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Abstract

The Short Baseline Neutrino (SBN) programme is an upcoming neutrino experiment situated
on the Booster Neutrino Beam (BNB) at the Fermilab National Laboratory. One of the
primary objectives of the SBN programme is to confirm or refute the low energy electron
neutrino excess observed in previous neutrino experiments: LSND and MiniBooNE. It was
postulated that this observed low energy electron neutrino excess was caused by the existence
of one or more sterile neutrinos. If this is confirmed, it will alter our current understanding
of physics as well as the standard model and the prescription of neutrino oscillations.

To achieve this primary objective, the SBN programme will perform studies which are
sensitive to electron neutrino appearances. These are carried out assuming several sterile
models, in particular the 3 + 1 model. To undertake the physics goals of the SBN programme,
three Liquid Argon Time Projection Chambers (LArTPCs) are positioned at various points
along the BNB beamline. These LArTPCs are known as The Short Baseline Near Detector
(SBND) (110 m), Micro Booster Neutrino Experiment (MicroBooNE) (470 m), and the
Imaging Cosmic And Rare Underground Signals (ICARUS) (600 m) detector. LArTPCs
provide sophisticated calorimetric and topological information to identify the energy and
flavour of charged particles in neutrino interactions. For an electron neutrino excess search,
it is important to reconstruct and identify the resultant electron from neutrino Charge Current
(CC) events. A new framework with new methods was developed to characterise electro-
magnetic showers to help identify electrons from background photon showers. The new
methods were then employed in an oscillated electron neutrino selection upon simulated
events in the SBN detectors. The resultant event distributions were then used to perform
an electron neutrino appearance sensitivity analysis using the 3 + 1 sterile model in the
VALencia-Oxford-Rutherford (VALOR) neutrino oscillation fitting framework.

The single-phase wire near detector of the SBN programme, SBND, is also viewed as a
prototype for the upcoming Deep Underground Neutrino Experiment (DUNE) far detector.
Due to the high rate of events at the location of the DUNE near detector, single-phase wire
LArTPCs are not feasible. Therefore, alternative readout methods are being considered,
such as a pixelated readout. To test these alternative readout methods, a research rig at the
University of Sheffield has been developed.
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Chapter 1
Introduction

Over the past century, neutrino physics has been developed and incorporated into the Standard
Model (SM) of particle physics. The SM de nes neutrinos as massless and left-handed;
however, several experiments have found evidence for neutrino oscillation. This evidence
has con rmed neutrino oscillation theory which also requires neutrinos to have mass. More
recently, there have been measurements of neutrino rates which contradict this neutrino
oscillation theory. To account for these discrepancies, one or more extra neutrinos which do
not interact with matter have been proposed: sterile neutrinos. Additionally, if a right-handed
sterile neutrino does exist, this could explain why neutrino masses are lower than expected.
Chapter 2 will introduce the theory of neutrinos within the standard model as well as neutrino
oscillations and the experimental evidence for them. The Chapter will then discuss the current
status of the neutrino masses, sterile neutrino theory and the observations of anomalies which
could be accounted for by sterile neutrinos.

Concerning experimental evidence for the existence of sterile neutrinos, anomalous re-
sults in two experiments, the Liquid Scintillator Neutrino Detector (LSND) and the Mini
Booster Neutrino Experiment (MiniBooNE) are of particular interest. The Short Baseline
Neutrino (SBN) programme has been designed to con rm or refute these anomalies. The
SBN programme employs the use of three Liquid Argon Time Projection Chambers (LArT-
PCs): The Short Baseline Near Detector (SBND), Micro Booster Neutrino Experiment
(MicroBooNE), and the Imaging Cosmic And Rare Underground Signals (ICARUS) detector.
The LArTPC design and physics response will be discussed generally in Chapter 3 and a
particular focus on the SBN programme design will be discussed in Chapter 4. Initial testing
of the electronic chain in SBND is discussed in Chapter 5. A signal to noise measurements
of the electronics, which is key to understanding the capabilities of the programme, are
discussed in detail within this Chapter.



2 Introduction

The SBN detectors are placed in the Booster Neutrino Beam (BNB) beamline at 110 m
(SBND), 470 m (MicroBooNE) and 600 m (ICARUS) such that high precision measurements
of the muon neutrino ux in the near detector can constrain the ux in the far detectors.
Due to the proximity to the BNB target, the expected number of neutrino events for the
programme is in the millions. Therefore, robust automated software is required to reconstruct,
simulate and select neutrinos. The software exists in the LArSoft framework, which is shared
across other LArTPC experiments. The particular reconstruction used in SBND is discussed
in Chapter 6. The reconstruction is similar to the other detectors in the programme. The SBN
programme will be particularly effective due to the powerful calorimetric and topological
reconstruction of LArTPCs.

One of the primary goals of the SBN programme is to perform an electron neutrino
appearances sensitivity analysis in the muon BNB beam. In order to measure the number of
Charge Current (CC) electron neutrinos in the detectors, it is essential to identify the electron
leptons arising from the neutrino interactions. Electrons form electromagnetic showers
in LArTPCs and can be identi ed from the shower-like topology and their calorimetric
information. Therefore, a new framework to characterise the properties of the electromagnetic
showers was developed that allows for various methods to be easily combined. This, in turn,
maximises the ef ciency of shower reconstruction. The new framework and methods are
discussed in Chapter 6.

The main background for electron neutrino CC events are events where a photon is
misidenti ed as an electron shower. Hence, a CC electron neutrino selection was developed
on SBND simulated data with a particular focus on removing the photon background. Several
selections were performed and compared in Chapter 7. The selections were then performed
on simulated data in the SBN detectors and the resultant event distributions were used
to perform an electron neutrino appearance sensitivity analysis in the VALencia-Oxford-
Rutherford (VALOR) tting framework. Details of the sensitivity analysis can be found in
Chapter 8.

An additional aim of the SBND detector was to provide a single-phase wire TPC prototype
for the Deep Underground Neutrino Experiment (DUNE) far detector. However, due to a
high pile-up rate at the DUNE near detector, the wire plane readout employed in SBND is
not feasible. It is not feasible because, at a high pile-up rate, ambiguities will be produced in
the readout, which cannot be deconvolved. Hence, new readout methods are being developed.
Of particular interest is a type of 3D pixel readout method. At the University of Shef eld, a
liquid argon rig has been developed in order to test new electronics and readouts for future
liquid argon experiments. The design, electronics and software will be discussed in Chapter
9.



Chapter 2

The Case for the Sterile Neutrino: An
Overview of Neutrino Physics

The Standard Model (SM) describes neutrinos as weakly interacting, neutral particles with
no mass. However, it was postulated that neutrinos oscillate between different avours
during propagationd5] [ 36]. The theory of neutrino oscillations requires that at least two
neutrinos have an absolute mass. This contradicts the SM. Several experimental investigations
of neutrino oscillation have been carrie8i7] 3, 4, 4, 38] out in order to pin-point the
parameters which describe oscillation theory which are described in below. A subset of these
experiments39, 10, 40-42] have observed anomalous results which may indicate one or
more non-interacting neutrinos [12], known as sterile neutrinos [35].

To better understand why there are currently ongoing searches for eV sterile neutrinos,
this Chapter will brie y explain, with historical context, the changes in neutrino theory from
postulation up to the SM in Section 2.1. Going beyond the SM, theory and observations of
neutrino oscillations are then discussed in Section 2.2.1. In order for the neutrino avour
eigenstates to oscillate neutrinos require mass. Therefore, searches for neutrino mass and a
theoretical mechanism for the eV neutrino masses, known as the seesaw mechanism, will
then be discussed in Sections 2.2.2 and 2.2.3 respectively. The seesaw mechanism is of
particular interest as it gives a theoretical case for the sterile neutrino. One requirement
of this seesaw mechanism is that neutrinos are Majorana parédgsTraditionally the
added right-handed neutrino in the seesaw mechanism has a mad€$b#s to explain
the smallness of the neutrino mass with regards to their lepton partners; however, seesaw
theories do exist to allow for eV scale sterile neutrinos [44].

This Chapter also discusses experimental and cosmological limits on neutrino masses,
in Section 2.2.2 and the number of neutrinos in Section 2.2.4. The sections discuss how
the mass can be used as a probe the Majorana nature of neutrinos whilst the number of
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neutrinos is important for understanding the degrees of freedom in oscillation theory. A
theoretical review of sterile neutrinos is presented in Section 2.2.5 to explain how modern
beam experiments identify sterile signals. Finally, the experiments that observed the neutrino
oscillation anomalies are outlined, and the current experimental searches for sterile neutrinos
are discussed in Section 2.2.6.

2.1 Historical Overview of Neutrino Physics Theory

The existence of the neutrino was rst proposed by Pauli in the 198§4¢ account for
discrepancies in the energy spectrum of the electrons in beta decay experiments which started
with Meitner and Hahn in 1911. Pauli suggested that a light, neutral particle was also emitted
during beta decay which would account for the missing energy and allow the spectrum of the
e to be continuous rather than discrete. In 1934, Fermi developed the theory of the weak
interaction j6]. Fermi's theory described a point-like transition interaction called the Fermi
Transition, see Figure 2.1. The theory was parity conserving and introduced a c@stant
describe the strength of the interaction. The Fermi interaction is described by the following
interaction Hamiltonian [47]

4
Hi = Gr & (Y p3y (Y eGYn) + hic; (2.1)
i=1

wherey ¢-n-p=n are the Dirac wave functions.

Fig. 2.1 Feynman diagram for the Fermi transition for beta decay.

In 1936, the Hamiltonian in Equation 2.1 was generalised by Gamow and Teller to
account for terms including the products of scalars (S), vector (V), tensor (T), psudovector
(A) and psudosclar (P) terms,

Hi= &  Gy0yn)(yeOiyn)+ h; (2.2)
i=SV,T;AP
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whereQ; are the unitary Pauli and gamma matric€.are the corresponding coupling
constants [47].

Cowan and Reines rst detected neutrinos in 1983 [49]. The experiment used to
achieve this detected anti-neutrinos arising from nuclear reactors. Electorn anti-neutrinos
were detected as they underwent inverse beta decay on hydrogen nuclei, producing a positron
and a neutron. The positron would then annihilate producing t@®1 MeV, detectable,
gamma-ray photons in opposite directions. The experiments used 200 L of water doped with
cadmium chloride to capture the neutron. This capture occurred several microseconds after
the neutrino interaction. Upon capture, gamma-rays with a combined energy totalling 9 MeV
were released. The unique signal caused by the instant gamma rays from the position decay
and the delayed gamma rays from the neutron capture was used to identify interactions and
could, therefore, be used to detect the neutrinos. To detect the gamma rays, three tanks of the
doped water were sandwiched between two liquid scintillator tanks, which were coupled to
PhotoMultiplier Tubes (PMTs). The result of thig experiment was that they were able to
detect and con rm the existence of neutrinos.

It was also in 1956 that Yang and L&) reviewed the experimental evidence for parity
conservation in the weak interaction. After nding no evidence they suggested a general
interaction Hamiltonian of

Hi= &yp0iynyeO'(Gi Gls)y,+ hg; (2.3)
i

where the difference betwe&) andGPdenotes the strength of the parity violation. In 1957,
Wu et al. [L] considered changes in the directional rate ofrom beta decay of oriented
60Co to show that the weak interaction does not conserve parity. It was known that the spin
vector would stay constant under a parity ip, while the momentum of the electron would
switch by 180 degrees. Therefore parity is only conserved if the count rate of the electrons is
constant when th€Co spin is ipped. Figure 2.2 shows the change in rate when ipping
the%9Co, which proves parity is not conserved.

As aresult of the Wu et al. parity observation, Sal&ij[Landau p2], and Lee and Yang
[53] proposed that neutrinos are described by a two-component wavefugction, + y r
in the standard Hamiltonian, Equation 2524]. The theory also stipulated that the neutrino
eld only appears in interactions 48 @)y = yL = n_. It also stipulated that the neutrino
mass is zero.
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Fig. 2.2 The asymmetry in the electron count rate for the change in spin orientation of Co(60)
in the Wu et al. experiment. From Reference [1]

The fact that neutrinos are left-handed was observed by Goldhaber &6al.They
calculated the helicity of the neutrino by considering the polarisation of light emitted from
resonance uorescence #i°Sm. The experiment considered an inifizgdEu which would
undergo electron capture of an orbiting electron, releasing a neutrino. The resultant excited
1525m nucleus would then decay releasing a photon. The photon would only have suf cient
energy to interact with another Sm nuclei if the photon direction was roughly opposite to the
neutrino direction. This caused the photon to be Doppler shifted to higher energies due to the
nuclear recoil. In this case, the photon would have the same helicity as the neutrino. The
photon helicity was measured by applying a magnetic eld to the de-excitation photon. If
the photon was oppositely aligned to the magnet it could undergo Compton scattering whilst
photons with an aligned spin state could not. The photons which were not effected would go
on to produce uorescent light on contact with a 80 source. Therefore, the difference in
the number of photons detected when the magnetic eld was aligned and when it was not
aligned indicated the polarisation of the light and the helicity of the neutrino.

