
Reconstructing and Selecting
Electron Neutrino and

Anti-Neutrino Interactions on
Argon in the Short-Baseline

Near Detector

Edward Tyley

Supervisor: Prof. Neil Spooner

Department of Physics & Astronomy
The University of Sheffield

This dissertation is submitted for the degree of
Doctor of Philosophy

February 2023



Abstract

As the field of neutrino physics approaches the precision era, where all of the
parameters describing neutrino oscillations have been measured, the understating
of neutrino-nucleus interactions must continue to develop to facilitate the next
generation of oscillation experiments. This advancement relies upon developments in
both the theoretical modelling and experimental measurements of these interactions.
The Short-Baseline Near Detector (SBND) is a 112 ton Liquid Argon Time Projection
Chamber (LAr TPC) which aims to provide such interaction measurements in the
Booster Neutrino Beam (BNB), in addition to constraining uncertainties for the
sterile neutrino search of the Short-Baseline Neutrino (SBN) program, once it turns on
in 2023. The capability of SBND to make a measurement of νe Charged Current (CC)
interaction cross section is assessed in this thesis. Improvements to the reconstruction
chain within SBND, with a focus on electron showers, are presented which enhance
the ability to both select and measure these interactions. These νe CC interactions
are selected with a 28.1% efficiency whilst rejecting over 99% of neutrino induced and
99.999% of cosmogenic backgrounds. A procedure to perform a νe CC inclusive cross
measurement is outlined, including an assessment of the impact of both statistical
and systematic uncertainties. The power of this measurement to differentiate between
neutrino interaction models is subsequently presented.
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Chapter 1

Introduction

Since the initial proposal and discovery of the neutrino, there have been many

fascinating discoveries and developments in the �eld of neutrino physics. Chapter 2

provides a brief historical overview of the �eld of neutrino physics. A particular focus

is given to the phenomenon of neutrino oscillations and the tension surrounding

sterile neutrino oscillation measurements that motivates the Short-Baseline Neutrino

(SBN) program. A brief overview of neutrino nucleus interactions is additionally

given covering both theoretical models and existing measurements, focusing on the

� e Charged Current (CC) interactions that are relevant for this thesis.

A historical overview of Liquid Argon Time Projection Chamber (LAr TPC)

detector technology follows in Chapter 3, aiming to demonstrate their suitability as

neutrino detectors alongside a review of notable experiments. The working principles

of these detectors is subsequently presented, identifying the key physical processes

that underpin the performance of such detectors.

The SBN program, which consists of three such LAr TPCs, is then discussed in

Chapter 4. This initially discusses the physics goals of the program to search for

sterile neutrino induced oscillations and subsequently the goals of Short-Baseline

Near Detector (SBND), with a focus on the cross section measurements that are of

particular relevance to this thesis. The Booster Neutrino Beam (BNB) in which the

SBN program is situated is next discussed, outlining the design of the beam and

presenting the �ux through SBND. The design of SBND is next presented, discussing

each of the individual subsystems that comprise the detector. Finally, the simulation

and low level reconstruction that the later chapters rely upon is presented.

The Pandora pattern recognition package used by SBND is outlined in Chapter 5.

An assessment of the performance of the unambiguous cosmic removal is performed,

with multiple con�gurations considered. The implementation of Multi Variate

Analyses (MVAs) to improve the decision making at key points within the Pandora
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work�ow is then presented. Finally, a new algorithm developed to improve the

clustering of showers is discussed.

The proceeding high level reconstruction chain is then discussed in Chapter 6,

with dedicated pathways for tracks and showers each presented. For showers, an

overview new reconstruction framework that has been developed is given, with the

performance of multiple approaches analysed for each characteristic. Finally, the

impact of the improvements made to the pattern recognition, as presented in the

preceding chapter, on the high level reconstruction is assessed.

A selection has been developed to select� e CC interactions and reject backgrounds,

which will be presented in Chapter 7. This begins with a discussion of the signal

de�nition and cuts placed to ensure the reconstruction quality of the selected events.

Next, the rejection of cosmogenic backgrounds is discussed, utilising each of the

subsystems available within SBND. The rejection of� � CC interactions via the

identi�cation of muon tracks is then presented. Finally, cuts placed on the electron

candidate shower to reject photon and misidenti�ed tracks are presented with the

�nal results of the selection analysed.

Finally, the capabilities of SBND to perform a� e CC inclusive cross section

measurement are assessed in Chapter 8. This begins with an overview of the cross

section extraction procedure used. Next, the systematic uncertainties included in this

analysis are discussed, covering both the sources of uncertainty and the formalism

of their treatment. The result of the measurement is then presented, alongside a

quantitative assessment of the ability of the measurement to di�erentiate between

given interaction models. A discussion of the results, including future developments,

is given �nally.



Chapter 2

Neutrino Theory

Neutrinos are some of the least well understood but most interesting particles within

the standard model of particle physics. In particular, they exhibit the phenomenon

of neutrino oscillation, where neutrinos can change between �avours, which is one of

the �rst observed displays of beyond the standard model behaviour. However, much

is still not known about neutrinos, from their absolute mass to the parameters which

underpin their interactions and oscillations.

Outlined in this chapter is a brief overview of the history of the neutrino, looking

at the proposal and discovery of the di�erent neutrino �avours. Next, neutrino

oscillations will be discussed, covering the experimental anomalies, theoretical for-

mulation, experimental veri�cation, and current measurements of the phenomenon.

The evidence for, and against, the existence of sterile neutrinos is subsequently

discussed. Finally, an overview of neutrino interactions will be given, looking at

the interaction mechanisms, nuclear models and existing measurements. This �nal

section additionally motivates the continued study of interaction cross sections, the

main topic of this thesis, both to probe the understanding of the interactions and

nuclear physics but also to facilitate improved oscillation measurements.

2.1 The Proposal and Discovery of the Neutrino

In 1927 Ellis and Wooster showed that the energy spectra of electrons produced in

�Radium E� (Bismouth-210) � decays was shown to be continuous, in stark contrast

with the sharp peak expected from a 2-body decay[10]. Faced with the prospect of

abandoning the fundamental principle of conservation of energy, Wolfgang Pauli took

the radical step of proposing a new particle: the neutrino[11]. This neutrino would,

invisibly, carry away some of the energy produced in the decay thus explaining the

continuum of the electron energy spectra. Enrico Fermi subsequently published his
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theory of � decay in 1934, in which the newly discovered neutron would decay to a

proton, an electron, and a neutrino[12].

The experimental con�rmation of the existence of the neutrino then came in 1956

by Cowan, Reines, et al.[13]. Neutrinos produced in the Savannah River nuclear

reactor were observed interacting in a liquid scintillator detector via inverse beta

decay, described by Equation 2.1:

� e + p ! � + + n (2.1)

The signature of this signal was a pair of scintillation pulses: the �rst pulse

corresponding to the� + and the second, delayed, pulse corresponding to the capture

of the neutron on Cadmium dissolved in the scintillator. The detection of this signal,

including correlations between the observed rate and the detector power, con�rmed

the existence of the neutrino[13]. Furthermore, the number of neutrinos measured

was consistent with the theoretical cross section predictions of the time.

