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Abstract

The Accelerator Neutrino Neutron Interaction Experiment (ANNIE) is a 26-ton gadolinium-
doped water Cherenkov detector located 100 meters downstream in the Booster Neutrino
Beam (BNB) at the Fermi National Accelerator Laboratory (Fermilab). Its primary goals are
to (1) measure the neutron yield from v, interactions as a function of momentum transfer Q*
so that neutrino-nucleus interaction models can be better constrained, and (2) demonstrate
the power of novel, fast-timing detectors with the first deployment of Large Area Picosecond

PhotoDetectors (LAPPDs).

Current knowledge of neutrino-nucleus interactions fall short in modeling the topologies of
such interactions, leading to inaccurate reconstruction of event kinematics such as particle
energy, direction, and vertex. As a consequence, the accuracy of cross section measurements
is impacted, which is necessary for precise physics measurements. Neutrons are an indication
of inelasticity and affect the determination of the energy of the parent neutrino. Quantifying
the neutron yield is a step towards reducing the associated uncertainties, and thus improv-
ing our understanding of these complex interactions and benefiting the next generation of
long-baseline neutrino experiments. ANNIE will make use of LAPPDs to measure neutron
multiplicity of CC-07 v, interactions on oxygen, making it the first experiment to deploy an
array of these photodetectors. Because the LAPPD is a novel photodetection technology,

much customization is required to integrate it into existing electronics.
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The first half of this thesis covers the significant progress made towards the first deployment
of the LAPPD system. From its test stand at Fermilab, the LAPPD system was system-
atically tested and put together until deployment readiness was achieved. 1 present my
contributions to the design, fabrication, and testing of the waterproof housing and cables,
and the commissioning of the LVHV board that powers the LAPPD and its readout elec-
tronics. These efforts brought the LAPPD system significantly closer to deployment, and

eventually first data.

The second half of this thesis presents the vertex and energy reconstruction algorithms
developed to analysis the beam data with PMT-only information. While much progress has
been made towards the deployment of LAPPDs, with several in the detector tank, efforts to
integrate the LAPPD datastream are in progress. Thus, I developed a ring edge detection
technique using PMT data to fit the muon vertex and determine its energy. The analysis
in this thesis finds average neutron yields of 7ig., = 0.452 £ 0.039(stat) £ 0.27(sys) for a
selection of muon neutrino candidates in the fiducial volume of ANNIE and corrected with an
averaged neutron detection efficiency. An equivalent analysis for simulated beam data results
in an average neutron yield of ny;c = 0.582 %+ 0.018(stat) £ 0.25(sys). Future work includes
application of efficiency corrections at a positional level, quantification of all systematic

uncertainties, and neutron multiplicity measurements with other event topologies.
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LEFT: An empty watertight housing soaking in deionized water. Note that this

soak test was carried out with the old 12-pin connectors. The waterproof cable is

wrapped in PTFE tape where the MacArtney SubConn connectors mate, so that

no rubber insulation is exposed due to incompatibility with Gd-loaded water.

The black O-ring on the acrylic window side of the housing is indicated by the
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rally had pieces of polypropylene shaved off by the track. An ANNIE collaborator

can be seen behind the inner structure holding the deployment panel.| . . . . . .
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5.11

With the timing offsets measured using the laser diffuser ball, the structure of

the Booster Neutrino Beam is now visible. The top left plot is a distribution of

hit clusters whose cluster times fall in the prompt 2 us acquisition window. The

1.6 ps beam spill can be seen atop a flat background (above the dashed red line).

Before the timing corrections, the beam structure is not visible. The top right

plot shows the timing distribution of a smaple of dirt muon clusters after the

timing corrections from laser calibration were applied. The bottom two plots are

zoomed in versions of the top right plot to highlight the beam structure. Figures

from [115].|. . . . . .
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6.5

Difference between reconstructed and true muon track angle for events that pass

| e BV T] i 5 -0.026 rad wiil 016 tad._T1 |

on the reconstructed track angle will be propagated through to the muon energy

reconstruction. . . . . . .o L L

One hundred muons with initial kinetic energy of 500 MeV were fired into a

MRD-like geometry in Geant4. Typical paths are not linear and demonstrate

the effects of scattering. Actual path lengths are longer than the path length

determined by fitting a line to the muon entry and stopping points, which is the

current method in existing analysis tools.|. . . . . . . ... ... 000
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Ratios of a linear (“straight”) track to the actual track lengths as a function of

initial muon kinetic energy. The linear track is calculated by taking the distance

between the entry point and the stopping point. For lower energy muons entering

the MRD, the track actual track length is longer than the track length determined

by connecting the entry and stopping points. Results generated from Geant4 sim-

ulations. Corrections are made to the track length depending on initial estimates

of the muon energy. Data points beyond 800 MeV did not have a muon stopping
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The accepted time window if (700 ns, 800 ns) is marked with black lines. Note

the logarithmic scale in the number of clusters. Figures from [112]. . . . . . ..

Given a muon vertex, we can define the variables above. a; represents the tank

segment between the location of the muon and where it exits the tank. R; is the

vector from the tank exit point to PM'T 7. b; is the vector from the vertex to
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6.10

A muon that travels some distance Ax will emit a constant number of photons.

These photons will make up a section of the Cherenkov cone called a frustum,

whose surface area is imaged as a ring on the photodetectors. Left figure from [125].[170

6.11

This is a photon density 7 vs. tank track segment a; plot with truth information

shown. To the left and right of the true tank track length (vertical blue line),

there is a clear distinction in the average photon density at shorter track segments
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For events with a clear break in the photon density, a manual fit is easily made.

