
Vpd — pnuy (NC) (2.8)
Uy € — Uye (ES). (2.9)

The charged-current (CC) channel is sensitive only to electron flavour neutrinos, while
the neutral-current (NC) channel is equally sensitive to all 3 flavours. On top of this,
the elastic neutrino electron scattering (ES) channel is also sensitive to all 3 flavours but
with a higher sensitivity for electron neutrinos due to contributions from both charged and

neutral-current processes.

By combining measurements of all three channels (see figure 2.3), SNO were able to show
that the electron neutrino flux was consistent with that measured by the Homestake mine
experiment, whilst simultaneously showing that the total neutrino flux was consistent with
the predictions made by the standard solar model. This combination strongly suggested a
process of flavour change was responsible for the electron neutrino deficit referred to as the
solar neutrino problem. Neutrinos produced by beta decay in the Sun would be of electron
flavour but during their propagation to Earth some proportion of them had converted to
muon and tau flavour neutrinos and thus were only visible in the neutral-current and elastic

scattering channels.

Super-Kamiokande’s result focused on observations of atmospheric neutrinos, reiterating
the existence of a deficit of muon neutrinos with a strong dependence on zenith angle. This
can be seen in figure 2.4. Their results also showed that a similar deficit was not present in
electron neutrino events. They were therefore able to demonstrate that such results were
consistent with a length dependent conversion of muon neutrinos to tau neutrinos during

their propagation from production in the upper atmosphere to detection on the Earth’s

11
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Figure 2.3: The electron neutrino (¢.) and combined muon and tau neutrino fluxes
(¢r) measured by the SNO collaboration using the charged-current (red), neutral-
current (blue) and elastic scattering (green) channels respectively. The charged-
current band provides a restriction purely on the electron neutrino flux, leaving
the entire ¢,. phase space unconstrained. However, the neutral-current restricts
the sum of the three fluxes and so creates a constraint band of constant ¢. + ¢,
Finally, the elastic scattering channel also places a restriction on the combination
of the two fluxes but this time with a scaling factor on the electron component to
account for the extra mechanism. This creates another sum constraint but with a
different slope. The combined fit region as a result of these three constraints is also

indicated. Figure from [6].
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Figure 2.4: The Super-Kamiokande observation of both e-like and p-like events as
a function of their zenith angle. The hatched region indicates the predicted flux in
the no oscillation case, whilst the solid line represents the predicted flux assuming
v, — v, oscillations with best-fit values of sin?26=1 and Am?=2.2x107%eV?. Figure

from [7].

surface.

Although not included in the Nobel Prize, results from another Japanese experiment,
KamLAND, in 2002 confirmed the SNO results via the observation of a deficit in the
electron antineutrino flux from nuclear reactors [55|. Finally, the K2K experiment were
able to confirm the Super-Kamiokande result of muon neutrino disappearance, becoming
the first experiment to observe oscillations in an accelerator beam of neutrinos [56, 57].
These results, using different sources, energies and baselines to SNO or Super-Kamiokande,
helped add conclusive weight to the evidence piling up behind the neutrino oscillations

picture.

13
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2.2.4 Oscillation Framework

As it had become clear during the 1950s and 1960s that there were different flavours of
neutrino and that neutrinos and antineutrinos may be distinct particles, Bruno Pontecorvo
had developed a theory of transitions between these states analogous to the observed
oscillations in neutral kaons [58, 59, 60]. Pontecorvo pursued this idea over multiple

decades, describing a robust framework in which this mixing could occur.

It was this theory that provided the framework to explain the results of SNO and Super-
Kamiokande, and from this basis a series of experiments have measured a variety of
aspects of this neutrino oscillation phenomenon. These results have populated Pontecorvo’s
original theory with the required experimentally measured parameters and tested the

implications of this on its predictions.

The model developed by Pontecorvo, Maki, Nakagawa and Sakata is predicated on the
existence of neutrinos existing in two sets of eigenstates: flavour and mass. These states

are related via the superpositions:

va) = ZUm i) ) =) U va) (2.10)

where |v,) are the flavour eigenstates (e, u, 7), |v;) are the mass eigenstates (1, 2, 3)
and U, are the elements of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix which
describes the mixing between the two bases [61, 32]. The process of oscillations arises from
the way in which the two bases appear in different contexts. Neutrinos only interact via
the weak force, which couples exclusively to the flavour eigenstates. Thus the flavour of the
neutrino can be directly defined by the electron, muon or tau emitted by its charged-current
interaction. However, neutrino propagation occurs as a function of the mass eigenstate,

and in the case of a non-diagonal PMNS matrix, these are not the same thing.

Particle propagation, in this case a neutrino, can be described as a plane wave solution to

the Schrédinger equation:
(1)) = e it |uy) (2.11)
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and thus the flavour eigenstates as:

3
e (t) ZUM e Eit |1, (2.12)

The chance of observing a neutrino in flavour state 8 after time ¢ having initiated as flavour

« is then given as:

Pacsp(t) = |(vslva(t)]?

3
= |(vg] Z Uia e *Eil 1)

i=1

3 e,u,T
= (sl ) <Um e Bty U |VA>)
1=1 A
3 €1, T
= Z( Yo" —zEtz Vﬁ|y>\>

=1

2

2 (2.13)

2

Given that |vg) and |vy) are exact flavour states then (vg|vy) = dg) and as such:
2

Pa—)ﬁ(t) = (Uia C_iEitUi%)

-

1

]

(2.14)

3
Z Uia UjaU;B e BB,
1j5=1

I
Mw

7

We can then use the fact that the neutrino is ultra-relativistic to make a couple of
substitutions. Firstly, as we are in the limit p > m, taking the leading order terms

from a Taylor expansion yields:

=1+ (;’;)2 (2.15)

The energy difference from equation 2.14 can therefore be written:

2
o L
20 2 (2.16)
i
 2E
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where E; is the energy of the i mass eigenstate m; and E is the energy of the produced
neutrino. Secondly, v = ¢ so in natural units ¢ = L where L is the distance travelled by
the neutrino. We can then express the transition probability as

. 2 2
i(mj 7mj)L

3
Y UiaU3UjeUjg e 28

Mw

Poosp(t) =
i=1 j=1
3.3 iAmZ L
- ZZ iaUigUjaUjg €™ 2 (2.17)
=1 j=1
3.3 . . s AmgjL ) Am?jL
= ZZUM iﬁUjanB 1 —2sin I + 2sin 5K
=1 j=1
Which can eventually be written as
Posp(t) = dap
Am?. L
—4 R U U3Uja U *
ZZ e (ViaUis 5) sin® — (2.18)
=1 j=1
Am?2.L
J
+2Z;Z;Im oUi3UjaUjg) sin — 2
i=1j

This representation is very useful in understanding the key aspects of neutrino oscillations.
The first term encodes the no-oscillations scenario, and can easily be recovered if
we set Am?j = 0. Hence, any experimental verification of oscillations is, of itself,
evidence for at least one non-zero neutrino mass. The other terms represent features
of oscillations. Firstly, we can see that the mass squared difference, Amfj encodes the
frequency of these oscillations, a larger value creating quicker oscillations and a smaller
value creating slower oscillations. The scale of the oscillations are set by the coefficients
48, 0 Re (ViU UsaUyy ) and 2558, 555, T (UiaUjUaUs ) which are made
up of elements of the mixing matrix between the two eigen bases. The ‘experimental

variation’ can therefore be injected via the combination of L and F which control which

point of the oscillation probability wave is being probed.

The only mathematical difference in the representation for antineutrinos would be the
exchange of Uy, <+ Uj,. Clearly, this only impacts the final term, and therefore any

differences in the behaviour between neutrinos and antineutrinos - known as CP-violation

16
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. . . . . Am?2. L .
- is encoded in this term. It is also worth noting that the term Tg can be written as

Am?j [6V2]L[km]
E[GeV]

1.27 to accept friendlier units.

Neutrino oscillation experiments measure the appearance or disappearance of a certain
flavour of neutrino. This is done by using a source of neutrinos with a relatively well known
initial flavour composition and measuring the change at a certain distance (e.g. solar or
atmospheric neutrino oscillation measurements) or by measuring the flavour composition
at two different points with near and far detectors (e.g. most accelerator neutrino
experiments). With enough statistics, the probability of oscillation can be determined
by the group behaviour and, using equation 2.18, the parameters that govern neutrino

oscillations can then be extracted.

If we assume that neutrinos are Dirac, i.e. their antineutrinos are distinct particles, then

the most common parametrisation of the three-flavour PMNS matrix is:

1 0 0 C13 0 si3 efiécp C12 si2 O
U=|[0 ca3 s23]- 0 1 0 | —s12 c2 O (2.19)
0 —s93 co3 —S13 eidcp () C13 0 0 1

where ¢;; = cosf);; and s;; = sin6;;. This representation encodes the mixing in terms of
3 angles (012,013, 623) and one CP-violating phase (dcp). As the name suggests dop =
)

0 (or 7=) means no CP-violation, identical behaviour between neutrinos and antineutrinos,

and any other value indicates some level of difference.

2.2.5 Matter Effects

The formalism adopted in the previous section assumes that the neutrinos are propagating
in a vacuum. This is often not the case, and the interactions of neutrinos with any matter
they pass through adds a further term to the propagation Hamiltonian. This term can
modify the expected amount of mixing, due to the asymmetry between the interactions of
electron neutrinos and those of muon or tau neutrinos [61]. Electron neutrinos have an
extra contribution due to the existence of a charged-current electron scattering process,

alongside the neutral-current process available to all flavours (see figure 2.5).
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Figure 2.5: Feynman diagrams indicating the coherent forward elastic scattering
that can occur between neutrinos and the fermions that constitute matter. Figure

from [61].

Wolfenstein showed that this asymmetry creates a modified oscillation probability that
depends on the electron density of the matter that has been traversed over the course
of the experimental distance L [62]. Mikheev and Smirnov later demonstrated that this
effect could become resonant in regions where the density slowly decreases, this resonance

is known as the MSW effect [63].

2.2.6 Current Oscillation Parameters

A substantial body of work from a large number of experiments over the last two decades
has resulted in most of the oscillation parameters (PMNS parameters and mass splittings)
being known to within a few percent [64]. The combination of 612 and Am3, are
often referred to as the solar parameters due to the fact they present in the electron
disappearance signal measured in the solar neutrino flux. They have both been constrained
well by a combination of measurements from the SNO [65], Super-Kamiokande [66] and
KamLAND [67] experiments. 613, despite not forming the key contribution to either the
solar or atmospheric anomalies, is now the best known of the three mixing angles. The first
indications that it was non-zero came from the T2K [68] and MINOS [69] experiments in
2011. The most precise measurements now result from the Daya Bay [70] and RENO [71]
experiments, both of which measure the disappearance of electron antineutrinos from a

reactor source using an inverse beta decay method. The discovery of substantially non-
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Figure 2.6: The results of three recent global fits of the 3v oscillation parameters.

Figure from [75| using fits |76, 77, 78|.

zero 013 allows the possibility to probe for CP-violation in the neutrino sector. Due to the
coupling between 013 and dop in equation 2.19 a zero or very small 613 would make dcop
impossible to measure. The ‘atmospheric’ mixing angle, 63 has been widely measured by
atmospheric and accelerator experiments such as Super-Kamiokande [72|, T2K [73] and
NOwvA [74], although it is not yet clear in which ‘octant’ the value lies (see section 2.2.6.3).
Finally, the mass splitting |Am§2] is also well measured due to the fact it can be accessed
by reactor, atmospheric and accelerator experiments alike. The strongest constraints on

this value come from Daya Bay [70], NOvA [74] and T2K [73].

Figure 2.6 shows a plot from |75 that nicely summarises the results of three recent global
fits to oscillation data in the three neutrino paradigm [76, 77, 78|. The results are presented

for both mass hierarchies (see section 2.2.6.1).

The next generation of neutrino oscillation experiments, primarily DUNE and T2HK -
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Figure 2.7: The two possible scenarios for the order of the neutrino mass states,
normal and inverted ordering. Fach bar also demonstrates the flavour composition

of each mass state. Figure from [79].

the accelerator successors to NOvA and T2K - and JUNO - a moderate baseline reactor
successor to Daya Bay - will make more precise measurements of the oscillation parameters.
They will specifically target the three key areas in which current measurements have not
been able to render well known values: the mass hierarchy, the value of dop and the octant

of 923.

2.2.6.1 Mass Hierarchy

Whilst initial oscillation results indicated conclusively that neutrinos did have non-zero
masses, further details of these masses are difficult to determine. The oscillation effects are
only sensitive to the squared mass difference, and not the individual masses themselves,
whilst only the final term of equation 2.18 is sensitive to the sign of Am?, in the second

term it is absorbed by the sin?.

Matter effects are dependent on the sign of the splitting, and therefore offer a handle with
which oscillation experiments with sufficiently long baselines can determine this sign. This

has been achieved for the solar mass splitting, Am3;, thanks to the MSW effect in the
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solar medium, but has yet to be determined for the atmospheric splitting Am3,. This
leaves an unresolved question known as the mass ordering problem, whereby it is currently
unknown as to whether the mass of the third eigenstate is lighter or heavier than the first
and second. The former scenario is described as the normal hierarchy and the latter as the
inverted hierarchy and is illustrated in figure 2.7. Whilst all three global fits in figure 2.6

favour the normal ordering scenario, they do so only with limited significance.

2.2.6.2 Sop

Conservations of parity (P) and charge conjugation (C) were, in the early days of the
Standard Model, expected to be absolute. However, experiments by Chien-Shiung Wu in
the 1950s, showed that in fact both were violated in beta decay processes [80]. The idea
that the combination of the two, CP, could be conserved was also shown to be incorrect
in 1964 by James Cronin and Val Logsdon Fitch when they observed the rare decay of
neutral kaons into a pair of charged pions [81]. CP-violation is also one of the Sakharov

conditions for the creation of the universe’s apparent matter-antimatter asymmetry [82].

Although CP-violation has been observed in the hadronic sector, it has not been observed
in sufficient quantity to satisfy Sakharov’s condition. Neutrino oscillations potentially offer
a mechanism by which CP-violation could occur in the leptonic sector. Thus far, oscillation
experiments have not been able to conclusively determine the value of d¢op or rule out the
CP-conserving scenarios of §cp = 0 or 7. The determination of the CP-violating phase
is coupled to the mass ordering scenario, both of which are accessible only via the third

term of equation 2.18.

In recent years the T2K experiment has published results that exclude CP-conservation in
the neutrino sector at the 90% confidence level [83, 84|. These indications have not been
confirmed in similar searches by the NOvA experiment [74| although neither results have

the required precision for this tension to be significant.

21



Chapter 2. Neutrinos

2.2.6.3 923 Octant

The value of o3, the atmospheric mixing angle, is known to be close to the maximal value
of 7 but current experiments have been unable to lift the degeneracy caused by the fact
that it appears in the muon neutrino survival probability (P(v, —v,)) as a sin? 263
term. This produces a symmetrical degeneracy around the maximal and whether it is just
above or just below is known as whether it sits in the higher or lower octant respectively.
A value of exactly 7 would indicate a symmetry between the u and 7 flavours which itself
can be linked to maximal CP-violation [85, 86]. This is the only point on which there is
significant disagreement between the fitting groups in figure 2.6, two favouring lower octant
in the normal mass ordering scenario whilst the third favours the higher octant in both
mass ordering scenarios. Measurements of electron neutrino appearance in future long
baseline oscillation experiments will be able to lift this degeneracy due to the dependence

of P(v, = v.) on sin? f3.

2.2.7 Look a little eleser nearer

It is clear from the previous discussion that increasingly precise measurements of the
oscillation parameters in the 3-neutrino paradigm have developed a clear, consistent picture
of neutrino oscillations as an extension (by virtue of neutrino mass) to the Standard Model.
However, as is becoming the theme of neutrino physics, this is not the end of the story.
A series of results across different types of experiments in the 1990s and 2000s pointed

towards an inconsistency at low L/E values.

e Experiments studying electron antineutrino flux from nuclear reactors at baselines
O(10—100m) saw a deficit relative to the prediction of nuclear reactor models. This

is known as the reactor antineutrino anomaly [87].

e Gallium radiochemical experiments, such as GALLEX and SAGE, which were aimed
at measuring the low-energy solar electron neutrino flux used radioactive sources at
very short baselines for calibration purposes. The deficit they saw is known as the

Gallium anomaly [88].
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Figure 2.8: The excess of electron neutrino appearance reported by the LSND
(left [89]) and MiniBooNE (right [90]) experiments. The LSND plot reports
the number of data excess events, following the subtraction of the Monte Carlo
- hence the negative value at higher L/E. The shapes of the different Monte
Carlo contributions are shown to guide possible explanations of the excess. The
MiniBooNE plot instead reports the unsubtracted data points which clearly

demonstrate an excess over the Monte Carlo distribution in the lower energy region.

e Two accelerator based neutrino experiments, LSND [89] and MiniBooNE [90] using
differing technologies saw the appearance of electron (anti)neutrinos over similar
L/E in beams of muon (anti)neutrinos. Figure 2.8 shows the distributions of these

excesses.