After other experiments also indicated that the weak interaction occurs with only left-
handed particles, in 1957 Feynman and Gell-Mas6) find Sudarshan and Marshak/[
generalised the theory proposed by Yang and Lee to account for all particles in the weak
interactions. Forcing interactions to occur via the left-handed ld,reduced the interac-
tion Hamiltonian to vector and axial-vector terms only and hence the theory is known as the
V Atheory. A charged weak current [47],

i = 2(pLg®nL+ nmg? e + neLg®m); (2.4)
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was also added to VA theory to account for then e weak interaction resulting in the
following interaction Hamiltonian [47]

Gr ., .
Hi= piéjajgr (2.5)

V Atheory was able to explain the various observed Beta decay transition as well as
the ratio of pion decays to muons with respect to electr68s However, at the time the
theory had two problems. The rst was that only one avour of neutrino was assumed
to exist. In this situation some reactions which were allowed by the theory had not been
observed, such as the decay of a muon to an electron and a gamni®rag¢condly,
is that cross sections increases as function of incoming particles momebs®imrhis
means the theory eventually breaks down at higher energies. The solution to rst problem
is to introduce an additional neutrino, the muon neutrino. The solution to the second
is to introduce a mediator Boson. However introducing a boson implies the branching
ratio of(m! e+ g)=m! e+ n+nu 10 *[2] where in fact, as eluded to above, the
m! e+ greaction had not been detected and limits on the branching ratio were less than
10 8[2, 60, 47].

In 1962, an experiment at Brookhaven performed by Lederman, Schwartz and Steinberger
et al. [2] discovered the muon neutrino. In order to produce the neutrino beam required
by the experiment, protons were red at a beryllium target producing pions. The pions
then decayed resulting in the neutrino beam. The outgoing charged particles created from
pion decays were stopped by a 13.5 m thick iron shield wall. This wall only allowed the
neutrinos (mainly muon neutrinos) to pass through to a spark chamber in suf cient quantities
for detection B]. A spark chamber is made up of several parallel plates of which alternating
plates are connected to a fast high voltage pulse. Between the plates is a gas, e.g. neon,
which is ionised as charged particles pass thro&gh [If a high voltage pulse is applied
when the charged particle passes through, the ionised electrons are accelerated. This causes
an avalanche effect resulting in a spark. The sparks are then captured in a photograph. From
the photograph, the direction and an estimate of the particle momentum can be obtained by
considering how many plates the particle passes through and the location of the sparks. The
Brookhaven experiment used 4 foot squared plates with 9 plates in a single module (on a
single layer).

Neutrinos that interacted within the detector were identi ed by the topology of the decay
products. If there were only one avour of neutrino, then the neutrinos from the beam would
equally produce muons and electrons from the interactions in the detector. However, if muon
neutrinos exist and the beam neutrinos were speci cally muon neutrinos, then only muon



8 The Case for the Sterile Neutrino: An Overview of Neutrino Physics

events would be detected. The experiment observed 34 muon events and only 6 electron
events P]. The electron events can be explained via background cosmic events and there are
not suf cient events to con rm the null hypothesis, therefore this experiment successfully
proved the existence of muon neutrin@$ [This also in turn showed that the decay of

m! e+ gwas forbidden, easing the pressure on a mediator boson theory. The result of the
experiment also prompted Pontecorvo to consider oscillations between the two a88lrs |

(@) (b)

Fig. 2.3 A Muon track (a) and an electron shower (b) in the Brookhaven spark chamber
detector. From Reference [2]

The current theory that describes the weak force in the SM is the electroweak theory,
pioneered by Weinberd[l], Salam p2] and Glashow§3] in the 1960s. The theory is based
ontheSU(2) U(1) symmetry breaking where tt&(1) symmetry is known as hypercharge.
The theory consists of four mediator bosoBg, W3 (a = 1! 3). The Lagrangian that
describes the boson interactions is [64]

L= 2Wa)? B+ (DH) (DnH)+ nPHH 1 (HHDZ (26)
whereH is the Higgs eld,DyH = TxH igW3t3H %igOBmH,Wr%nis the eld strength
andt are matrix generators. One can extract the mass terms of the gauge bosons in the theory
by settingt = % then expanding the Higgs elds around the vacuum expectation value,
and nally setting to the unitary gauge. From this, the linear combinations that describe the
photon and the weak bosons can be deduced [64]:

Am= Sin(Qw)Wg+ cogtw)Bm
Zm= co{aw)Ws  Sin(Gw)Bm

1 ,

W = P (W W) @7
1 .

Wy = B (Wt WE):
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Combinations of th&V2 andB elds and the rotation anglg,, can be used to extract the
photon @) and the Z bosorA). !

The left-handed fermion elds form lepton doublets = 2:_" , and quark doublets,
Q= :iL , that couple to the weak interaction as a SU(2) doublet. The right-handed
Li

particles form singletsk, ul anddp.

The tau neutrino was not discovered until the year 2000 by the DONUT (Direct observa-
tion of the nu tau, E872) experimer@d] and was the last lepton predicted by the SM to be
detected. DONUT was situated on the Fermilab Tevatron particle accelerator and detected
tau neutrino interactions arising from protons interacting in a 1 m tungsten "beam dump"
(or target) p5]. The majority of the tau neutrinos were speci cally created during the decay
of Dgmesons, Q! t + ny, which were created during the proton interactions. fijae
then interacted in an nuclear emulsion detector, 36 m downstream of the beam@imp [

A variety of magnets were used to remove charged particles from the beam and additional
detectors were used to help identify the avour and momentum of charged particles arising
from neutrino interaction in the emulsion detector. Once the plates of interest were identi ed,
the plates underwent an automated optical scanning procedure. Typically, at the energy of
the experiment the resultant tau framinteractions decays within 2 mm to a single charged
daughter §5]. Therefore plates of interest containing a vertex and a track with a kink were
considered tau neutrino candidates and analysed. Four tau neutrino interactions with an
estimated background of 0.340.05 events were identi ed [65].

In summary, neutrinos were postulated by Pauli and proven to exist by Cowan and Reines.
The work of Wu et al. and Goldhaber et al. showed neutrinos to only interact and exist
in the left-handed neutrino eld, as proposed by Yang and Lee. The existence of muon
neutrinos was proven by the Brookhaven experiment. This led to the theoretical work of
Salam, Landau, Lee and Yang, Feynman and Gell-Man, Sudarshan and Marshak, Weinberg
and Glashow, which incorporated the left-handed helicity of the neutrino into theory. This
work resulted in the SM, which de nes the neutrino to be left-handed, massless and only
interact via the weak force. The tau neutrino was discovered by the DONUT experiment,
which was the nal piece of the SM.

However, strong evidence, see Section 2.2.1, now proves neutrino oscillations which
require neutrinos to have mass. Therefore, one must go beyond the original formulation of
the SM to explain these phenomena. This is discussed in the next Section.
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2.2 Beyond the Standard Model in Neutrino Physics

Experimental observations have provided evidence that contradicts the SM. In particular,
evidence for neutrino oscillations where one type of neutrino changes to another during
propagation has been observed which would require neutrinos to have mass. The theory
of neutrino oscillations is discussed in the next Section, and the evidence for neutrino
oscillations follows in Section 2.2.1. However, the neutrino mass has not been directly
measured because it is too small: smaller than its other lepton partner. Experimental searches
for neutrino mass are discussed in Section 2.2.2 and have found a current upper limit of 1.1
eV (90% con dence level) (from the KArlsruhe TRItium Neutrino experiment (KATRIN)

[66]) for the absolute mass scale of neutrinos. One explanation of why the neutrino mass is
smaller than its other lepton partner is the seesaw mechanism, which is discussed in Sections
2.2.3. This mechanism requires the particles to be Majorana and requires the existence of a
right-handed neutrino eld, i.e. a sterile neutrino. As well as this, the seesaw mechanism
links back to neutrino oscillations and provides a theoretical justi cation for them. The
addition of another neutrino eld in the seesaw mechanism can be probed by considering the
number of neutrinos. The experiments that consider the number of neutrinos are discussed in
Section 2.2.4. The theory behind sterile neutrinos is then discussed in Section 2.2.5. Finally,
the neutrino oscillation anomalies which have led to the search for sterile neutrinos, as well
as the current experimental searches for sterile neutrinos, are discussed in Section 2.2.6.

2.2.1 Neutrino Oscillations

Neutrino oscillations were rst postulated by Pontecorvo in 19%4.[ Originally Pontecorvo
proposed§7] the oscillation of neutrinos to anti-neutrinos and visa-versa. Oscillation theory
continued to developed with Maki, Nakagawa and Saka@hwWho considering oscillations
betweeme andny, avour eigenstates. Later work by Pontecorvo also considered avour
oscillations B5] and also introduced oscillations betweldmeutrinos §8]. Pontecorvo,
Bilenky [69] and others TQ][ 71] then utilised an analogy of quark mixing to form the
current neutrino vacuum oscillation formalism. The theory now describes the mixing of
the mass eigenstates (=1,3) and the avour eigenstatery(a = e=m=t)) by a mixing
matrix called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) m&g€ix [This Section

will describe the theory behind neutrino oscillatioid2,[73] and the experimental evidence
for the phenomena.
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Neutrino Oscillation Theory

The evolution of a neutrina, is described by the time dependent Schrédinger equation

dn (Ho+ H)n; (2.8)
dt
whereHp is the Hamiltonian operator which describes the neutrino propagation in space and
H, (= 0in a vacuum) is the interaction Hamiltonian. The mass eigenstates of the neutrinos,
which describe how the neutrinos propagate, and the avour eigenstates, which describe the
way the particles interact, are different. The mixing of the mass eigengtgtesd avour
eigenstatef, i is described by the PMNS matrix, i.e.

jnai = Upmnginii: (2.9)

The PMNS matrixUpyns IS @3 3 unitary matrix, which, in a vacuum, can be parame-
terised as three rotation matrices [36]

2 3 2 32

Uet Ue Ues 0O O C13 0 sz '®P ¢ sy 0
guml Unp Um;g 20 Co3 Srzggg 0 1 0 gg Si12 C12 Og
Utz Uiz Us 0 3 C23 s138%P 0 C13 0O 0 1

(2.10)
U); describes the amplitude of the mass eigenstabe, avour eigenstatel: ¢j = cosqjj,
sj = singjj andg;j are the mixing angles between mass eigenstatad j: dcp is the parity
violating phase. Note: a fourth additional matrix with two phases is added if neutrinos are
Majorana. This however does not affect the oscillation probability. When considering the
passage through matter, further corrections are also required to the PMNS matrix to account
for the Mikheyev—Smirnov—Wolfenstein (MSW) effe@4]. The MSW effect describes the
change in the neutrinos' mass eigenstates due to coherent forward scattering of electrons
within matter. This is equivalent to introducing an interaction term to the Hamiltonian
(H; 6 0).

The probability of neutrin@ oscillating to neutrind is then given by

2
Pab = Np Na(t) =

a 2
a UaiUpj nj ni(t) (2.11)

|| Q_)o:

Usually the wavefunction of a neutrino is described as a plane wavgig(mt)i =
e P"jvi(0)i, wherepm= E;py; Py; Pz andxm=t; X¢; Xy X and thereforgp,x™=
Et p x. It should be noted that the neutrino can also be considered as a wave-packet,
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which provides an alternative approach to calculating the oscillation probaf@iityln most

cases, due to experimental design, oscillation theory can be approximated to the two neutrino
form to facilitate comprehension and is used below. However, in modern experiments

the three avour formalism is used in analyses due to the sensitivity of the experiments.

Assuming neutrinos are described by the plane wave solution and are relativistic, then
pi B+ ( mZ:ZEi)f) andt = x= Lp. Therefore, the two avour probability can be written as

o _, DML
Par p = sirP(20) i’ = — ; (2.12)

whereE, = E, = EandDn?= mi  ng. The three avour neutrino probability is given by:
0 . L
Par b = dap 4_a_ RE(UaiUbanjUbj)Sln Drrﬁﬁ

i>

o . L
+ 23 Im(UyUpiUa Uy ;) sin szjﬁ
i>j

(2.13)

Table 2.1, from Referenc&4], shows the current measured values of the oscillation
parameters. The Table shows the case for the ordered hierarchy, whegéstkiee lightest of
the three neutrinos, and the inverted hierarchy, wheragthethe lightest. The next Section
will discuss the experimental observations corresponding to the elements in Table 2.1.

Normal Ordering| Inverted Ordering
sir? g1 0:310" G015 0:310 5015
= se2' e | 33820
Sin g3 0:582" G071 0:582 5013
23~ 49703 49733
SiNf g3 0:02240 33500 | 0:02236 30500
= S
dep=" 21753 280" 33
Dm2,=10 5 eV? 7:39+ 021 7:39" 921
Dmg =10 3eV? | 2:525 9033 2:512° 303

Table 2.1 Best t oscillation parameters of the PMNS matrix, assuming the normal and
inverted hierarchy. Errors are the on dence intervals. From Reference [34]
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Experimental Observations of Neutrino Oscillations

The Homestake experimer&{], performed by Ray Davis from 1965 to 1994, was the rst
neutrino experiment which provided some evidence for neutrino oscillations. The experiment
detected solar neutrinos via capture upé@l atoms in 380 i of C,Cls in the Homestake

Gold Mine in South Dakota (1478 m below sea level). The capture of electron neutrinos upon
a3'Cl atom, which has a threshold of 0.814 MeV, results in the creation éfAnatom

[76]. The argon atoms were then counted every few months using a proportional counter to
calculate the neutrino rate.