For this event, a tank track of 150 cm will be the fit. The true tank track length

1S TAS CINL . . o o o s,

TOP LEFT: An event display of a beam event. TOP RIGHT: A 1 vs. a; plot. Here

one would estimate that the track segment is about 190 cm. BOTTOM LEFT: An

event display of a stmulated beam event. BOTTOM RIGHT: A n vs. a; plot. Here

one would estimate that the track segment is about 250 cm. . . . . . . . .. ..
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Chapter 1

Introduction

Following the postulation of its existence, more than twenty years elapsed until the discovery
of the neutrino. The search for these elusive, ghost-like particles was enabled by new tech-
nology in photosensors and electronics. We witnessed the innovation of large-scale neutrino
detectors and detection media, such as water Cherenkov detectors and water-based liquid
scintillator. Since its discovery, this new field of neutrino physics has been quite exciting and
rewarding as neutrinos threw at us one surprise after another: there are several generations
— or “flavors” — of neutrinos, neutrinos can oscillate between different flavors, they travel
great distances before interacting with matter, and so on. Neutrinos can also be used to
understand other interesting topics in physics, such as supernovae, proton decay, the Diffuse
Supernova Neutrino Background, the matter-antimatter asymmetry in the universe, and our
very own Sun.

Although much knowledge about this fundamental particle has been gained, questions



surrounding the neutrino remain and are challenging to answer. For instance, the absolute
masses of the neutrinos, the ordering of the mass eigenstates, and the charge conjugation and
parity (CP) violating phase are all currently unknown. Today, there exist many neutrino ex-
periments that attempt to answer these questions with various approaches and technologies.
One such experiment is the Accelerator Neutrino Neutron Interaction Experiment (ANNIE),
a modestly sized water Cherenkov detector located at the Fermi National Accelerator Labo-
ratory (Fermilab) in Batavia, Illinois. The experiment sits on-axis of a muon neutrino beam
with and utilizes Cherenkov radiation to detect neutrino interactions in the 26-ton water
target. ANNIE aims to improve the understanding of interactions between neutrinos and
nuclei by measuring the neutron multiplicity (or neutron yield) of such interactions. Current
models feature large uncertainties regarding the primary neutrino interaction as well as the
secondary hadronic interactions that may follow. These large uncertainties affect cross sec-
tion measurements which are needed for precise physics measurements, such as the extent
of CP symmetry violation in the neutrino sector that may explain the matter-antimatter
asymmetry of the universe. Therefore, it is crucial to develop more accurate models to de-
scribe these interactions. Along the way, ANNIE serves as a testbed for novel technologies
such as gadolinium-doped water, water-based liquid scintillator (WbLS), and the Large Area
Picosecond PhotoDetectors (LAPPD). Given the relatively small size of ANNIE to other wa-
ter Cherenkov detectors, the fast-timing capabilities of LAPPDs are needed to achieve its
physics measurements with high precision. The work at hand documents the neutron mul-

tiplicity analysis and the progress made towards the first-ever deployment of the LAPPD in



a neutrino physics experiment.

This thesis utilizes the ANNIE detector to measure the neutron yield in neutrino interac-
tions with oxygen in exclusive interactions in the 100-500 MeV range. Oxygen is a common
target in neutrino experiments, yet few measurements of the interaction cross section exist.
In a typical interaction, a neutrino interacts with a neutron in the nucleus and creates a
lepton in the process. Since ANNIE sits on a muon neutrino beam with a peak energy of
~T700 MeV, the resulting lepton is a muon. Neutrons are also expected in the final state,
due to nuclear effects and other final state interactions (FSIs). Without a complete under-
standing of these nuclear effects and a good handle on the number of neutrons and other
final state particles, it is difficult to accurately reconstruct the incident neutrino energy,
which is important for constraining uncertainties in cross section measurements. To better
characterize the neutron yield of neutrino-nucleus interactions, the water target is loaded
with gadolinium (Gd), due to its high average neutron capture cross section. Equipped with
novel photodetectors and detection media, ANNIE can make a measurement of the neutron
production rate as a function of muon momentum transfer.

This work starts with an overview of the current knowledge of neutrinos within and
beyond their role in the Standard Model of particle physics. Chapter [2| also covers neutrino
and nucleus interactions models and takes a deeper dive into the motivations for improving
these models. This chapter ends with a summary of current values of neutrino parameters
and some of the remaining challenges in the field.

As mentioned earlier, ANNIE serves as a technology testbed for a new Gd-loaded wa-
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ter purification and filtration system, water-based liquid scintillator (WbLS), and LAPPDs.
Water purification and filtration systems often remove contaminants and impurities from
water, so ANNIE demonstrates how gadolinium can be kept in solution while removing
unwanted particles. WbLS shows promise as a detection medium that can be used to dis-
tinguish Cherenkov radiation from scintillation for particle identification and ANNIE has
demonstrated this capability. LAPPDs offer picosecond timing resolution that is needed for
accurate vertex and energy reconstruction of the muon. A detailed description of the ANNIE
detector setup and its physics goals follows in Chapter |3} My work in conducting material
compatibility tests is also presented in this chapter.

The technology of LAPPDs explored in the hardware chapter, Chapter |4, along with a
discussion of how they aid ANNIE in achieving its physics goals. In this chapter, I describe
the work I performed in testing LAPPD electronics, putting together the LAPPD system
from its subcomponents, and conducting full system tests and troubleshooting during my
year at Fermilab when the COVID-19 pandemic was in full swing. A critical piece of the
LAPPD system is the LVHV board that serves as a power source for the LAPPD and its
auxiliary electronics and as a monitoring system. Developing and testing the initial LVHV
board and designing the next board revisions constitutes much of my thesis work. My
contributions to the design and fabrication of the waterproof housing and waterproof cables
are also presented in this chapter.

The remainder of this thesis then covers software and analysis. Chapter 5| outlines the
calibration of the ANNIE detector. A description of the photomultiplier tube (PMT) tests
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that I performed as a junior specialist, prior to my time as a graduate student, can be found
here. The method for measuring the neutron yield with PMTs and a Gd-loaded water target
in ANNIE is outlined in Chapter [, Here, the algorithms for data cleaning and reduction,
event classification, vertex and energy reconstruction, and neutron multiplicity are described.
For this thesis, an alternative method for vertex reconstruction was developed for PMT-only
data. The technique involves imaging the edge of the Cherenkov disk that results from the
passage of a muon through the detector. The method is included in the reconstruction paper
that is in review in the collaboration at the time of this writing. This chapter ends with a
measurement of neutron multiplicity as a function of momentum transfer and compares the
findings to existing measurements.