These results all indicated electron neutrino appearance or disappearance that could not be
explained by ‘standard’ 3-neutrino mixing. The most popular proposed solution for these
results was the existence of a fourth ‘sterile’ neutrino. First proposed by Bruno Pontecorvo
right back in 1967 [60], these sterile neutrinos would couple only to the gravitational
interaction yielding them impossible to directly detect via the weak interactions used
to detect their active counterparts. This would also render them consistent with the

measurements of the Z-boson width discussed in section 2.1.4.

The 3+1 model, in which a single sterile species accompanies the 3 traditional neutrino
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Chapter 2. Neutrinos

flavours, yields an extra mass state v4, and thus mass splitting Am?,, as well as an extension
to the PMNS matrix. If the fourth mass state were large enough that Am3, ~ Am3, ~
Amig ~ 1eV? then the resulting fast oscillations could explain the discrepancies appearing

at such small baselines [91, 92].

In recent years the landscape has evolved further. Improved models of the reactor neutrino
flux have all but removed the reactor anomaly [93], although some tension still remains
around the origin of the 5 MeV bump observed across many reactor experiments [94]. Ex-
periments such as DANSS [95], NEOS and RENO [96], PROSPECT [97] and STEREO [98]
have all published results that disfavour sterile neutrinos and exclude significant areas of the
phase space. However, these results are in tension with the Neutrino-4 reactor experiment
which published results (shown in figure 2.9) indicating a 2.7 preference for sterile neutrino
oscillations with Am?2; = 7.3 4+ 1.17eV? and sin? 20 = 0.36 + 0.12 [99]. The methodology
used to produce these results has met with some skepticism from the community but further
results from upgraded versions of DANSS, Neutrino-4 and PROSPECT should test these

claims with improved precision [100].

In the regime of the Gallium anomaly the BEST experiment has published results [101,
102| indicating a strengthening of the discrepancy with a setup dedicated to exploring the
SAGE and GALLEX results. The BEST results favour a mass splitting of Am3, > 16V?
which is at significant tension with the apparent lack of reactor anomaly but would be

consistent with the Neutrino-4 results.

Finally, the MicroBooNE LArTPC has performed searches for the low energy excess
(LEE) observed by MiniBooNE. Neither the electron [103] nor photon [104| channels saw
compatibility with the LEE. Their first multi-channel search for evidence of 341 oscillations
found no evidence for the existence of a sterile neutrino, although this was limited by
possible degeneracy between v, appearance and disappearance [105]. These results only
comprise the first half of the MicroBooNE dataset, future searches will be performed with

the full dataset and with techniques designed to break the aforementioned degeneracy.

Further studies have been performed by long baseline experiments such as MINOS(+) [106],
NOvA [107, 108] and IceCube [109]. They can probe the existence of a sterile neutrino
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Figure 2.9: The results of the Neutrino-4 search for sterile neutrinos showing the
ratio of events at a certain L/FE to the average of those with the same energy over
all available baselines. Plotted in red is their best fit result of Am?, = 7.34+1.17¢eV?
with sin? 20 = 0.36 & 0.12. Figure from [99].
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Figure 2.10: Global fits of short-baseline v, disappearance and v, (dis)appearance
in both Am?%, — |U,|? and Am2, —sin® 26,,. spaces. There is a clear tension between
the allowed regions of appearance results - in red - and the exclusion curves set by

disappearance results. Figure from [110].

via the muon disappearance signature which should complement the electron appearance
and disappearance signatures observed in the above anomalies. None of these experiments

found evidence for such a sterile induced signature.

These competing results have led to a somewhat muddled picture. Despite the reduction
of the reactor anomaly, the Gallium anomaly and LSND and MiniBooNE anomalies still
require explanation, and the MicroBooNE results further complicate that. The 3+1
scenario suffers from significant tension between the disappearance and appearance results
as can already be seen in figure 2.10 which pre-dates both the BEST and MicroBooNE
results. The most up-to-date picture of this phase space is shown in figure 2.11 in which
all three recent results (BEST, MicroBooNE and Neutrino-4) are shown - alongside the

original LSND appearance results.

Clearly, the 3+1 scenario faces challenges in explaining the current landscape of short-
baseline neutrino physics, but the anomalies still stand and require a solution. Other
extensions to the Standard Model have been postulated to explain some or all of these

results, including the addition of further sterile neutrinos [111], neutrino coupling to new
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Figure 2.11: Global fits of short-baseline v, appearance and disappearance in Am?, —
sin? 20, and Am?, — sin®20,, spaces respectively, following the first MicroBooNE
search for sterile neutrinos. The appearance space shows MicroBooNE excluding a
large portion of the allowed LSND region but leaving a substantial section around
Am? ~ 1 eV2. The disappearance space shows that the combined Gallium anomaly
still covers a large allowed region and does overlap with the small Neutrino-4 region.

Figure from [105].
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Chapter 2. Neutrinos

boson states [112], non-standard neutrino interactions [113] or heavy sterile decay scenarios
(heavy neutral leptons) [114]. It is in this context that the Short-Baseline Neutrino program
at Fermilab has been designed and constructed, with the unique ability to simultaneously
search for v, disappearance, v, appearance and v, disappearance at multiple baselines in

the same beam (see chapter 4).
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Chapter 3

Neutrino Interactions

How do we study neutrinos? The previous chapter outlined a wealth of fascinating
experiments that have been, or will be, carried out to determine the properties of this
most elusive of particles. The common theme uniting them all is they study ‘the result
of neutrino interactions’. As neutral particles, we can only study them via the particles
that they produce when they interact weakly with the material in our detectors. This
makes understanding neutrino interaction cross sections; the rate at which they interact,
the particles they produce and the kinematics of these particles, vital to the performance

of such experiments, especially as we move into the ‘precision’ era of neutrino physics.

Modelling of neutrino interactions contributes to precision oscillation measurements via
both the background subtraction and energy reconstruction. Even with functionally
identical near and far detectors, the flux and detector acceptance differences mean total
cancellation of interaction systematic uncertainties is impossible. At the energies of
relevance to accelerator neutrinos, there are a number of neutrino interaction generators
designed to model these interactions, most commonly GENIE [115], NuWro [116],
NEUT [117] and GiBUU [118]. Due to the complex nature of these interactions and the
limited data available, these generators disagree significantly in their predictions. Making
improved measurements of neutrino interaction cross sections and comparing them to such

generators is critical to reducing the systematic uncertainties of future experiments.
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Chapter 3. Neutrino Interactions

Neutrinos are both electrically neutral and colourless and as such they do not experience
the effects of the electromagnetic or strong forces, they couple only to the W+ and Z
bosons of the weak interaction. The W and Z bosons mediate the charged (CC) and
neutral (NC) currents respectively. In a charged-current interaction a conversion occurs
between the neutrino and its charged leptonic counterpart or vice versa, in a neutral-current
interaction the neutrino remains as a neutrino. As described in the previous chapter, the
coupling of each neutrino to its respective charged lepton is the manner by which neutrinos
were first observed, and the way in which neutrino flavour can be tagged in oscillation

experiments.

Before we dive into the details of the different neutrino interaction modes, it is worth
defining the term cross section. Cross sections provide particle physicists with a measure
of the probability of an interaction. The cross section is the effective area within which

the interaction can take place. It is given by the following formula:

N
@nt’

(3.1)

g =

where N is the number of interactions, ® is the time- and energy-integrated neutrino flux
required to produce those interactions and n; is the number of targets in the material

exposed to the neutrino flux.

It is often useful to express or measure cross sections in terms of their dependence on
different initial state, interaction or final state variables. This allows further subtleties of
the cross section to be understood, especially when making comparisons between data and

theoretical models. This is known as measuring the differential cross section.

3.1 Neutrino-Nuclear Interaction Modes

The wavelength of any wave affects its resolution. This simple fact is played out in everyday
cameras, telescopes making observations of astronomical phenomena and the use of radio
waves for human communications. As Louis de Broglie pointed out in 1924 [119], a direct

result of wave-particle duality is a calculable ‘wavelength’ for any particle. This wavelength
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Figure 3.1: The total energy-normalised neutrino charged-current cross section
per nucleon. The black and coloured lines show the total cross section and QE,
Resonant and DIS contributions respectively. These predictions were created using
the NUANCE generator and are compared to a series of measurements from a variety
of neutrino experiments. The range of BNB neutrino energies are superimposed for

reference. Adapted from [120, 121].

reduces as the particle’s momenta increases, thereby allowing it to resolve smaller structure.
This has a direct impact on neutrino-nuclear interactions where the neutrino’s energy
affects what level of nuclear structure it resolves; interacting with the nucleus as a whole,

the individual nucleons or the nucleons’ constituent quarks.

At the range of neutrino energies to which SBND is exposed in the Fermilab Booster
Neutrino Beam (BNB) there are a number of different interaction modes that contribute
significantly to the total event rate. The total neutrino charged-current cross section in
the sub-GeV to 100 GeV regime is illustrated in figure 3.1. It is immediately clear from this
plot that the energy regime of the BNB lies in a transition region where contributions from
quasi-elastic (QE), resonant (RES) and deep inelastic scattering (DIS) processes are all
significant and change appreciably in scale over the relevant energy range. The following

sections will describe these different modes of interaction.
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Chapter 3. Neutrino Interactions

3.1.1 Quasi-Elastic and 2p2h

The dominant interaction mode for SBND, and other experiments that operate in the
~1GeV region, is that of charged-current quasi-elastic scattering. The neutrino scatters

off a single nucleon converting that nucleon in the process:

yyn — 1 p
(3.2)

np — 1T n.
The cross section for such a process can be described theoretically using the Llewellyn-
Smith formalism [122]. This description describes the differential quasi-elastic cross section
in terms of the vector, axial vector and pseudoscalar nucleon form factors. These form
factors describe the distribution of charge within the nucleon. The pseudoscalar form
factor can be neglected as its effect is heavily mass suppressed due to its cross section
contribution being scaled by a factor of ﬁ where M is the nucleon mass [123]. The vector
form factor is accessible via electromagnetic electron scattering and can be utilised thanks
to the conserved vector current (CVC) hypothesis. The axial vector form factor is therefore

left to be determined via weak neutrino scattering. Traditionally, this form factor has been

expressed in a dipole form:

Fa(0)

2\ 2
(1+4%)

where @Q? is the four-momentum transfer of the interaction and My is the ‘axial mass’

Fa(Q%) = (3.3)

used to parameterise the scaling. F4(0), or g4 as it is often noted, can be determined from
neutron 3 decay [124] leaving My as the final free parameter. A number of bubble chamber
experiments in the 1970s and 1980s made measurements of the quasi-elastic charged-current
interactions using hydrogen or deuterium. This equated to making the measurement on
free or essentially free protons. The results from these experiments agreed well and gave
a world average value for the axial mass of M4 = 1.026 £ 0.021 GeV [125]. The neutrino
mode quasi-elastic events give a particularly clean experimental signature, especially in
imaging detectors, where both an outgoing lepton and proton should be identifiable from

a shared vertex.

Most 215t-century neutrino experiments use targets consisting of heavier target nuclei,

due to their larger density and thus event rates. Predominantly this has consisted of
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3.1. Neutrino-Nuclear Interaction Modes

carbon (within organic scintillators), oxygen (within water) or argon. Unlike hydrogen or
deuterium the component nucleons cannot still be treated as free independent particles.
Generally, this is modelled using the impulse approximation, whereby the nucleons are
treated as independent and then combined incoherently [126]. The treatment of nuclear
effects in this combination is typically handled using a relativistic Fermi gas (RFQG)
approach [127] in which each nucleon is given some momentum characterised by a
combination of the binding energy and Fermi momentum of the nucleus [124]. Other
approaches encompass use of a ‘local Fermi gas’ (LFG) in which the Fermi momentum,
instead of being constant, is dependent on the radial position of the nuclei within the
nucleus [128]. Spectral functions and the random phase approximation can be used
to add the effects of correlated motion between nucleons at short and long distances
respectively [129]. Further suppression factors are added to account for the Pauli blocking
effect, in which the final nucleon state cannot correspond to any previously occupied state

due to the Pauli exclusion principle.

Results in the late 2000s, in particular those of the MiniBooNE experiment (see figure 3.2),
demonstrated a significant disagreement between CCQE data on nuclear targets when
compared to models tuned to the previous era of bubble chamber results. The MiniBooNE
data showed a significant excess across their entire energy regime when compared to such
model predictions, whilst contemporary results from LSND [130] and NOMAD [131] agreed
well in lower and higher energy regimes respectively. One interpretation of such results is to
tune the axial mass to match the newer nuclear data, yielding values around My = 1.3 GeV,
however, this approach introduces an equivalent tension with the NOMAD data. No
combination of the more sophisticated extensions to the relativistic Fermi gas model could

address the discrepancy [132].

An alternative proposal was presented by Martini et al. [134] in which they account
for interactions involving multi-nucleon excitations, predominantly the 2-particle-2-hole
(2p2h) state in which the neutrino interacts with a correlated pair of nucleons. This can
result in multi-nucleon emission events which, as a result of Pauli suppression, undetectable
neutrons or final state interactions (see section 3.2), can appear alongside the ‘true’ quasi-

elastic events in experimental results. Modern experiments now usually report their results

33



Chapter 3. Neutrino Interactions

-39
x10
16
14 (@) l
— 12F ]'
£ 10 G P T
Q St -0
~ 6 L] MiniBooNE data with shape error
O o ———a—— MiniBooNE data with total error
4 — e RFG model with Mg:l.()S GeV,k=1.000
2 RFG model with M{"=1.35 GeV, x=1.007
0 E 1 1 1 1 L 1 L
04 06 038 1 1.2 14 1.6 1.8 2
E,RFG
%102 E\,Q (GeV)
16 ;_ —%— NOMAD data with total error
14 (b) ——A—— LSND data with total error
— 12E T
10 ot 4
£ 10F : e
— = ——a—— MiniBooNE data with total error
© 6 N SR TEL LT RFG model with M5=1.03 GeV, k=1.000
4 == RFG model with M} =1.35 GeV, k=1.007
= ree nucleon wit! =1 e
= F leon with M,=1.03 GeV
0 E__ —_ 1 1
-1
10 1 10
E?E,RFG (Gev)

Figure 3.2: The MiniBooNE measurement of the CCQE cross section on 2C as
a function of neutrino energy alongside further contemporary data from LSND
and NOMAD with a prediction provided by the NUANCE generator utilising a

relativistic Fermi gas model. Figure and information from [133].
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3.1. Neutrino-Nuclear Interaction Modes

in terms of the detectable final state (e.g. CCr,0m) in order to more clearly account
for the events they are measuring. Models including the 2p2h contributions alongside the
sophisticated Fermi gas QE approaches were able to explain the MiniBooNE results, whilst

preserving a value of My ~ 1GeV [135].

3.1.2 Pion Production - Resonant and Coherent

Moving beyond the elastic-like interaction types we find events in which particles other
than the interacting lepton and nucleon are emitted. Due to their relatively light mass,
the first particles for which this starts to occur are pi-mesons or pions. In figure 3.1 the
process that quickly becomes dominant following the quasi-elastic peak is that of resonance
events. In these interactions the nucleon is excited by the neutrino into a resonant state,
most commonly A(1232). The nucleon resonant state then promptly decays back to a
ground state nucleon, emitting a pion in the process. Example Feynman diagrams for
charged and neutral-current resonant pion production events are shown in figure 3.3, whilst

the full list of possible resonant pion production processes off free nucleons [120] are:

yp — U prnt pp — Tpn

un — 1" pn° mp — ITnr

yn — " nw" upn — T

up — vy pm np — o pm (3.4)
+ = +

vp — yUynmw vVp — yynmw

I/l’I’L—>Z/l7”L7T0 ﬁln—>Dln7r0

vyyn — VU pTw vn — U pm

where the first three are charged-current interactions, and the last four neutral-current.

Although pion production is the most dominant mechanism in the resonance channel, the
excited states, particularly at resonances beyond A(1232), can also decay to final states
involving multiple pions, heavier mesons such as kaons, or even radiatively via the emission
of a photon. Resonance production has typically been understood via the Rein-Sehgal [136],

and subsequently Berger-Sehgal [137], models which account for a series of resonances up to
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p n

Figure 3.3: Example Feynman diagrams for resonant pion production in neutrino-

nucleon interactions under charged (left) and neutral (right) currents.

about 2 GeV, using a harmonic oscillator approach. The latter model is purely an extension

of the former in which an accountance is made for the mass of the lepton.

Pion production is further complicated by the existence of a coherent process in which the
neutrino scatters off the entire nucleus producing a single pion, for example:
VlA—>VlA7TO ﬁlA—>I7[A7TO

(3.5)
A — 1" Axn" A — It An.