In 1959, Pontecorvo questioned whether the neutrinos produced in the decay

of pions to muons,� � , was the same as those emitted in� decay,� e[14]. This was

addressed by the observation of� � interactions by Danby et al. in 1962[15]. This

experiment used a spark chamber located in a neutrino beam generated by the decay

in �ight of pions to measure the number of �Tracks� and electromagnetic �Showers�

produced by� � and � e interactions respectively. An excess of muon �Tracks� was

observed compared to the number of expected electron �Showers�, disproving the

� � = � e hypothesis.

Following the discovery of the tau lepton in 1975 the existence of� � was predicted

[16, 17]. This prediction was reinforced by the measurement of the Z boson decay

width performed by the Apparatus for LEP PHysics (ALEPH) experiment at the

Large Electron-Positron Collider (LEP) to determine the number of light, weakly

interacting, non-sterile neutrino �avours[18, 19]. The results were consistent with

only 3 �avours of weakly interacting neutrino existing, with a mass less than half

of that of the Z boson. The tau neutrino was experimentally con�rmed in 2001

when the Direct Observation of the NU Tau (DONUT) experiment used nuclear

emulsion targets to identify kinked tracks indicative of tau leptons in a neutrino

beam produced from the Tevatron[20].

2.2 Neutrino Oscillations

One key omission from the historical overview of neutrinos was the phenomenon of

neutrino oscillation, where neutrinos are produced in a given �avour and observed

in another. This phenomenon was the �rst observed beyond the standard model
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behaviour in particle physics, and is thus deserving of a dedicated section. Firstly, an

overview of the experimental anomalies that hinted towards the existence of neutrino

oscillations will be given. Next, the theoretical proposal and mathematical formalism

of neutrino oscillations will be presented. Subsequently, the experimental veri�cation

of neutrino oscillations will be reviewed. Finally, an overview of current, and future,

neutrino oscillation experiments will be given alongside the global best �ts for the

oscillation parameters at the time of writing.

2.2.1 Experimental Anomalies

After the observation of neutrinos from nuclear reactors and neutrino beams, e�orts

were made to observe the neutrinos produced by nuclear fusion in the sun. The �rst

detection of such solar neutrinos was in 1968 by Davis et al. in the Homestake exper-

iment[21]. This utilised the neutrino capture onCl37 producing Ar 37, a radioactive

isotope, as shown in equation 2.2:

� e + n(Cl37) ! e� + p(Ar 37) (2.2)

Subsequently, the number of argon atoms produced was counted, by observing

the number ofAr 37 decays and the �ux of neutrinos was calculated. However, this

measurement was in tension with the predicted �ux from the contemporaneous solar

fusion models.

This solar anomaly was reinforced by subsequent measurements made by the

Kamioka Neutrino Detection Experiment (Kamiokande) water Cherenkov detector

and GALLEX and the Soviet�American Gallium Experiment (SAGE)[22�24]. A

comparison between the experimentally observed rate to the theoretical predictions

for di�erent detector technologies, each sensitive to di�erent energy ranges, is shown

in Figure 2.1 where this de�cit can be observed. This compares the experimental

measurements, shown as the solid black bars, compared to the theoretical predic-

tions, broken down by production mechanism, for each detector technology. The

persistence of the anomaly across di�erent detector technologies, and thus energy

ranges, strengthened the tension between experimental observations and theoretical

predictions.

Meanwhile, proton decay experiments had begun to study atmospheric neutrinos

as a possible background. These neutrinos are produced by the interactions of cosmic

rays protons with the atmosphere, and the decays of the secondary particles pro-

duced[26]. Both the Irvine Michigan Brookhaven (IMB) and Kamiokande detectors

reported a de�cit in the ratio of muon neutrinos to electron neutrinos[27�30].
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Figure 2.1: A comparison of solar neutrino rate measurements with theoretical
expectations for three di�erent detector technologies. The theoretical predictions
are broken down by the fusion production mechanism each detector technology is
sensitive to. Figure from [25].

The combination of the solar and atmospheric anomalies suggested that, rather

than miscalculations of both neutrino �uxes, there was new behaviour being exhibited

by neutrinos: the phenomenon of neutrino oscillation.

2.2.2 Theoretical Proposal and Formalism

Prior to the experimental observation of the solar and atmospheric neutrino de�cit the

idea of neutrinos oscillating between �avours had been proposed by Pontecorvo[31].

This was later mathematically formalised by Maki, Nakagawa and Sakata into

the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix[32]. This proposed that

there are two distinct forms of neutrinos: those that interact via the weak force

(weak eigenstates) and those that describe the propagation of neutrinos (the mass

eigenstates)

The mass eigenstates are de�ned such that they satisfy the Schrödinger equation,

de�ned in Equation 2.3:

i~
d
dt

j� i = Ĥj � i = E j� i (2.3)

The weak eigenstates that are observed in neutrino interactions are formed from

a superposition of the mass eigenstates, as shown in equation 2.4:

j� � i =
X

i

U�
�i j� i i (2.4)
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The Greek and Latin letters representing weak and mass eigenstates respectively,

that is [�; �; 
 ] 2 [e; �; � ] and [i; j; k ] 2 [1; 2; 3]. U is the Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix, given in Equation 2.5:

0

B
B
@

Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

1

C
C
A =

0

B
B
@

1 0 0

0 C23 S23

0 � S23 C23

1

C
C
A

0

B
B
@

C13 0 S13e� i�

0 1 0

� S13ei� 0 C13

1

C
C
A

0

B
B
@

C12 S12 0

� S12 C12 0

0 0 1

1

C
C
A

(2.5)

The matrix is decomposed into three separate mixing matrices each characterised

by a single mixing angle� ij , with Cij � cos(� ij ) and Sij � sin(� ij ). There is an

additional CP violating phase� cp that describes the di�erence between neutrino and

antineutrino oscillations. An additional Majorana phase may be present, depending on

the nature of neutrinos, but this is omitted as it does not contribute to oscillations[33].

The Schrödinger equation can be solved using a plane wave solution as described

in equation 2.6, wherej� i � j � (t = 0) i :

j� (t)i = e� iEt j� i =
X

i

U�
�i e� iE i t j� i i (2.6)

Therefore, the probability of a neutrino of �avour � being detected as �avour�

after time t is given by Equation 2.7:

P� ! � (t) = jh� � (t)j� � ij 2 = j
X

i;j

e� iE j tU�
�i U�j h� j j� i ij 2 (2.7)

As h� j j� i i � � ij , this can be reformed into Equation 2.8:

P� ! � (t) = j
X

i

e� iE i tU�
�i U�i j2 =

X

i;j

e� i (E i � E j )tU�
�i U�i U�j U�

�j (2.8)

The energy of a given mass eigenstate of a neutrino,E i , can be given by the

formula presented in 2.9, assumingm � E to justify Taylor expansion and make

the approximations jp i j = E:

E i =
q

P2
i + m2

i = jp i j �

2

41 +

 
mi

p i

! 2
3

5

1=2

! E +
m2

i

2E
(2.9)

This results in the oscillation probability, where� m2
ij � m2

i � m2
j and time and

length are equivalent up to factors ofc (t = L):

P� ! � (t) =
X

i;j

U�
�i U�i U�j U�

�j e
� i � m 2

ij L

2E (2.10)
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Which can be rewritten as:

P� ! � (t) = � �� � 4
i 6= jX

i;j

< (U�
�i U�i U�j U�

�j )sin2

 
� m2

ij L
4E

!