Finally, this thesis closes with a summary of the work presented and an outlook for the
future of ANNIE in Chapter[7} While the LAPPD system is discussed extensively, data from
the photodetectors is not included in the analysis. Future work includes the addition of the

LAPPD datastream in event reconstruction, absolute cross section measurements, and filling

the detector with WbLS and Gd-loaded WbBLS.



Chapter 2

Neutrinos

The neutrino is one of the fundamental particles of our universe. It is a neutral fermion of
extremely light mass and there exist three ﬂavor of neutrinos, much like their lepton family
counterparts, the electron (e), muon (u), and tau (7). Although much is known about the
neutrino today, with a whole branch of physics dedicated to the study of it, this was not the
case several decades ago. Neutrinos have quite the history and it all starts with the beta
decay reaction:

n—pte +70 (2.1)

In 1914, James Chadwick reported a measurement of a continuous energy distribution
while studying beta decay with a magnetic spectrometer and Geiger counter [1]. Since the «
decay spectrum was found to be a discrete energy distribution, an indication of a simple two-

body decay, it was a surprise that the beta decay spectrum was not equally discrete. Some

LAs far as we know.



postulated that the beta particle (electron or positron) was in fact emitted with discrete
energies, but lost varying amounts of its energy from final state interactions |2|. Neils Bohr
even suggested that the energy conservation could be violated and that energy in beta decays
only needs to be conserved on average [3].

As a “desperate remedy”, Wolfgang Pauli postulated the existence of a new particle,
which he dubbed the “neutron”, in his famous lettelﬂ to a nuclear physics conference in
Tibingen, Germany, in 1930 [4]. In this same letter, Pauli mentions the spin statistics
problem of nitrogen and lithium, and that this theoretical particle would be the solution.
Before the discovery of the modern neutron, scientists were perplexed that nitrogen had
an integer spin, despite having an odd number of nuclear constituents (14 nucleons plus 7
electronsEl). Pauli postulated his “neutron” to be a fermion as well, with spin—% to resolve
this issue of nuclear magnetic moment, and a mass similar to that of the electron.

Pauli’s “neutron” did not become the neutron that we know today, which was discovered
by Chadwick in 1932 while examining electrically neutral radiation from beryllium after
irradiation with alpha particles. This discovery got Chadwick the Nobel Prize in 1935. The
modern neutron was far heavier than the neutral particle needed to avoid detection in beta
decay, prompting Enrico Fermi to adopt a new name given to Pauli’s hypothesized particle,
the “neutrino”. While it was only a hypothesis, Fermi turned the idea into a successful

theory of beta decay in 1934, in analogy to quantum electrodynamics (QED) [5, [6]. To

2An English translation of the original letter [4] (in German) can be found [2].
3At the time, “nuclear electrons” were considered as part of the nucleus to explain why nuclei were
heavier than the sum of the protons that make up its charge.



explain the one-unit change of nuclear spin in some [ decays, George Gamow and Edward
Teller extended Fermi’s theory by introducing axial vectors in a way that still conserved
parity [7, 8]. At the time, parity violation was still unthinkable.

As successful and useful as Fermi’s 1934 theory on weak processes was, there were still
some issues that needed addressing, such as the lack of renormalizability. Much of the
theoretical framework for our modern understanding of neutrino interactions (and weak
processes in general) was set up by Sheldon Glashow [9, |10], Abdus Salam |11} |12], and
Steven Weinberg [13] in the late 1950s and 1960s. The Glashow-Weinberg-Salam (GWS)
model, which won them the 1979 Nobel Prize in Physics, provides a unified treatment of
electromagnetic (EM) and weak interactions. Under this model, the Lagrangian governing
the electromagnetic and weak interactions is invariant under symmetry transformations of
the local gauge group SU(2) ® U(1).

It took 26 years after its postulation until scientists confirmed the existence of the neu-
trino. The first indication was at the Hanford Site in 1953 and the final discovery was made
at the Savannah River Plant in 1956 as part of “Project Poltergeist” [14]. The newly dis-
covered neutrino was actually the electron antineutrino and it was detected via Inverse Beta
Decay (IBD)

ve+p—et4n (2.2)

using a cadmium-loaded liquid scintillator target and a nuclear reactor as a source of antineu-

trinos. The scintillator was used to detect flashes of light coming from positron annihilation



and neutron absoprtion by cadmium. The discovery of the neutrino won Clyde L. Cowan
and Frederick Reines the 1995 Nobel Prize in Physics.

Later, it was discovered that there were other flavors of neutrinos. The muon neutrino
was discovered in 1962 at the Brookhaven National Laboratory with the brand new Alter-
nating Gradient Synchrotron (AGS) |15]. The AGS used a beam of protons to produce pi
mesons (pions) that traveled 70 feet toward a 5,000-ton steel wall made of old battleship
plates. The pions decayed into muons and neutrinos, but only the neutrinos could pass
the steel wall into a neon-filled spark chamber detector. The neutrinos interacted with the
aluminum plates and produced muons that left spark trails that could be detected and pho-
tographed, thus providing evidence for the existence of muon neutrinos. Leon Lederman,
Melvin Schwartz, and Jack Steinberger were awarded the 1988 Nobel Prize in Physics for
their work on demonstrating the difference between neutrino flavors. When the tau lepton
was discovered in 1975 [16], a corresponding neutrino was expected to exist. However, ex-
perimental challenges prevented its discovery until the year 2000, when the DONUT (Direct
Observation of the Nu Tau) collaboration reported the observation of four tau neutrino in-
teraction events in a nuclear emulsion detector [17]. Their results confirmed the results of
earlier experiments at the Stanford Linear Collider (SLC) at SLA(f] and Large Electron-
Positron Collider (LEP) at CERN{| which all indirectly pointed to the existence of three

active neutrino flavors with masses lighter than half the Z boson mass [18, 19].