Due to the small momentum transfer associated with this interaction the pion is typically
very forward going, aligned with the original neutrino. As with resonant interactions,
the focus often lies on pion production, although other final states such as p-mesons or
photons are also possible. The modelling of such processes was developed again by Rein and
Sehgal [138] making use of the partially conserved axial current hypothesis (PCAC) [139] in
which the differential cross section can be related to that of pion-nucleus elastic scattering
at vanishing Q2. A prescription involving the axial mass is then used to scale the cross

section for non-zero values of Q2. A microscopic approach is also possible, although only
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valid in the region of the A(1232) resonance [120].

Initial measurements at present accelerator energies (E, < 2GeV) demonstrated good
agreement with the modelling of the neutral-current coherent interactions (producing a
70), whilst searches for charged-current coherent interactions (producing a %) only yielded
upper bounds, suggesting an overprediction [140, 141]. This was particularly evident
in the SciBooNE experiment who measured the ratio of the two processes in the same
beam. Their measurement of Z¢ECoh — 0.1470:59 [142] was much lower than predicted by
either theoretical approach, and gave no evidence for non-zero charged-current coherent
interactions. This tension has reduced as modern experiments with increased statistics
have been able to make measurements of the charged-current rate in closer agreement
with the model predictions [141]. Most recently, the T2K experiment improved their

measurement of CC v, induced coherent pion production alongside a first measurement of

the CC v, variety [143].

3.1.3 DIS

Towards the higher end of the neutrino energy spectrum of the booster neutrino beam,
a further process becomes accessible, that of deep inelastic scattering (DIS). Unlike the
previous processes in which the neutrino has interacted with the entire nucleus or individual
nucleons, DIS takes place once the four-momentum transfer is large enough for the neutrino

to resolve the constituent quarks that make up a nucleon.

DIS interactions are less theoretically uncertain than some of the previously assessed
processes. This is primarily due to the fact that the interaction does not depend as
heavily on complex nuclear dynamics and instead is parameterised by the nucleon structure
functions that describe the parton model of hadronic states [120, 144]. DIS interactions
are typically modelled via the Bodek-Yang model [145] with the evolution of the resulting
hadronic state (hadronisation) via the Andreopoulos-Gallagher-Kehayias-Yang (AGKY)
model [146]. The latter is necessary due to the fact that by interacting at a quark level,

there is a resulting fragmentation of the nucleon. Quarks cannot exist outside of bound
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states and so a showering (or hadronisation) effect occurs producing a series of baryons

and mesons.

3.2 Final State Interactions

As was discussed in section 3.1.1, the complex nuclear environment of heavy nuclei can
significantly impact the primary neutrino interaction. Further impact is felt from the
nuclear medium via final state interactions (F'SI). The various interaction processes outlined
above all result in a final state lepton alongside a hadronic final state of varying complexity,
from a single proton created in a CCQE interaction to a complex shower of hadrons
resulting from a high energy DIS event. These hadrons are produced within a dense nuclear
medium and are therefore subject to a strong nuclear potential. The chances of final state
hadrons (primarily protons, neutrons and pions) undergoing a further reinteraction with a
nucleon before escaping the nucleus are relatively high (can be as large as 80% for pions

in argon [147]).

The impact of FSI is clear, the hadrons that escape the nucleus and, subject to detector
thresholds and efficiencies, are therefore observable, may not be the ones produced in the
primary neutrino interaction. The FSI can alter both the particle type and its kinematics.
Four types of interaction are typically considered - absorption, elastic scattering, charge

exchange and pion production - and are nicely summarised in figure 3.4.

The modelling of FSI differs significantly between different generators primarily because
the full quantum mechanical description of the nucleus is too complex to be achieved [147].
Many use an intranuclear cascade model in which each hadron is stepped through the
nuclear medium with the mean free path used to assess the probability of interaction [115].

The effects of nucleon-nucleon correlations also have to be accounted for.

Recent measurements by the MINERvA [149, 150, 151], T2K [152, 153] and Micro-
BooNE [154] collaborations have studied how the use of transverse kinematic imbalance

(TKI) variables can offer sensitivity to nuclear effects such as FSI. These variables
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Figure 3.4: A schematic illustrating the final state interactions that hadrons can

undergo whilst propagating through the nuclear medium. Figure from [148|.

express the magnitude (dpr) and direction (dar) of any ‘missing’ momentum in the plane
perpendicular to the incoming neutrino direction [155, 156, 157]. In the absence of FSI
the angle this missing momentum makes with respect to the outgoing lepton, da, should
be uniform, created only by the isotropic Fermi motion of the initial nucleon. Figure 3.5
shows the MicroBooNE measurement of the CC 1p07 cross section with respect to these
TKI variables, clearly demonstrating that the data is not uniform in dap. It also indicates
that current FSI models describe the data well in some areas of the phase space but show
some disagreement in other areas, particularly at high dar. Measurements such as this, and
further generalisation to full kinematic imbalance [157, 149, 151, 153, 158] offer significant
input to better understand the impact of nuclear effects on neutrino-nuclear scattering and

validate generator models accordingly.

3.3 NC#°

The production of neutral pions via neutral-current interactions (or NC 7 ) is possible via

resonant, coherent and deep inelastic scattering processes. Its experimental signature is
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Figure 3.5: The CC 1p07 cross section as function of TKI variables in both single
and double differential space as measured by the MicroBooNE experiment. Figure

from [154].

characterised by the immediate decay of the neutral pion into a pair of photons. It is a
channel of particular interest to modern experiments for a number of reasons. Firstly, it
is a large background in v, appearance searches due to the potential similarities between a
single electron electromagnetic shower in a CC v, event and a pair of photon electromagnetic
showers in a NC7%event. This is particularly true for higher energy 7°decays, where
the opening angle between the two photons is reduced, leading to overlapping signatures
and in detectors in which resolving two photons or separating photons from electrons is
challenging. Secondly, pion production predictions rely on contributions from a number
of processes and therefore making precision measurements of these channels is critical to
reducing the interaction systematic uncertainties for future experiments. Finally, 7° decays
have a distinctive reconstructable invariant mass which can be a useful calibration tool for

assessing energy reconstruction.

The first experimental observation of the production of pions, both charged and neutral,
in neutrino neutral-current interactions was made in 1974 using the Argonne National
Laboratory’s 12 foot hydrogen and deuterium bubble chamber [167]. A total of 14 events
(7T vup — vun mt candidates and 7 v, p — v, p 70 candidates) were observed with
an expected background of 2.49 4+ 0.73. This was followed by a series of observations
and measurements in the 1970s and 1980s, reflective of a wider program of neutrino
interaction measurements that followed on from the discoveries of the electron and muon
neutrinos and the weak neutral-current. These results are summarised in table 3.1 and

were predominantly expressed as ratios with respect to charged-current processes due to
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Experiment | Year Target (E,) (GeV) | Measurement Value
BNL SC 1977 [159] | C / Al Peak: 1-2 oy, NC17°%) / 20(v, CC1n°) | 0.17 £ 0.04
Gargamelle | 1977 [160] | CFsBr || Peaki 2 | o, NC1x%) / 20(1,CC12%) | 045 £0.08
1984 [161] (v, NC 17° Coh) (31 £ 20) x 107%° cm? /nucleus
(7, NC 17° Coh) (45 & 24) x 107% cm? /nucleus
ANLBC || 1981 [162] | Deuterium | | Peak: 05 | o(4,NC1x%) /oy, CCLxt) | 0094005
Aachen-Padova | 1983 [163] | AL |: > o NC1m0Coh) | (204 10) x 109 cm?/AL
(7, NC 17 Coh) (25£7) x 1079 cm? /Al
CHARM |- 1985 [164] | Marble (CaCOy) (31 | o NC1mOCol) | (96 % 42) x 10~ cm? /nuclens
24 o(, NC 17° Coh) (79 & 26) x 107%° cm? /nucleus
SKAT |- 1986 [165] | CPoBr |- T o, NC1m0Coh) /o(,CC) | 0342002
(v, NC 17° Coh) (52 £19) x 1071 cm? /nucleus
FNAL 15 BC | 1986 [166] | Ny | 0 o(1, NC170Coh) /o(1,CC) | 20+04)x 104

Table 3.1: Summary of early NC 7% results on a variety of targets and energies.

poor knowledge of the neutrino flux. These measurements were restricted by very limited
statistics, indicated by the significant associated uncertainties, but did form a body of
evidence for the existence of such interactions. The particular focus of many of these
results was on the coherent production channel, with many of the experiments reporting

coherent cross sections via the observation of an excess of forward going events above the

predicted resonant spectrum according to the Rein-Sehgal model [136].

Interest in more precise measurements of neutrino interaction cross sections was driven by
the confirmation of neutrino oscillations around the start of the millennium. Proposals for
the second generation of oscillation experiments - to better measure the PMNS parameters
and neutrino mass splittings - required better modelling of neutrino interactions. These
efforts have only grown as it has become clear that our knowledge of neutrino interactions is
incomplete, particularly on complex nuclear targets, and that this is becoming the limiting
factor for modern oscillation experiments no longer limited by small sample sizes. In
the last 20 years measurements have been made of the NC7¥cross section on water,
hydrocarbons, iron and argon, and are summarised in some detail in table 3.2. Whilst
it has still been useful to report some measurements as ratios, to reduce the impact of

correlated uncertainties, the increase in statistics and detector precision has allowed for

more measurements of integrated cross section results.
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Figure 3.6: The NC 17 cross section measured by the MiniBooNE experiment with

respect to the neutral pion’s momentum and direction. Figure from [170].

The MiniBooNE experiment was the first to report a differential cross section in terms
of the pion’s momentum and direction, as shown in figure 3.6. Whilst their measurement
indicated that the Rein-Sehgal models did not fully describe the observed cross section,
the differential measurement in terms of the pion direction conclusively demonstrated
a non-zero coherent contribution peaking at forward directions. The measurement of
NC 7% production was particularly important to the MiniBooNE experiment as an in-situ
constraint on the largest background to their v, appearance results (see figure 2.8), driven

by the identical appearance of electron and photon showers in the mineral oil Cherenkov

detector.

The measurements of most relevance to this thesis are those of the ArgoNeuT [174] and
MicroBooNE [178] collaborations. The ArgoNeuT result represented the first measurement
of NC 7Y on argon and included separate measurements of the neutrino and antineutrino
components. Their measurements were consistent with the predictions from both the
GENIE and NuWro generators as shown in figure 3.7. In order to make such a measurement
in a small (47.5 x 40 x 90 cm?) detector, the collaboration developed a series of novel energy

correction measures to account for uncontained photon showers.

The MicroBooNE experiment consisted of a much larger argon volume and collected a

43



Chapter 3. Neutrino Interactions

ArgoNeuT

7,—9——‘ ————T ‘}"QQNF”‘T — -
gl S -
o e T =
g 10 T — g1 -
2t ot : N < :
@Q [~ o e ] ey = -
=% - /,-’.‘ o g - 20 . ]
tE o € 1.20 x 10% POT v-mode Beam §
g 1 :/ R . < 4 —— Inclusive NC-n° Data _
=) F S e E E X . E|
~ Fs E E E — Inclusive GENIE Cross-Section -
> R 7 x cofs . g 1
nE: H 1.20 x 10 POT v-mode Beam i o:; C Inclusive NuWro Cross-Section 7
g |y —a— v Data z | )
o107t —e— v Data = 2107 _
% i —— v-Argon GENIE E g E 3
3 i - V-Argon NuWro E s E 7
S —— v-Argon GENIE ] g f -
=1 == v-Argon NuWro 4 L ]

2 | I | : |
10 55 o

S

S S RS S R RS R PN T W NSNS S S T ST N M
0 5 10 5

15 20
Mean Neutrino Energy (GeV)

N
@

10 15
Mean Neutrino Energy (GeV)

Figure 3.7: The NC17°%cross section measured on argon by the ArgoNeuT
experiment and compared to predictions by the GENIE and NuWro generators.
Figure from [174].

larger dataset of neutrino-argon interactions. Their measurement of the integrated cross
section in three different channels (semi-inclusive, Op and 1p) gave further inspection of
the model predictions from a range of generators (see figure 3.8). Whilst all the generators
consistently over-predicted the data the results were within the expressed uncertainties. A
simultaneous x? test to the two exclusive channels indicated that the NEUT prediction best
matched the data, but only marginally so. As the measurement that most closely matches
the SBND scenario (same target and beam), it is instructive to inspect the systematic
uncertainties associated with the result. Figure 3.9 shows that the statistical uncertainty
was not dominant in any of the three channels (although was not negligible either) whilst
the largest systematic uncertainties resulted from the modelling of the neutrino flux and
interactions. In chapter 8 this thesis will assess the capabilities of the SBND experiment

to make a precision measurement of this channel.

During the final preparation of this thesis the MicroBooNE collaboration published
updated results in this channel, including their first differential and double-differential
measurements. Their results indicate a continuation of the theme of over-prediction by the

generators, especially at very forward-going angles [179].
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Figure 3.9: The uncertainties associated with the NC 17Y cross section measurements

presented by the MicroBooNE experiment. Figure from [178|.

45



Chapter 4

SBND and LArTPC Technology

This chapter describes the Short-Baseline Near Detector, its hardware, physics goals and
role in the Short-Baseline Neutrino program. The chapter necessarily describes work carried
out over a significant period of time by members of the SBND and SBN collaborations in
planning and building the detector. It also covers the general principles behind, and a brief
history of, LArTPC neutrino detector technology. My personal contributions are limited
to brief references in section 4.4.3 to installation and commissioning of the bottom CRT
panels and the CRT## project. This work was completed alongside and relied heavily on
work and support from Michelle Stancari, Lauren Yates, Erin Yandel and Vu Chi Lan

Nguyen amongst others.

4.1 Short-Baseline Neutrino Program

The Short-Baseline Neutrino program (SBN) is an experiment hosted by the Fermi National
Accelerator Laboratory (FNAL or Fermilab) in Batavia, Illinois. As shown in figure 4.1,
it consists of a trio of LArTPCs: SBND, MicroBooNE and ICARUS, located at 110m,
470m and 600m along the Booster Neutrino Beam (BNB) respectively. Together they
will investigate the low energy excess (LEE) reported by the LSND and MiniBooNE
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Figure 4.1: The location of the three SBN detectors along the BNB at Fermilab.

Figure from [91].

experiments and search for the existence of sterile neutrinos, a possible explanation
for the LEE. The use of a consistent target material and detector technology between
the three detectors will serve to constrain systematics and improve the precision of the
final results [180]. Alongside its role as the near detector for the SBN program, SBND
has a rich standalone physics program focused on precision neutrino-argon cross section
measurements and a variety of beyond the standard model searches. This is explored in

detail in section 4.5.

4.2 Booster Neutrino Beam

The Fermilab accelerator complex follows a traditional method of accelerating protons; first
via a 400 MeV linear accelerator followed by a series of circular accelerators of increasing
energy. The first of these circular accelerators is the booster synchrotron, which accelerates
protons to 8 GeV before they are extracted and, in the case of the BNB, collided with
a beryllium target. The interactions of protons with the beryllium produces secondary
hadrons, predominantly pions. A 1.5T magnetic horn with a pulsed current peaking at
174 kA focuses a beam of positively charged pions, defocusing other hadronic products in
the process. This is followed by a 45 m decay pipe within which the desired outcome is for

the pions to decay via their dominant decay channel:

+

™ = oy, (4.1)

to produce muon neutrinos. At the end of the decay pipe is a steel and concrete beam stop
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Figure 4.2: A schematic diagram showing the elements involved in the production

of the BNB from the delivery of 8 GeV protons from the booster synchrotron.

designed to absorb the muons and any other remaining charged particles [181]. Figure 4.2

shows a schematic layout of the elements described in the BNB production.

At this stage, the resulting beam is highly pure in muon neutrinos (~ 92.5%). In
reducing significance there is some contamination from muon antineutrinos (~ 6.9 %),
electron neutrinos (~ 0.5 %) and electron antineutrinos (~ 0.06 %) produced by decays of
other charged mesons (negative pions, charged kaons etc) and decay-in-flight of the muons
produced in the original pion decay. The relative fluxes of all four relevant neutrino flavours
are shown in figure 4.3 for the front faces of each of the SBN detectors. The beam peaks
below 1 GeV with an average energy of ~ 800 MeV but also has a significant tail into the
multi-GeV region. The structure of the neutrino beam is driven by the original structure
of the proton bunches in the booster synchrotron. Protons arrive at the target in spills
of ~ 1.6 us, consisting of 81 bunches separated by ~19ns each with an intrinsic width
of around 2ns. The resulting neutrino beam arrives at the SBN detectors with the same

structure. We refer to each 2 ns group of neutrinos as a bucket.