0.478 0.033’Ar were detected per day which is equivalent &/ Ar production rate of
argon via solar neutrinos @56 10 3%sec 1(3'Claom) 1[76]. This result is signi cantly
less than the emission rate of solar neutrinos calculated by Bahcall of
9:3 10 3sec 1(36Claom) 1[77, 76].

Further experiments followed which also showed the de cit of solar neutrinos to be
approximately 1/3. Kamiokand&]and then Super-Kamiokande (Super-K) 78, 79,
which are both water-based Cherenkov detectors of the same style, discovered a de cit in the
solar neutrino ux in the elastic scattering channel, see Figure 2.4 for the Feynman diagram.
Super-K, situated in Japan 1000 m underground, contains 50 ktons of pure water surrounded
by 50 cm Photo-Multiplier Tubes (PMTs). When neutrinos interact with the either a nucleus
within the water molecules or the electrons, nal state charged particles, with suf cient
kinematic energy, produce Cherenkov radiation which is detected as rings by the PMTs. The
Cherenkov radiation occurs from the charged particles, travelling faster than speed of light
in the medium. The charged particles electromagnetically interact with the medium which
results in a wave front analogous to a sonic boom and creates a cone of light. Therefore
for charge current events where there is an outgoing charged lepton partner, the radius and
location of the ring indicate the position of the interaction and the direction of travel of the
lepton partner. Particle identi cation is performed by considering the fuzziness of the rings.
Electron events are more blurred than muons at high energies due to electromagnetic showers,
and at low energies due to the multiple scattering.

Kamiokande showed a de cit of neutrinos coming from the sun, see Figure 2.5, with the
rate being 46% of the expected vald@]. This is shown in Figure 2.5 as a de cit against the
solar prediction when considering events with an angle corresponding to the direction of the
sun. A modern solar analysis in Super-K, selecting events beldMeV, found the solar
ux to be 2:34 10° cm?/s which was 40% of the ux predicted by the solar models.
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Fig. 2.4 Feynman diagrams of the elastic scattering interactions betwegnle .

Fig. 2.5 The solar de cit observed in Kamiokande as a function of the angle from the sun.
The solid line indicates the Monte Carlo prediction. From Reference [3].

The proof that the solar de cit was due to neutrino oscillations came from measurements
of atmospheric neutrinos]. Decays ofp* andm" cosmic rays in the atmosphere are
expected to give anp~ne ratio of 2. An analysis was performed on atmospheric neutrinos
to identify and reconstruct the direction of atmospheric neutrinos in Supédr-80{32).

Events with energy below 100 MeV were cut from the analysis to remove solar neutrinos and
the outgoing lepton partner direction was used as the neutrino direction. The ratio between
the prediction from Monte Carlo and the experimental data was found to®&1[80]. A

zenith angle asymmetry was observed in the muon neutrino data and no asymmetry in the
electron neutrino data, see Figure 2.6, indicating that the ratio changed as a function of the
zenith angle. Figure 2.6 shows the de cit in the predicted muon rate within different energy
ranges. This de cit showed that neutrinos created on the opposite side of the world oscillate
from muon neutrinos to tau neutrind®3]. The data from atmospheric neutrinos experiments
provide measurements B, = m3  m5 andqys which describe the survival probability in
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the two neutrino approximation,

1:26 Dn? (eV?) L (km)

P(hm! nm=1 sirlz(C123)5inz E (GeV)

(2.14)

The IceCube 84, 85] experiment is also sensitive to atmospheric neutrinos and provides
measurements dﬁhﬁz andgqs. The experiment employs an array of 4800 Digital Optical
Modules (DOMSs) installed on 80 strings between 1450 m and 2450 m below the surface of
south pole §4]. The detector is enclosed in a 1 kmrea and uses PMTSs to detect Cherenkov
light emitted by charged patrticles in the ice. Thus a neutrino interaction is detected using
the nal state charged particles in the interaction. The data from the DOMS is the converted
into light patterns which are used to reconstruct the direction and energy of the interactions.
Similar to the water Cerenkov detectors the type of neutrino can be identi ed from nal
state charged lepton partner in a charge current interaction. Muon neutrino events can be
identi ed from track-like topology of the muon whereas electron neutrino events are more
spherical due to the electron cascade. The results of Ice@Gbedntribute to the global t
parameters obmZ, anddys in Table 2.1.

Fig. 2.6 Electron and muon rates in Super-K as a function of the zenith angle. The hatched
squares correspond the Monte Carlo assuming no neutrino oscillations while the black line
corresponds to the best t of the data. From Reference [4].

Further proof of neutrino oscillations was presented by the Sudbury Neutrino Observatory
(SNO) [38] collaboration after the results from Super-§ B6]. The SNO detector was a
7 ktonne, water-based Cherenkov detector placed 2 km underground near Sudbury Canada.



16 The Case for the Sterile Neutrino: An Overview of Neutrino Physics

The detector consists of 1 ktonne of heavy wate®Pand 6 ktonne of pure water surrounded
by PMTs [38]. Using heavy water, the SNO detector was able to identify solar neutrinos
through three interaction channels [5]

ne+d! p+ p+e (Charge Current (CC))
ny+ d! p+ n+ ng (Neutral Current (NC)

ny+e ! nyx+ e (Elastic Scattering (ES)

Only thenes interacted via the CC channel as the energies of neutrinos from the sun are
lower than the mass of the muon and tau leptons. For the NC events, the freed neutrons
capture upon deuteron nuclei, releasing gamma photons. The gamma photons, in turn, cause
Cherenkov radiation which is detected.

Fitting the data, the ux of each interaction was found and used to calculate the ux of
solar neutrinosy]. Figure 2.7 shows how the ux of the three neutrino interaction types
combine in the SNO experiment to identify the ux of the neutrino avours from the sun.
From the rst data report, the ux was found to be [5]

Feo= 176" 30%(stat) " §93(syst)  10°cm 2s %
Fne= 2:397 J23(stat)* 915(syst) 10Pcm 2s %

Fes= 5:09" 3(stat)* Jas(syst) 10°cm 2s *:

This implies a totahy andny ux of 3:41 10° cm 2s ! from solar neutrinos, where the
Standard Solar Model (SSM) expect no ux [5].

Fig. 2.7 The ux,f m¢, of thenmandn, neutrinos from B interactions in the sun against the
ux, fe, Of ne for the three types of interactions in SNO. The contours indicate the best t
and the dashed lines indicated the predicated ux from the SSM. From Reference [5].
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The results from the solar experiments (HomeStakeé), the Gallium Experiment
(GALLEX/GNO) [87, 88], Soviet American Gallium Experiment (SAGEY], Super-K
[79], SNO [5] and Borexino 90] (Italian diminutive of BOREX (BORon solar neutrino
EXperiment)) can be used with results from KamLAN®] (Kamioka Liquid Scintillator
Antineutrino Detector), a long baseline 180 k) reactor experiment, to provide measure-
ments oﬂDm%1 andqp1 [34]. A global combined t of these measurements result in the values
shown in Table 2.1. Note that the MSW effect allows for the sigbro#, to be determined
[92].

Once neutrino oscillations were proven, many experiments were then designed to cal-
culate the mixing parameters of the PMNS matrix, Equation 2.10, such as Long BaseLine
neutrino (LBL) experiments. LBL experiments usually consist of two detectors: a near detec-
tor, which is normally situated 1 km away from the production of the neutrino beams, and
a far detector, normally situated several hundred kilometres away from the production of the
neutrino beam. The positioning of far detector is usually xed due to location requirements
i.e. 1km underground in a mine. In order to get a maximum oscillation signal, the mean
energy of the neutrino beam has to be tuned. It is the ratic-Bf (distance travelled divided
by the neutrino beam energy) which is important when de ning an effective oscillation
experiment.

In LBL experiments, the neutrino rates in near detectors provide well constrained ux
systematics allowing for precise neutrino oscillation measurements. The beams are either
muon neutrinos or muon anti-neutrinos. This is because neutrino beams are made from
impacting protons onto targets resulting in high energy mesons, such as pions. The pion
decay to an electron and electron neutrino is suppressed due V-A nature of the weak force
(the right-handed helicity of the lighter electron (hence more relativistic) is suppressed).
Therefore, the experiments are sensitive to either muon disappearance or electron appearance.
For example the Main Injector Neutrino Oscillation Search (+) (MINOS(%3] fnd NuMI
Off-axis ne Appearance (NioA)[94] experiments are situated on thg NuMI [95, 96]
(Neutrinos at Main Injector) beamline at Fermilab which peaks at approximately 5 GeV.
Other LBL experiments, such as T2K{] (Tokai to Kamioka, Japan) and K2K§] (KEK to
Kamioka), also search for,, disappearance with beam energi®k GeV. At such energies,
Dm3,L=(2E) 1 andDm3,L=(2E) << 1asDmi,=Dm3, 33. Thereforesin Dm3,L=(2E)
can be approximated to 0 and the oscillation probability, Equation 2.13, can be approximated
as [97]

!
1:267Dm2, (eV2) L (km)
E (GeV) '
(2.15)

P(m! Nm) 1 4cod(qis)sir(tes)[1 cos(drs) Sin?(dzq)] sin?
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Therefore, these LBL experiments searching for disappearance signals in muon neutrino
beams have sensitivity mﬁz andgps. This approximation is similar to the two neutrino
approximation that approximately describes in the atmospheric case, Equation 2jidisas
small. The Oscillation Project with Emulsion-tRacking Apparatus (OPERS])éxperiment

has also detectent appearance from a muon neutrino beam providing further proof of
neutrino oscillations.

T2K [100, MINOS(+) [10]1] and NanA [102 are also sensitive tne appearance and
therefore can provide a measuremeng@f This is seen by approximatir[gwﬁl 0 and
simplifying Equation 2.13 to [103]

!
| . | L (km)
P(nm! ne) = sin?(2qs3) Sirf(gp3) S 1:26Dm3, (eV?) ——~ (2.16)
E (GeV)

The reactor neutrino detectors such as Daya Béy,[105, Double Chooz 106 (Chooz
[107]) and Reactor Experiment for Neutrino Oscillation (RENO) [108] are also sensitive to
g13. This is because reactor experiments measure the disappearance of electron anti-neutrinos
over distances ofO 1 km. The probability for electron neutrino disappearance is described
as

Pais = €0$'(q13) Sin(qu2) sinf(Dz1)
+ coS(012) SinP(2013) Sir’(Dsy) (2.17)

+ sir(qu2) Si(2013) Sin?(Dsy);

whereDj = 1:267Dn¥; (eV?) 103EL((,\',|‘ren\),) andDmy; = n¢¥ 2. Asquz< 10, cos(q)1z 1

[104. Also asnf << 1 10 2 (eV?) thenDyj < 1 for distances of 1 km and neutrino ener-

gies of 1-10 MeV. In additionDm?, << DmZ,  DmZ, and hence thB;3 term dominates.

Therefore, for reactor experiments, the electron anti-neutrino disappearance probability can

be approximately described by the two avour oscillation probability [106]:
|

L (km)

Psis Pia=1 sir?(2qss)sir? 11267Dm%3(evz)m

(2.18)

Due to the energy of reactor neutrinos, the reactor experiments employ a gadolinium
doped liquid scintillator detector. Inverse beta decay interactions are then identi ed via
PMTs that detect gamma rays from both positron annihilation and neutron capture upon
1H or the gadolinium. Using near and far detectors, uncertainties on the models of reactor
cores are constrained, resulting in a pregigemeasurementl]09. In reactor experiments,
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a difference between the observed event rate and predicted event rate has been observed with
aratio of R =0.940 0:011(stat.) 0:004 (syst.) 110 [42 111]]. This is known as the
reactor anti-neutrino anomaly and is yet to be explained.

The CP phasedcp) can be detected in oscillation experiments (T2KJ, NOnA
[102)) which have sensitivity to neutrino and anti-neutrino appearance. Differences in the
observed neutrino and anti-neutrino oscillations are theoretically due to the CP phase, and
analyses require other oscillation parameters in order to calculate the CP phase. IceCube
[113 has also placed constraints on the CP phase by considering ultra high energy neutrinos
created in cosmic events. Future experiments Hypé&dd[and Deep Underground Neutrino
Experiment (DUNE) 115 are being constructed in order to pin down the value of the CP
phase.

All the experiments discussed in this Section provide evidence for neutrino oscillations
and contribute to the calculations of the parameters in the PMNS matrix, which describes
neutrino oscillation probability. The oscillation parameters are calculated from the global ts
of these experiments, as well as others. A detailed description can be found in Reference
[34].