+ 2
i 6= jX

i;j

= (U�
�i U�i U�j U�

�j )sin

 
� m2

ij L
2E

! (2.11)

In the simpli�ed case of two �avour oscillation the mixing matrix can be parame-

terised by a single angle as shown in Equation 2.12:

U =

0

@ cos(� ) sin(� )

� sin(� ) cos(� )

1

A (2.12)

Thus the oscillation probability simpli�es to Equation 2.13:

P� ! � = sin2(2� )sin2

 
� m2L

4E

!

(2.13)

The maximum amount of mixing that will occur is thus determined by the mixing

angle � and the distance at which this maximum mixing occurs, referred to as an

oscillation maximum, is determined by the mass splitting� m2, for a given neutrino

energy.

Additional matter e�ects must be taken into account when the neutrinos are

passing through matter, rather than a vacuum as previously assumed, due to the

coherent scattering between the neutrinos and matter[34]. This e�ect enhances, or

suppresses, the oscillation probability for neutrinos depending on the sign of� cp, whilst

having the opposite e�ect on anti-neutrinos. Indeed, studying the di�erence between

the oscillations of neutrinos and anti-neutrinos induced by this e�ect modern, and

future, oscillation experiments can measure� cp, as will be discussed the forthcoming

sections[35].

2.2.3 Experimental Veri�cation

The �rst experimental observation of neutrino oscillations came from the Super-

Kamiokande (SK) experiment, the successor to Kamiokande that had previously

reported a de�cit of atmospheric neutrinos[36]. SK relied upon the same water

Cherenkov technology as its predecessor which allows for discrimination between

electrons and muons based on the shape of the light cone produced. This demon-

strated the zenith angular and energy dependence of the de�cit of atmospheric muon

neutrinos consistent with neutrino oscillations, as shown in Figure 2.2. This shows

the Up/Down asymmetry of the observed rate of neutrinos as a function of the

momentum for both electrons and muons. The electrons exhibit no asymmetry con-
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Figure 2.2: Up/Down asymmetry of atmospheric neutrinos measured by SK as a
function of reconstructed energy for Fully Contained (FC) events, the integrated
Partially Contained (PC) rate is also shown. Shown for both electron-like events
(top) and muon-like events (bottom) compared to simulation without oscillations
(hashed area) and to the best �t oscillation parameters (dashed line) ofsin2(2� ) = 1 :0
and � m2 = 2:2 � 10� 3 eV2. Figure from [36].

sistent with Monte Carlo (MC) expectations without oscillations shown in the shaded

boxes. In contrast, the muons demonstrate a strong asymmetry in disagreement

with the no oscillation hypothesis with the best oscillation parameter �t shown in

the dashed line (sin2(2� ) = 1 :0, � m2 = 2:2 � 10� 3 eV2).

The Sudbury Neutrino Observatory (SNO) subsequently provided further con�r-

mation of neutrino oscillations in solar neutrinos[37]. This experiment also utilised a

water Cherenkov detector but with added Deuterium to facilitate the measurement

the rate of Charged Current (CC), Neutral Current (NC) and Electron Scatter (ES)

interactions. Each of these interactions has a di�erent sensitivity to the� e vs � �;�

�ux: CC is sensitive only to � e, NC is sensitive to all �avours equally and ES sensitive

to all �avours but with enhanced sensitivity to � e. By combining the measurements

from these three channels the total �ux of neutrinos could be found, separated into

� e and � �� as shown in Figure 2.3. The three interaction modes are shown in red

(CC), blue (NC), and green (ES) alongside the theoretical prediction of the SSM

shown as the dashed diagonal line. The best �t between these channels found that a

third of the total solar �ux arriving was � e whilst the remainder had oscillated into

� � and � � .
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Figure 2.3: Solar neutrino �ux measurements by Sudbury Neutrino Observatory
(SNO) parameterised in the� e �ux ( � e) and the � � and � � �ux ( � �� ). The red, blue
and green lines show the allowed regions for the Charged Current (CC), Neutral
Current (NC) and Electron Scatter (ES) channels respectively compared to theoretical
predictions of the Standard Solar Model (SSM) shown as diagonal dashed lines. Figure
from [37].

2.2.4 Current Oscillation Parameter Measurements

Since the discovery of neutrino oscillation, many experiments have attempted to

measure the underlying parameters which characterise the phenomenon; namely

the mass splittings, the mixing angles, and� cp. Experiments typically measure the

appearance or disappearance, or even both simultaneously, of a particular weak

eigenstate from a neutrino source, including solar, atmospheric, reactor, and neutrino

beams. The oscillation parameters that a given experiment is sensitive to depends on

the energy and baseline of the observed neutrinos. Global �ts subsequently combine

the results from multiple experiments across these various sources to extract the

entire ensemble of mixing parameters simultaneously.

Despite recent e�orts, the mass of the neutrino has not yet been measured, with

the current direct detection limit being m� < 0:8 eV from the Karlsruhe Tritium

Neutrino Experiment (KATRIN)[38]. Whilst neutrino oscillation experiments cannot

measure the mass directly they are able to measure the mass splitting, the di�erence

between the mass eigenstates squared.

Recent measurements from oscillation experiments, which will be discussed in

more detail in the next section, have demonstrated that the �atmospheric mass

splitting� j� m2
32j � j � m2

31j � 10� 3 and the �solar mass splitting� � m2
21 � 10� 5.

However, the sign of the atmospheric mass splitting is currently unknown and thus the

hierarchy could either be �Normal�, m3 > m 2 > m 1, or �Inverted�, m2 > m 1 > m 3,
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as shown in Figure 2.4. There is some degeneracy between the neutrino mixing

parameters (the mixing angles and� cp) and the mass hierarchy so many of the

measurements of the mixing parameters are given for both hierarchies.

Figure 2.4: Diagram demonstrating the mass splitting between the neutrino mass
eigenstates and the relative contributions of each weak eigenstates. The normal
(inverted) hierarchy is shown where� 3 is the heaviest (lightest) of the neutrinos
depending on the sign of� m2

atm . Figure from [39].

Solar neutrino experiments are typically sensitive to� 12 and � m2
12. Recent

results from SK, SNO and Borexino provide the strongest constraints in the latest

global analysis[40�42]. KamLAND studies reactor neutrinos over a long baseline

of 180 km and as such is sensitive to the same oscillation parameters as the solar

experiments,� 12 and � m2
12[43]. These complimentary measurements of the solar

oscillation parameters are in general agreement and thus strengthen the combined

constraint on these parameters. Shorter baseline reactor experiments, such as Daya

Bay, Reno and Double Chooz, are typically more sensitive to� 13 and a combination

of � m2
32 and � m2

31[44�46].