4Stanford Linear Accelerator Center
®Conseil européen pour la Recherche nucléaire (European Organization for Nuclear Research)



Just as we thought we were beginning to understand the neutrino, new puzzles popped
up. For one, experiments consistently reported a v, flux from the sun that was much less
than the number predicted by solar models at the time. In 1968, the Homestake experiment
found the neutrino flux of the sun (at which point it was known that the sun produced
neutrinos) to be one-third of the expected amount [20]. Similar deficits were reported by
KamiokaNDE, SAGE, and GALLEX e><;perimentsﬁ7 and came to be known as the “solar
neutrino problem”. Studies of atmospheric neutrinos also saw deficits in neutrino flux, such
as in the IMB, NUSEX, and Super-Kamiokande experimentsﬂ These experiments found an
unexpectedly low ratio of atmospheric v, to v, events [21] This was labeled the “atmospheric
neutrino problem”.

Although neutrino oscillations were first anticipated theoretically in the late 1950s and
1960s, direct evidence for neutrino changing between flavors would not come until the 1990s
and 2000s. Evidence that convinced the neutrino community that flavor change and os-
cillations were the cause of the solar and atmospheric neutrino anomalies came from the
Super-Kamiokande (Super-K) and Sudbery Neutrino Observatory (SNO) experiments. In
1998, the Super-K collaboration published an analysis of the atmospheric neutrino flux for
both electron and muon flavors and found a directional asymmetry in the number of de-
tected atmospheric v, events, establishing a disappearance of muon neutrinos if they passed

through the earth before making their way to the detector [22].

6KamiokaNDE: Kamioka Nucleon Decay Experiment; SAGE: Soviet-American Gallium Experiment
(sometimes Russian-American Gallium Experiment); GALLEX: Gallium Experiment
"IMB: Irvine-Michigan-Brookhaven; NUSEX: Nucleon Stability Experiment
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Starting in 1999, the SNO collaboration investigated the solar neutrino problem and
found that the flux from the sun was consistent with predictions if all neutrino flavors were
taken into account [23]. SNO reported a measurement in 2002 of the relative rates of the
charged current (CC) and the neutral current (NC) reactions induced by the solar neutrinos

within their heavy water-based detector.

ve+d—=p+p+e (CO)
(2.3)

Ve +d—=p+n+uv, (NC)

Because only the v, component of the flux could participate in the CC reaction and all neu-
trino flavors (x = e, u, 7) could participate in the NC reaction, a simultaneous measurement
of the two reaction rates allowed a determination of the total solar neutrino flux and the
v, fraction. The results of Super-K and SNO collaborations offered compelling evidence, un-
der the assumption of neutrino flavor change taking place, and provided an elegant solution to
these neutrino anomalies. To add to their findings, the Kamioka Liquid Scintillator Antineu-
trino Detector (KamLAND) experiment measured the energy and distance dependency of all
neutrino flavors from various nuclear reactors [24]. The observations from these experiments
indicated that neutrinos possess mass, albeit very small, which leads to quantum mechanical
effects that facilitate flavor transitions due to the differing mass and flavor eigenstates. This
results in phenomena such as flavor oscillations, confirming that neutrinos do in fact undergo
oscillations and that these oscillations are responsible for the atmospheric neutrino deficit
and adiabatic conversions driven by Mikheyev-Smirnov-Wolfenstein (MSW) effect, causing
the solar neutrino deficit [25]. The 2002 Nobel Prize was awarded to Homestake’s Raymond
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Davis, Jr. and KamiokaNDE’s Masatoshi Koshiba for finding the deficits, while the 2015
Nobel Prize was awarded to the leaders from the Super-K and SNO experiments, Takaaki
Kajita and Arthur McDonald, for the solution to these deficits.

The scientific community has made significant progress in characterizing neutrinos, like
their spectra, quantum numbers, and other properties. From claiming that they would be
impossible to detect to using them to study the sun [26, [27] and probe supernovae [28],
neutrinos are promising in their potential to answer some of our most challenging questions,
such as why there is more matter than antimatter in the universe. However, neutrinos also
push us to rethink what we currently know. In fact, their very mass raises questions and
tensions about the Standard Model (SM), in which neutrinos are unable to obtain their mass
like other SM particles do. The remainder of this chapter provides a brief summary of our

current understanding of neutrinos, before we tackle the mysteries and challenges that lie

ahead.

2.1 Neutrinos in the Standard Model

The Standard Model (SM) describes the strong, electromagnetic, and weak interactions
between the fundamental particles of the universe in the framework of quantum field theory

(QFT). It is a gauge theory based on the local symmetry group

12



where the subscripts denote the color charge (C), weak isospin (L), and weak hypercharge
(Y) gauge fields. The theory is Lorentz-invariant and renormalizable, since its Lagrangian is
dimension four. The SM governs the behavior of eight massless gluons, corresponding to the
eight generators of SU(3)¢, and that mediate strong interactions; three massive (W= and Z
bosons) and one massless (the photon v) gauge bosons, corresponding to the three generators
of SU(2);, and one generator of U(1)y, and that mediate the electroweak interactions. In
addition to the bosons, the SM governs the behavior of the standard model fermions: six
quarks (u, d, ¢, s, t, b) divided into three generations, three families of charged leptons
(electron, muon, tau), their accompanying neutrinos (v., v,, v,), and their antiparticle
counterparts. Finally, the SM also includes the scalar Higgs boson, which gives the particles
(except, perhaps, for the neutrino; see later sections) their masses. Figure shows the
standard model particles, organized by generations and families. Table[2.1]shows the particles
and their quantum numbers.