Due to the manner in which the neutrino beam is produced, the exposure is normally

measured in units of protons-on-target (POT). This is calculated by using beam instrumen-
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Figure 4.3: The BNB flux at the front face of the three SBN detectors: SBND (left),
MicroBooNE (centre) and ICARUS (right). Figure from [180].

tation to account for the number of protons colliding with the target from each bunch. The
BNB operates at around 5x 102 POT per spill with a maximum spill rate of 5 Hz. SBND’s
planned operation of 3 years should result in an exposure of around 1x10?! POT and it is

this figure that will be used to scale the physics studies presented in this thesis.

4.3 Liquid Argon Time Projection Chambers

Liquid Argon Time Projection Chambers (LArTPCs) are often described as electronic
bubble chambers. First proposed by Carlo Rubbia in 1977, they provided a new technology
which, for the first time, combined the large mass of traditional ‘counting’ experiments
like those of Cowan, Reines and Davis with the precision imaging resolution of the bubble
chamber. This meant they could simultaneously deliver significant statistics whilst also

providing critical topological and calorimetric information on the final state particles [182].
Liquid Argon has a number of significant benefits as a target material [182, 183]:

- its relative availability makes more affordable than other options

- its high density (1.4gem™3) provides a large interaction rate in relatively modest
volumes

- its high electron mobility and low electron reattachment allows for large drift lengths

and electron yield given reasonable purity.
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Figure 4.4: A typical LArTPC setup, consisting of an electric field established
between a cathode and anode, a trio of wire readout planes at the anode and a
photon detection system located behind the wire readout. The usual right handed
coordinate system is shown: z being the beam direction, y the vertical and x the

drift. Figure from [148].
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The basic principle on which time projection chambers operate is shown in figure 4.4.
The entire ionisation pattern produced by the passage of charged particles through the
medium, in this case LAr, is drifted together under the influence of a strong electric field
to some form of electronic readout. The electric field is created by applying a potential
difference between an anode and cathode. Often a field cage is used to surround the TPC
and incrementally step the voltage between the cathode and anode to maintain a uniform
electric field [184]. The anode is traditionally instrumented with a series of wire planes on
which current pulses are induced. The final plane is referred to as the collection plane on
which a uni-polar response is recorded as the drift electrons are collected. Any preceding
planes are referred to as induction planes, they are held at potentials such that they are
transparent to the drift electrons ensuring their continued passage to the collection plane.

As they pass by, however, they do induce a smaller bi-polar signal on the induction wires.

The signals induced on each plane form a two-dimensional projection of the ionisation
charge pattern in terms of drift time and wire number. The wire planes are oriented
at different angles with respect to the vertical and therefore represent three different
projections but with a shared drift time coordinate. This degeneracy can be used to
combine their signals into a 3D image of the event. The time recorded on the wires is
naturally a combination of the ionisation time (¢9) and the = position. Hence, whilst the
drift time can be used to give the relative locations of the charge depositions in the drift
() direction, the absolute position relies on an externally provided knowledge of when
the ionisation occurred. Alongside the ionisation response, a charged particle will also
produce around 80,000 scintillation photons per cm at a wavelength to which the argon is
transparent. This prompt scintillation signal can provide the ¢y or interaction time as well

the potential for a complementary energy estimation [183, 185].

4.3.1 Signal Production

The manner in which a particle deposits energy in a medium depends upon its momentum.
Highly relativistic particles will undergo radiative processes such as bremsstrahlung and

pair production resulting in the formation of electromagnetic showers of particles with
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NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

Figure 4.5: A section of an event display from the MicroBooNE detector showing
a neutrino interaction from the NuMI beam resulting in both direct track-like and

electromagnetic shower-like activity. Figure from [186].

decreasing energies. In the typical energy regime accessed by liquid argon neutrino
experiments (including SBND) only electrons (positrons) and photons result in such an
effect. The other prevalent particles: muons, charged pions and protons will primarily
deposit their energy through direct ionisation and excitation of the argon atoms [32]. These
two processes result in distinctively different signatures in the charge readout patterns.
Figure 4.5 demonstrates this via a section of a 2017 MicroBooNE event display showing
the production of a series of track-like particle signatures as well as a large electromagnetic
shower most likely resulting from an electron produced in charged-current electron neutrino

interaction.

The processes that result in the production of ionisation electrons and scintillation photons
from the particle’s energy depositions are summarised in figure 4.6. The energy transferred
to the argon atom can either result in its excitation or ionisation, the latter resulting in the
production of an ionisation electron and a positive argon ion. In the absence of an electric

field, all ionised electrons and argon ions would undergo a process called recombination,
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Figure 4.6: The mechanisms of production of ionisation electrons and scintillation

photons in liquid argon. Figure from [185].

forming excited Argon dimers (Arj). These dimers then de-excite, resulting in the emission
of a scintillation photon [187|. However, the introduction of an electric field in a LArTPC
results in the ‘escape’ of some fraction of these electrons and their resulting drift to the
charge readout planes. This, in turn, naturally reduces the scintillation light yield due to
the lower rate of formation of argon dimers. This inverse relationship is known as charge-
light anti-correlation. The designed nominal field strength for SBND of 500V /cm results

in approximately equal yields of charge and light as is visible in figure 4.7.

A good modelling of recombination is critical to a complete simulation and reconstruction
of neutrino interactions in LArTPC detectors, particularly the calorimetric reconstruction
of energy. In order to accurately convert the amount of observed ionisation charge to
the original energy deposition, one must know what proportion of electrons underwent
recombination. This relationship is usually expressed as:

AE _ Wi dQ
dr R dx

(4.2)

where d@)/dz (e/cm) is the measured charge deposition per unit length along the particle’s
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Figure 4.7: The relative charge and light yields in liquid argon (as well as krypton

and xenon) for varying electric field strength. Figure from [188|.

trajectory, dE/dxz (MeV /cm) is the equivalent energy deposition, W, = 23.6eV /e is the
energy required to singly ionise one argon atom and R is the recombination factor, the

proportion of electrons that survived recombination [189].

There are two main models that have been used to describe recombination in LArTPCs.

The first is Birk’s law:
A

Reirks = 777 k(dE/dz)/E (4.3)

where A and k (kV/cm - g/MeV cm?) are fitted model parameters, dE/dx is the stopping
power of the particle in the material (MeV cm?/g) and & is the electric field (kV/cm). The

second is the box model:

= S " (a + /3‘35) (4.4)

where @ = 1 and § (cm/MeV) are fitted model parameters and dE/dx is the particle’s
energy deposition per unit length (MeV /cm). Both of these models contain a significant
number of assumptions and, as such, should be treated as phenomenological expressions,
valid in the parameter space for which they have been verified [190]. Both approaches

consider the group behaviour of electrons and ions rather than the direct recombination of
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a specific electron ion pair [189].

Birk’s law evaluates a cylindrical volume around the ionised trajectory [191], whilst the
box model of Thomas and Imel [192] evaluates the charge density in a box-shaped volume.
Birk’s law is known to break down when considering highly ionising particles, whereas
the box model is mathematically compatible with such particles. However, the box
model diverges from the data at low values of dE/dx . The ArgoNeuT collaboration’s
measurement of recombination demonstrated that a compromise can be found with a
modified box model [189]. The term ‘modified’ refers to allowing the parameter «
in equation 4.4 to take values other than 1. ArgoNeuT’s results suggested values of
a = 0.93£0.02 and 8 = 0.31940.003 (MeV /cm) ! agreed well with data across all relevant
dE/dx values. They also provided a value of 8/ = 0.212+0.002kV /cm g/cm? (MeV /cm) L.
This value represents a more fundamental quantity from which other experiments can
extract a value of 8 specific to their experimental configuration using 8 = '/pE where p

is the argon density and £ is the electric field strength.

The secondary signal of scintillation light is shown in figure 4.6 to be a product of two
different routes, both of which result in the formation of an excited argon dimer state, Ars.
This dimer subsequently de-excites to produce two argon atoms and a 128 nm vacuum
ultraviolet (VUV) scintillation photon. The dimer can exist in either a singlet or triplet
state which affects the rate of de-excitation resulting in a fast (7 ~ 6ns) and slow (7 ~
1.6us) component to the emitted light [180]. As with the ionisation signal, the presence of
impurities in the argon, specifically oxygen or nitrogen, can cause a reduction of the light
yield. This occurs via a quenching process in which the dimer state’s energy is absorbed
without the emission of a photon [193, 194]. The density of the ionisation signal has a direct
impact on recombination rates and therefore on the amount of light emitted, hence, the
light yield also depends on the dE/dz of the charged particle producing the signature [195,
187].
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4.3.2 Signal Propagation

The propagation of the charge and light signals through the liquid argon volume is subject

to a number of transport effects before they reach their respective readouts.

4.3.2.1 Ionisation Charge

The energy required to singly-ionise an argon atom is 23.6eV [196] and given that a
minimum ionising particle will deposit approximately 2.12MeV /cm [32] this results in
large ‘clouds’ of electrons drifting together from the ionisation trail. The strong electric
field in the TPC causes these electrons to drift through the argon. At the intended SBND
field strength of 500V /cm the electron drift velocity will be around 1.6 mm/us. Whilst
drifting, the electrons are subject to a number of effects that can modify their propagation,

primarily diffusion, attenuation by electronegative impurities and the space charge effect

(SCE).

Diffusion

The drifting electron clouds undergo a stochastic diffusion process with components both
longitudinal, Dy, and transverse, Dy, with respect to the drift direction. This causes the
size of the electron ‘cloud’ to expand between the point of ionisation and their detection at
the anode planes. This diffusion reduces the spatial resolution of the detector by ‘blurring
out’ the images captured by the wires and can also be seen to bias the recorded charge

deposition affecting energy scale calibration and particle identification techniques [197].

The time spread (or width) of a current pulse on a wire (o) can be modelled as:

o*(t) = of + <272L> t (4.5)

where o is the initial intrinsic width of the electron cloud, vy is the drift velocity, t the

drift time and Dy, the longitudinal diffusion coefficient [198].

Longitudinal diffusion can be measured in LArTPCs by considering the dependence of
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pulse widths on drift time [198, 199]. This can only be done with a sample of tracks for
which the tg is well-known, usually using auxiliary detector systems or tracks that cross the
entire detector volume. Transverse diffusion, i.e. that which happens in the plane parallel
to the readout, cannot be measured in situ by LArTPCs due to the intrinsic resolution
limit created by the wire pitch. In current LArTPC experiments the pitch has been of the
order of a few mm while the scale of the transverse diffusive effect across a drift distance
of 2m at 500 V/cm would be expected to be around 1mm. A value for the transverse
diffusion coefficient can be extracted from the longitudinal coefficient using knowledge of

the electric field (E):

= 4.
DT % oF ( 6)

where p is the electron mobility (¢ = vg/ E) [200]. The most recent measurement by the
MicroBooNE collaboration gave a value of Dy, = 3.74f8:§§ em? /s [198], which agrees well
with that reported earlier by ICARUS Dy = 4.7441.01 cm? /s [199], and corresponds to a

value of Dy = 5.85J_r8:g§ cm? /s for the transverse component.

Attenuation

Electronegative impurities such as oxygen or water can result in the attenuation of drift
electrons via their attachment to such molecules. This reduces the amount of charge that
reaches the anode plane readouts, particularly for events close to the cathode plane which,
by definition, have a longer drift time. The drift electron attenuation can be expressed as

exponentially dependent on the drift time (¢):

Qobs _ /7 (4.7)

Qo

where Qs is the charge observed at the anode, Qg is the original ionisation charge and 7
is a time constant referred to as the electron lifetime. Keeping the concentration of these
contaminants very low is critical to the successful operation of LArTPCs. Clearly, electron
lifetime is particular to each LArTPC and depends on their argon supply, filtration and
purification process, and can evolve during the operation of an experiment. The argon
purity can be measured and monitored in a number of ways such as purity monitors, gas

analysers, laser tracks or via minimally ionising cosmic muon tracks [184, 201, 202]. Modern
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LArTPCs with drift distances on the scale of a few metres require lifetimes greater than
a few milliseconds in order to preserve enough charge from deposits at the cathode. The
MicroBooNE experiment demonstrated a stable lifetime above 18 ms [202], far exceeding
their goal lifetime of 3ms and representing a 12 % loss of charge across the whole drift

distance at 273V /cm.

Space Charge Effect

For each ionisation electron produced so is an argon ion. These argon ions also drift under
the influence of the electric field but with two key points of distinction from the electrons.
Firstly, their positive charge means they drift towards the cathode and secondly, due to
their mass being many orders of magnitude larger than that of the electrons, they drift at a
much slower rate. This leads to a build up of argon ions in the active volume with increasing
density towards the cathode. This varying charge profile leads to non-uniformities in the
electric field known as the space charge effect. There are two main ways in which this
affects the reconstruction and must be accounted for. The non-uniform field results in
distortions of the recorded trajectories; an effect which becomes more severe nearer the
cathode. Simultaneously, the dependence of recombination on the electric field means that
the relation between the observed charge and deposited energy can no longer be treated

as constant across the whole detector volume.

4.3.2.2 Scintillation Light

For the scintillation light there are two key effects that modify their propagation. Firstly,
Rayleigh scattering lengthens the mean free path of the photons delaying their arrival and
altering their direction. Secondly, scintillation light can also be absorbed by impurities in
the argon in a process distinct from the quenching which prevented the initial emission
of the photon. The Rayleigh scattering length for 128 nm photons in liquid argon has
been measured with quite a wide range of values reported, the most recent of which being

ARayleigh ~ 99cm [203]
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4.3.3 History of LArTPCs

The first demonstration of this technology in action was provided by the ICARUS
collaboration which operated a 3ton prototype at CERN in the early 1990s [204]. They
were able to show that they had overcome the key technical hurdles in order to use this
novel detector type for physics. Primarily, the initial and maintained purity of the LAr at a
contaminant level of 0.1 ppb ensured a long electron lifetime, the wire readout planes were
operated at voltages that allowed for clear signals whilst maintaining the transparency of
the induction plane and low-noise preamplifiers allowed for a signal to noise ratio of 6 on the
induction plane and 10 on the collection plane. This first operation also demonstrated the
significant particle identification capabilities of LArTPCs via range and energy deposition

measurements.

The ICARUS collaboration followed this success with the design and operation of a
500 ton detector, ICARUS-T600, the first large-scale LArTPC. This was first operated
in a demonstration run of 3months in Pavia in 2001 [205] followed later by installation
at the Gran Sasso underground laboratory (LNGS) and operation in the CERN to
Gran Sasso neutrino beam (CNGS). Alongside a demonstration of running a detector
of this size, ICARUS also made measurements of crucial detector physics such as the
recombination [190] and diffusion effects [199] as well as an electron neutrino appearance
search in the phase space of the LSND anomaly [206] and a refutation of the OPERA

result claiming observation of superluminal neutrinos in the same beam [207].

The USA’s Liquid Argon neutrino project began with ArgoNeuT, a tabletop detector of
roughly 170 litres of active LAr. ArgoNeuT operated in the NuMI beamline at Fermilab for
a few months in 2009 and 2010 situated directly in front of the MINOS near detector, which
itself was used to measure muon range given the small argon volume. ArgoNeuT was the
first experiment to publish neutrino cross sections on argon, including inclusive charged-
current v, [208| and v, [209] and of most relevance to this thesis, neutral-current neutral
pion production [174]. Subsequently, the LArIAT experiment operated in the Fermilab
Test Beam Facility in the mid-2010s. LArIAT consisted of a small LArTPC re-using the

ArgoNeuT cryostat, with a series of auxiliary detector systems monitoring the beamline.
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Placing such a detector in a testbeam allowed for large samples of pions, muons, electrons,
protons and kaons to be collected and analysed to significantly deepen the understanding
of LArTPC detector responses to different particle types and momenta in a controlled
test beam environment [210]|. Publications have already been made on low-energy electron

calorimetry [185] and the 7~-Ar scattering cross section [211].

Following the success of ArgoNeuT, the MicroBooNE detector was operated in the Booster
Neutrino Beam between 2015 and 2020 as the first of the SBN program detectors. To
date, MicroBooNE has already published a vast series of neutrino cross section results,
BSM searches and the first set of LEE results, with no indication of the MiniBooNE /
LSND anomaly in either electron-like [103] or photon-like channels [104]. Finally, the
ICARUS T600 detector, which was refurbished and upgraded at CERN after its initial
operation at LNGS, was transported to Fermilab to form the far detector for the SBN
program. ICARUS arrived at Fermilab in 2017 and in the time since has been installed
and commissioned, and began taking physics data in 2022 [212].

Meanwhile in Europe, the Deep Underground Neutrino Experiment (DUNE) collaboration
have run a series of prototypes for the DUNE Far Detector modules at CERN’s neutrino
platform. Phase one of this program involved the operation of a horizontal-drift single-
phase detector as well as a vertical-drift dual-phase detector in a test beam facility. Phase
two will test upgraded horizontal and vertical drift designs both in single liquid phase. The
design, construction and operation of these detectors has, and will continue to, inform the
preparations for the DUNE Far Detector modules, which will be, by a margin, the largest

LArTPCs constructed, at an argon mass of approximately 10kton per module [213].