2.2.2 Experimental Search for Neutrino Mass

The absolute mass of each neutrino eigenstate is currently not known, and also the ordering
is not known. From the oscillation experiments described above, it is knowj{]m%gj

jDM,j >> Dmg,. It is also known thaDm?, is positive. The sign ofDm3,j (jDM2))
determines the ordering. As can be seen in Figure 284; is positive the order is known

as "normal”, if negative it is known as "“inverted". Accelerator experiments, such a&\NO
[102, DUNE [115 and HyperK [L14], have sensitivity to the mass hierarchy through matter
effects [L16. Jiangmen Underground Neutrino Observatory (JUN&LL7], a reactor-based
experiment, aims to determine the mass hierarchy by considering searches for "ripples” in
the electron anti-neutrino survival rate ¥]. The ripples can be seen in Figure 2.9 and

are due to the atmospheric mass squared differdddg € jmz  nyj). The phase of the

ripple is linked to the ordering of the mass hierarchy. Supe8X ¢an also take advantage

of matter effects to determine the mass hierarchy using atmospheric neutrinos. Precision
IceCube Next Generation Upgrade (PINGW)H and Oscillation Research with Cosmics in

the Abyss (ORCA) 119 are two further experiments which also use atmospheric neutrinos
to determine the mass hierarchy.
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Fig. 2.8 Pictorial explanation of the normal and inverted mass hierarchy, from Reference
[6]. The contributions of the avour eigenstates to the mass eigenstates are shown in the
coloured bars. For the rst mass eigenstate, the main contribution igtheor the third

mass eigenstate, timg, andn; contribute more.

Fig. 2.9 The oscillation probability in reactor experiments with a baseline of 60 km, from
ReferenceT]. The gure shows the difference in the probability for the normal ordering
(black line) and the inverse ordering (dashed line).

Another potential way to measure the mass hierarchy is through neutrinoless double
beta decay]2(. As can be seen in Figure 2.10a, neutrinoless double beta decay is where
two nucleons undergo beta decay and a neutrino mediates the interaction between the two
nucleons 121]. Neutrinoless double beta decay can only occur if the neutrino is a Majorana
particle. The decay rate of this transiti((frfznz) 1 is proportional to the effective Majorana
masshmypi = j&;U2Mmyij2 = jUet + Ugo? + Uggmgj? [92, 122. This mass is the sum
of the PMNS matrix elements of th# imass eigenstate and the electron avour state,
Uei, multiplied by the mass of the mass eigenstate. For the normal ordering hierarchy,
mg >> nmp > my and, therefore, there is a larger contribution fromutkgterm than for the
inverse ordering hierarchy whem << m < mp [122. Therefore, if neutrinoless double

beta decay is observed and if the PMNS variables are well known, the decay rate can give an
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(a) Neutrinoless double beta day of two neutrons. The intébadrhe effective Majorana mass as a function of the smallest

tion is mediated by a neutringy,. From Reference [120]. neutrino mass within the 90% con dence bounds of the oscil-
lation parameters, from Reference [123]. The blue hatched
area corresponds to the normal ordering and the red corre-
sponds to the inverted.

indication of the mass hierarchy as well as mass of the smallest neutrino, as shown in Figure
2.10b. Currently there is no experimental evidence for neutrinoless double beta #i2day [
The neutrinoless double beta decay experimetl§][also have sensitivity to the sum of the
neutrino masses and the smallest neutrino mass when the PMNS matrix elements are known.
neutrino masses, speci cally the effective electron neutrino mass is being probed by
considering the kinematics of electrons in single beta decay interac6hsThe maximum
energy the electron can receive from a beta decay interaction is limited to the energy of
the emission minus the neutrino mass. By looking at the spectral distortion of the emitted
electron energy, experiments have the possibility of being sensitive to the neutrinali24ss |
The current best sensitivity limits for the effective electron neutrino mass neutrino mass
ism < 1:1 eV (90% con dence level) from the KArlsruhe TRItium Neutrino experiment
(KATRIN) [66].
Finally, cosmology can also provides further limits on the sum of the neutrino masses.
The Cosmic Microwave Background (CMB)Z5 and the Matter Power Spectrurhdg],
which describes the relative mass density uctuations of the Universe, are sensitive to the
neutrino masses. At early times of the Universe decouple from baryonic matter and free
stream, damping small-scale density uctuations. The lack of uctuations at small scale
reduces the matter power spectrum at small scale as the uctuations of baryonic and dark
matter are reduced. The amount of relativistic matter (also called radiation) can affect the
epoch of matter-radiation equality. This change affects the growth rate of the Universe and
therefore the size of uctuations of the CMB in the sky. Assuming three neutrino species
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and combining data from the Plank CMB data, along with the affects of Baryon Acoustic
Oscillation (BAO) data and gravitational lensing (both not discussed here) results in a limit
of & m, < 0:12 eV [125].

2.2.3 The Seesaw Mechanism

This Section describes the "type 1" seesaw mechari&i) &nd follows arguments from
Referencesl28 73]. Although the "type 1" seesaw mechanism provides theoretical motiva-
tion for an additional right-handed (sterile) eld, to explain the mass differences between
neutrinos and their lepton partners the mass of the right-handed eld has to be of ofd®r
eV. This is much larger than the eV scale sterile neutrinos that have been suggested to resolve
the anomalies in oscillation experiments. However, alternative seesaw models have been
suggested to account for the eV scale anomalies, see Refedeihbar [a review. It should
also be noted that the seesaw mechanism is not the only theoretical mechanism to describe
the neutrino mass. The neutrino eld could be describe by the Dirac mass term only with a
smaller Yukawa couple compared to the charged lepton partners. Or one can introduce a new
Higgs isospin triplet which couples to the neutrino to form a mass term [129].

[129]

As discussed in Section 2.1, neutrinos in the SM are left-handed with no mass. The
masses of the other Fermi elds | are given by the Yukawa couplinggffy ) to the Higgs
eld (f ). Aleft-handed only Yukawa coupling is prohibited in the SM. Therefore, to provide
a Dirac mass to the neutrino, a new afdis required so that the new eld couples to the
neutrino eld n in a new Yukawa coupling. In the unitary gauge, such a coupling can be
described by

L yuk= )—1/'0 2(v+ H)(nn+ n'n); (2.19)

wherey is the coupling constantl is the real scalar Higgs eld, andis the vacuum
expectation128. The mass of the neutrino, in this case, is givemipy= yv= 2. The mass
term,

L 7 mass= %M(rTrT+ n'n’) (2.20)

whereM is constant, is also allowed. In this case;an be thought of as the right-handed
component of the neutrino eld and is Majorama$ nr= Cﬁ,'_r). In this case the neutrino is
its own anti-particle. Equations 2.19 and 2.20 can be combined to form the the following

mass term [128] I I

_ O m n
Lhimasss N N _ +hc (2.21)
m M n



2.2 Beyond the Standard Model in Neutrino Physics 23

This equation can be used to provide a reason as to why the neutrino mass is smaller
than the corresponding partner lepton mass. When assuvhisrg m, one can diagonalise
the matrix which results in eigenvalues Mffor n and m?=M for n. If M is assumed
to be 1 MeV and the Yukawa coupling is of the same magnitude as the charged leptons,
then the equation requires the mass of the neutrino toX¥eV, which is in the region of
experimental limits but greater than cosmological constraints.

As described in Referenc&28, the new neutrino eld can be integrated out and, keeping
the leading order term, and the effective Lagrangian can be shown as

1
Lnvucmass  5Mn(nn+ nnf)(1+ H=y)? (2.22)

This formulation results in the same neutrino mass terms as before. Extending to three
generations results in the charge interaction currents gaining a new matrix. This new matrix
describes the switch from avour eigenstates to mass eigenstates, otherwise known as the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matB8&][ which is described in Section
2.2.1. The new neutrino elds added to the theory can be thought of as sterile as they do not
interact via the weak force.

In summary, by introducing a new neutrino eld for which Yukawa coupling is still of
the same magnitude and where the coupling constant of the new eld is much larger than
the coupling constant of the neutrino eld, one can explain why the mass of the neutrino is
comparatively smaller than the corresponding charged lepton partner mass. By applying the
above to all three neutrinos, the theory requires the PMNS matrix which describes neutrino
oscillations. In addition, the new neutrino eld, or elds, can be thought of as sterile as they
do not interact via the weak force. Therefore, the theory described in this Section, which is
known as the "type 1" seesaw mechanism, justi es the neutrino mass, neutrino oscillations
and the potential existence of sterile neutrinos at MeV scales.

2.2.4 Calculating the Number of Neutrinos

Cosmology also provides constraints on the effective number of neutNee§l25. Nes
describes the degrees of freedom arising from the number of neutrino elds at the time of
decoupling. Decoupling is a era in time where mean free path of the particle becomes higher
than the horizon of the Universe. Hence the particle able to free stream. It should be noted
that due to neutrino decoupling not being instantanebiggjs not the exact number of
neutrinos, but rather the effective number. The CMB and the Matter Power spectrum are
sensitive to the number of neutrinos. This is because the total radiation energy density of the
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Universe,
7 4 43

lNtotalrad= gt =g+ 8 11 Netl' g (2.23)
depends on contributions from the neutrino energy dernsityand photon energy density,
rg. Therefore, at higher values bk, for a constant (o, more of the fraction of the
radiation density and gravitational force is a result of more evenly distributed free streaming
neutrinos. Therefore relative uctuations are weaker at smaller scales. This can be seen in
Figure 2.11, where changes in the effective number of neutrinos visibly affected the CMB
power spectrum. Also, the density of neutrinos affects the expansion of the Universe and
hence the temperature of the Universe. Therefore the ratio of the photon diffusion length and
the sound length is affected. The effect of changing this ratio is that an inddg@sauses
a loss of uctuations as photons diffuse across a larger sggde80, 131. A combined
t using CMB data, lensing and BAO data resultshigs = 2:96" 333 [125 which means
the theoretical value dfle = 3:046[125 is within the error bounds of the analysis. This
result is in agreement with the SM and places cosmology constraints on additional neutrinos
outside of the SM.

Fig. 2.11 The CMB power spectrum and the effect of increadigg The black line
corresponds to the best t of WMAP7 (black points) (The Wilkinson Microwave Anisotropy
Probe 7-year result) and SPT K11 (blue points) (South Pole Telescope,Keisler et al, 2011)
data. The top graph xes the matter-radiation equality redshif) (and the angular size of

the sound horizongs as well as baryon density. The bottom graph also keeps the fraction of
baryonic mass in heliun¥p, constant in order to x the angular size of the photon diffusion,

Op. As the difference in the differeMgs; is small, whemgp is xed, it shows that the impact

is related to the diffusion of photons, i.e. Silk damping. From Reference [8]
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Accelerator experiments have also determined the number of light neutrinos. Collisions
of e e at a centre of mass energies around the mass of the Z boson (91 GeV) allows for the
production of Z bosons1B2 133. Approximately 20% of the interactions producem
pair which results in the interaction being invisibIES[3 to the detector. The contribution to
the Z-width,G, from the invisible interactions can be calculated indirectly from
G = Got Giis. The measured cross-section of the Z decays depends on both the partial
width of the interaction type and the total width. Because of this, both widths can be extracted
from the measured data of the Z deca¥87. The invisible width can also be measured
directly when a photon is also present, €'g@ ! gZ! gnn. The number of neutrinos can
then be extracted by considering the ratio of the invisible width and the lepton width

!
Gw_p\ Gn .
G G

SM

(2.24)

where(Gnw=G;)sm= 1:9912 0:0012[133 is the SM prediction of the ratio. The results

for the number of neutrino species was found to2t#840 0:0082[133, which is in
agreement with the three neutrinos in the SM. It should be noted that a sterile neutrino does
not contribute to the effective number of neutrinos in this analysis as sterile neutrinos do not
interact via the weak force.

2.2.5 Sterile Neutrino Theory

The theoretical justi cation for a sterile neutrino was discussed in Section 2.2.3. Coupled
with the experimental evidence for neutrino oscillations, which require neutrinos to have
mass, the addition of a sterile neutrino to current theory is plausible. However, the sterile
neutrino typically has a mass much greater than an eV in theoretical models. This Section
describes the eV sterile oscillation models used to explain anomalies in recent neutrino
results.

Although sterile neutrinos do not interact via the weak force, it is thought that sterile
neutrinos could interact with the SM neutrinos via neutrino oscillations. In this case, the
PMNS matrix is converted from a 3 3 matrixtoa 6 6,
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Ussz = o Yte . (2.25)
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Us:6
This increase is to account for the three avours of the standard model and the sterile neutrinos,
5. Oscillation probabilities are then calculated using the standard procedure. Commonly,
only one sterile neutrino (3+1) framework34] is considered due to its simplicity, and
Us andUg terms are removed. In addition, for a short-baseline analysis the short-baseline
approximation is usedmg,,,, = Dmgtmosphericz 0[134. Therefore, in the case of a muon
beam where the detector isl km away from the start of the beam, oscillations to the sterile
neutrino can be described by the following probabilities [134]:

Pt nn=1 4(1 j Umi?)jUmj?sin?(1:26 D3, (eV?) L (km)=E (GeV));

an! Ne = 4JU64]2JUm4J25|nZ(126 Dn'lﬁl (eVZ) L (km):E (Ge\/)) (226)

In this case no CP violation is detected and it is also usually assumed that the oscillations are
CPT invariant which requires th&(n; ! nj)= P(nj! ).

When the analysis is operating in a 2D framework, the matrix elements are usually
replaced with the following:

Sif20mm= (1 j Umii?)iUmij?;
Si? 20em = 4jUe4j%jUmj%;

which are used as t parameters in data analysis. A similar procedure is performed for the
3+ 2 and the3+ 3 sterile cases resulting in more complex de nitions for the oscillation
probabilities as well as more oscillation parameters.