The masses of fermions result from the interactions of the fermion fields with the Higgs
doublet. These are referred to as Yukawa interactions or couplings, named after Hideki
Yukawa who developed the theory. A fermion mass term must involve a coupling of left-
handed (LH) and right-handed (RH) fields, the strength of which depends on the Yukawa
coupling factors. Since all fermions are Weyl fermions, neutrinos can be included in the
SM via a LH doublet, which still maintains the renormalizability of the Lagrangian. This is
enough to describe the LH neutrino and RH antineutrino. The weak interaction only couples
to chirally left-handed particles whereas right-handed charged leptons can still couple to

13
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Table 2.1: A table of the Standard Model particles, with their representations in the
gauge groups SU(3)¢ and SU(2)r, and their respective weak hypercharge Yy and elec-
tric charge ). The top half of the table shows the quantum numbers for fermions and the
bottom half shows the quantum numbers for bosons. Here, the definition ) = T3+ %YW
is used. 14



Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(fermions) (bosons)
| ] ]
mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 =124.97 GeV/c2
charge = % %A % 0 0
spin | 1% u 1% C 1 t 1 g 0 H
up charm top gluon higgs
s | —
=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 0
¥ =i =% 0
down strange bottom photon
_d ﬁ
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =91.19 Gev/c2
-1 -1 -1 0
electron muon tau Z boson
—
<1.0 eVic2 <0.17 MeV/c2 <18.2 MeV/c2 =80.39 GeV/c2
0 0 0 +1
Ve Vu Vt s \M
electron muon tau
neutrino neutrino neutrino W boson
—

Figure 2.1: A periodic table of the Standard Model particles, highlighting the different
generations (or families) of fermions, the gauge bosons that mediate the strong, weak,
and electromagnetic interactions, and the Higgs boson that gives the W and Z bosons
their mass. Figure from Wikimedia Commons.

the electromagnetic force, so their inclusion in the SM gives rise to a Yukawa term in the

Lagrangianﬁ

—yProvr + h.c. (2.5)

»CYukawa =

that describes the interaction between LH and RH lepton fields v, and g with scalar field
¢ (Higgs field) in the SM. The mass terms for the leptons arise after spontaneous symmetry-

breaking. The absence of right-handed neutrino fields in the SM results in massless neutrinos,

8¢h.c.” stands for Hermitian conjugate.
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since there are no right-handed fields to complete this interaction for the neutrino. However,
we have seen thus far and have overwhelming evidence that this is not the case. We will
see in the next section (Section how neutrinos may obtain their mass. This discrepancy
tells us that the SM is incomplete and may be an effective theory of a more general theory

that includes gravity.

2.2 Neutrino Mass

In the current Standard Model, neutrinos are massless. However, for neutrinos to oscillate
and mix their flavors, they must have mass. Currently, there are a few mass models that give
different predictions of the neutrino mass, depending on the nature of the neutrino’s identity:.
If neutrinos are distinct from their antiparticle counterparts, then they are considered Dirac
fermions. But if the neutrino and its antineutrino partner can be described by the same
field, then they are Majorana fermions. As such, answering questions about the mass of a
neutrino means exploring the nature of the neutrino’s identity.

From cosmological observations, the sum of the three neutrino masses has an upper limit
of 0.17 eV, set with Planck data [29]. While neutrino mixing tells us the values of the mass
squared differences (see Section , we do not know the absolute scale of their masses.
Experiments currently looking to determine the absolute mass scale include KATRIN (Karl-
sruhe Tritium Neutrino) and Project 8. Both use tritium to try to determine the absolute

masses of neutrinos. In 2011, data from the Triotsk experiment was reanalyzed and set an
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upper bound of m(z,) ~ 2.05 eV [30]. KATRIN set limits on the effective electron neutrino
mass to m(v.) < 1.1 eV/c? at the 90% confidence interval [31] in 2019 and lowered this
limit to m(v.) < 0.7 eV/c? in 2022 [32]. Both experiments aim to improve this limit by one

(KATRIN) or two (Project 8) orders of magnitude.

2.2.1 Dirac Masses

The simplest way for neutrinos to obtain their masses is by coupling with the Higgs field
like the other massive standard model fermions. In this treatment, neutrinos are Dirac
fermions, named after Paul Dirac, who formulated the Dirac equation to describe spin—%
massive particles that are distinct from their antiparticles. In addition to the left-handed
neutrinos that we observe, there would be a right-handed counterpart with a left-handed
antineutrino. We can introduce right-handed Weyl spinors that behave as singlets and these

would couple to the Higgs via a term in the Lagrangian with a Yukawa coupling factor:
£Dirac = _yaiL_Laf{VRi + h.c. (26)

where y® represents the Yukawa coupling matrices, Ly is the left-handed Dirac doublet that
combines the Weyl spinors for left-handed charged leptons and left-handed neutrinos into
one object, H representing the Higgs field H via H = ioyH *. and vg; being the right-handed
neutrinos.

While the generation of the neutrino Dirac masses involves a straightforward and minimal

extension of the Standard Model, it might be considered theoretically unsatisfying due to
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the smallness of the neutrino masses, O(1 eV) at most, compared to the largeness of the
Higgs vacuum expectation value (vev), v &~ 246 GeV. Since the Dirac neutrino masses are
proportional to v via

my = y*v (2.7)
this implies that the coupling constants y; must be extremely small, O(10713). For com-

parison, the couplings are O(107% to 1072) for other charged leptons and O(107° to 1) for

quarks [33].

2.2.2 Majorana Masses

Another way to give neutrinos mass is to treat neutrinos as Majorana fermions, named after
Ettore Majoranaﬂ, who in 1937, came up with the formulation in which a neutrino gains
mass by coupling to its own charge conjugate. This means that the neutrino is its own
antiparticle and its mass is generated from the same field. Given a chirally left-handed field
U, its charge conjugate ¥ = —iy?WU% is a chirally right-handed field. The Lagrangian

generated from this field can then be written as

‘CMajorana = _WZ_M\IJ_L\IJC +h.c. (28)

Charge is not conserved in this treatment because the fields couple to their charge con-
jugates. Since neutrinos are chargeless, they are the only fermions that are allowed to be

Majorana. Another noteworthy feature of the Majorana mass term is that it violates lepton

9Majorana mysteriously disappeared in 1938 at the age of 31.
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Figure 2.2: Feynman diagrams comparing 2v3 decay (left) and Ovf3 decay (right). If
neutrinos are Majorana, the two neutrinos would annihilate each other and no neutrinos
would be observed. This process violates lepton number by two. Feynman diagrams
adapted from [40].

number symmetry by two. This makes neutrinos a possible candidate for generating the
matter-antimatter asymmetry in the Universe through leptogenesis [34].