Long baseline neutrino experiments that make use of accelerator based neutrino

beams are typically sensitive to a number of the oscillation parameters, including

both the solar and reactor mixing angles. Matter e�ects are particularly important

due to the long baseline of the neutrinos passing through the ground and thus these

experiments have additional sensitivity to the neutrino mass hierarchy. By comparing

oscillation measurements between neutrino and anti-neutrino enhanced beam modes

these experiments can also search for matter-antimatter asymmetry, quanti�ed by

� cp. Current experiments, Tokai to Super-Kamiokande (T2K) and the NuMI O�-axis
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� e Appearance experiment (NO� A), show some hints and preferences for normal

ordering but tensions exist in the measurement of� cp[35, 47].

The oscillation parameters� 23 and � m2
32 are primarily determined by experi-

ments measuring atmospheric neutrinos, produced by cosmic rays interacting in the

atmosphere. Speci�cally, SK and the DeepCore detector of the IceCube experiment

are included in the latest global analyses[48, 49].

The results from these experiments are then combined into a global �t by the

NuFIT group, the results of which are shown in Figure 2.5. This shows the allowed

regions for each of the mixing angles, mass splittings and� cp. This demonstrates the

preference for �Normal� mass ordering over �Inverted� by lower� 2 for � m2
31 > 0

compared to� m2
32 < 0. The determination of the sin2� 23 octant (> 0:5 or < 0:5)

and value of� cp are poorly constrained, largely due to tensions between T2K and

NO� A.

Next generation long baseline experiments, speci�cally Tokai to Hyper-Kamiokande

(T2HK) and the Deep Underground Neutrino Experiment (DUNE), aim to conclu-

sively measure these parameters[51, 52]. Meanwhile, the Jiangmen Underground

Neutrino Observatory (JUNO) is a next generation reactor neutrino experiment that

will study neutrinos across a variety of baselines and measure the mass hierarchy and

reactor oscillation parameters[53]. As such, the precision era of neutrino oscillation

measurements is rapidly approaching.

2.3 Sterile Neutrinos

Whilst data from the LEP experiments indicates that there are three �avours of light

weakly interacting neutrinos, some experiments have hinted towards a fourth type

of neutrino: the sterile neutrino [18, 19]. This sterile neutrino would not interact

via the weak force like the other neutrino �avours and thus would not be directly

observable. However, neutrinos produced in weak interactions could oscillate to

these sterile neutrinos via an extension to the PMNS matrix to include this fourth

neutrino, that is extending the 3 � 3 matrix to 4 � 4. The e�ect of this additional

neutrino could then be measured by oscillation experiments, manifesting as either

enhanced disappearance or appearance[54, 55].

The �rst experiment to report observation of such oscillations was the Liquid

Scintillator Neutrino Detector (LSND) that measured � e appearance from a stopped

muon source producing� � [56]. LSND observed a3:8� excess of� e interactions within

the detector consistent with sterile neutrinos with a mass splitting� m2 in the range

of 0:2 � 10 eV2=c4.
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Figure 2.5: Global best �t contours of neutrino oscillation parameters from NuFIT
5.0. � m2

31 and � m2
32 are shown for the normal and inverted hierarchy respectively,

with normal assumed for the remaining parameters. The black (coloured) con-
tours represent to 1� , 90%, 2� , 99% and 3� con�dence limits with (without) SK
atmospheric data. Figure from [50].
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MiniBooNE subsequently investigated this anomalous excess in the Booster

Neutrino Beam (BNB)[57, 58]. This beam primarily produces neutrinos by decay

in �ight of pions produced from protons incident on a beryllium target. The

MiniBooNE detector uses mineral oil as a target and detects both the scintillation

and Cherenkov light produced by the neutrino interactions. An excess of low energy

� e (� e) interactions was observed at low energy when the BNB was run in� (� )

mode, although a larger excess was observed in� mode.

The excess rate from MiniBooNE is shown in Figure 2.6 as a function of the

reconstructed neutrino energy, alongside the best �t prediction from the sterile

neutrino hypothesis. Overall, the combined MiniBooNE excesses in both� and �

mode correspond to an overall signi�cance of4:8� with an allowed parameter space

for sterile neutrino oscillation shown in Figure 2.6 alongside the LSND allowed region

which is in general agreement.

Such sterile neutrinos would not only manifest as a� e appearance but additionally

corresponding� e and � � disappearances would be expected. Some reactor experiments

have shown signs of a� e disappearance as demonstrated by the global �t shown

(a) MiniBooNE Low Energy Excess (b) MiniBooNE NuE Appearance

Figure 2.6: The excess of events obsererved at MiniBooNE is shown on the left
consistent across multiple running periods (top) and between both neutrino and
anti-neutrino beam modes (bottom) alongside the best �t parameters. Figure from
[57]. The � e appearance allowed region is shown on the right with imposed limits
from KARMEN and OPERA and allowed region from LSND[59, 60]
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in Figure 2.7[61]. This compares the allowed regions of phase space compared to

exclusion contours from solar and atmospheric experiments.

However, several experiments have found no signs of� � disappearance creating a

strong tension with the � e appearance and disappearance measurements, as shown

in Figure 2.7. This shows the exclusion contours for the� � disappearance alongside

the allowed region for the MiniBooNE low energy excess, using the� e disappearance

best �t point to map between the parameter spaces. The global �t combines� �

disappearance data from accelerator based experiments, including Main Injector

Neutrino Oscillation Search (MINOS)(+) and MiniBooNE, with atmospheric data,

from Super-Kamiokande (SK), IceCube and DeepCore[49, 62�65]. The overlap

between the MiniBooNE allowed region and the� � disappearance exclusion con-

tours demonstrates the large tension between the appearance and disappearance

measurements.

(a) NuE Disappearance (b) NuMu Disappearance

Figure 2.7: Global combined� e (left) and � � (right) disappearance limits. The
MiniBooNE � e appearance allowed region is also projected into the disappearance
phase space, demonstrating the tension between the appearance and disappearance
measurements. Figure from [61]

A series of new experiments are aiming to improve the current experimental

limits and resolve the tensions between the di�erent measurements. The J-PARC

Sterile Neutrino Search at J-PARC Spallation Neutron Source (JSNS2) experiment

will directly probe the LSND measurement by searching for anomalous� e appearance

from the same sort of stopped muon source[66]. Similarly, the Short-Baseline Neutrino

(SBN) program aims to directly probe the MiniBooNE low energy excess in the same

beam, the BNB[1]. The SBN program aims to use multiple detectors of the same

technology in the same beam to constrain systematic uncertainties and measure
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the � e appearance and� � disappearance channels simultaneously. Initial results

from � BooNE, the �rst of the SBN detectors to be built, have shown no sign of the

excess[67, 68]. The SBN program will be discussed in detail in Chapter 4, with a

particular focus on the Short-Baseline Near Detector (SBND).

Similarly, several next generation reactor neutrino experiments are expected to

improve the � e disappearance sensitivity but are not included in current global �ts.