4.4 Short-Baseline Near Detector

The Short-Baseline Near Detector (SBND) will be the final element of the SBN program
to commence operations. A purpose built detector with the benefits of the experience of
previous large-scale LArTPCs, SBND will be situated at 110m along the BNB. Alongside

the core TPC, SBND will consist of two major auxiliary detector systems: the photon
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‘ APAs CPAs

Figure 4.8: The design of the SBND cryostat and TPCs. Indicative arrangements
of sections of the wire planes are shown in red (collection plane), blue and green

(induction planes). Figure from [180].

detection system (PDS) and the cosmic ray taggers (CRT).

4.4.1 TPC

The SBND is a 112 ton, 4m X 4m x 5m detector comprising of 2 TPCs with a shared
central cathode and a 2m drift length on either side. Retaining small drift lengths in larger
detectors via this kind of modularisation prevents diffusion and attenuation from becoming
more significantly problematic, as well as reducing the cathode voltage required to attain
the nominal drift field. Figure 4.8 demonstrates the design of the TPCs and their location

within the cryostat.

The anode planes situated on either side of the detector contain three planes of wires,
two induction planes, oriented at £60° with respect to the vertical (U and V views) and
a collection plane oriented vertically (Y view). Each plane is separated by a distance of
3mm, as are the wires within each plane, and to ensure transparency the planes will be
held at biases of -200V (first induction), 0V (second induction) and 500V (collection)
respectively. A total of 11,264 150 pum copper-beryllium wires will be present across the
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four anode plane assemblies. The geometric spacing and orientation of the anode plane
wires is deliberately consistent with MicroBooNE and ICARUS detectors ensuring that
the three detectors’ performances are as similar as possible. For example, the wire spacing
(or pitch) directly impacts the energy threshold for charged particle detection. Another
consideration is that, given three wire planes, the choice of 0, £60° gives the most uniform

reconstruction performance across 6, .

Technically each anode is actually made up of a pair of anode plane assemblies. This
helps to keep the frame size more manageable and ensure consistent wire tension across
the planes. The wire tension is critical during the cooling process in order to avoid wire
sagging and maintain the flatness of the wire planes [214|. The induction planes for the
two APAs on either side are then connected via jumper cables, whilst biased electrodes
ensure that electrons heading for the ‘dead region’ are diverted to the nearest active wires.
This effect can be corrected for in the reconstruction of hit positions via knowledge of the

biases used.

The current pulses are shaped, amplified and digitised by front end motherboards located
at the top and side edges of the APAs. A 16-channel Application-Specific Integrated
Circuit (ASIC) performs the shaping and amplification before passing the signals into a
2 MHz analogue to digital converter (ADC). The signals from 8 ASICs (128 channels) are
then multi-plexed before leaving the cryostat. Having this waveform processing take place
in the cold LAr ensures a better signal to noise ratio than can be achieved if the signals
remain analogue into the warm. This comes from both a reduction of thermal noise as
well as a shorter cable length resulting in lower total capacitance [180, 215|. Hardware and
software filters will then be employed to further remove the remaining noise sources which

are predominantly due to effects within the readout wires themselves.

Like the anodes, the cathode is formed of two panels aligned end-to-end. Each cathode
plane assembly (CPA) is constructed from a set of sub-panels each consisting of a pair of
mesh screens holding a reflective foil between them. The foil is coated with tetra-phenyl-
butadiene (TPB) and forms a passive part of the photon detection system described in

section 4.4.2. The primary utility of the cathode is to provide the high voltage surface
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required to establish the drift field. The cathode will be operated at -100kV, ensuring
an electric field of 500 V/cm across the 2m drift. A series of copper coated field cage
strips surround the TPC volume parallel to the anode and cathode planes and are biased
in stepped increments of 3kV in order to maintain a uniform field across the whole drift

length.

4.4.2 PDS

The PDS is designed to measure the component of the deposited energy released as light. It
was noted earlier that the scintillation light produced in argon has a wavelength of 128 nm
(with a width of ~ 10nm) sitting in the VUV spectrum. Even the most optimised VUV
photodetectors have a reasonably low quantum efficiency of around 15% [216] and so it
has been typical to coat photodetectors with a wavelength shifting material that absorbs
and re-emits the light in the visible spectrum (VIS) around the peak detection efficiency

region.

SBND’s photon detection system (PDS) will comprise a total of 120 8’ Hamamatsu
photomultiplier tubes (PMTs) and 192 novel X-ARAPUCA light trap devices using silicon
photomultipliers (SiPMs) [217, 218]. The X-ARAPUCA devices are formed of a reflective
box with use of a dichroic filter. This first converts the photons to a wavelength which the
filter is transparent to and then, once inside, to a wavelength which the filter is reflective
to. This combination traps the photon within the box until it is detected by the SiPM.
96 of the PMTs will be coated with tetra-phenyl-butadiene (TPB), a wavelength shifter
with an emitted wavelength of 430 nm, and the other 24 left uncoated. Similarly, half
of the X~-ARAPUCAs are designed to be sensitive only to VUV whilst the other half are
only sensitive to visible light. The photodetectors are arranged in 24 PDS boxes situated
behind the anode wire planes, figure 4.9 shows how the 5 PMTs and 8 X~-ARAPUCAs in

each box are arranged.

The final part of the SBND PDS is a passive element. The cathode panels are reflective
and coated in the same wavelength shifting TPB as the PMTs. This provides SBND with
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Figure 4.9: An example of one SBND PDS box containing 5 photomultiplier tubes
and 8 X-ARAPUCA light trap devices. Note the visual distinction of the 4 TPB
coated PMTs compared to the uncoated central PMT as well as the black and
red covers indicating VUV and VIS sensitive X-ARAPUCASs respectively. Picture
from [219].
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a number of benefits. Firstly, by making the cathode reflective, the light yield for particles
near the cathode is substantially increased. Secondly, the Rayleigh scattering length for the
wavelength shifted light is longer, further increasing the yield of this component. Finally,
by making use of the fact that some of the photodetectors are sensitive to the unshifted
VUV light and some to the shifted VIS light, a determination of the drift position can be
made with the PDS alone, something previous LArTPC experiments have not been able to
do. This will be done by measuring the ratio of the two light components and extracting
the drift position via a calibration curve developed using highly vertical cosmic muons

selected with the CRT system.

One of the key features of the PDS is the nanosecond resolution it provides. As was
mentioned earlier LArTPCs are ‘slow’ detectors. It will take SBND ~1.3ms to read out
one full drift length (2m). A few consequences of this are poor time resolution from the
TPC, ambiguity about the x location of elements of the reconstructed charge readout, and
the passage of a number of cosmic ray muons through the detector during the readout.
In comparison, the scintillation light takes nanoseconds to reach the PDS. By matching
the shape of a flash pattern to a distinct area of charge in the TPC readout, a ty (or
interaction time) can be assigned to that area of charge. This helps to locate the charge in
the x direction and exclude activity known to occur outside of the beam window. For this
reason the PDS (specifically the PMTs) will also be used to trigger the detector readout
when a flash of light is seen during a small window in which the neutrino beam is known

to be passing through the building.

4.4.3 CRT

SBND’s second auxiliary detector elements are the Cosmic Ray Taggers (CRTs). The CRT
comprises 7 walls of taggers around the outside of the cryostat. As can be seen in figure 4.10
there is one wall on each side with a pair of walls on the top of the cryostat to form a
‘telescope’ arrangement. Fach wall comprises of two layers of plastic scintillator arranged
at 90° to one another, each layer consisting of a number of modules. Each module, designed

and fabricated by the Bern group, comprises 16 optically isolated strips of 1 cm scintillator
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‘

Figure 4.10: The location of the 7 SBND CRT walls around the cryostat.

and a pair of wavelength shifting fibres. The fibres run the length of the sides of the strip
and are attached to a readout SiPM at one end and coated with reflective aluminium at
the other. Other than the modules used in the CRTbY (under the cryostat) and those used
to ‘patch’ the gap in north wall where the protego valve enters the cryostat, each strip is

~11.2 cm wide and either 3.6 m or 4.5 m long depending on their location.

The perpendicular arrangement of the wall’s layers provides the ability to reconstruct three-
dimensional positions of energy depositions as well as reducing radiogenic backgrounds
by requiring a four-fold SiPM coincidence. Figure 4.11 shows how the modules and the
corresponding trigger cabling is arranged in order to enforce this. The chains of trigger
cables are setup such that one loop provides the trigger output for one orientation and the
trigger input for the second orientation. The other loop provides the inverse combination.
The readout board is then configured to only produce a readout for that module if it recieves
a signal originating from one of the perpendicular modules within a 160ns coincidence

window. Like the PDS, the CRT system provides nanosecond resolution and the primary
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goal of the system is to reject cosmic activity in the TPC by matching it to hits or tracks
in the CRTs. By showing that the activity occurred outside the beam window, or that it
passed fully through the detector, it provides clear evidence it is not a result of a neutrino

interaction in the argon.

Whilst based at Fermilab I installed the front-end readout electronics, trigger, timing and
data cabling and began the commissioning of the bottom wall of CRT modules. The
bottom CRT, or CRTb, has some key differences from the other walls, primarily due to its
location under the cryostat. The modules are arranged to fill the gaps between the cryostat
supports, and in many areas they are therefore a single layer, without the benefits of the
perpendicular overlap, or no coverage at all. The CRTb also comprises a combination of
Bern modules (smaller than those installed on the other walls) and a smaller number of
modules repurposed from the MINOS experiment. Figure 4.12 shows the arrangement of
the modules and cabling loops (in August 2023) and myself performing installation work.

Further details are given in [220].

Before the installation of the SBND TPC in its cryostat, we operated a test stand for the
CRT system at the SBN-ND building, referred to as the CRT## project (pronounced CRT
sharps). Two temporary frames were attached to the upstream and downstream walls of
the cryostat. Each consisted of two vertical and two horizontal small Bern CRT modules
arranged like a # symbol, which were operated through the full SBND Data Acquisition
(DAQ) system via the servers on the building mezzanine. The project aimed to inform
CRT commissioning plans, develop the DAQ system, demonstrate DAQ synchronisation
across multiple sub-systems and prepare a CRT crossing muon trigger. One of the key
results using CRT## was the demonstration of the BNB bucket substructure using the
CRTs independently and then in conjunction with the SPEC TDC (Simple PCle FMC
Carrier Time to Digital Converter) [221].

Figure 4.13 shows the results of this demonstration. Both plots show the time of three-
dimensional CRT hits constructed from signals in one vertical and one horizontal strip.
Only hits consistent with the BNB beam arrival at the building are plotted, a modulus of

18.94 ns is then applied, which represents the separation between the buckets within the
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CEEN|

FEB

(a) The principle of detection in the CRT walls. Each module consists of a number of
strips and the perpendicularly overlapping layers alow for constraints in both directions

within the plane of the wall.

Cd/amj_i,- N N N AN

(b) An example of the arrangement of CRT modules within a wall. The horizontal

and vertical modules are connected via two chains in order to send and receive trigger
signals. They are arranged to ensure that the modules only readout when a module in the

perpendicular layer also sees a signal of interest.

Figure 4.11: Two schematics illustrating the principles behind the perpendicular

arrangement of modules, and the corresponding trigger cabling, in the CRT walls.
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(a) The arrangement of the CRTb» modules and cabling routes
in August 2023. The green shows the 20 Bern modules and
the purple the 6 MINOS modules. The red shows the front-
end readout boards connected by daisy chained cables for data,

timing and triggering, separated into east and west chains.

(b) Me installing cables in the CRTb setup, February 2023.

Figure 4.12: CRTY (the CRT modules underneath the SBND cryostat).
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Figure 4.13: Demonstration of the BNB bucket substructure using the CRT##

setup individually (left) and with the SPEC TDC system (right) with data taken in

autumn 2022. Fits of a gaussian plus a constant (to represent the constant cosmic

background) have been performed to each distribution.

beam. The use of a modulus is motivated by the relatively low statistics of the CRT##
test stand runs, the full CRT system should be able to resolve the 81 buckets independently
with just a few weeks of data taking. The clear peaked shape of the data within this region
indicates immediately the ability of the CRT system to use its O(ns) timing resolution to

identify individual buckets within the wider beam peak.

The difference between the two plots is the piece of timing information used to construct
them. The plot on the left uses one of the two internal clocks (77) on the CRT front-end
boards (FEBs). This clock was cabled to receive the beam arrival signals sent to SBN-ND
~ 334 us before the neutrinos pass through the building. The time value used was the
number of ticks since the board last received such a signal. The plot on the right uses the
FEB’s other clock (Tp). This clock is instead reset by the pulse-per-second (PPS) signal
delivered to all of the detector sub-systems by the White Rabbit timing system, in order
to establish synchronised nanosecond precision [221]. The same beam arrival signal used
for the left hand plot was delivered to the White Rabbit SPEC TDC, recording its time
with respect to the PPS to picosecond precision. This value could then be subtracted, once

cable delays were accounted for, from the CRT Tj time to produce the right hand plot.

The fact that both plots were able to clearly show the beam substructure to similar
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precision indicated the successful use of the White Rabbit SPEC TDC to reference multiple
systems together with nanosecond precision, a use that will be particularly critical for ‘off-
beam’ runs in which accelerator beam signals cannot be used. These plots do not represent
the final precision of the CRT system. Further work is planned to correct for clock drift

effects on the individual FEBs which will improve the resolution even further.

4.5 SBND Physics Program

The SBND Physics Program consists of three main pillars: neutrino oscillations, neutrino-

argon cross sections and beyond the standard model (BSM) searches [222, 91].

The primary goal of the whole SBN program is to conclusively address the LSND and
MiniBooNE low energy excess and search for eV-scale sterile neutrinos. The locations
of the SBN detectors are optimised to be maximally sensitive to the oscillatory effects
of such a sterile neutrino, and will be able to simultaneously measure v, appearance,
ve disappearance and v, disappearance. Current world data shows significant tension
between v, appearance and v, disappearance, so the ability of SBN to constrain both
in the same experiment will help to eliminate such tension. Figure 4.14 shows a recent
analysis of the SBN program’s sensitivity in the parameter spaces of each of the three
possible channels. The MiniBooNE and LSND allowed regions are almost entirely covered
by the SBN sensitivity to the 3+1 sterile neutrino scenario at 50, demonstrating SBN’s
ability to make a conclusive determination on the existence of such particles. SBND will
play a crucial role in these analyses as the program’s near detector; making measurements
of the unoscillated flux to significantly reduce systematic uncertainties and probing the

sterile neutrino parameter space at very short baselines.

SBND will also pursue a rich single-detector physics program. As a result of its size and
position very close to the BNB source, it will be able to record an order of magnitude more
neutrino-argon interactions than any previous experiment. This will amount to around 2
million CC v, and 15,000 CC v, events for each of the 3 years of planned operations. The

energy distribution and exclusive breakdowns of these events are shown in figure 4.15. This
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Figure 4.14: Recent SBN sensitivities to the three different oscillation channels in a
standard 341 sterile neutrino scenario. Each plot shows relevant world limits, the
SBN sensitivity contours and an injected point to demonstrate discovery potential.
The SBN contours show coverage at high significance for the key region in each of
the three channels - a combined measurement of these channels will allow SBN to

investigate the tension between the allowed and excluded regions based on previous

results.
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Figure 4.15: Expected event rates for CCv,, (left) and CCr, (right) interactions in
the SBND active volume for an exposure of 1x10%' POT.

will allow for precision neutrino cross section measurements in a wide variety of exclusive

final states.

SBND’s proximity to the BNB target also gives it increased sensitivity to a wide variety of
proposed BSM scenarios, most of which produce a signature such as an electron-positron
pair which could explain the electron-like excess reported by MiniBooNE. These include
dark neutrinos [223, 224|, heavy neutral leptons [225] and Higgs portal scalars [226].
Another benefit of the location so close to the target is that, unlike most neutrino beam
experiments, SBND will be able to sample a non-negligible range of off-axis angles. This
concept, referred to as PRISM, following nuPRISM [227], allows SBND to view different
neutrino energy distributions as visualised in figure 4.16 and can be utilised in all three

key aspects of the SBND physics program.