2.2.6 Anomalies in Neutrino Experiments

Several neutrino experiments have attempted to identify sterile signatures within data. Some
experiments have seen indications of sterile physics. However, tensions in global ts and null
results from other experiments have placed doubt on the re&@% [This Section describes

the short-baseline neutrino beam experiments, the Liquid Scintillator Neutrino Detector
(LSND) [9] and MiniBooNE [L36 (Mini-Booster Neutrino Experiment), and discusses
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the low energy excess observed in these experiments. In addition, other searches will be
discussed, such as the reactor limits discussed in Section 2.2.1, and the "Gallium Anomaly".

LSND [9] and MiniBooNE [L36 were both neutrino experiments in low energy neutrino
beams, positioned a short distance from the start of the beam. Both are lled with mineral
oil [136, 137] and surrounded by PMTs to detect scintillation and Cherenkov light. Using
the Cherenkov rings and the timing information from the prompt scintillation allows for
directional and calorimetric reconstruction.

From 1993 to 1998 LSND was situated 30 m downstream of the LANSCE (Los Alamos
Neutron Science Center) accelerator beam at Los Alarh®d.[ The beam provided a
source ofny, andnmin the36< E, < 58:2 MeV range. Neutrinos in the beam were created
mostly from the decay at rest pf ! npm" where them® decayed at rest viai" ! nynee’

[13g. However, there also existed decay in- ight modes sucha$ €' ne which, were
backgrounds for they,! ne analysis. A contamination afe also existed in the beam

and was the primary background for thgoscillation search. An additional background

for the ne andne searches was the misidenti cation of,. This background was reduced

as events were taken within an energy range of 20 MeV to 60 MeV, which is below the
muon production threshold Bg. Additional backgrounds also include cosmic events, but, a
veto existed around the inner detector to reduce this backgrd@8d137]. For ne andne
appearance analysis, the electron neutrinos and anti-neutrinos interacted via beta decay and
inverse beta decay. The detector was also doped with a liquid scintillator to allow neutron
capture on the scintillator and hence produce a 2.2 MeV ph@&@n This allowed beta
decayng interactions to be separated from thenteractions.

An appearance search showed an excess dfom the ny, indicating oscillations.
Assuming a two neutrino oscillation t, the expected numbengfrom m decay at rest
was195 3:9 and the number of events from misidenti cationpf decay in- ight events
wasl1l05 4:6. The LSND experiment measured a totalldf7.9 22:4 ng events resulting
in an excess A7:9 224 6:0[9], corresponding to 8:8s excess. This excess is shown
in Figure 2.12 where the number of events with the beam on minus the beam off is shown.
The Figure shows that the data agrees well with predicted results for the inclusion of a sterile
neutrino. The events due to the presence of a sterile neutrino are shown in blue in the Figure.
If the excess is interpreted as oscillations and is not statistical, the result can be accounted for
by one or more sterile neutrino$39. An excess was also seen img! ne analysis within
the energy range 60 Ec < 200 MeV with an excess of 18 6:6 4:6 events [140].

MiniBooNE then investigated the LSND anomaly at the Booster Neutrino Béddj. [

The beam has a neutrino mode and an anti-neutrino mode, allowing for analysis of oscillations
from bothng, andny,. More information about the BNB can be found in Chapter 4, Section
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Fig. 2.12 The LSND excess results in terms of distance travelled in meters divided by the
neutrino energy in MeV. The neutrino energy is determined from the measured positron
energy and angle with respect to the neutrino beam, from Reference [9].

4.1. The signal events wemg that predominately underwent charge current quasi-elastic
interactions, see Section 3.6. Intrinsicand resonant,, events where a photon is released

are the predominant backgrounds in the oscillation searches for MiniBooNE. Photons can be
released via the decay Bff Ng[142 and from the decay gi®! gg If photons travel

in the same direction ip® decay this mimics a single photon which is mistaken for an

e* . Additional backgrounds occur from external sources; however, a cosmic veto region
surrounded the detector to minimise the background.

The energy of the signal events was approximated assuming the quasi-elastic kinematics
which required the energy of the electron and the angle of the electron to be reconstructed.
The measured number of events is currently 2437 for both neutrino and anti-neutrino mode.
This corresponds to an excessA605 99.0 events, resulting in &:7s effect, see Figure
2.13 [142. The discrepancy between the excesses of the neutrino and anti-neutrino mode
places tension on the 3+1 model; however, the data can be explained using a two sterile
neutrino model [138, 143].

Excesses in neutrino ux rates have also been detected elsewhere. The anomalies in
reactor experimentgip] have already been mentioned in Section 2.2.1 and are discussed in
further detail in Reference [12].
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Fig. 2.13 The MiniBooNE excess from both neutrino and anti-neutrino mode data in terms
of neutrino energy assuming quasi-elastic scattering, from Reference [10].

Furthermore, the gallium experiments SAGH]|[and GALLEX [41] have measured
rates less than predicted from radioactive neutrino sources. The gallium (Ga) detectors
identify inverse beta decay interactions upon Ga atoms by counting the resi@anatoms.

The number of 1Ge atoms is counted by allowing th&Ge to radioactively decay within a
proportional counter which detects the corresponding X-r&y@t and3’Ar neutrino sources

were introduced to the SAGE detector ai€r to the GALLEX detector for calibration. A
weighted average of the ratio between the expected and measured neutrino rates from the
sources was found to 286 0:05[41] corresponding to a discrepancy greater than two
sigma. In both the reactor and gallium experiments, it is thought that a likely cause of this
discrepancy is overestimation of the production rates of neutrinos from the neutrino source
[41, 144). However, the lower rate could correspond to electron neutrino disappearance,
which could be due to the existence of sterile neutrinos.

Several other experiments have also performed sterile searches in various forms and
placed constraints on the parameter space. Experiments usually try to identify excesses or
de cits in the neutrino spectra assuming the standard 3+1 model using the sterile prescription
discussed in Section 2.2.5. The constraints can be seen in Figures 2.14, 2.15 and 2.16b.
Depending on the experimental setup, different experiments are sensitive to either disappear-
ance or appearance channels. fgdisappearance MINOSH45, NOnA [146), Super-K
(ATM) [147] and IceCube148 149 place constraints on the parameter space, see Figure
2.14. Fome appearance KARMENIG( (KArlsruhe Rutherford Medium Energy Neutrino
experiment), NOMAD 151] (Neutrino Oscillation MAgnetic Detector), OPERA%Z,
BNL-E776 [153 (Brookhaven National Laboratory Experiment) and ICARWZS] [place
constraints on the sterile oscillation parameters. The contours that describe the sensitivities
of these experiments in terms of the 3+1 sterile parameters are shown in Figurel2J16b [
Global best t results of the appearance and disappearance parameters show tension. The
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tension can seen in Figure 2.14. This combined analysis is performed in the 3+1 framework,
see Section 2.2.5, and therefore does not dismiss the anomalies completely.

Fig. 2.14 a)3s sensitivity contours fony, disappearance from experiments. b) Global t
of appearance and disappearance data. The Dis line exclude regi@aswvalyilst App
corresponds tos3 allowed regions. From Reference [11].

Fig. 2.153s sensitivity contours fone appearance from experiments. a) is with all Mini-
BooNE data and b) is without low energy MiniBooNE data. From Reference [11]
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Constraints fone disappearance are set by solar neutrino data as well as bounds from
Super-K, DeepCore and IceCubiEl] 12, 135. Figure 2.16a shows the allowed regions
from reactor experiments with a 95% con dence regions bounds and the best t estimates.
Figure 2.16b shows the best t from the reactor experimeh®§|[as well as the preferred
region from the gallium experiments and the exclusion curves from Super-K, DeepCore and
IceCube [11, 12].

In conclusion, several experimental anomalies have been observed resulting in possible
evidence for sterile neutrinos, most notable are the anomalies observed LSND and Mini-
BooNE. Therefore, to con rm or refute the anomalies discussed in this Section, further
experimental results are required. Due to the mass afighevour state being a superpo-
sition of the mass eigenstates, searches in neutrinoless double beta decay and direct mass
searches for the effects of sterile neutrinos are possible.

Additional searches are also planned in reactor experiments, J-PARC (Japan Proton
Accelerator Research Complex) Sterile Neutrino Search at J-PARC Spallation Neutron
Source (JSNS2) experimeritd4] and the SBN programme JSNS2 will directly test the
LSND anomaly by using the same neutrino source, target material, baseline and neutrino
oscillation channel as LSND, with modern detection methods.

(@) (b)

Fig. 2.16 a) Allowed regions from reactor experiments. The shaded areas correspond to
the allowed regions prior to reactor experiment results from Daya Bay, DANSS and NEOS.
The green area corresponds to setting ux spectra to the predicated values, whilst orange
allows the ux to be a free parameter. The blue area corresponds to all reactor data with
the ux being free and the magenta contours indicate the global xed analysis. The star
represents the best t. b) Is the reactor global ts overlapped with the gallium allowed region
and the exclusion (to the left) from solar neutrino data and atmospheric data from Super-K,
DeepCore and IceCube at 95% and 99% CL. Figures are from Reference [12].
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Another search is the MicroBooNHEJ] experiment which is a Liquid Argon Time
Projection Chamber (LArTPC) detector situated on the BNB next to MiniBooNE. By taking
advantage of the high calorimetric and topological resolution of LAITPCs, MicroBooNE is
capable of identifying and separating signi cant photon backgrounds frogroacillation
signal R2]. This cannot be performed in MiniBooNE as it cannot discriminate between
photon and electron shower]. The experiment has been running since 2015 and is
described in further detail in Chapter 4. The focus of this thesis is the SBN prograhine [
which uses three LArTPCs (including MicroBooNE) as detectors in the BNB, see Chapter 4.
The next Chapter will discuss the LArTPC technology and the interactions expected from
neutrinos with energies corresponding to the BNB.

2.3 Concluding Remarks

This Chapter has shown how developments throughout the last century have resulted in the
current SM prescription of neutrinos. The SM describes neutrinos as weakly interacting
with no mass and no right-handed counterpart. However, experimental evidence has proven
neutrino oscillation to exist, which require the neutrinos to have mass. Experimental limits
show this mass to be small with respect to the other leptons and this difference is currently
unexplained. A theoretical justi cation for this mass difference is the seesaw mechanism
which requires the addition of a new neutrino eld which does not interact, i.e. a sterile
neutrino. Recently, experimental searches to determine the properties of the PMNS, which
describe neutrino oscillation, have resulted in anomalous results which could be explained
by one or more sterile neutrinos. However, tensions in the global ts cast doubts on this ex-
planation. A discussion of the current outlook of sterile neutrino theory and the experimental
searches for sterile neutrinos has been presented in this Chapter.



Chapter 3

Liquid Argon Time Projection Chamber
Theory

As mentioned Chapter 2, Liquid Argon Time Projection Chambers (LArTPCs) are to be
used by the Short-Baseline Neutrino (SBN) programme to search for sterile neutrinos. C.
Rubbia originally suggested the LArTPC in the 197084. LArTPCs were suggested for
several reasons as discussed in Referetis§:;[LArTPCs provide a dense detection medium,
hence there is an increase in the rate of neutrino interactions compared to a gaseous TPC.
Argon is also cheap which mean large detectors (and more neutrino interactions) are possible.
Also, argon is inert and has a high electron mobility. This means that ionised electrons from
charge particles interacting in the argon can travel large distances without loss of calorimetric
information. The inert nature also means that argon can be easily and cheaply lique ed
using liquid nitrogen. Finally, as argon is inert and as the ionisation energy is relatively
low LArTPC are highly precise and have low energy threshold. Along with high spatial
resolution of the TPC readout several individual charged particles can be topologically and
calorimetrically reconstructed and identi ed. By identifying the outgoing charged patrticles,
neutrino interactions can then be identi ed and the neutrino avour resolved. Because of
these advantages several LArTPCs have been designed and used in experiments in various
elds of research in physicslb€. However, LArTPCs do have challenges. One of the
main issues in the technology is the engineering of cryostat vessels large enough to store
the argon. This means LArTPC experiments are signi cantly smaller (hence less neutrino
interactions) than the water Cerenkov neutrino experiments such at Hyper-K. Similarly there
are challengers with extracting the large number of readout channels out of the cryostat.
Switching from the traditional wire readout to a pixelised readout is one possible solution
and is discussed in Chapter 9. Furthermore, to maintain the low thresholds of LArTPCs the
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electronic noise has to be minimised and well understood. Discussions on this topic can be
found in Chapter 5.

This Chapter will discuss the design of LArTPCs in Section 3.1. Then the processes that
describe how charged particles are detected will be discussed. The rst stage is discussed
in Section 3.2, which involves the ionisation of liquid argon and the recombination of these
ionised particles. Then the processes which affect the resultant ionisation electrons during
transport to the readout will be discussed in Section 3.3. Finally, the form by which energy is
deposited and how the ionisation electrons are used to identify particles will be discussed in
Section 3.4.

Although signal-phase wire TPC technology will be the main focus, other technologies
will be brie y discussed in Section 3.5.