This includes movable experiments which can vary the baseline, including DANSS

and Neutrino4, which reduces systematic uncertainties arising from detector calibra-

tion[69, 70]. Experiments at small research reactors allow for shorter baselines to

be achieved, compared to larger commercial reactors, yielding improved sensitivity

at high masses, examples include the Precision Reactor Oscillation and Spectrum

Experiment (PROSPECT) and Search for Sterile Reactor Neutrino Oscillations

(STEREO)[71�73]. Meanwhile, long baseline accelerator experiments such as NO� A

and T2K continue to improve the � � disappearance constraints[74, 75]. Experi-

ments, in particular IceCube, also continue to improve sensitivity by searching for

disappearance of atmospheric neutrinos[76].

This next generation of experiments aims to conclusively address the tension that

exists between the appearance and disappearance channels.

2.4 Neutrino-Nucleus Interactions

Studying neutrino interactions can provide valuable insight to the nature of the weak

force and nuclear structure, typically performed by measuring of the cross section

which describes how likely a neutrino is to interact. Furthermore, understanding

these interactions is vital to unlock the potential of neutrino oscillation measurements,

as these constitute the dominant uncertainties in current long baseline analyses[77,

78]. Most oscillation experiments utilise both near and far detectors to constrain

the corresponding systematic uncertainties. However di�erences in neutrino �ux

and detector acceptance prohibits complete cancellation, particularly in detectors

with di�erent nuclear targets in their near and far detectors. Additionally, failing to

account for nuclear e�ects, in particular multi-nucleon processes, can skew estimation

of neutrino energy[79].

Furthermore, many � e appearance experiments rely on assumptions on the� e/ � �

cross section ratio due to the scarcity of� e cross section measurements[80]. Measure-

ments of the� e cross section are particularly hard as neutrino beams predominantly

produce � � , resulting in measurements with signi�cant background contributions

and limited statistics[81, 82]. Thus it is vital for cross sections to be measured for

the next generation oscillation experiments to achieve their physics goals.
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The modelling of neutrino-nucleus interactions typically factorises the process

into nuclear models, primary interactions, and hadron production and transport.

These individual models are typically combined by event generators, for example

GENIE, which produce comprehensive predictions that can be compared to, and

tuned on, experimental data[83]. This modularity allows model building by combining

the individual elements to be simple, such that the best combination of nuclear,

interaction, and hadron models can be found. The combined cross section of these

interaction modes, compared to a compilation of data, is shown in Figure 2.8 for

typical accelerator neutrino energies. This demonstrates the often limited statistics

of historical measurements, particularly for� .

Figure 2.8: Summary of neutrino and anti-neutrino cross section data. The total
cross section is shown in addition to the contributions from the individual interaction
channels, alongside exclusive channel measurements. Figure from [84]

2.4.1 Interaction Modes

The primary interactions are often separated into discrete processes based on the

particles produced in the interaction, each relevant for a di�erent neutrino energy

as shown in Figure 2.8. A brief description of each of these interaction modes is

subsequently presented.

(Quasi-)Elastic Scattering

Below � 1 GeV the dominant process is Charged Current (CC) (Neutral Current

(NC)) Quasi-Elastic (QE) (Elastic) scattering where the neutrino interacts with a

single nucleon as depicted in Figure 2.9. These are the simplest types of interactions

to model and thus can be used to probe fundamental form factors and nuclear models.

This process is most commonly modelled using the Llewellyn-Smith formalism which

relies on the Axial Mass (M a) and form factors which describe the charge density

within the nucleus[85].
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(a) CCQE (b) NCE

Figure 2.9: Charged Current Quasi-Elastic and Neutral Current Elastic Feynman
Diagrams.

Multi-Nucleon Interactions

Many early neutrino cross section experiments used hydrogen or deuterium targets

where Quasi-Elastic (QE) scattering dominated. However, more recent neutrino

experiments typically use heavier, more complicated nuclear targets such as carbon

or argon. In these cases, extensions are required to the simple QE models to account

for correlations between nucleons, such as Meson Exchange Currents (MEC). In

these multi-nucleon interactions the neutrino, rather than interacting with a single

nucleon, it interacts with some number, most commonly a pair, of interacting nucleons

often referred to as n-particle n-hole (np-nh) interactions. These interactions are

particularly important in the few-GeV region. An example 2p-2h interaction is

depicted in Figure 2.10.

Figure 2.10: 2p-2h Feynman Diagram

These MEC interactions were initially modelled in GENIE by an empirical model

tuned to electron scattering data[86]. In contrast, the Valencia model incorporates
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both QE and multi-nucleon processes whilst additionally including polarisation and

coulomb corrections[87].

Pion Production

As more energy is transferred to the nucleus, higherQ2, the possibility of the nucleus

being excited increases. Nucleons are typically excited to a baryon resonance, e.g. a

� ++ , that quickly decays to, typically, a pion and a nucleon. These are referred to as

Resonant Scattering (RES) interactions, an example of which is shown in Figure 2.11.

This is historically modelled by the Rein-Sehgal model which describes both the

production and decay of these resonances[88]. The Berger-Sehgal model improves

upon this by including the e�ects of the lepton mass suppression[89].

Similarly, at lower momentum transfers it is possible that the neutrino interacts

not with a single nucleon but with the entire nucleus coherently, referred to as

Coherent Scattering (COH). The excited nucleus then decays to a lower energy state

often producing photon or pions in the �nal state. These are negligible in GeV scale

experiments such as SBND however.

Figure 2.11: Resonant pion production Feynman Diagram

Deep Inelastic Scattering

At the highest energy interactions the neutrinos interact with a single parton within

a nucleon, as opposed to the nucleon as a whole as previously. This Deep Inealstic

Scattering (DIS) typically breaks apart the nucleon and produced a hadronic shower,

denoted by X in Figure 2.12. This is typically modelled by the Bodek-Yang (BY)

model which uses Parton Distribution Fuctions (PDFs) to describe the nucleon

constituents[90]. The kinematics of the outgoing particles are subsequently modelled

using the Andreopoulos-Gallagher-Kehayias-Yang (AGKY) hadronisation model[91].
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Figure 2.12: Deep Inelastic Scattering Feynman Diagram

2.4.2 Nuclear E�ects

Nuclear e�ects must also be taken into account when simulating and measuring

neutrino interaction cross sections, particularly when looking at the particle kine-

matics. In recent years, electron scattering data has increasingly been used to probe

and re�ne the nuclear models, although these are unable to probe some axial form

factors[84, 92, 93]. Many models rely upon the impulse approximation whereby a

neutrino interacts with a stationary, free nucleon. However, this is not applicable to

the heavy nuclei used in most modern neutrino experiments[84].

The basis for many modern models is the Relativistic Fermi Gas (RFG) model

where the nucleons are treated as a series of non-interacting particles[94]. As nucleons

obey the Pauli exclusion principle they cannot occupy the same quantum state and

thus �ll up energy levels from lowest to highest energy within a potential well. This

results in �Fermi motion� where the nucleons have non-zero momentum up to a

maximum referred to as the �Fermi momentum�, pf . Additionally, the exclusion

principle stipulates that a nucleon is unable to be excited to a state that is already

occupied by another nucleon, referred to as Pauli blocking, which reduces the cross

section.