4.6 SBND Current Status

The SBND construction and installation was finished on 1st December 2023 and at the time

of writing the collaboration is commissioning the detector ready to take physics quality

data later in 2024.
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Figure 4.16: The energy distribution of CCv,, (left) and CCr, (right) interactions
in the different SBND PRISM off-axis angle bins.
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Figure 4.17: The SBND TPC being installed inside its cryostat at the SBN-ND
building, Fermilab, 25th April 2023. Photo from [228|.
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Chapter 5

Simulating and Reconstructing

Neutrino Events in SBND

This chapter describes the event processing chain for the Short-Baseline Near Detector,
primarily the approach used to generate simulation samples and then the tools used to
reconstruct both simulation and data events. This chapter describes a large body of work
carried out by the liquid argon, neutrino and wider high energy physics community over
the past decade or more. I personally contributed to the development of the current TPC
vertex reconstruction described in section 5.2.1.8 including writing a new ‘vertex refinement’
algorithm for the Pandora pattern recognition software. I also wrote the CRT reconstruction
detailed in section 5.2.8. The Pandora work was supported primarily by Andrew Blake
and Dominic Brailsford as well as the wider Pandora development team. The CRT work
benefited from the previous iteration of the reconstruction and tools written by Tom Brooks
and was improved significantly by the input of Michelle Stancari, Dominic Brailsford and

others in the SBND Reconstruction group.
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5.1 Simulation

Ironically, given the fundamental nature of their targeted science, the world of high energy
physics experiments is an incredibly complex one. Creating a prediction of what the
data in a vast detector should look like, based upon a particular hypothesis, requires
the use of a wide range of tools, each one simulating a step between the underlying
physics event and the observed result. Such simulations are crucial to develop tools, design
detector components, predict background contaminations and assess analysis performance.
Figure 5.1 schematically visualises the rough steps the SBND simulation chain can be split

into:

- Simulate the neutrino flux at the detector (red).
- Simulate the underlying interactions and final-state particles - a neutrino interacts,
a cosmic-ray particle arrives, a BSM particle interacts or decays (orange).

Simulate the resulting passage of particles through the argon depositing energy,

decaying and reinteracting (green).

Simulate the response of the detector to these energy depositions (purple).

These simulations make use of Monte Carlo methods which sample from probabilistic
distributions to create, with large enough statistics, representative population outcomes.
Event processing at SBND (both simulation and reconstruction) takes place within the
LArSoft framework, a shared codebase allowing for collaborative effort and benefit across
a number of LArTPC experiments, including ArgoNeuT, LArIAT, MicroBooNE, DUNE
and ICARUS@FNAL [229].

5.1.1 Let’s throw some neutrinos - BNB Flux Simulation

The first element of the SBND simulation chain is the BNB flux simulation. The
SBN experiments make use of the detailed simulation developed by the MiniBooNE
collaboration [181]. This utilises the Geant4 software [230] which provides a comprehensive

suite of tools for modelling the passage of particles through matter. The geometry considers
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Figure 5.1: A schematic visualisation of the steps involved in the SBND simulation

chain.

the final 50m of the proton beamline, the target hall and the meson decay pipe length.

The magnetic field is simulated within the horn cavity only.

The initial proton bunch is simulated as a group of totally uncorrelated particles 1cm
upstream of the target, with their positional and directional spread sampled from Gaussian
distributions verified against beam monitoring devices. From this point onwards particle
propagation is handled by Geant4, utilising their default cross section tables. The one
exception is for the primary proton-beryllium interactions, where a dedicated model was
put in place, tuned to existing data from the HARP [231] and BNL 910 [232] experiments.
Once the propagation and decays of the resulting particles have been considered, the
resulting neutrino flux at SBND is determined by using the kinematics of each resulting
neutrino to project it to the plane in which the detector front face lies (for SBND this is
110 m from the target). The positional and kinematic distributions of these neutrinos are
saved if they lie within a 10m x 10m box centred on the detector face. A wider 80 m

x 80m box is used when products from neutrino interactions in the ‘dirt’ upstream and
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around the detector are to be considered.

5.1.2 Something Happened - GENIE GiBUU and CORSIKA

The next stage of the simulation is known as the generator stage. This covers simulating the
primary physics occurring in the detector, either a neutrino interaction (GENIE or GiBUU)
or cosmic-ray backgrounds (CORSIKA). This stage takes the input of the simulated flux,
or in the case of CORSIKA a library of cosmic-ray showers at ground level, and uses
Monte Carlo methods to produce each random event prediction. The key output is the list

of particles produced and their initial momentum.

5.1.2.1 GENIE

GENIE (Generates Events for Neutrino Interaction Experiments) is an event generator
designed primarily for use in the ~100MeV to ~100GeV range accessed by current
accelerator based neutrino experiments. As described in detail in chapter 3 this is
a particularly challenging region to model due to the transition from nucleon-level
interactions to quark-level interactions. This challenge is heightened by a general lack
of available data, as well as the fact that the experiments that have made measurements
have often done so on different target nuclei (mainly carbon, hydrogen, oxygen and argon)

and the scaling between these different targets introduces further uncertainty:.

GENIE utilises a combination of theoretical and empirical models tuned to experimental
data across a wide energy range to create a patchwork quilt covering the various types of
interactions. Taking the flux provided by the BNB simulation, neutrino trajectories are
extrapolated into the detector volume and the probability of an interaction is assessed en
route using the total cross section. The type of interaction and the final state kinematics are
provided by the differential cross section models, with final state interactions also accounted
for. Some samples discussed in this thesis are simulated using the larger ‘rockbox’ geometry,
in which a volume upstream of the detector hall is also considered, as well as a wider area

around the detector itself. This allows the simulation to account for neutrino interactions
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in the rock or surrounding materials which produce particles, particularly muons, that

enter the detector and leave a visible signature.

The GENIE event generator is used to produce all the neutrino interaction Monte Carlo
samples utilised in this thesis. In particular, we use GENIE v03.04.00 with a comprehensive
model configuration (CMC) developed for ongoing DUNE and SBN studies known as
AR23 20i 00 000. This configuration is very similar to G18 10a_ 02 11b [233]| and

consists of the following models:

e The initial nuclear state is modelled using a correlated Fermi gas. This is an extension
of the local Fermi gas model in which a high momentum tail is added for nucleons

above the Fermi momentum [234].

e The quasi-elastic cross section is predicted with the Valencia model [235], whilst the

2p2h contribution uses the SuSAv2 model [236].
e The resonant cross section is predicted with the Berger-Sehgal model [137].

e The deep inelastic scattering cross section is predicted with the Bodek-Yang

model [145].

e The coherent pion production cross section is predicted with the Berger-Sehgal

model [137].

e The hadronisation of DIS hadronic final states is predicted with the AGKY
model [146].

e Final state interactions are predicted with an INTRANUKE hA model [115].

5.1.2.2 GiBUU

SBND has recently benefited from the implementation of a second, independent, neutrino
interaction generator, GiBUU [237|. GiBUU is based on the Giessen Boltzmann-Uehling-
Uhlenbeck model [118, 238| and is a purely theory-driven model which, unlike GENIE,
is not tuned on experimental data. GiBUU has provided good agreement modelling of

neutrino and electron nucleus interactions across the energy range of relevance to SBND.
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Having the ability to make direct comparisons of multiple generators in SBND analyses

will be critical to improving the modelling of interactions for future neutrino experiments.

5.1.2.3 CORSIKA

SBND is a surface level detector with no significant overburden and as such will receive
a significant flux of cosmic-ray particles throughout data taking. The ‘slow’ nature of a
TPC readout means that every neutrino event recorded will also contain around 5 cosmic-
ray muons, whilst roughly 1 in 10 triggers will be caused by a cosmic-ray muon crossing
the detector during the beam spill. Modelling the cosmic-ray particle flux is important
in understanding the behaviour of such a large background but also because cosmic-ray
particles will be a critical calibration tool in early running. This role is performed by the
CORSIKA generator originally developed for the KASCADE experiment [239]. It provides
a detailed simulation of the showers induced by high energy cosmic-ray particles and is able
to consider various particles including protons, light nuclei and photons (or a mix of these
types) as the primary initiators of the showers. SBND uses purely proton primaries due
to better agreement with data taken by the MicroBooNE experiment. The key component
for consideration by SBND are the muons produced in the initial interactions of these

primaries in the upper atmosphere.

5.1.3 Where did it go? - Geant4

The next stage of the simulation transports the final-state particles through the detector
medium producing a list of any further particles and depositions of energy that occur as a
result. The LArSoft framework provides an interface to the Geant4 toolkit [230], to which
the results of the neutrino interaction or the initial cosmic-ray particle are passed. Geant4
is an extensive tool for modelling the propagation of particles through matter. As well as
high energy physics applications it is widely used across nuclear physics, radiation physics,
space science and medical applications. Using a comprehensive model of the detector

geometry and a set of ‘physics lists’ determining the modelling to be used, each particle is
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stepped through the argon and surrounding materials. At each step appropriate energy is
deposited and the probability of reinteraction or decay is assessed. Any products of such
reinteractions or decays are then handled in the same way as the initial particles until all
of the resulting particles have stopped, been absorbed or left the simulated volume (a large

area around the detector and building).

5.1.4 What did we do with it? - Detector Simulation

The energy deposits produced by the Geant4 simulation are then converted into a simulated
detector response - raw TPC and PDS waveforms, and CRT hit-based readouts. The first
stage converts these energy deposits in the argon into charge and light, accounting for
the recombination model and drift field distortions. The charge drift, under the influence
of the electric field, and subsequent induction of current in the sense wires is handled by
the WireCell software [240, 241]. The drift stage accounts for the attenuation of electrons
due to electronegative contaminants, diffusion of the electron cloud both transverse and
longitudinally with respect to the drift direction, and non-parallel transport due to field
distortions primarily resulting from space charge effects. Next a 2D (averaged over wire
direction) Garfield simulation is used to simulate the field response functions in the vicinity
of the wire planes. This handles the electron motion from a response point 10cm in
front of the first induction plane through to their termination at the collection plane.
These drift paths are independent of the individual charge cloud and are calculated in
advance, accounting for the effects on 10 wires either side of the nearest wire. The resulting
current on each wire, calculated via Ramo’s theorem, is then subject to a simulation of the

electronics response: pre-amplification, RC filtering and digitisation [240, 241].

A similar process is undertaken for the scintillation light produced at each point of
energy deposition. Unlike the charge depositions, the photons propagate isotropically,
unaffected by the drift field. Their path however, is affected by absorption, reflection and
scattering. Individually simulating each photon’s propagation via software such as Geant4
is excessively computationally demanding for each simulated event. A number of methods

have been developed in order to combat this, typically these methods run the full Geant4
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simulation to respond to typical energy deposits and store that information in a library
which can then be utilised during standard simulation. SBND uses a semi-analytical model
in which the voxelised library response is used to simulate the number of photons arriving
at each photodetector alongside a parametrised arrival time distribution in order to avoid
smearing out the non-negligible effects described in section 4.3.2 that serve to delay photon

arrival [242].

Outside of the cryostat, the Geant4 energy depositions within the cosmic-ray tagger’s
scintillating strips are also considered. The energy is converted to scintillation light which
is then divided between the fibres on either side of the strip according to the lateral position
of the deposit within the strip. Next, the signal attenuation and time delay are accounted
for using the longitudinal distance down the strip. Finally, the electronics response at
the front-end board is emulated by assessing whether, and when, any pairs of SiPMs pass
the threshold requirement, resulting in an internal trigger to readout a single ADC value
from all 32 SiPMs at that time. The resulting deadtime for that front-end board is then

enforced.

By the end of the detector simulation, simulated events have been produced in the same
format as raw data coming from the real detector, from this point onwards, Monte Carlo

and data can, and should, be treated in the same way.

5.2 Reconstruction

The process of interpreting the LArTPC images and auxiliary PDS and CRT data, and
recovering the original final-state particles and physics quantities, is known as event
reconstruction. Figure 5.2 illustrates the outline of the reconstruction chain, there are
some common themes in the reconstruction pathways for all three sub-systems despite

their differences.
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Figure 5.2: An outline of the reconstruction pathways for the three SBND sub-

systems, including combined reconstruction tools.

5.2.1 TPC

5.2.1.1 Signal Processing and Hit Finding

The first stage in the TPC reconstruction is the determination of the time-profile of energy
deposits in each wire. This process is known as deconvolution and involves removing
the effects of the field and electronics responses. The deconvolution is performed by
transforming the raw waveform into the frequency domain via a Fourier transform and then
applying a series of noise filters before performing an inverse Fourier transform back into
the time space. SBND again utilises the WireCell toolkit to perform the deconvolution and
signal processing [240, 241]|, allowing the deconvolution to be applied in a two-dimensional
space of wires and time. In particular, the signal processing considers the impact of the 10
wires before and after the wire of interest. This improves upon the simpler one dimensional
approach, where the signals are deconvolved in the time space only. Figure 5.3 shows
an example of the signal processing chain from raw waveforms through to the optimised

deconvolved and filtered output, which looks much more like the true ionisation pattern.
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Figure 5.3: True, raw, and deconvolved U-view waveforms for a simulated neutrino
event in SBND. The last three panels show three different implementations of the
signal processing (SP). One-dimensional, two-dimensional and then two-dimensional
with opitimised parameters. A single wire (same wire accross all panels) has been
chosen to illustrate how the waveform looks at each stage (black) relative to to the

true charge (grey). Figure from [243].

The one dimensional deconvolution demonstrates unphysical negative regions not present
in the two-dimensional versions. The two-dimensional approach is particularly powerful for
tracks parallel to a single wire, where the bipolar shape of the induction plane waveforms

can cause significant destructive interference (240, 243|.

Due to the slow nature of the TPC readout, the waveforms are digitised at 2 MHz for
~1.5ms, yielding ~ 3000 bins for each waveform. Given the number of readout channels
this would result in unwieldy raw file sizes. Region-of-interest (ROI) finding is performed
to reduce this size by zero-suppressing the waveforms outside of these identified areas.
These truncated waveforms are then passed to the hit-finding algorithm which identifies
when a threshold level is exceeded and performs a Gaussian fit to identify the location
and size of this ‘hit’. In the case of more complex regions involving overlapping energy
depositions, the waveform differential, erosion (rolling local minimum) and dilation (rolling
local maxima) are used to determine multiple candidate hit positions. A fall-back option
in the case of poor fit agreement is to enforce N evenly-spaced fixed-width Gaussians -
incrementing N until the y? agreement of the summed fits with the original waveform

passes below a threshold [244, 245|. This is particularly necessary in high activity regions
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such as around the neutrino vertex or for ‘long’ hits that are very perpendicular to the

wire direction. Three examples of hit finding are shown in figure 5.4:

- Channel 956 contains a long deposit originating from a particle emitted from the
vertex very parallel to the drift direction. The hit reconstruction has produced 4

Gaussians to cover the extent of the deposit.

- Channel 959 shows a region that looks at first glance like a single hit but can actually
be separated into three hits, which is much more representative of the underlying
true energy deposits. Splitting the hits in this way makes reconstructing the three
particles that emanate from the vertex in a broadly forward direction much more

accurate.

- Finally, channel 1001 shows a more ‘traditional’ situation away from the complexity
of the vertex. This deposit from one of the tracks is well isolated from other activity

and can be simply reconstructed with a single hit.

Each hit can therefore be characterised by its peak time, width and height. The integrated
area under the pulse, calculated via the width and height, represents the scale of the energy
deposition and a combination of the peak time and the wire on which it was recorded
informs its location. In the plots shown in figure 5.4 the heights of the simulated energy
deposits and the deconvolved waveform are matched for ease of display. For the purposes
of energy reconstruction a calibration is performed to map the charge seen on the wire to

the energy deposited in the detector.

5.2.1.2 Pandora Pattern Recognition

The reconstructed hits map out three two-dimensional pixelated images in time-wire space.
The next step is pattern recognition, which aims to convert the sets of two-dimensional hits
in each wire plane into a three-dimensional representation of the interaction vertex and
final-state particle trajectories. In SBND, and in many other LArTPC experiments, this

pattern recognition is performed using the Pandora software suite [246]. Pandora takes a
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Figure 5.4: An example region of an event display from SBND Monte Carlo. Three
channels are highlighted with example hit finding displayed in the plots below. Each
shows the distribution of the true energy depositions in blue and the deconvolved
waveform in magenta, with the Gaussian hits created from the deconvolved waveform

overlayed in green.
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multi-algorithm approach, where each of the over 100 algorithms available perform a very
specific task and can be combined in a configuration best suited to each experiment and
the requirements of a particular physics goal. The general philosophy employed by the
Pandora approach is for each algorithm to be conservative in its decision making, only
committing to changes that it is very confident in. In this way it aims to avoid making

clustering mistakes which are then more difficult to unpick later on.

The workflow executed by the SBND Pandora configuration can be split into two passes,
each containing a series of distinct stages. The first, known as the cosmic pass, is aimed at
reconstructing activity from cosmic-ray particles and removing their associated hits. The
second, known as the neutrino pass, targets reconstructing complex neutrino interaction
final-state topologies. The cosmic pass will be referred to regularly as unambiguous
removal, and the resulting removed tracks as unambiguous cosmics. It is tailored
towards the assumption that all particles will leave long tracks with some small amount
of electromagnetic activity surrounding them from associated delta rays and/or Michel
electrons. Following this pass, each grouping, characterised by the main track, is assessed
against a series of geometric metrics to determine its consistency with the cosmic-ray
muon hypothesis. This includes looking at the containment, directionality and topology
of the reconstructed objects, as cosmic-ray muons should primarily be downward going,
enter through the top of the detector and be dominated by long straight tracks. If all the
objects in an area of activity are rated as being cosmic-like then the associated hits are

removed from consideration for the neutrino pass.