Of particular interest to the SBN programme are neutrino interactions upon argon that
occur at a speci ¢ energy range. These interactions and the mechanisms concerning them
will also be discussed in Section 3.6.

3.1 LArTPC Design

As can be seen in Figure 3.1, a LArTPC consists of a volume of liquid argon sandwiched
between a cathode and an anode. Usually, the anode consists of two or more planes of sense
wires that are spaced 3-5 mm apdrt,[24, 115. When charged patrticles travel through the
detector, they ionise the liquid argon. The electric eld supplied by the cathode, typically 500
V/cm, forces the ionised particles to drift between the two electrodes. As argon is a noble gas,
the ionised electrons can freely travel to the anode where they are detected. The front-facing
planes of the anode shield the ones behind. Because of this geometry, a voltage bias has to
be applied to allow the front planes to be transpar@s¥] The nal plane collects the drift
electrons and therefore has a different response to the charge deposition, see Chapter 6 for
more detail.
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Fig. 3.1 The LArTPC design. The energy deposits travel toward the readout which is made
up of wire planes for 2D reconstruction. Figure from Reference [13].

The electronic response to the energy deposits is then ampli ed and shaped within the
cryostat before the data is processed by a digital acquisition sydterm [Placing the
ampli ers within the liquid argon has the advantage of reducing the inherent noise in the
ampli ers and reducing the number of channels exiting the cryostat [158].

The electronics response on the wires can then be combined and using the drift time
and the wire position in a plane allows for 2D reconstruction of the energy deposits. As the
planes are orientated in different directions, combining the results from planes allows for 3D
reconstruction of the ionisation depositions. The 2D representation is shown in Figure 3.1.

Current large scale LArTPCs, for example MicroBooNBjJ[and ICARUS [L59, consist
of 010" sense wires across 3 planes with a drift lengtdfm. The volume encompassed
by the drift length and wires requir€3100tonnes of liquid argon to encapsulate this readout.

To provide timing information for the particles and to detect scintillation light, light
detectors are usually placed in a LArTPC, typically behind the anode. PhotoMultiplier
Tubes (PMTSs) are currently the most common; however, for future detectors, such as DUNE,
light traps which use Silicon PhotoMultipliers, called ARAPUCASs (Argon R&D Advanced
Program at UniCAmp), are being developed, see Chapter 4. The scintillation light is in
the Ultra Violet (UV) range 16Q,; therefore the light detection systems and re ector foils
are coated with wavelength shifting materials so that standard PMTs can detect the light
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[17,16]]. Further information on ionisation and scintillation light can be found in Section
3.2.

During the transportation to the anode, electrons from ionisation depositions diffuse and
impurities diminish the signal strength. A puri cation system is used such that the loss due
to impurities is minimal. Section 3.3 will discuss transportation and the effects which reduce
the signal strength in more detail.

3.2 lonisation, Recombination and Scintillation

As the ionisation and scintillation light is key to particle detection in LArTPCs, the amount of
energy required to produce an electron/ion pair in liquid argon is a critical value. The value
of this is approximatelW, = 23:6 eV [29, 161]. After a charged particle ionises argon
atoms the electrons and ions can then recombine. The fraction of electrons which recombine
depends on the electric eld strength and the amount of localised ionisation. Therefore the
recombination also depends on the energy deposited per unit distHfwaby, of the passing
particle. The recombination has been theoretically modelled by Onskg@r, Paffé [163

and Kramers164] as well as Thomas and Imel§5[ 29, 166. The resultant theory models

the localised charge density as uniform and in a small box localised at the interaction point.
The box model de nes the remaining charge after recombination to be

Q= Qohiln(1+ h); (3.1)

whereh = aQp=E, Qg is the initial chargeE is the electric eld anda is a t parameter
which describes the charge density and charge mobility. For a constant electric eld
h = b(dE=dX), whereb is a t parameter .

An alternative approach to de ne the remaining charge is Birk's law [167],

Qo

Q= I¥ ke(dE=dn =’

(3.2)

which arises from empirical ts to datd pq: kg is a t parameter. The recombination factor,
R = Q=Qqo, describes the conversion from energy deposition to charge after recombination
via the equation

dQ=dx
RWion
One can then substitute the recombination parameter de ned by Equations 3.1 and 3.2 and
rearrange them to nd a conversion between tlie=dx deposited and thdQ=dx after

dE=dx=

(3.3)
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recombination. Results from ICARU366 suggested modi cations to the recombination
parameters described in Equations 3.1 and 3.2 such that

dQ=dx

dE=dx= X
Ag=Won ks(dQ=dx)=E

(3.4)
for Birk's model and
dE=dx=(exgbWon(dQ=dx)) a)=b (3.5)

for the box model, now known as the modi ed box mod2f]l In both cases, an ex-
tra t parameter,Ag for Birk's model anda for the box model has been added. Note
that the modi ed box model is usually favoured as it does not suffer from Highdx
values like Birk's model when the denominator is zero. For the modi ed box model the
parameterst = 0:930andb = 0:212=r E (MeV=cm) !, where the density of the liquid
used isr = 1:3954 g cm 3 [168. For Birk's model the parameterg = 0:8 cm and

kg = 0:0486=r (kV=cm)(MeV=cm) (cm) ! are used16§. dQ=dxis this case is the
number of electrons per centimetre.

Approximately, the average fraction of electrons which recombine with the argon ion
is 0.58 for minimum ionising particles in a 500 V/cm drift eld. When those electrons
recombine, scintillation light is produced through the formation of an excimgy,akd then
the deexcitation of the excimer. There are two pathways for this [160]:

Ar!l Art+e

+ + (3.6)
Ar+Ar! Ar; +e!l Ar,! 2Ar+g:

Alternatively, a third pathway is the excitation of the argon atom by the through going particle

Ar! Ar

(3.7)
Ar + Ar! Ar,! 2Ar+ g

The resultant scintillation light has a wavelength of approximately 128166 [ There are

two excited states for the excimer: a singlet and triplet state with decay times of 5 ns and
1 s respectively. The relative yields are 23% (singlet) and 77% (triflét}] Due to the
separation length of the two particles in the excimer being shorter than the standard atoms
in the argon, the energy of the photon released is lower than the required energy to excite
further argon atoms. Therefore, liquid argon is transparent to its scintillation light.



38 Liquid Argon Time Projection Chamber Theory

Cherenkov light is also emitted as particles propagate through the at§én [For
visible Cherenkov light, the refractive index of liquid argon is approximately constant (1.22).
Therefore, for ultra-relativistic particles, the cone half-angle is approximatelyHowever,
the number of photons produced is signi cantly less than the scintillation light.

3.3 Transportation of lonised Electrons, Diffusion and Im-
purities

The electrons that do not recombine begin to move towards the anode. As they travel, the
ionisation particles can diffuse diminishing the peak signal size. Furthermore, electronegative
impurities (such as oxygen, water and nitrogen molecules which have not been removed from
the argon) can absorb ionisation electrons further diminishing the signal strength. These
effects depend upon the time it takes for the ionisation electrons to reach the anode. Therefore,
the drift velocity is crucial for transportation.

The drift velocityv = d=t = mE (whered is the drift distancet, is the drift time,E is the
electric eld, andmis the electron mobility) has been studied and found to be 0.1648sm/
for E = 500V/cm [170, 171]. The drift velocity has also been modelled as a function of the
electric eld strength and the temperatue/P]. In LArTPCs it is preferred that the drift
velocity is as large as possible. This is to reduce the time required to drift electrons and
thus reduce the effects of diffusion and impurities discussed below. It is also preferred that
the velocity is constant throughout the detector to prevent distortion of particle trajectories.
However space charge, which is discussed below, can distort the electric eld and thus the
drift velocity.

The electron diffusion is parameterised by the evolution of the electron cloud which is
described by Fick's equation

!
n 12n ‘|12n+ 12n n

— =D, + Dt et 1y V‘ﬂ_z [ vn; (3.8)

qt 12
wheren is the electron cloud charge densityis the drift velocity,| is the ionisation
coef cient andD| andD+ are the longitudinal and transverse diffusion constants respectively
[173. The solution to this function for a point source in a constant electric eld is a Gaussian
function that depends on the coordinatddrift direction) andr = X2+ y?,

D

n= —€
4pDrt pDit P 4Dt

i xp W r (3.9)
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whereng is the original density @t= 0. Therefore the resolution of the detector is smeared
for increasing drift distance. As is described in Refereld@&| there is a relation between

DL andDT: b Eq
L _ m

o miE

Measurements of the diffusion coef cients at BNL have been performed at 500 V/cm and
have been found to @, = 7:2 cs 1 andDt = 7:2 cnés 1[173. This corresponds to a
resolution limit of a couple of millimetres (1 ms in drift time) for the typical drift lengths
of large LArTPCs. It should be noted that diffusion can diminish the peak signal size due to
smearing. However, at this scale, where the shaping time and wire pitch are comparatively
large, the diffusion effect is negligible.

The signal is further diminished due to electonegative impurities in the liquid argon, such
as oxygen, nitrogen and water. The rate of electron removal from a charge cloud is modelled
by [174],

(3.10)

dNe

at = kiotNe(t); (3.11)
whereNg is the number of electrons akgy is the probability of an electron being attached
to an impurity. Integrating and describing the equation in terms of charge rather than the
number of electrons and dividing by the distance travelled between two wires, the track pitch

dx, results in the decay law [174],

?j—(f = ‘Z%Oert; (3.12)
wheret = ﬁ is the electron lifetime. The electron lifetime is usually the measure given

to identify the purity of the liquid argon. Experiments have seen lifetimes ranging from
0.5-10 ms 175 176[177, 178. The SBND simulation currently sets the lifetime at 3 ms
which is based on results from the 35-tonne experimen[ This a conservative value
compared to other similar sized detectd§ 180. The lifetime is usually measured using
Equation 3.12 to model the most probable charge deposited by cosmic muons at various drift
times in the detector. For more detail on lifetime calculation methods, see Chapter 5, Section
5.5.

Space charge is another detector effect which alters the propagation of drift electrons to
the anode. Space charge is caused by the build-up of the positively charged ions from the
argon ionisation, which slowly move to the cathode. These positively charged ions locally
distort the electric eld, which affects the recombination process and the drifting of the
electrons. Space charge is particularly an issue for surface detectors where the high cosmic

ux causes high amounts of ionisatioh§1]. Assuming the E eld depends only on the drift
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direction and the space charge does not evolve with time, one can take a modi ed continuity
equation to describe the evolution of space charge [182],

NJ + Tr_ K; (3.13)

1t

whereJ = r v describes the current density,is the charge density, is the velocity and
K is the volume rate of creation of ion pairs. Assuming the space charge density is time
independent, and ionisation travels only in the drift directphis can be simpli ed to

drv

5 ° (3.14)

Setting the cathode to beat D, the anode to be at= 0 and using the fact = mE, where
E is the electric eld, andnis the electron mobility, one can calculate the local electric eld
in the presence of space charge as

S

E(x) = Eo

Ep 2 yi
_A +a2

= =% (3.15)

Ep is the nominal eld,E, is the eld at the anode ana = D=E0p K=em wheree is the
dielectric constant for the medium [182].

Space charge is measured using external calibration systems such as UV lasers or cosmic
muons with known trajectories. A Fourier series is then used to map the space dé&ige [
The map can then be used to spatially correct the positions of particles in the TPC as well
as identify the localised electric eld so that recombination is correctly determined. Note:
in the analyses in Chapters 7 and 8, space charge is not simulated. However, recent efforts
have been made to implement a space charge simulation and correct for it in reconstructions
carried out in the SBN experiments SBND and ICARUS.

3.4 Particle Calorimetry and Identi cation

The resultant ionisation from charged particles can be used to identify the type of particles
and the energy depositions within the TPC. Energy depositions in LArTPCs are described by
the Bethe-Bloch Equation [14]:

o DE. _ ApNae*z 5, 1

] 2meC2b 2ngmax
Dx  mec2 A b2

2 b2 ; (3.16)

1In
2
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whereN, is Avogadro's numberdA andZ are the mass and atomic number of the absorber
respectivelyzis the charge of the incoming particle,is the density of the absorb@axis

the maximum kinetic energy that can be transferredlaadhe mean excitation energy of
the absorber. The density and shell corrections have been omitted. In adtifipey = 1
andz= 1. The energy deposited within a small segment (or sense wire) by a particle, which
follows the Bethe-Bloch Equation above, has been shdwhtp have the form of a Landau
probability distribution (see Figure 3.2),

z

f(x)= i cr¥ eslns+ Xsds (3.17)
2pi ¢ iy .
wherec is an arbitrary real numbex depends on the energy lost within the segment and the
properties of the detector.

Fig. 3.2 A Landau distribution. The long asymmetric tail predicts higher energy electrons,
known as delta rays, to exist within the TPC. These have been observed. The variable
depends on the energy deposited within a small segment and properties of the detector. From
Reference [14].

The larger the segment, the more scattering occurs and hence, the more Gaussian-like
the distribution L4]. Therefore, collections of charge deposition on sense wires can be well
modelled by a Landau-Gaussian convolution, see Chapter 5, Section 5.5 for an example of
this.