This model does not include any correlations or interactions between nucleons

however and thus describes data poorly for heavy nuclei. An extension of this model

is the Local Fermi Gas (LFG) model where the potential a nucleon experiences is

dependent on its radial position which has shown better agreement with electron

scattering data[93]. Further extensions to include Short Range Correlations (SRC)

between nucleons are included in a Correlated Fermi Gas (CFG) model which

introduces a high momentum tail for nucleons abovepf . A comparison of the proton

momentum distributions predicted by each of these models is shown in Figure 2.13,

demonstrating the dramatic di�erence between the models.
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Figure 2.13: Comparison of the expected proton momentum from di�erent GENIE
nuclear models. Figure from [94]

As nucleons exist within a potential well, they require some amount of energy

to be liberated from the nucleus, typically referred to as the removal energy[95].

This removal energy must be taken into account when attempting to reconstruct the

neutrino energy from the particles produced[95].

Correlations between nuclei, both short and long range, are often included via

the Random Phase Approximation (RPA) and are particularly important for heavy

nuclei[96]. For example MEC interactions, where two nucleons interact via the

exchange of a virtual meson, have been shown to contribute signi�cantly to the

multi-nucleon 2p-2h interactions[97].

Particles produced by a neutrino interacting within a heavy nucleus must propa-

gate through the nucleus. It is possible for these particles to interact with nucleons

during this propagation. Such interactions can dramatically e�ect the kinematics of

outgoing particles and in the most extreme cases some particles may never leave the

nucleus. Figure 2.14 depicts some examples of the possible processes where a pion

produced in a neutrino interaction could undergo Final State Interactions (FSI)[98].

If a pion elastically scatters before leaving the nucleus the kinematics measured

in the detector will be di�erent to the initial kinematics, providing a bias in any

measurements made. Similarly, absorption, charge exchange, or pion production

will create a disconnect between the true neutrino interaction and observed �nal

state multiplicity. These are currently implemented in GENIE by the INTRANUKE

model for intra-nuclear cascades[99].
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Figure 2.14: Diagram of the potential Final State Interactions (FSI) state interactions
that could occur when a pion is produced in a neutrino interaction. The pion could
undergo charge exchange, absorption, or pion production, all of which will change
the observed kinematics of the interaction. Figure from [98]

As such, experimental measurements are typically reported in terms of the �nal

state multiplicity rather than the interaction type. For example, experiments often

report 1p0� observed events as �QE-Like� which are expected to contain both true

QE interactions and other interaction modes that have undergone such FSI. Details

of such measurements, and additional kinematic variables which can distinguish

these sorts of events, will be discussed in the forthcoming section.

2.4.3 Existing Measurements

Measurements of the observed interaction cross section have been vital in the

development and tuning of the interaction and nuclear models previously discussed.

These measurements can either be integrated or di�erential against a given variable,

or even multiple variables, most commonly the energy and angular distribution of

the observed particles. Similarly, these can be inclusive, including all interactions, or

exclusive, where a requirement is placed on the number of hadrons produced. Over

time, the shift has been to more di�erential and exclusive �nal state measurements

to break degeneracies is the complex parameter space associated with heavier nuclear
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models. This advancement relies upon modern detectors with improved Particle

IDenti�cation (PID), resolution, and neutrino interaction rates.

Early bubble chamber experiments were the �rst to measure the neutrino cross

sections[100, 101]. These typically used hydrogen and deuterium targets and thus

were largely una�ected by many of the complications due to nuclear e�ects pre-

viously discussed. As such, QE interactions were largely parameterised by a sin-

gle interaction parameter: Axial Mass (M a). A global average measurement of

M a = 1:026 � 0:021GeV was found, in good agreement with pion decay data[102].

Subsequent experiments moved away from the light targets to use heavier, more

complicated nuclei. For example, the MiniBooNE experiment used mineral oil (CH2)

in the Booster Neutrino Beam (BNB)[58]. When measuring the cross section for

� � QE interactions events were selected with a single muon track, and no pions.

When �tting M a to the data, as shown in Figure 2.15a, the best �t value was

in strong tension with measurements of the axial mass from the bubble chamber

experiments. However, the development of multi-nucleon, np-nh, interaction models

was able to provide an alternative explanation, resolving the tension, as can be seen

in Figure 2.15b. This shows that the excess above the bare QE cross section is well

explained when including np-nh interaction modes.

(a) MiniBooNE data �tted with M a

(b) MiniBooNE data �tted with 2p-2h

Figure 2.15: MiniBooNE cross section measurements with a �ttedM a (top) and with
the inclusion of np-nh and RPA (bottom). Both explanations show a good agreement
with the data demonstrating the degeneracy between models and parameters. Figures
from [103, 104]
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This demonstrated the importance of modelling interactions between nucleons

and FSI state interactions for detectors using complex nuclear targets. In particular,

the importance of the distinction between the observed �nal state from the underlying

interaction mode is increasingly important.

Main Injector Neutrino ExpeRiment to study � -A interactions (MINER � A) is a

dedicated cross section experiment capable of running in both �low energy� (3.5 GeV)

and �medium energy� (6 GeV) modes[105�107]. The detector consists of a central

tracking region of segmented plastic scintillator strips surrounded by calorimeters

made of interleaved steel and plastic scintillator layers. A target region containing

layers of water, carbon, iron and lead a�ords the ability to measure cross sections

on multiple nuclear targets, directly probing the nuclear dependence of neutrino

interaction models[108]. This dependence is shown in Figure 2.16 which shows the

ratios of the cross section for iron and lead compared to carbon. The importance

of FSI for these heavy nuclei is shown by comparing the predictions of generators

with and without these e�ects. By studying the kinematic imbalance transverse to

the beam direction MINER� A was additionally able to probe nuclear e�ects such as

Fermi motion and binding energy[109].

MINER � A was the �rst experiment to measure the� e QE-like cross section

on hydrocarbons, as shown in Figure 2.17[82]. This shows the QE cross section

di�erential in momentum transfer, left, �nding general agreement with generator

prediction. Furthermore, a comparison of the cross sections for� e and � � was per-

formed for similarly selected QE interactions providing a direct probe of assumptions

made by oscillation experiments, also �nding good agreement with predictions. This

Figure 2.16: MINER� A measurements of the relative cross section between iron
(left) and lead (right) compared to carbon. Several neutrino generator predictions
are shown with and without FSI to demonstrate the importance for heavy nuclei.
Figure from [110].
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Figure 2.17: MINER� A measurements of the combined� e and � e cross section
against momentum transfer (left) and the ratio compared to� � (right). Both the
standalone measurement and the ratio are consistent with the generator predictions.
Figure from [82].

measurement was statistically limited compared to� � measurements, containing only

2105 selected events with an expected purity of 52%.

Long baseline experiments often utilise near detectors to constrain �ux and

interaction systematic uncertainties. These near detectors are, by design, well suited

to measuring cross sections, a notable example being the T2K Near Detector at 280 m

(ND280). This o�-axis detector has a peak energy of 0.6 GeV, comparable to the

BNB[111]. Measurements have been made of the� � double-di�erential cross section,

alongside exclusive �nal state measurements both with and without pions[81, 111,

112]. Similarly to MINER� A, measurements of the transverse kinematic imbalance

have also been performed to probe nuclear e�ects[113].