One way to confirm if neutrinos are Majorana is to study reactions in which no neutrinos
are produced and lepton number is violated by two, also called neutrinoless double beta
(OvppB) decay (Figure depicts this). This nuclear process involves two neutrons trans-
forming into two protons and two electrons without the emission of any neutrinos since they
annihilate each other. Experiments searching for Ov3S decay include GERDA, EXO-200,
MAJORANA, SNO+ and KamLAND-Zen. Current limits on the half-life of Ov53 decay are

on the order of 77}, ~ 10 years [35-39).
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2.2.3 Other Neutrino Mass Models

While the above models view Dirac masses and Majorana masses as distinct possibilities,
both of these mechanisms can be present in the Lagrangian. Sterile right-handed neutrinos
would couple to active left-handed states through the Dirac mass, while coupling to their
self-conjugate via the Majorana mass. This introduces off-diagonal entries in the mass ma-
trix, which, when diagonalized, adds contributions that give a compelling explanation for
the discrepancy in the observed neutrino masses. This model is referred to as the seesaw
mechanism, as the right-handed Majorana particles would need to be heavy to compensate
for the lightness of the left-handed neutrinos, hence the name “seesaw”. The Lagrangian for

this looks like

af /\a,B 2
Ly = —mTMDLaVEﬁ +h.c; mﬁf = AU (2.9)

A represents a high energy scale where new physics responsible for the Majorana nature
of neutrinos to arise, similar to how the vacuum expectation value v is representative of the
electroweak energy scale. This seesaw mechanism is referred to as seesaw type-1. A variation
of the seesaw mechanism — called type-III seesaw — includes new right-handed neutrinos
being SU(2), triplets instead of singlets. After spontaneous symmetry breaking, this results

in a Majorana mass matrix giving mass to both types of neutrinos in the form of
C

1 0 mp vy
EM = —— (VL V]c%) (210)

2 T
mp MR VR
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The mass of the neutrino is then determined by
m, = —mpMz'mh, (2.11)

Other mass models include seesaw type-II, which involves adding a boson triplet for the
neutrinos to couple to that serves the same purpose as the Higgs. In this type, the boson
compensates for the lightness of the SM neutrinos instead of the right-handed heavy neutrino
as in type-II1. More details of the different seesaw mechanisms and other mass models can

be found in [41-44].

2.3 Neutrino Oscillation

It is difficult to talk about neutrino oscillations without talking about their masses, since the
existence of massive neutrinos (regardless of which mass model holds true) leads to neutrino
mixing. Oscillations were not new physics at the time the first neutrino was discovered. In
the quark sector, the unitary transformation between the weak eigenstates and the mass
eigenstates of quarks is described by the Cabbibo-Kobayashi-Maskawa (CKM) matrix, first
introduced by Nicola Cabbibo in 1963 and later extended by Makoto Kobayashi and Toshi-
hide Maskawa in 1973 [45]. The mismatch of the quantum states of quarks results in quarks
mixing and changing flavors when participating in weak interactions.

The equivalent to the CKM matrix for neutrinos is the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix, which describes the mixing of their mass and flavor eigenstates. The
PMNS matrix was first introduced in 1962 by Ziro Maki, Masami Nakagawa, and Shoichi
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Sakata to describe the neutrino oscillations predicted by Bruno Pontecorvo, who was aware
of the oscillations from K into its antiparticle K", Neutrinos oscillations are dependent
on neutrinos having two distinct eigenstates: in weak interactions, neutrinos interact via
their flavor eigenstates, while they propagate through space via their mass eigenstates due
to gravity. Each of the flavor states can be written as a weighted superposition of the three

mass states and vice versa
3
va) = > Uz |vi) (2.12)
i=1
i) = > Udilva) (2.13)

a=e, U, T

where v, is a flavor eigenstate, v; is a mass eigenstate, and U,; are elements of the PMNS
matrix.

In the three flavor case, the PMNS matrix is generally expressed as the product of three
rotation matrices, each parameterized by one of the mixing angles 0,5, 613, and 693, along

with a complex phase dcp. Noting that s;; = sin6;; and ¢;; = cos 05,

1 0 0 C13 0 5136_“5013 C12 S12 0
U= 0 Co3 S93 0 1 0 —S12 C12 0 (214)
0 —S8923 (o3 —Slgeiécp 0 C13 0 0 1

which when written out, becomes

C12C13 $12€13 s13e”ocr
- i i
U —812C23 — €12513523€"°°F  C1aC23 — 812813823€"°CF C13523 (2.15)
20, 20,
$12823 — €12813C23€"°“F  —(12893 — $12513C23€"°“F  C13Ca3
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The complex phase, dcp, takes on a value other than zero or 7 in the case that charge
conjugation and parity (CP) symmetry violation occurs in the neutrino sector, and generates
differences in oscillation probabilities for neutrinos and antineutrinos. Two additional phases

1 and 7, are added to the PMNS matrix via

1 0 0
Uu= 10 em/2 0 (2.16)
0 0 ein2/2

in the scenario that neutrinos are Majorana. These two phases can be rewritten into multi-
plicative factors and do not contribute to neutrino oscillations when calculating the oscillation
probabilities as they cancel out.