Once charge depositions have been collected and reconstructed on the sense wires,
particles can be identi ed from the topology of the depositions in the detector and the
calorimetry of the particles. For example, electromagnetic partieley have shower-like
energy depositions in the detector when the mother particle has suf cient energy, see Figure
3.3a. However, muons, protons and pions create track-like energy depositions in the detector,
see Figure 3.3b.
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@

(b)

Fig. 3.3 Simulation of a 2 GeV electron (a) and muon (b) in a LArTPC. The image is the raw
digitised output from a wire plane with wire number on the x-axis and time in digitised ticks
on the y-axis.

3.5 Other LArTPC Developments

Single-phase LArTPCs with wire plane readouts are not the only technology used in LArTPCs.
Alternative readout methods, such as a pixel readg®jt]83 described in Chapter 9, remove

the need for delicate, fragile wires. Pixels also provide immediate 3D reconstruction removing
the need for projection matching. However, this comes at the cost of requiring more channels
N! N2. Asthe number of channels is already large in standard wire LArTPCs, multiplexing
techniques are required which introduce ambiguities in the reconstruction.

An alternative readout to the single-phase LArTPC is the dual-phase LArTPC such as
ProtoDUNE dual-phase detectd®4, 185. These employ an extraction grid which passes
the drift electrons into an argon gas region. The gas is then passed through Large Electron
Multipliers which amplify the signal via an avalanche effect. This has been shown to provide
a gain of 15. The readout anode then consists of a multi-layer PCB anode.

3.6 Neutrino Interactions and Cross-Sections

LArTPCs can provide precise topological and calorimetric information for the identi cation
of particles and thus neutrino interactions. One other component to perform oscillation
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physics is the knowledge of how many neutrino interactions are expected. Therefore, detailed
cross-section models are required. Neutrino interactions betw8eh- 10 GeV are of
relevance for this thesis and will be brie y discussed in this Section.

There are four main categories for interactions in this energy range: quasi-elastic scatter-
ing, resonance productions, coherent pion production and deep inelastic scattering. Figure
3.4 shows the contribution from some of the sub-categories to the neutrino and anti-neutrino
cross-sections. The interaction can either be a charge current interaction, where the product of
the interaction is the corresponding charged lepton partner of, or a neutral current interaction,
where the product is a neutrino of the same avour. In the case of neutral current interactions,
the energy of the neutrino cannot be fully resolved because the outgoing neutrino is not
detected within LArTPCs.

Fig. 3.4 The neutrino (a) and anti-neutrino (b) cross-section measurements as a function
of neutrino energy. The prediction for the Quasi-Elastic (QE), Resonance (RES) and Deep
Inelastic Scattering (DIS) are given by the Nuant§ penerator. Figure from Reference

[16]

Quasi-elastic scatterind.86 is the dominant mechanism belowl GeV. The process
involves the neutrino interacting singularly with a proton or neutron within the nuclei of the
liquid argon, see Figure 3.5. Bubble chamber data between 1970-1990s provides insight
into neutrino cross-section of quasi-elastic interactions using deuterium nigleSuch
interactions are well explained by V-A theory, see Section 2.1; however, more modern
experiments use heavier nuclei such as carbon and argon as detector media. These require
additional theory: rather than nucleons being considered free particles, a form of the Fermi
Gas model is applied which describes the energy states with which fermions are arranged
within a potential well L6]. In addition, the impulse approximatiod§7] is used which
assumes that the neutrino interacts with the nucleon alone (e.g. no nuclear effects between
the nucleon (or neutrino) and the rest of the nuclus are considered).
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(@) (b)

Fig. 3.5 Feynman diagrams of charge current (a) and neutral current (b) quasi-elastic events
upon a protonf) or a neutronif). W = W* =W depending on the interaction. The result is
a charged lepton, which is identi ed within the detector.

Meson Exchange Current (MEC) (or 2p2h) interactions have also been recently consid-
ered to explain cross-section discrepancies in data. This is where the neutrino interacts with
two nucleons [188].

At higher energy levels, neutrinos are more likely to interact via deep inelastic scattering
where neutrinos interact individually with the quarks inside the nuclet®d.[The deep
inelastic cross-section is a function of the parton distribution functions which describe the
structure of nuclei.

Resonance and coherent pion productib8d interactions produce additional particles
in the process. For resonant single pion interactions, see Figure 3.6, the neutrino interaction
excites the nucleon and produces a baryon resondgfellhe excited baryon then decays
releasing a pion. The Rein and Sehgal mode[] is used to model resonance interactions.

In addition to pion production, baryon resonances can also create photons during the decay
with a branching fraction of less than 1%. Events where a photon is created, or a neutral pion
is created, which then decays into two photons, are the predominant background frmm the
charge current selection discussed in Chapter 7.

Multiple pion decays and other hadronic decays, such as kaon production, are also
possible when the resonant baryon decays. This depends on the baryon originally created. It
is also possible that the neutrino interacts with the entire nucleus producing a pion and no
nuclear recoil. Such reactions are known as coherent scattering [16].
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@ (b)

Fig. 3.6 Feynman diagrams of charge current (a) and neutral current (b) resonant events upon
a neutron ). Other permutations upon neutrons and protons are possible.

One additional complication to the mechanisms discussed above is the exiting of the nal
state particles from the nucleus. During the escape from the nucleus, nal state particles
can interact with the nucleus causing the scattering of other particles. These other particles
are also picked up by the detector and we cannot differentiate between them and nal state
particles experimentally. These interactions that occur after the initial neutrino interaction
are known as Final State Interactions (FSI91. FSls are modelled using intranuclear
cascade modeld.92 which describe the propagation of the initial nal state partidé][

This is done usingp-neutron andp-proton cross-section data and assumes that the free
p-proton/neutron data resembles the cross-sections within nuclei. These cascade models are
used to account for the Final State Interactions in the analysis.

3.7 Concluding Remarks

The Short-Baseline Neutrino (SBN) programme, described in Chapter 4, has the capability
to con rm or refute the low energy excess observed at LSND and MiniBooNE. The SBN
programme is to employ the use of Liquid Argon Time Projection Chambers (LArTPCs)
to identify neutrino interactions by providing calorimetric, topological reconstruction, see
Chapter 6. This is because LArTPCs are an excellent choice of detected due the inert nature,
low threshold, high density and low cost of liquid argon, as describe at the start. The design
and the corresponding detector effects of LArTPCs have been discussed in this Chapter as
well as the interactions that occur within the detector.






Chapter 4

Overview of The Short-Baseline
Neutrino Programme (SBN)

The SBN programme is a set of experiments situated at Fermilab in Chicago, IL. One of the
primary goals of the programme is to con rm or refute the low energy excess seen the Mini
Booster Neutrino Experiment (MiniBooNE), described in Chapter 2, Section 2.2.5.

Three Liquid Argon Time Projection Chamber (LArTPC) detectors form the SBN pro-
gramme: the Short-Baseline Near Detector (SBND), Micro Booster Neutrino Experiment
(MicroBooNE), and the Imaging Cosmic And Rare Underground Signals (ICARUS) detector.
The detectors are situated on-axis on a muon neutrino beam called the Booster Neutrino Beam
(BNB) [18, 193. This beam provides neutrinos with approximately 1 GeV of energy. Section
4.1 discusses the design and neutrino output of the beam. The three LArTPC detectors are
positioned at 110 m (SBND), 470 m (MicroBooNE) and 600 m (ICARUS), see Figure 4.1,
such that the ux systematics of the BNB are well constrained for analysis, see Section 4.6.1.
This Chapter will discuss the design of the detectors in Sections 4.3, 4.4 and 4.5.

Fig. 4.1 The positions of the detectors along the BNB beamline. The near detector SBND
is positioned at 110 m from the beam, MicroBooNE is at 470 m and ICARUS is at 600 m.
From Reference [17].
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The programme is expected to take three years worth of data (correspon@ifig th0?°
Protons On Target (POT)) equating to approximately seven million neutrino interactions in
the SBND. An initial analysis of the physics capabilities of the SBN programme, known as
the SBN proposall[7], is discussed in Section 4.6. Due to the large data-sets expected to
be taken by the programme, detailed simulation and automated reconstruction are required.
Section 4.7 will discuss the simulation and Chapter 6 will discuss the reconstruction.

4.1 The Booster Neutrino Beam (BNB)

The BNB is a muon neutrino beam provided to the SBN programme, shown in Figure 4.2.

It is created by impacting protons with a kinetic energy of 8 GeV onto a beryllium target

to produce a beam of hadrons known as secondary hadrons. The resultant beam hadrons
and their branching ratios can be found in Table 4.1. The protons are accelerated using the
booster accelerator, which provides approximakely10'2 protons per spill at a rate of 5 Hz.

A spill lasts1:6 ms in length and consists of 81 bunches of protons which are approximately

2 ns wide and 19 ns apart. The separation between the bunches is signi cant enough to be
detected by the light detection systems in the SBND detector, described in Section 4.3.

Hadron Decay Mode Branching Ratio (%)

p* m" + Np 99.9877
e+ ne 0.0123
K* m" + Nm 63.44
pO+ e + ne 4.98
p%+ m" + nm 3.32
KO p +e +ne 20.333
p*+e +ne 20.197
p +m +nny 13.551
p*+m + nn 13.469
m" e + ne+ Ne 100

Table 4.1 Hadrons created from the BNB by impacting protons on the target and their
branching ratios to neutrinos. From Reference [18].

As the secondary hadrons are created, they enter a pulsed electromagnet that focuses
positively charged particles and defocuses negatively charged particles using a toroidal
magnetic eld. The beam then enters a decay region which is 50 m in length. A schematic of
this is shown in Figure 4.31B]. In this region, the secondary hadrons decay and produce
neutrinos. The output beam is made up &9.4% muon neutrinos and anti-neutrinos along
with  0.6% intrinsic electron neutrinos. Table 4.2 has a full breakdown. The predicted ux
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from MiniBooNE [18] is shown in Figure 4.3. The

Figure shows neutrino energies range

from 0 to 5 GeV with a peak at 1 GeV. It also shows the energy distribution of the intrinsic

electron neutrinos and the muon neutrinos.

Neutrino Flavour| Fraction of Beam Neutrino Mode Fraction of Beam Antineutrino Mode
Nm 93.6 % 15.71%
Ne 0.52 % 0.2%
Nm 5.86% 83.73%
Ne 0.05 % 0.4%

Table 4.2 The composition of the BNB. From Reference [18].

Fig. 4.2 A schematic of the BNB beam indicating the focusing horn and the decay region.

From Reference [18].

Fig. 4.3 The simulated ux of the BNB beam at MiniBooNE split into the components of the

beam. From Reference [18].
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There are several systematic uncertainties associated with the BNB. A detailed review of
the uncertainties can be found in Referent®] and they are further discussed in Chapter
8. The ux systematics accounted for in SBN analyses include the error on the number of
protons delivered to the target, the secondary hadron and neutrino production rates, changes
in the horn magnetic eld, and misalignments in the beamline geometry. Table 4.3 shows the
total ux uncertainty for the systematics listed above.

Source of Uncertainty np Nm Ne Ne
Proton delivery 2% 2% 2% 2%
Proton optics 1% 1% 1% 1%

p* production 147% 1.0% 9.3% 0.9%
p production 0.0% 16.5% 0.0% 3.5%
K™ production 09% 02% 11.5% 0.3%
KO production 0.0% 0.2% 21% 17.6%
Horn eld 22% 33% 0.6% 0.8%
Nucleon cross-section 2.8% 5.7% 3.3% 5.6%
Pion cross-section | 1.2% 1.2% 08% 0.7%
Table 4.3 Variations in the total ux for each neutrino species. From Reference [18].

4.2 Neutrinos at the Main Injector (NuMI) Beam

MicroBooNE and ICARUS are also able to detect neutrinos from the NuMI b&as) 196].
The process to create the NuMI beam is similar to that of the BNB; however, in this case
the proton target is made of graphite. The result is a beam which produces neutrinos with
energies in the 1-10 GeV range, which peak at a slightly high energy than that of the BNB.
However, both MicroBooNE and ICARUS are situa@dand6’ [197] off-axis from the
beamline. This means the peak energy of the beam in the detectors is shifted to lower
energies, and most events detected are in the 0-3 GeV energy i&1y€elhe difference
between the BNB ux [19] and NuMI ux in MicroBooNE [20] is shown in Figure 4.4.

One advantage of the NuMI detector is the increase in intrinsic electron neutrinos due
to the enhancement in the dominant three body decay of secondary R&GhHecause
of this, approximately 5% of the NuMI interactions that will occur in the ICARUS detector
are electron neutrinos. This results in roughly 10,000 electron neutrino events per year
in ICARUS [197]. Therefore, both detectors are capable of performing high statistical
cross-section measurements [20].
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(a) (b)

Fig. 4.4 The predated ux from the BNB (a) (from Referen&8][and the NuMI beam (b)
(from Reference0]) to MicroBooNE as a function of neutrino energy. Both beams are in a
mode which selects neutrinos over anti-neutrinos.