Measurements of both the� e and � e cross section were also made as shown

in Figure 2.18, exploiting both � and � enhanced beam modes (FHC and RHC

Figure 2.18: T2K ND280� e and � e di�erential cross section in the lepton energy
(left) and angle (right), for limited phase space. Overall, agreement is seen between
the data and both NEUT and GENIE generators. Figure from [81].
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respectively) [114]. Overall, good agreement is found with both the NEUT and

GENIE generators. Due in part to the limited phase space of the measurement, this

sample consists of only 968 selected events with a purity of around 50%.

Liquid Argon Time Projection Chambers (LAr TPCs) are often referred to as

�modern bubble chambers� due to the millimetre level resolution and low energy

particle tracking thresholds[115]. As such, they have the capability to make precision

measurements of particle kinematics with excellent particle identi�cation capabilities

for selecting exclusive �nal states.

The Argon Neutrino Teststand (ArgoNeuT) experiment was the �rst LAr TPC

to make a cross section measurement on argon in the Neutrinos at the Main Injector

(NuMI) beam[116, 117]. Due to its small size, measurements are largely statistically

limited and muons were generally not contained in the detector, although the down-

stream MINOS near detector was used as a spectrometer. Nevertheless, ArgoNeuT

demonstrated the potential for LAr TPCs to measure exclusive �nal states with

excellent PID and detection thresholds, crucial for re�ning cross section and nuclear

models[117, 118].

The �rst measurement of the� e cross section on argon was made by ArgoNeuT but

this was extremely statistically limited with only 13 selected events[119]. Additionally,

due to the small size of the detector these events were typically uncontained thus no

energy measurement was available. Nevertheless, this demonstrated the potential of

LAr TPCs to e�ectively di�erentiate between electrons and photons.

� BooNE, the �rst of the SBN detectors to take data, was the next LAr TPC to

measure cross sections, utilising both the on-axis BNB and o�-axis NuMI beams.

Several measurements have now been made including both inclusive and exclusive

Figure 2.19: � BooNE measurement of the� � CC 0� cross section on argon di�erential
in muon momentum (left) and angle (right). Figure from [120].
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�nal states[121, 122]. Measurements of pionless� � CC interactions are shown

in Figure 2.19. This shows signi�cantly improved agreement with the more recent

GENIE version 3 compared to version 2 in both muon momentum and angle. However,

a suppression of forward going muon tracks is observed in the data and predicted by

neither con�guration.

� BooNE additionally made a measurement of the� e cross section on argon, with

the highest statistics to date of 243 selected events, with an estimated purity of

72%[123]. Unlike the ArgoNeuT measurement, this measurement utilised a fully

automated reconstruction and demonstrated the ability to reject the cosmic ray

background associated with surface detectors, demonstrating vital capabilities for

future SBN measurements. Additionally, this was the �rst measurement of the� e

cross section on argon di�erential in energy, as shown in Figure 2.20. The large

systematic uncertainties, predominantly driven by �ux, and statistical uncertainties

make meaningful comparisons between generators di�cult.

Figure 2.20: � BooNE measurement of the� e CC cross section on argon di�erential
in electron momentum (left) and angle (right). Figure from [123].

Overall, many developments to both the theoretical models and experimental

measurements have been made in recent years. In particular, nuclear e�ects including

removal energy, Fermi momentum and FSI are now signi�cantly more well modelled

and constrained. However, scaling these models to heavier nuclei such as argon

remains a challenge. In particular, the scarcity and impurity of� e data fails to

adequately constrain the models and underlying assumptions. Understanding these

e�ects is vital for not only developing the understanding of nuclear physics but

also reaching the physics potential of next generation oscillation measurements, in

particular for SBN and DUNE.
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2.5 Concluding Remarks

Since the original proposal of the neutrino, many experimental and theoretical

advances have been made to better understand its properties and behaviour. In

particular, the phenomenon of neutrino oscillation was the �rst observed beyond

the standard model behaviour. E�orts to better understand and characterise the

oscillation continue, both to measure the parameters that describe it and investigate

anomalous results.

Underpinning these e�orts is improved modelling of neutrino nucleus interactions.

Despite numerous advances, both theoretically and experimentally, continued e�orts

are required to understand these interactions and unlock the potential of next

generation neutrino experiments. This is especially the case for experiments that

plan to make use of heavy nuclear targets, speci�cally DUNE using an Ar target.

The work presented in this thesis assesses the capability of SBND to be able to

measure� e cross sections, improving on the statistically limited measurements made

to date.



Chapter 3

Liquid Argon Time Projection

Chambers

Often described as modern bubble chambers, Liquid Argon Time Projection Chambers

(LAr TPCs) are a rapidly developing detector technology within the �eld of neutrino

physics. As presented in Chapter 2, the Short-Baseline Neutrino (SBN) program and

Deep Underground Neutrino Experiment (DUNE) are current and future experiments

utilising this technology. Understanding the detector e�ects is vital to reaching the

physics goals of these experiments.

The history and operating principles of LAr TPCs are �rst reviewed. Next,

an overview of how particles deposit energy in the detector is given. Then, the

propagation of the electrons and photons created by these energy depositions to the

detectors that read them out is described. Finally, the detection of these electrons

and photons is then presented, describing some of the key readout technologies used.

3.1 Historical Overview and Introduction

First proposed in 1977, LAr TPCs were presented as a way to maintain the resolution

of bubble chambers whilst scaling detectors to larger target masses [115]. A diagram

depicting a typical LAr TPC can be seen in Figure 3.1. This shows charged particles,

such as those produced in a neutrino interaction, ionising the argon as they traverse

the detector. A high, negative, voltage is applied to a cathode plane creating a

strong electric �eld under which the ionised electrons will be drifted to the anode

readout plane, typically a series of wire planes. The signals induced on the wires by

the drifting electrons yields a high granularity image of the interaction. Scintillation

light produced as the particles traverse the argon can additionally be detected in

order to gain precise timing information on the interaction.
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Figure 3.1: Diagram demonstrating the operational principles of a LAr TPC. The
charged particles ionise the argon and produce ionisation electrons which are drifted
to the wire readout under a constant electric �eld. Signals are then induced on
the wire planes, each giving a unique perspective of the event based on the wire
orientation. The �rst two wire planes have bipolar induction signals whilst the �nal
collection plane has unipolar signals. Figure from [124]

An event display from a simulated� e Charged Current (CC) interaction can be

seen in Figure 3.2, where the colour represents the amount of charge. The neutrino

interaction vertex is clearly visible, accentuated by the charge deposited from low

energy hadronic activity, from which an electron shower and proton track emerge. The

energy deposited by the proton track increases along its length, showing clear evidence

of the Bragg peak expected from a stopping particle. In contrast, the electron shower

demonstrates the complicated substructure expected from the stochastic processes

associated with showering particles. This event display highlights the capabilities

of LAr TPCs to provide high granularity information, both calorimetrically and

topologically, for neutrino interactions.

Argon has several qualities that make it an ideal choice for a neutrino detector.