To see how mass is tied to oscillations, let us first calculate the oscillation probability.
Neutrinos propagate through space in their mass states as a result of interacting with gravi-
tational potentials. In vacuum, mass states are eigenstates of the Hamiltonian H, with their

time evolution and total energy described by the Schrodinger equation:

d

i () = H ()
= B |u(®)) (2.17)
= By e B u(h))

Using Egs. and we can rewrite the above equation as

a(t)) = Z U, em |y, (2.18)
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The probability of a neutrino with initial flavor o at time ¢ = 0 to be observed as a

neutrino with flavor g at a later time ¢ is given by
Pyasvy = |(vplva())?
3
Z U;iUlBie_ZEit
i=1

3
Py = Y UniUpiUp iUy P Pal!

ij=1

2

(2.19)

We can rewrite the exponent in Eq. using the notation Amfj =m? — mj2 and with

the following Taylor expansion approximation
E=+\/p?+m2~E + mi (2.20)
K] k2 2E

2 m?
B - B~ <E+;”E> - (Ej+ﬁ>

Am?j

since neutrinos are ultra-relativistic particles with negligible masses compared to their total

(2.21)

energies and momenta, so E = p. We can also assume that all mass eigenstates of the same
neutrino have the same total energy E; = E; = F, so that the energy terms cancel each other
out. In addition, we can also approximate ¢t &~ L in natural units due to the ultra-relativistic

nature of the neutrino. Now we can write the probability in Eq. as

AmZL
PVQHVB(L)—;UaiUﬂanjUBj exp (—z oo )
) AmZ L
Puvon(1) = bz =4 R Ul Uy) i (527 (2.22)
AmZ L
~ * * 2 2
+2;Jm(UmUﬁanJ’Uﬁj> cos < QEJ )
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where we have taken the real and imaginary components of the appropriate sums. In units
that are convenient for an experimental physicist, the mixing argument in Eq. can be

simplified to

Am?2.L AmZ.ct L L[km)]
i A 2 1 12 LM
( 5 ) = ( T he E) 1.27 Amg;[eV ]E[GeV] (2.23)

so that the oscillation probability takes on its more familiar form

L
P, -v,(L) = sin® 20 sin® (1.27 Amfjf) : (2.24)
A similar equation can be derived for antineutrinos. Since observations show that neutri-
nos oscillate, the mass term Amfj must be non-zero, confirming that neutrinos have masses
(at least two of them) and thus relating their masses to oscillations.

Using Eq. as a starting point, we can study neutrino oscillations and determine the

mass squared differences and mixing angle parameters. In general, once we know the energy

2
YR

of the neutrino beam E and design a baseline with known length L, we can determine Am
0;;, and 0cp. Current experiments studying CP violation and neutrino oscillations include
the Deep Underground Neutrino Experiment (DUNE) and NuMI Off-axis v, Appearance

(NOvA).

2.3.1 Matter Effects on Neutrino Oscillation

The probability calculations made in the previous section are for neutrino oscillations in
vacuum. When neutrinos travel through matter, there are several important effects that
affect the oscillation probability. In general, matter presents itself as an effective potential
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for propagating neutrinos. In addition, the Hamiltonian is not the same in matter as it is
in vacuum. The Hamiltonian in matter includes an additional potential caused by coherent
forward elastic scattering with surrounding particles and dependent on the density of the ma-
terial constituents such as electrons, protons, and neutrons. Because of this, neutrinos have
a different set of mass eigenstates, while keeping the same flavor eigenstates (cf. Eq .
This results in new mixing angles. The modified mixing angles results in a modification of
the probability of flavor change, also known as the Mikheyev-Smirnov-Wolfenstein (MSW)
effect. In high density materials, like the core of the sun, mixing is almost completely sup-
pressed because the mixing angles are modified in such a way that interference between
the different mass eigenstates does not take place. The MSW effect is seen especially for
electron neutrinos, since regular matter contains electrons. Muon and tau neutrinos have
less channels of interaction, so their oscillation probabilities are unaffected when traveling
through matter. The MSW effect allowed the determination of the sign of Am2,, which is

o . . 2 2
positive, meaning mj > mj.

2.3.2 Mass Ordering

As shown in Eq. [2.22] the oscillation probability depends on the non-zero Am?j terms. In
the standard three neutrino flavor framework, only two of these are independent. While we
have set some limits on these squared differences, we have yet to determine the absolute

ordering of my, ms, and mg, in other words, the signs of the mass differences. From solar
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Figure 2.3: A pictorial representation of the normal and inverted mass orderings. The
colors represent the flavor composition of each mass eigenstate. The subscripts for Am?

terms indicate the type of neutrino experiments that are able to determine the mass

squared differences. Note that Am?2, is equivalent to Am?, and Am?,  to Am2,. Figure

from [46].

neutrino experiments, we have determined the sign of Am?, due to the MSW effect, which
sets my to be heavier than m;. However, we do not know the sign of Am3,, which can be
determined from atmospheric neutrinos and currently gives us two possible mass orderings.
The scenario where ms > my is referred to as the normal mass ordering, while ms > mg is
referred to as the inverted mass ordering. See Figure for a depiction of the mass ordering.

Identifying the correct mass ordering is one of the important goals in neutrino physics.
Knowing the sign of Am3, will determine the total sum of all three neutrinos. It is also

important in CP violation searches, as the sign will affect the expected signal. Experiments
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such as TQKETI and NOvA are trying to determine the correct mass ordering. At the time
this writing, the latest fits to existing data lean towards the normal ordering, although there
is a small tension between the NOvA dataset and the combination of T2K and reactor data.

The significance is not enough to fully exclude the inverted mass ordering [47-49).

2.4 Neutrino Interactions with Matter

Despite their elusiveness, neutrinos can be detected. As we’ve seen earlier in this chapter,
neutrinos interact with matter through the weak and gravitational forces, the latter of which
is negligible in typical experimental situations. Because we can usually ignore interactions
through gravity, neutrino interactions can be described with two categories: charged current
and neutral current. We detect neutrinos from the byproducts of these in weak interactions.
In charged current (CC) interactions, a neutrino exchanges a W boson (either W or W™)
with another particle and is transformed into the charged lepton of the same flavor, e.g., v,
becomes e~ and v, becomes . In neutral current (NC) interactions, a neutrino exchanges
a Z° boson with another particle, recoils, and emerges with its flavor unchanged. Figure
depicts these CC and NC processes in Feynman diagrams. Derivations of the aforementioned
exchange currents terms in the Lagrangian can be found in [§].