The second, neutrino-like pass contains more sophisticated algorithms, especially for
identifying the neutrino vertex and reconstructing electromagnetic showers. Before the
start of the second pass the remaining hits are broken up into distinct ‘slices’ in space and
time. The ambition is that each slice is of independent origin, e.g. a cosmic-ray particle
and any subsequent electromagnetic activity or the entire result of a neutrino interaction
and so each slice is reconstructed completely independently from others in the event. This
idea is demonstrated in figure 5.5 which shows the Pandora reconstruction of an SBND

Monte Carlo event with each slice indicated in a different colour.
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Figure 5.5: An example of a Pandora reconstructed event. Each colour represents
a different slice with the two TPCs drawn in grey. The left-hand panel shows 2D

projections from the top (zz), side (yz) and front (zy) in descending order.
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Figure 5.6: Outline of the Pandora reconstruction workflow. Figure from [247].

Both passes follow the same broad outline as represented in figure 5.6, starting with a
series of two-dimensional clustering algorithms. The sets of hits from each readout plane
are treated independently and identically. The initial algorithms cluster hits that form
straight lines in the time-wire space. These small straight clusters are then merged by a
series of subsequent algorithms that account for detector non-continuities (dead wires /
designed detector gaps) and overlapping or intersecting particles. This stage also includes
the ability to split clusters where clear kinks occur, or other clusters appear to originate
from a point within it. Following the initial two-dimensional clustering, the second stage
of the neutrino path then attempts to reconstruct the interaction vertex. Broadly this is
achieved by identifying a series of potential candidate positions in each two-dimensional
clustering output and then matching these into three-dimensional positions from which
the most promising vertex is selected. More details on this procedure can be found in
section 5.2.1.3. With the vertex now identified, Pandora is then able to use this to guide
the further reconstruction, firstly by splitting any two-dimensional clusters bisected by the

vertex point.
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The two-dimensional clusters are now matched across the three views primarily via their
shared drift coordinate. A combination of positions in any two views, for a shared x
location, can be used to predict the equivalent location in the third, hence leaving a level
of degeneracy that can be used to make quantitative assessments of the level of agreement
between clusters in all three views. A complex set of algorithms assesses all possible
permutations and employs a series of corrective tools to address a variety of ambiguities
that can occur in this procedure. A single example of this would be the scenario in which
two true particles create a pair of clusters in each of two views but appear back-to-back
in the third view and have formed a single cluster across the entire shared drift range. In
this scenario the ‘overshooting’ cluster will be split and the resulting clusters reconsidered

in the assessment. This scenario is visualised in figure 5.7.

In the neutrino pass each of the resulting three-dimensional objects, known as particle flow
objects (PFOs), are characterised as either track-like or shower-like. This characterisation
considers the length, transverse extent (width), directional consistency, and proximity
to the reconstructed vertex. All shower-like PFOs are at this stage dissolved and the
hits are re-assessed by a series of clustering algorithms specifically targeted at the more
diffuse, branching shower signatures. These algorithms build showers around a longer
central spine, progressively adding branches that appear consistent with the growth of an
electromagnetic shower. A similar iterative process to the three-dimensional track building
is now carried out to create three-dimensional PFOs from the shower clusters, addressing
a range of possible ambiguities. Any residual clusters that were not included in any track-
like or shower-like PFOs are examined by a set of recovery algorithms with lower quality
requirements to create a final set of PFOs. The shower-like PFOs are also passed through
a set of mop-up algorithms which, as named, gather up any remaining small clusters in
the fringes of the shower. This is first done in pure two dimensions and then later with

the three-dimensional object projected into the view of each cluster.

Another assessment of the PFOs is now made to determine their characterisation as track
or shower-like, this time by a more sophisticated algorithm utilising a boosted decision tree
(BDT), a machine learning technique described further in the following section [248, 249,
250]. This BDT is trained to identify muon, proton and charged pion PFOs as tracks and
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Figure 5.7: An example of an ambiguous topology presented during Pandora’s
two-dimensional to three-dimensional matching. The ambiguity results from the

overshooting of the U view cluster. Figure from [247].
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electron and photon PFOs as showers. The output score is known as Pandora’s TrackScore.
This characterisation is used to determine the method by which three-dimensional hits or
‘space points’ are created. A recent addition to the SBND Pandora configuration is to then
run a recursive procedure in which a series of mop up algorithms aim to add any prevailing
two-dimensional clusters to the PFOs. After each iteration the space point creation is re-
run and the whole process repeats until no more changes are made [245]. The final stage
assembles all the PFOs in a slice into a neutrino hierarchy. A PFO with no hits or clusters
is created to represent the neutrino itself, any PFOs determined to be associated with
the reconstructed interaction vertex are then attached as primary children of the neutrino,
with further PFOs added as subsequent descendants (such as a Michel electron as the child
of a primary muon track). Another BDT creates a score assessing how ‘neutrino-like’ the

slice is to help inform analysis decisions. This is discussed in more detail in chapter 6.

The final output from Pandora consists of slices, each consisting of a hierarchy of PFOs.
Each PFO is identified as track- or shower-like. The output also contains an interaction
vertex, the vertices associated with each PFO and a list of three-dimensional space points

indicating the PFO trajectories.

5.2.1.3 Improvements to Neutrino Vertex Reconstruction

The neutrino vertex reconstruction forms a key stage in the heart of the neutrino pass.
Not only is the interaction point key to the deriving of many physics observables but its
accuracy affects the rest of the pattern recognition which uses the vertex to guide decision
making on further clustering, merging, splitting and hierarchy determination as well as

downstream reconstruction such as calorimetry and particle identification.

The vertexing stage consists of two sections, candidate creation and vertex selection. All
two-dimensional clusters that contain a minimum of 5 hits are considered in a pairwise
fashion across two views at a time. If their endpoints are consistent in x then a candidate
vertex is created, with a three-dimensional position, from the information provided by the
two views. This process repeats for all combinations of two of the three views resulting in

a list of candidate vertices. A two stage BDT is then used to determine the best candidate
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from this selection. First, the candidates are grouped in regions of 10 cm with one candidate
chosen to represent this region. The first BDT selects the most promising region, whilst
the second then views all the candidates in the chosen region to determine which candidate
will be selected as the best vertex. The following section details a pair of improvements
made by the author to the vertex reconstruction - the addition of a new vertex refinement
algorithm and the inclusion of a number of new variables to hone the performance of the

BDT stage.

Vertex Refinement Algorithm

A new algorithm, referred to as vertex refinement, was developed to improve vertex
positions based on the pointing information supplied by nearby clusters. The algorithm
starts with the existing vertex position and projects it into each view. Any clusters that
pass within 10cm of the vertex are then collected and a principal component analysis
(PCA) is run on each one. PCA is a technique for reducing a multi-dimensional dataset
(in this case positions in two-dimensions) into a set of orthogonal direction vectors (and
corresponding sizes) that encode the variation in the data along decreasingly variant
axes [251]. The primary principal component is used in this scenario to find the direction

of the cluster, 4j = (ug,i, Uy, uz;). Each cluster can then be represented by a simple line

equation:
z Ug i Z0,i
yl=ailuy: |+ voil> (5.1)
z Uz 20,i

where (29 i, Yo,i, 20,;) is a particular point on the line, a; is a running coefficient and (x, y, 2)
is the general point on the line. Each cluster is also assigned a weight, w; defined as

1

= 5.2
1+72 (5-2)

Wy

where r; is the magnitude of the distance from the original vertex position to the point of
closest approach on cluster ¢. This is motivated by the fact that clusters near the interaction
point are more likely to reflect the original direction of travel of each final-state particle.
As you move further away, scattering or reinteraction effects become more significant and

smear the resolution with which each cluster points to the interaction point.
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Following the approach in 252, 253|, the lines and weights from each cluster are used to

construct a matrix equation

G-m=d, (5.3)
where
w1 0 0 —wnq - ’UJz’l 0 0 0
0 w1 0 —wWy - Uy 0 0 0
0 0 w)p —W1 - Uz 0 0 0
w9 0 0 0 —w2 - Ug 2 0 0
0 w 0 0 —wsy - U 0 0
G - 2 ? v ’
0 0 w 0 —wy - tuzn 0 0
0 w, O 0 0 0 ... —wy- Uy,n
0 0 wy 0 0 0 ... —wp- Usp
(5.4)
w1 - To,1
w1 - Yo,
xr
w1 - 20,1
Yy
w2 - 0,2
z
w .
Je 2 90,2 7 m=|a
w2 - 20,2
a2
Wnp - To,n
Gnp
Wn, * Yo,n
Wn, * 20,n

This corresponds to the group of simultaneous equations representing the lines associated
with each cluster. This equation is solvable for m, the point of closest approach for the

lines considered, via the equation
m=(GT.-q)t.GT-d (5.5)
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Figure 5.8: An example of the vertex refinement algorithm in action. This display
shows its use in an example event display for a single view. The yellow dot represents
the initial vertex candidate position, the red lines and dots represent the lines
produced from the PCA of each surrounding cluster, the blue dot shows the refined
vertex position and finally the green dot shows the true location of the neutrino

interaction vertex projected into this view.

for the case where GT - G is not singular. A more detailed description and an example
for n = 2 can be found in appendix A. For n > 2 non-parallel lines in 2 dimensions or
n > 1 non-parallel lines in three dimensions there will not generally be a single point of
intersection, so this technique yields a least squares minimisation, finding the point at which
the sum of the squared distances of closest approach to each weighted line is smallest. The
algorithm was designed to be applicable to two-dimensional or three-dimensional scenarios.
The use case detailed here for SBND is two-dimensional only, applied once per vertex in
each view. In this scenario the y-components are all zero, the x-components are the shared
drift coordinate and the z-components represent the wire coordinate for that view (either

u, v Or w).

Figure 5.8 illustrates the vertex refinement for an example event in a single view,
demonstrating an improvement in the resulting vertex position relative to the true

interaction point.
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Figure 5.9: The distance between the original and refined position following the
application of the vertex refinement algorithm to a vertex candidate in a single wire
plane view. The cut value of 10 cm is indicated via the red dashed line. The inset
plot shows the cumulative distribution, indicating that over 96 % of instances pass

the cut.

Once this process is complete for all three planes the three ‘refined’ two-dimensional vertices
are combined using one of a series of Pandora functions that use combinations of 2 views
or all 3 views to form a three-dimensional vertex. The choice of function is determined
based on which one returns the result with the best x? agreement when projecting the
result back into each view. Finally, the deviation of the new vertex position is checked to
be within 10 cm of the original vertex position in order to avoid introducing new failure
modes. As figure 5.9 shows, over 96 % of scenarios with at least 2 clusters do not move the
vertex any further anyway. As reflected in the algorithm’s name, its goal is to take good
vertex reconstruction and make it very good, not to fix more fundamental failure modes.
This algorithm is applied to all candidate vertices before passing its output to the selection
BDTs. The performance improvements as a result of adopting this algorithm are shown in
figure 5.10. This also shows the added performance bonus when the weighting aspect of

the algorithm is applied.
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Figure 5.10: The improvement in vertex reconstruction for CCu, (left) and
CCr, (right) events as a result of the use of the vertex refinement algorithm only.
The three curves show the performance without the algorithm (cyan), with the
algorithm but without weighting the lines (red) and then the full algorithm with the

weighting included (magenta).

Vertex Selection BDTs

A BDT is a machine learning technique based on the simple concept of a decision tree. In
a single decision tree a condition is posed at each node, if passed the left branch is taken,
if failed the right. All routes eventually end up at a leaf i.e. an outcome to the overall
question. Figure 5.11 shows an incredibly simplified version of this idea, in the context of
deciding what type of particle is represented by a reconstructed PFO. Each purple node
asks a question about the PFO, the results of which lead to 5 leaves representing the
5 possible particle ID outcomes. This tree will clearly have some inefficiencies. What
happens if the photon pair produces very quickly and appears to originate at the vertex?
What happens if a very short proton track at the vertex gets merged with a long muon
track making the start of the track appear to have a very high dE/dxz ? The leaves will

not be pure in their desired outcome.

The decision tree can be ‘trained’ with a sample with known labels, i.e. a set of
reconstructed Monte Carlo particles for which particle ID is known from truth. Maximising
a figure of merit such as the purity of the leaves categorisations gives a metric for attaining

the best possible tree. One approach to improve the results further involves using an
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Figure 5.11: An overly simplistic example of a decision tree designed to identify

particle types from a reconstructed particle object (PFO).

ensemble of different trees, each using different cuts, perhaps on different variables, to arrive
at their classification. The final output can then be constructed by averaging the results of
the entire ensemble. Unlike the example given here, these ensembles are almost exclusively
designed to answer binary classification problems with a ‘signal’ and ‘background’. As
such, the averaged output is a score representing how ‘signal-like’ the input was. Boosting
is a particular technique for training and combining trees that uses a high proportion of
mis-classified events from the previous tree to train the subsequent tree. BDTs are used
widely across high energy physics, as they allow a larger number of weak classifiers, which
on their own are very impure discriminators, to be combined in a way that efficiently uses
their complementarity to produce a much stronger discriminant (the output score) [248,

249, 250].

As outlined above, the final stage of vertex reconstruction is the selection of a single point
from the list of (refined) candidates. A series of variables describing two of the candidates
each provide some weak discrimination between them and the BDT produces a score which
reflects which of the two is favoured. A winner-stays-on approach is then used where each
vertex is compared to the current ‘best’ either replacing it or being discarded until all
candidates have been compared and the resulting ‘winner’ is selected. The variables used

in the original iteration of this tool were:
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- Slice Level Variables - These inform the BDT of which of the vertex characteristics
could be important in the event rather than distinguish between the vertices them-

selves.

e Total number of vertex candidates in the slice.

e Total number of two-dimensional clusters in the slice.
e Total number of hits in the slice.

e Total energy contained by the slice’s hits.

e The ‘span’ of the slice’s clusters are calculated in each view and then the average
spans in z and z (wire coordinate) are used to construct the area (product) and
longitudinality (z span divided by the sum of the x and z spans) variables. This
should indicate the rough shape of the slice’s footprint, longer for CC v,, events

and squarer for CC v, events.

e The ‘showeryness’ of the slice. This is defined as the fraction of the hits in
the slice attached to clusters deemed at this point of the reconstruction to be

shower-like.

- Vertex Level Variables - These variables are vertex specific and help determine which

candidate is more likely to be the neutrino interaction point.

e The energy kick variable assesses the transverse energy of each cluster with
respect to its distance from the candidate. This utilises the fact that primary

particles should be both more energetic and aimed at the vertex.

e The beam deweighting variable assesses how ‘upstream’ the candidate is within
the slice, given the known knowledge of the beam direction. The true vertex
position is likely to be one of the most upstream points available with the

general momentum of the interaction boosted forwards in the beam direction.

e A series of asymmetry variables constructed in a method visualised in
figure 5.12. First, an energy weighted direction of the clusters is created
(indicated by the black line), then all the hits are projected onto that axis (red

arrows) and finally the energy is summed on each side of the vertex candidate
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Figure 5.12: A schematic to show the projection technique used to create the
asymmetry class of variables in the Pandora vertex selection BDT. The black line
indicates the energy weighted average direction of the clusters, the red arrows
indicate the projection of all hits onto that axis and finally the red dot indicates the
vertex candidate. Each variety of the asymmetry variable sums a metric on either

side of the vertex candidate.

(red dot). Three versions of this variable are created: global (all clusters),
local (only clusters that have very similar directions) and shower (only clusters

labelled as shower-like).

e A hit angle variable that finds the weighted sum of the ratios of each hit’s radial
angular position in circular coordinates in each plane. This variable intends to
indicate whether the vertex position is consistent with a generally momentum
balanced forward direction of a neutrino interaction. This variable is used for

the second stage BDT only, once the region has been identified.

Four variables were added to the SBND configuration to improve the performance at both
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stages of the selection:

e Vertex Level Variables:

e The sum of the energy of the nearest hit to the candidate position in each of
the three views. This is targeted at finding examples of high activity ‘shared’

hits at the vertex, with contributions from multiple primary neutrino children.

e Another variant of the asymmetry variables described above. This time the
energy depositions are normalised by the length they span on the projected
axis. This is a proxy for the dE/dz and aims to indicate examples where a
candidate sits on the divide between back-to-back tracks of different ionisation

strengths (e.g. primary muons and protons).

e Shared Variables - A new group of variables that describe the relationship between

the two candidates being compared.

e The separation between the two vertex candidates.

e The number of hits on the axis between the two candidates normalised to their
separation (as shown in figure 5.13). This is targeted at identifying whether

the candidates being compared sit at either end of a clear track or not.