The high density of argon,1:39 g/cm3, increases the probability of a neutrino

interacting in the detector[125]. The inert nature of argon yields high electron

mobility and low reattachment, making drifting electrons over long distances possible

with minimal attenuation given su�cient purity[126]. Similarly, the high scintillation

light yield and transparency to the light produced allows for ample light to be
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Figure 3.2: Event display of a simulated� e CC interaction in SBND, producing an
electron shower and proton track.

collected[127]. The relative availability of argon coupled with the ability to be

lique�ed by liquid nitrogen are key economic considerations.

The �rst demonstration of a LAr TPC was performed in 1990 using a prototype

for the Imaging Cosmic And Rare Underground Signals (ICARUS) detector[128].

Subsequent developments included scaling up to the full ICARUS T600 detector,

made of of two cryostats each with with a active target mass of 235 tons[129]. Whilst

running at the underground Gran Sasso laboratory, ICARUS developed demonstrated

the both hardware and reconstruction capabilities of LAr TPCs[126, 130]. Using

the CERN Neutrinos to Gran Sasso (CNGS) beam, ICARUS performed a search for

Liquid Scintillator Neutrino Detector (LSND) anomaly, limiting the allowed phase

space[131].

Meanwhile, the Argon Neutrino Teststand (ArgoNeuT) detector was built in the

Neutrinos at the Main Injector (NuMI) beam at Fermilab which performed the �rst

cross section measurements on argon[132]. Due to the small size of ArgoNeuT, at only

24 kg active mass, the detector was placed upstream of the Main Injector Neutrino

Oscillation Search (MINOS) near detector which provided energy estimation for

uncontained tracks. ArgoNeuT further demonstrated the potential for LAr TPCs

to make precision measurements of neutrino interactions with low thresholds and

excellent Particle IDenti�cation (PID) capabilities, albeit with only semi-autonomous

reconstruction[118]. Particularly relevant for this thesis, ArgoNeuT made the �rst

measurement of the electron neutrino cross section on argon, although this was
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statistically limited with only 13 observed events and no energy measurement due to

the small size of the detector[119].

The cryostat from ArgoNeuT was later repurposed for the Liquid Argon In A

Testbeam (LArIAT) experiment[133]. Rather than measuring neutrino interaction

cross sections, LArIAT measured the hadronic interaction cross sections from particles

produced in a testbeam[134]. Such testbeam experiments are vital to ensuring particle

interactions are correctly modelled in LAr TPCs.

The next LAr TPC to be constructed was the 85 ton� BooNE, placed in the

Booster Neutrino Beam (BNB) upstream of MiniBooNE to investigate the observed

low energy excess[124]. Continued developments were made in improving the under-

standing of the detector technology and reconstruction, in particular addressing the

challenges associated with the high cosmic ray rate of a surface detector. Several

cross section measurements have been made using� BooNE, leaveraging both the

BNB and the o�-axis NuMI beam, further demonstrating the capabilities of LAr

TPCs[121, 122]. Notably, this includes the �rst di�erential measurement in energy

of the electron neutrino cross section in argon using the NuMI beam, improving the

observed number of events by an order of magnitude to 243[123]. Whilst searching

for the low energy excess observed in MiniBooNE,� BooNE found no evidence of

such an excess and thus further increased tensions within the �eld[67, 68].

In order to conclusively address the low energy excesses from LSND and Mini-

BooNE the SBN program at Fermilab was proposed[1]. This will make use of three

detectors at various baselines along the BNB to search for sterile neutrino induced

oscillations that could cause the excess. This program will consist of a newly built

112 ton near detector, the Short-Baseline Near Detector (SBND),� BooNE as the

intermediate, and a refurbished ICARUS as the far detectors. The physics goals

of this program, and the standalone goals for SBND, will be discussed further in

Chapter 4.

The next-generation DUNE detector will perform a precision long baseline mea-

surements of neutrino oscillations, ultimately aiming to measure� cp[51]. The far

detector will consist of four 10 kt LAr TPCs, over an order of magnitude larger

than previous detectors. The prototypes for these LAr TPCs, named protoDUNE,

demonstrated the scalability of the detector technology at a mass of 530 tons[112].

New detector readout technologies that improve performance in high-multiplicity en-

vironments have additionally been demonstrated, driven partially by the requirements

of the near detector complex[135, 136].
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3.2 Ionisation and Scintillation

The general energy loss pro�le for particles is shown in Figure 3.3, speci�cally showing

muons on copper but the mechanisms are applicable to argon[137]. This shows the

stopping power, the energy loss per unit length divided by the density of the target

material, against the momentum of a particle. For highly relativistic particles, such

as > 100MeV electrons and photons in argon, the energy is lost primarily through

radiative e�ects. As such, these particles form electromagnetic showers within the

detector. Heavier particles, such as muons, pions and protons, are described by the

Bethe-Bloch formalism and produce tracks within the detector. Examples of these

topologies can be seen in Figure 3.2.

Figure 3.3: Particle energy loss in matter, exempli�ed by a muon in copper. The
Bethe-Bloch and radiative regimes are shown which describe the energy loss for tracks
and showers respectively. The rise in stopping power at lower energies represents the
Bragg peaks observed as particles come to rest in a detector. Figure from [137]

Tracks typically deposit energy via ionisation in a straight line through the

detector, although undergo Multiple Coulomb Scattering (MCS) dependent on the

particle momentum. The energy deposited per unit length,dE=dx, is typically fairly

constant in the Minimum Ionising Particle (MIP) region but rises as the particle comes

to a stop, known as a Bragg peak. The pro�le of this energy loss is dependent on the

particle mass and thus can be used to perform Particle IDenti�cation (PID)[132]. The
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energy depositions in for MIP tracks is described by a Langau-Gaussian Convolution

(LGC), with some large forays from the Most Probable Value (MPV).

Electrons above a critical energy,ECrit = 39 MeV in argon, typically form showers

which lose the majority of their energy via radiative e�ects and thus create a cone of

electromagnetic activity. Photons travel some distance before interacting with the

argon, as they are neutral no ionisation occurs prior to this interaction, and thus a

gap is observed, referred to as a conversion gap. The distance this photon travels

before interacting is shown in Figure 3.4[138]. At low energies the photons typically

Compton scatter but at higher energies they generally pair produce into ane+ e�

pair. Both the conversion gaps and energy loss pro�les of these showers can be used

to di�erentiate between electrons and photons, discussed further in Chapter 6.

Figure 3.4: Plot showing mean free path of photons as a function of their energy.
The contributions from di�erent interaction modes are shown alongside the total and
asymptotic limits. Figure from [138].

When a charged particle passes through argon it loses energy by both ionising

and exciting the argon, as shown in Figure 3.5[139]. The liberated electrons can then

recombine with the argon ions, a process known as recombination, or escape to be

drifted towards the anode. Excited argon atoms (Ar � ), produced either via collisions

or recombination, will typically form excimers (Ar �
2) that subsequently decay via the

emission of a 128 nm Vacuum Ultra-Violet (VUV) photon[139].

The probability of recombination occurring depends on both the electric �eld

and local charge density, and is de�ned as:

R =
Wion dE=dx

dQ=dx
(3.1)
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