4.3 The Short-Baseline Near Detector (SBND)

4.3.1 Detector Design

The SBND is the near detector of the SBN programme. The SBND detector consists of two
LArTPCs of dimensions 2.0 m in width, 4.0 m in height and 5.0 m in the beam direction; see
Figure 4.5 for a diagram of the detectd7[ 198. The resultant active volume of this design

will hold 112 tons of liquid argon. The TPCs are separated by the Cathode Plane Assembly
(CPA) which provides a 500 V/cm electric eld to each TPC. The CPA is a steel structure
which holds a set of wire mesh frames such that the cathode provides a uniform electric eld
across the detector. Behind the wire mesh are Tetra-Phenyl-Butadiene (TPB) coated re ector
tiles which optically isolate the TPC4T]. The re ector tiles re-emit the ultraviolet, liquid
argon, scintillation light in the visible spectrum for detection within the Photon Detection
System (PDS).

The anode, also known as the Anode Plane Assembly (APA) is shown on the left and
right sides of the right-hand plot of Figure 4.5. The APA for each TPC is made of three wire
planes, U, V and Z, and contains a total of 5632 copper-beryllium readout wires, allowing
for 3D reconstruction of events. The wires are 180 in diameter and are separated by 3
mm in pitch [L7]. The U and V planes are the rst and second induction planes respectively
and are oriented 60 to the vertical when facing the plane face. The collection plane, Z (or
Y), is orientated such that the wires are in the vertical direction, shown in Figure 4.6. A bias
of -200 V, 0 V and +500 V is applied to the U, V and Z planes, respectively, to make the
induction wires transparent to drift electrods’]. Each APA is made from two steel frames,
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thus there is a gap in the middle of the wire planes. In the gap, an electron diverter diverts
drift electrons on to the neighbouring planes to ensure no energy depositions are lost.

Fig. 4.5 A schematic of SBND. The CPA lies between the two TPCs providing an electric
eld. The anode (APA) readout consists of 3 wire planes. From Reference [17].

Fig. 4.6 SBND wire readout setup. From Reference [17].

The eld cage for the TPCs is made of copper and is based on the 35t Deep Underground
Neutrino Experiment (DUNE) prototypd79. The detector is secured in a membrane
cryostat. This consists of a steel outer supporting structure which holds further supporting
structures, insulation, a vapour barrier (to prevent moisture entering the insulation), and the
primary and secondary membranes. The insulation is a solid reinforced polyurethane foam.
The primary membrane is made from stainless steel and holds the liquid argon whilst the
second membrane is a backup in case the primary membrane leaks.
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The Photon Detection System (PDS) is a set of 24 modules. One module is shown in
Figure 4.7 where it can be seen that the module contains several detectors for the argon
scintillation light. The PDS is consists of two sets of detectors: the Photo Multiplier
Tube (PMT) based system and the ARAPUCAY (Argon R&D Advanced Program at
UniCAmp) based system. The PMT system is consists of 120 Hamamatsu 8 inch R5912-mod
PMTs [200, 201].

The ARAPUCA is a light-trapping device which consists of a cavity and SensL MicroFC-
60035-SMT R0Z silicon photomultiplier(s) (SiPM(s)). The dimensions of the cavity are 3.6
cm 2.5cm 0.6 cm (0.6 cm depth). A window made of a dichronic Iter, which is coated
externally with a Im of p-Terphenyl, allows the UV scintillation to pass into the cavity
[203. The inner side of the Iter and the interior of the cavity are covered in Tetraphenyl
butadiene (TPB) to shift the light to the visible region of the light spectrum for detection.
Shifting the light also traps the light within the cavity. A modi cation to the ARAPUCA
design, the X-ARAPUCA, also exists and replaces the TPB on the inner side of the lIter
with an acrylic bar such that SiPMs can detect light via total internal re ection as well as
the existing ARAPUCA method2p4, 205. 8 of the original ARAPUCASs and 167 of the
X-ARAPUCAs are to be installed in SBND. SBND, therefore, is a good test in a neutrino
beam for the (X-)ARAPUCA which are proposed for the DUNE far dete@06b|. However,
the primary goal of the PDS is to provide precise nanosecond timing information for events
in the detector. Also, calorimetric and topological information can be extracted from the
scintillation light using the PDS.

Fig. 4.7 A PDS module in SBND. The module is made up of 5 PMTs and 8 ARAPUCAs
which are positioned interchangeably. Mounting brackets on all four sides of the detectors
hold the detectors to the frame. Credit: J. Boissevain.
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Around the cryostat, there is the Cosmic Ray Tagging (CRT) sysB&imwhich is
schematically shown in Figure 4.8a. The CRT system provid®% coverage of the total
cosmic ux in order to identify cosmic events which enter the TPC. The 6% that is uncovered
is where the feet of the cryostat touch the oor. This is not shown in Figure 4.8a. SBND lies
on the surface, and the cosmic muon rate through the detector is approximately ve cosmic
interactions in a 3 ms drift window. The drift window allows for electrons to travel the
distance of the TPC for detection. This cosmic rate equates to approximately 1 in 300 beams
spills, is expected to contain a cosmic ray in coincidence with the beam spill. These are called
in-time cosmic interactions. This value does not full describe the cosmic contamination in
neutrino interactions. Out of time comsic interactions can occur as the charge deposition
drifts to the readout and contaminate the event. The primary aim of the CRT system is to
identify all cosmic events in the detector.

The CRT system is made up of 143 scintillator modules which surround the detector. The
modules, which are pictured in Figure 4.8b, consist of 16 scintillator strips each covered with
a highly-re ective white coating. Adjacent to the scintillator strips, in grooves, wavelength
shifting bres transport scintillation light to a SiPM. A protective and re ective Mylar tape is
placed over the groove to prevent leakage. This is shown in the right-hand image in Figure
4.8b [21]. The far end of the bres is coated with aluminium by evaporation in order to re ect
the light and improve the light detection ef ciency. The re ected light intensity compared
to the non-re ected light can also be used to improve spatial resolution up to 1.81¢m [

The strips are then encased in aluminium panels, to which they are xed using double-sided
adhesive tape. The aluminium case is sealed using optically absorbent adhesive glue and
screws. The SiPMs are connected to a Front end Electronics Board (FEB) for the readout. To
perform 2D reconstruction of particles, two layers of panels are oriented perpendicular to
one another.

The probability of getting more than one cosmic event in a strip is of the di@ler,
therefore two interactions at the same time is unlikely. In addition, to improve the identi ca-
tion ef ciency, coincidence matching occurs between the two sides of the scintillator strips
to avoid misidenti cation of dark current pulses. The timing resolution is 124§ [Figure
4.9 shows the tagging ef ciency of events as a function of the distance from the readout. As
can be seen in the Figure, the ef ciency increases the closer the event occurs to the readout,
reaching> 99% below 100 cm. The ef ciency is always greater than 95%
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(@) (b)

Fig. 4.8 a) Position of the CRT system in SBND. Note that the bottom of the detector is not
fully covered due to struts holding the cryostat in position. From Refereigelf) Images
of the scintillating strips before and after the Mylar has been glued on. From Refegdice [

Fig. 4.9 The ef ciency of the prototype CRT panel as the distance from the readout increases.
This is a result of a laboratory tests at the University of Bern. From Reference [21].

4.3.2 Electronics Design

The SBND TPC electronics chain is depicted in a block diagram for a single channel in
Figure 4.10. SBND is a prototype for the DUNE experiment and one of the goals of SBND
is to introduce new electronics which reside within the liquid argon in order to reduce the
number of readout channels exiting the cryostat. The electronic setup will be discussed in
this Section.
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Fig. 4.10 Full path of the electronics chain in SBND. From Reference [17].

Once a charge induces a current on the readout wires, the signal is passed to a Complemen-
tary Metal-Oxide-Semiconductor (CMOS) front end Application-Speci ¢ Integrated Circuit
(ASIC) known as the LArASIC-v7306-208. The LArASIC preampli es and shapes the
signal using an anti-aliasing lter based on a fth-order, low-pass network designed to obtain
an impulse response close to a Gaussian distribution in the time doba@r2D9. Hence
the charge on the collection plane for an impulse signal can be approximated by nding the
peak height of the Gaussian response. Or, equivalently, one can integrate the charge of the
response and multiply it bzpéfpt. t is the shaping time ims and the factor of 2 arises
from converting the integral of the response from the timing tick of the Analogue Digital
Converters (ADC) tars. A more sophisticated way to extract the charge is to deconvolve the
signal with the electronic response and the eld response beforehand, which is discussed in
Chapter 6, Section 6.1.1. The LArASIC can operate at four gain settings (4.7 mV/fC, 7.8
mV/fC, 14 mV/fC and 25 mV/fC) and four shaping time settings (@5 1.0ms, 2.0ms and
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3.0ms). For the SBND simulation, the gain is set to 14 mV/fC and the shaping time to 2.0
..

The signal is then passed to a 12 bit, 1.8 V peak-to-peak, AD7274 Commercial-Off-
The-Shelf (COTS) ADCZ210, 211]. Having the ADC in the cryostat aids in the reduction
of noise and reduces the number of channels exiting the cryostat. This digitised signal is
then passed to a Field-Programmable Gate Array (FPGA) where the signal is multiplexed
and sent to the Serializer/Deserializer (SerDes) to prepare the data for transmission out of
the cryostat. The LArASIC, COTS ADC and a fraction of the FPGA and SerDes boards
make up the Front End Mother Board (FEMB) assemfil§}.[ The LArASIC reads up to 16
channels, and therefore four LArASICs and 4 COTS ADCs make up a FEMB. 176 FEMB
are required for the full TPC readout. 124 FPGA and SerDes boards are used in a full FEMB
assembly. The signals are passed out of the cryostat via copper cable to a Warm-Interface
Board (WIB) which distributes signals in 64-channel chunks of uncompressed data to a TPC
readout module via optical bre. The WIB also controls the clock synchronisation. The TPC
readout crate then compresses and stores the data in a beam data stream and a continuous
supernova data strearh7]. 11 TPC read-out crates are used to readout the data and then
send the data to DAQ (Data AcQuisition system) PCs via optical links.

This COTS ADC electronics design is of particular interest for future experiments such
as DUNE and is a new setup in liquid argon neutrino physics. This is because the DUNE
experiment will have a large number of readout channels which will be dif cult to extract
from the cryostat ef ciently. Placing the ADC within the cryostat will reduce the number of
channels leaving the detector. Tests of the SBND electronic readout is discussed in Chapter
5.

4.4 The MicroBooNE Detector

The MicroBooNE detector has been running since 2015 and has produced several physics
analyses separate from SBN. Many of the analyses have motivated the procedures, commis-
sioning practices, simulation and reconstruction methods implemented by the other detectors
of the SBN programme. Of particular note for this thesis are the noise characterisation stud-
ies and practice2[LZ that have been implemented. This has been drawn upon in Chapter
5]. Also of note is the implementation of the Pandora pattern recognition software within
liquid argon R7] as well as the development of deconvolution procestgg used upon the
waveforms from the TPC, both of which are described in Chapter 6. MicroBooNE has also
performed analyses in order to determine space charge effects in the de2é&todé¢velop

signal processing using 2D deconvolution techniq@dgl[as well as creating techniques to
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identify and reconstruct cosmic ray&l[y. These techniques are not taken advantage of in
this thesis and are an essential addition for future iterations of the analysis.

MicroBooNE is also capable of independently performing cross-section measurements
[216 20] which are useful for tuning current Monte Carlos for the SBN programme as
well as for future experiments. With the addition of the intrinsic electrons from the NuMi
beam the number of intrinsic electrons is comparable, although MicroBooNE is signi cantly
further away from the BNB than SBND. Also, although SBND will have more statistics
for cross-section data, the methods developed by MicroBooNE pave the way for effective
analyses with the SBND data.

The main physics goal of MicroBooNE was to investigate the low energy excess observed
at MiniBooNE. Hence, MicroBooNE is capable of performing independent sterile searches.
Figure 4.11 22] shows the possible sensitivity of an electron neutrino excess given a set
of sterile oscillation parameters following the 3+1 modE34], discussed in Chapter 2.

As shown in the Figure, it is hoped that MicroBooNE will compare favorably to that of
MiniBooNE. In fact, in some areas of the LSND allowed region of the sterile oscillation
parameters, MicroBooNE is able to identify an excess with a con dence level that is greater 5
s. The SBN programme improves upon MicroBooNE due to the reduction in ux systematic
errors because of the multi-detector approach.

The design of the detector is similar to the SBND detector and various similarities. These
include: include the liquid argon detector medium, the readout wires and the wire pitch. In
addition the detector uses a version of the LArASIC chip for pre-ampli cation and shaping of
the signal R07]. Therefore the inherent electronics noise of a similar form. One of the main
differences is the geometry of the cryost2®][ The MicroBooNE cryostat is cylindrical, see
Figure 4.12, with a length of 12.2 m and an inner diameter of 3.81 m. The cryostat houses
a rectangular TPC with 170 tonne capacity with dimensions of 2.6 m in drift length, 2.3
m in height and 10.4 m in the direction of the beal][ Due to the change in the shape
of the cryostat, the amount of liquid argon between the TPC and the edges of the cryostat
varies. This is unlike the SBND and ICARUS detector geometries. The change in volume
affects the rate of dirt events which are events, which interact outside the active volume but
deposit energy within the TPC. As is discussed in Chapter 8, the dirt events are signi cant
background in the sterile oscillation analysis.
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