Distributions of the new variables are shown in figure 5.14. The vertex specific variables
show strong discriminatory power between the correct and incorrect vertex. They are
plotted for the instance of the region finding stage BDT in which all vertex specific variables
show better performance. The shared variables are plotted for the second stage selection
BDT instance. As expected they do not show any explicit discrimination between the
two vertices, as a shared variable they cannot. It is worth revisiting the fact that this
BDT operates by comparing a pair of vertices. The training data is labelled into two
categories - one where the candidate vertex in the first slot is the closest candidate to the
true position (“correct vertex”) and one where the candidate vertex in the first slot is not
the closest candidate to the true position (“incorrect vertex”). The shared variables are

constructed using both candidates, hence there is no difference in distribution for the two
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s

Figure 5.13: A trio of examples of the construction of the shared vertex variables for
the Pandora vertex selection BDTs. The blue dots show the two vertex candidates
being compared, and the red box the selection region around them. The separation
variable is purely the distance between the two candidates, the length of the box.
The axis hits variable is constructed by counting the hits that fall within the selection

region (the blue hits) and then normalising by the separation.

labelled categories, the same is true for the event level variables. The role of these variables
therefore is to inform the BDT of the broader context of the two vertices being considered,
and as such influence which vertex variables are given priority in the determination. The
output distribution for the second stage BDT is shown in figure 5.15 and demonstrates an
uplift of 5% in the validation accuracy with all four new variables included. The difference
between the middle and bottom panes (an uplift of ~ 2%) show the impact of the shared

variables only.

Performance Improvements

As a result of the introduction of the vertex refinement algorithm, the added variables in
the selection BDTs, and some adjustments to the hyperparameters used in the training of
the BDTs, significant improvements were seen in the quality of the vertex reconstruction.
Figure 5.16 shows the distance between the true and reconstructed vertex for both
CCyy, and CCr, events before and after the improvements implemented. The proportion of
CCuy,, interactions for which the vertex is reconstructed within 0.5 cm of the true position
increases by over 14 % from 54.6% to 68.9%, with over 80 % now reconstructed with 1 cm.
The performance for the CC v, case start from a lower base due to the fact that this topology
naturally provides more challenges to vertexing. For example, it is easy to misidentify the

start of the primary electron depositions as a separate particle track before the first few
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Figure 5.14: The four variables added to the SBND configuration of the Pandora
vertex selection BDT. The two on the top row are plotted for the region finding
BDT whilst the two on the bottom row are plotted for the final selection BDT. The
BDT operates by comparing a pair of vertices. The training data is labelled into two
categories - one where the candidate vertex in the first slot is the closest candidate
to the true position (“correct vertex”) and one where the candidate vertex in the
first slot is not the closest candidate to the true position (“incorrect vertex”). The
shared variables (second row) are constructed using both candidates, hence there is

no difference in distribution for the two labelled categories.
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Figure 5.15: The second stage vertex selection BDT before any changes (top),

following the addition of the two new vertex level variables (centre) and then

finally following the addition of the two new shared variables as well (bottom).

The validation accuracy refers to the proportion of correct inferences made for each

pairwise comparison.
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electromagnetic cascade processes create the distinctive shower shape. In this scenario the
vertex could be misplaced at the point at which this transition occurs. However, similar
scale improvements are shown for the CC v, case from the slightly lower baseline. When
broken down in more detail it was clear that the refinement algorithm helped to finesse the
location providing the broad region was correctly identified whilst the BDT improvements

served to make larger improvements to a limited set of pathologies.

5.2.1.4 High Level TPC Reconstruction

The output of the Pandora pattern recognition consists of a series of slices, each
representing a three-dimensional particle hierarchy made up of vertices, ‘particles’ (PFOs)
and space points. The reconstructed PFOs are then fed through a series of tools designed
to further characterise the particles, producing variables useful to physics analysis. The
space points that make up each particle are used to fit the reconstructed track and shower
hypotheses. Traditionally, only the PFOs labelled as track-like by Pandora would undergo
the track fitting, whilst only the shower-like PFOs would undergo the shower fitting.
However, SBND recently began to apply both characterisations to all PFOs, allowing

each analysis to determine the most useful output individually.

The track reconstruction uses sliding linear fits to create a fitted trajectory along the
length of the track, providing both a smoothed location and a direction at each point.
This information is subsequently required for the calculation of the dE/dx of the track.
For each point along the fitted track the effective pitch (dz) can be calculated in each
plane, as can the charge deposited on the wire (dQ) accounting for the conversion from
ADC counts and attenuation effects. Together this yields a d@Q/dx value per point per
plane, which can be converted into the dF/dz by accounting for recombination using
the modified box model with values measured by the ArgoNeuT experiment [189]. The
variation in dF/dz can be used to look for Bragg peaks in stopping tracks and the total
calorimetric energy can be calculated by summing the product of the dE/dx and the pitch
at each point. Further tools estimate the momentum of the particle via range or multiple

coulomb scattering, where the former is only appropriate for particles that stop within the
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Figure 5.16: The improvement in vertex reconstruction for CCuy, (top) and
CC v, (bottom) events following the combination of the inclusion of the refinement
algorithm and the updates to the boosted decision tree The black curves show the

original vertex reconstruction whilst the dark red shows the combined updates.
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detector.

The shower reconstruction is more complex due to the underlying complexity of electro-
magnetic showers. The key metrics extracted by the shower fit are the start point, length,
direction, opening angle, energy and dE/dx. The opening angle and length encode the
size and shape of the cone containing the shower’s activity. The dF/dz is a more difficult
concept to define for a shower type topology than for tracks. The algorithm attempts to
identify the initial ‘track stub’ before the shower develops into a large number of particles

and calculates the energy deposition along just this length.

5.2.2 PDS

The PDS reconstruction proceeds in a similar fashion for both the PMTs and the X-
ARAPUCASs and consists of two stages: hit finding and flash construction. A hit represents
a single photodetector (PD) above threshold, whilst a flash is intended to represent the
total light created by a single interaction in the TPC. The raw waveforms produced by both
types of PDs are put through a deconvolution process to remove the effects of the detector
responses. For the PMTs an initial smoothing step is applied to mitigate the effects of
noise in their high frequency sampling. Both types are then put through a Gaussian filter

which further eliminates noise and removes the bipolar nature of the signal.

The hit reconstruction algorithm operates by looking for peaks in the deconvolved waveform
that pass a threshold based on a combination of the deconvolved single electron response
and the baseline root mean squared value. The number of photoelectrons that arrive at a
PD is represented by the integral of the hit and the arrival time is defined by the time at
which the waveform passes 15 % of the maximum peak. This helps to reduce the time biases
introduced by smearing in the deconvolution process and the likelihood of multi-photon

arrival particularly in the prompt portion of the light.

Optical hits with similar arrival times are then combined across multiple PDs to form flash
objects. Flashes are only created when enough PDs see a certain number of photoelectrons

in a defined time interval. Its start time represents the interaction time and will later be
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used to help resolve the drift time ambiguity in the charge reconstruction and help reject
cosmic activity outside of the beam arrival window. SBND Monte Carlo studies, performed
using real detector efficiencies and light yields from teststand results, have demonstrated
the ability of the PDS to achieve 2ns timing resolution and thus resolve the substructure
(81 buckets) of the BNB neutrino spill. To make this distribution resolvable requires
correction factors for both the neutrino time of flight and then the photon time of flight in
the detector. Both can be calculated using the PDS only, the former thanks to the high
granularity in the yz-plane whilst the latter utilises the separate sensitivity to both VIS
and VUV light and the reflective cathode foils in order to resolve the interaction position

in z [254].

5.2.3 CRT

The CRT reconstruction workflow was re-developed from the ground up by the author
to provide more flexibility and better handling of high multiplicity scenarios. Similarly to
the TPC and PDS workflows the CRT reconstruction begins with a ‘hit-finding’ procedure.
This is followed by clustering of these hits within each tagger wall to form three-dimensional

objects and finally the linking of such objects into tracks between multiple walls.

5.2.3.1 Strip Hit Reconstruction

The CRT readout is significantly different to that of the TPC and PDS in that it does not
comprise of full waveforms. Instead, the front-end-boards (FEBs) provide a single ADC
value for each of the 32 channels. The board amplifies and shapes the signal from each
SiPM and provides a threshold trigger with a 50ns coincidence requirement between the
two SiPMs that service each strip. If this requirement is met then all 32 channels are
sampled and the values held in bias until the board’s CPU makes a decision to readout.
The shaping and sampling time are configured such that the rising edges of the channels
that triggered the readout will be at their peak value at the time they are being sampled.

The readout decision can, depending on the hardware setup, be conditional on the arrival
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of a similar trigger signal from another module arranged perpendicularly to the module
in question. Readouts can also be triggered by the arrival of a reset signal to either of
the board’s two nanosecond clock counters. The type of readout is indicated by a ‘flags’
variable which also encodes the ‘state’ (well defined or not) of each of the clocks at the time
of that readout. Once the CPU initiates a readout, the 32 channels are passed from the
holding circuit through an analogue-to-digital converter (ADC) to produce a single 12-bit

value per channel.

A single FEB readout therefore consists of the flags indicator, the time according to each of
the clocks and 32 ADC values. Further metadata is also stored relating to: the time since
the last readout, information on the group of readouts removed from the board’s buffer in
each ‘poll’ cycle and information from the server receiving the CRT readouts. The first
job the reconstruction must perform is to reduce the 32 values in each readout down to
only those strips of interest. This is done via a hit finding algorithm that evaluates each
FEB readout looking for concurrent pairs of channels with values at least 60 ADC above
their pedestal. The general principles of identifying strips of interest and then using the
light balance to reconstruct a lateral position is shown in figure 5.17. The lateral position

within the strip, d, is reconstructed using the parameterisation

d= % : <1 + tanh <10g (igg))) , (5.6)

where w is the strip width (typically 11.2cm) and ADC; and ADCsy represent the ADC
counts recorded for the two channels. The hyperbolic tangent function has a range of
(-1,1) which constrains the position within the physical bounds of the strip whilst the
logarithmic ratio best represents the light balance between the two channels. A number of
approaches were tested for the lateral position reconstruction before selecting the one used
in equation 5.6. The performance of three such approaches are shown in figure 5.18. A
nominal error on the position is constructed using an order-2 polynomial with coefficients
extrapolated from a fit to a Monte Carlo study of the resolution of this approach. The
reconstructed object also contains three time fields, the two clock values (with a provision

included for applying cable delays) and a global time provided by the server, as well as a
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pair of booleans to indicate whether or not the ADC value for each channel had hit the
saturation point of 4095 ADC. This is critical information in the reconstruction as it limits

both the calorimetric and positional reconstruction.

The left hand plot in figure 5.19 indicates the typical number of strip hits expected in
a single recorded event in which CORSIKA was used to simulate cosmic-ray particles
throughout the detector readout. The right hand plot shows the performance of the
positional reconstruction via the difference between the true and reconstructed positions
which corresponds to a positional resolution of 2.5 cm (including the 1 cm strip depth within
which the reconstruction has no handle to resolve). Although this kind of resolution appears
coarse when compared to a fine grain detector such as the TPC, this plot demonstrates
that the light balance method creates a finer resolution than would be achieved by purely

using the strip centre.

5.2.3.2 Clustering and Space Point Building

The next stage of the reconstruction aims to correlate strip hits in space and time and
reconstruct three-dimensional space points that pinpoint the locations of the activity in
the CRT taggers. A clustering algorithm groups any strip hits in the same tagger that
fall within a 50 ns window of each other. A splitting analysis is performed which evaluates
whether or not the cluster’s hits overlap in distinct regions, any clearly distinct areas of
activity will be split off from the cluster. This happens rarely, but not vanishingly so.
Roughly 3% of events will have a pair of cosmic-ray muons crossing a single tagger within
50ns of each other. There will also be other scenarios that will create multiple areas of
activity in a single time window, such as multiple particles from a neutrino interaction
escaping the TPC, or hadronic particles such as protons or pions created from muon hard
scatters in the vicinity. Figure 5.20 shows a couple of event displays with different clusters

of strip hits indicated across multiple taggers.

A ‘back-tracking’ algorithm was written to identify the simulated energy deposits that
contributed to each simulated FEB readout, and thus eventually to the cluster. This

allowed for the following definitions of completeness and purity to be used in assessing the
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Figure 5.17: A schematic illustration of the principles behind the reconstruction of
CRT strip hits. The upper panel shows the ADC readouts from an entire module.
A muon crosses a single strip, illustrated by the white dashed lines, and its ADC
counts are larger, indicated by the hotter colours. The lower panel shows a zoomed
version of the single strip. It is clear that the relative position of the muon across the
strip is creating a higher ADC count from the lower channel and a lower ADC count
from the upper channel. It is this ‘light balance’ that will be used to reconstruct

this lateral position of the muon.
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Figure 5.18: The performance of three different methods for reconstructing the
lateral position within the strip: taking the strip centre (green) or using the

logarithm of the light balance in the tangent (blue) and hyperbolic tangent (red)

functions.
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Figure 5.19: The left plot shows the number of strip hits in a typical simulation of a
BNB event with CORSIKA cosmic-ray particle simulation throughout the readout.
The right hand plot shows the accuracy of the positional reconstruction within the

strip.
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Figure 5.20: Two event displays, each from a short time snapshot of simulated
cosmic-ray particle flux, demonstrating the clustering of strip hits in the CRT tagger
walls. The grey boxes in the centre indicate the TPC, the black lines indicate the 7
CRT tagger walls, the green lines represent true particle trajectories and the clusters

of strip hits are then represented in a range of colours, one colour per cluster.

clustering performance:

Total true energy from the leading particle accounted for in the cluster
Completeness = - - - (5.7)
Total true energy deposited by the leading particle across the whole tagger wall

and
Purit Total true energy from the leading particle accounted for in the cluster (5.8)
urity = . .
Y Total true energy from any particles accounted for in the cluster

Figure 5.21 shows both the completeness and purity of the clusters produced using
the above algorithm. They indicate that the performance of the clustering is very
good, over 90 % of clusters have both a completeness and purity of above 95%. It
also shows plots that indicate the general make up of the clusters. The majority of
clusters have 2 strip hits, but there are significant numbers with 1, 3 or 4 as well.
The composition variable indicates which coordinate directions can be constrained
by the strip hits in each cluster. Each strip natively constrains two coordinates
(via its depth and width) whilst the third (length) is only constrained to an order

of metres. The combinations of differently oriented strips within one cluster can,
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Figure 5.21: The performance of the CRT clustering algorithm. From top left,
clockwise: the completeness of each cluster according to equation 5.7, the purity of
each cluster according to equation 5.8, the composition of the clusters in terms of

the coordinate directions they constrain and finally the number of hits per cluster.
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however, result in a full three-dimensional constraint. The arrangement of two
perpendicular layers of modules in each wall was designed to do just this, and it is

clear that this is by far the dominant case.

A separate algorithm is used to ‘characterise’ the clusters and produce space point
objects, representing a three-dimensional location. This allows for future workflows
which may want to make use of the clustering output with alternative methods for
characterising them. Different methods are applied for clusters containing just a
single strip hit compared to those with multiple strip hits. The single hit method
was written with the CRTb in mind, most of which only has single layer coverage.

Single hit clusters in other walls are dropped at this point.

The single hit method takes the lateral position from the strip hit and converts it to
a three-dimensional position by considering the geometry of the strip in question.
Its position is therefore well constrained in two dimensions, the width of the strip
and the depth of the strip, but is only constrained to the order of metres in the
length dimension. The summed photoelectron count, as a representation of the

space point’s energy scale, is calculated to be
Npe =Y _ g:ADC; (5.9)

where ADC,; is the ADC recorded on channel 7 and g; is that channel’s calibrated
gain value. Finally, one of the clocks is selected to provide the time (which one is
used is configurable) and a configurable offset can also be applied. The space point
objects therefore have a single time that has a common reference (likely the trigger
time) to objects from other systems allowing for combined use of the reconstruction
outputs from the whole detector. This marks a transition from more ‘raw’ focused

objects to more analysis focused objects.

If there are multiple hits then the first stage is to construct all possible combinations
of two overlapping strips, each is made into a temporary space point. The position

is defined as the centre of the area of overlap, with the size encoded in the error on
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the position. This is shown on the green cluster in figure 5.22. The overlap area is
defined via the lateral position (as calculated in equation 5.6) and error associated
with the strip hit, not the full width of the strip. The construction of a three-
dimensional position allows the reconstruction to account for the attenuation and
delay of the light pulse along the length of the strip. The photoelectron count, Npg,

is constructed from the ADC as with single hit clusters and then corrected to

(I+ K)?

ngE = NPE ' Ta

(5.10)
where [ is the reconstructed distance from the energy deposit to the SiPMs along
the length of the strip and K = 1085cm is a model parameter derived from test

stand results and used in the simulated application of the attenuation as well [255].

A similar process is applied to the time reconstruction. The time of each strip hit is
corrected for two effects: propagation delay and time walk. The propagation delay
is the time taken for photons to travel the length of the optical fibre to reach the
SiPMs whilst the time walk effect is a result of larger pulses passing the threshold
quicker and therefore appearing to have occurred earlier. The final corrected time

is given by
t'=t

— (I Dprop) (5.11)
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