Across the energy spectrum low, medium, and high energy scales, CC and NC interactions

can be further described as such interactions as

10T9K: Tokai to Kamioka
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Figure 2.4: For both types of scattering: the left Feynman diagram is a charged current
interaction in which a W*/~ boson is exchanged, and the right is a neutral current
interaction in which a Z° boson is exchanged. The « subscript can be any of the three
neutrino flavors.

e Quasi-Elastic (QE) Scattering: at low (~10s of MeV) to medium (~1 GeV) neu-

trino energies, the simplest hadronic interaction in which a charged weak interaction

causes a transition in weak isospin space of the nucleon;

e Resonant Pion Production (RES): above ~0.5 GeV, neutrinos can induce the

production of mesons, often pions, when interacting with a nucleus; and

e Deep Inelastic Scattering (DIS): starting around 2 GeV, the neutrino is increas-
ingly able to interact with the quark substructure of the nucleon and generate hadronic

cascades.

Referring to Figure , the Accelerator Neutrino Neutron Interaction Experiment (AN-
NIE) is mainly concerned with QE and resonant interactions, since the Booster Neutrino
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Figure 2.5: The famous plot of neutrino cross section as a function of energy. Quasi-
elastic interactions dominate in the low to medium energy range. At medium energies,
resonant processes turn on and contribute a significant portion of events. At higher
energies, deep inelastic scattering is the main interaction. Figure from .

Beam (BNB) that the detector sits on is peaked at an energy of ~700 MeV. In the medium-
energy regime, O(1 GeV), the interaction length is hadronic (~1 fm), so nuclear effects be-
come important. These are the interactions of great interest to atmospheric and accelerator-
based neutrino oscillation experiments due to the medium energies of atmospheric and ac-
celerator neutrinos [51].

The rate at which an interaction is expected to occur is the cross section. With neutrinos,
their interaction cross sections are quite small and make them difficult to detect. Almost

all the major questions in physics involve counting the number of interactions. Thus, it is
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crucial that we have a good handle of cross sections, which is a function of the neutrino
energy, as depicted in Figure Early cross section measurements were done with light
nuclei bubble chambers, which had low statistics but minimal nuclear effects, both of which
are due to the low A of the nuclei. However, in recent years, neutrino experiments have
moved towards larger detectors with heavier nuclei, like argon and oxygen. Oxygen is the

main nuclear target in water Cherenkov detectors, yet it has few cross section measurements.

2.4.1 Neutrino-Nucleus Interaction Models

A particular type of interaction that is of interest is charged-current quasi-elastic (CCQE)

scattering. A few examples are

Vp+n—pu +p
(2.25)
Vut+p—pt+n
which have the largest cross sections at ~1 GeV (Figure , and are important for neutrino
oscillation experiments that operate in this energy range. CCQE interactions are important
because they allows us to estimate the neutrino energy and momentum transfer of the in-
teraction from simple kinematics of the detected lepton. As mentioned previously, many
neutrino parameters depend on a precise understanding of interaction cross sections, which
in turn depend on the neutrino energy.

The simplest description of neutrino-nuclear scattering is built upon two ingredients: a

characterization of neutrino-nucleon scattering and a model for nucleons in the nucleus.

31



For quasi-elastic scattering in charged current neutrino interactions, the former is well-
established, while the latter has been the subject of much theoretical and experimental
work in the context of lepton scattering over the past 40 years [51]. In the simplest and most
common scenario, neutrino-nucleus scattering is treated as the incoherent sum of scattering
from free nucleons, that is, we treat the interaction of the neutrino with just one nucleon
with no further effects from traveling through the nucleus. This is the so-called impulse ap-
proximation approach. In reality, as we will see, the nucleons are not independent particles,
and as a result, more complex nuclear dynamics are involved.

To understand the impulse approximation model, we can look at the case of an electron
scattering elastically off a free nucleon. The amplitude for this scenario can be written as

2
€” _ .
M = ?ue(k’)fy“ue(k)ju (2.26)

where e = v/27a, o being the fine-structure constant; wu.(k) and (k') represent the
initial and final states of the electron; and j, is the hadronic vector current. The hadronic
vector current captures the underlying nucleon structure and is written in terms of the well-
known Dirac and Pauli nucleon-vector form factors, Fi(q) and Fy(q), which are functions
of a single variable, the magnitude of the three-momentum transfer, q. Conserved vector
current (CVC) and isospin conservation allow QE electron scattering (QEES) to establish
the vector current contributions of both charged and neutral current scattering of neutrinos.

In analyzing electron scattering, it is useful to separate the scattering yields into longitu-

dinal and transverse contributions. The longitudinal contribution originates from scattering,
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in which the polarization of the virtual photon is along the direction of momentum transfer
(Coulomb scattering), whereas for transverse scattering, it is perpendicular to the momentum

transfer. The differential cross section for electron-nucleon scattering is

do E' [G3(Q%) + 7G3,(Q%)
= OMott 7~
dQe E() 1+7

+ 27G5,(Q*)tan? (g)} (2.27)
At medium energies, the transverse response dominates, particularly at large scattering
angles.

For neutrinos scattering off nucleons, an axial current enters the picture. The total
nucleon current coupling to the charged weak leptonic current is an isovector one-body
nucleon current with both vector and axial-vector components: j#(Q?) = j#(Q?%) + j4(Q?).

The full nucleon weak current was written down by Llewellyn-Smith [52], but it is sufficient

to write the axial current of the nucleon as
. _ 1
Q) = 1) (Ga(@* + 51 Gr(@)e ) Puly 229

where the induced psuedoscalar form factor Gp(Q?) = 4m3.Ga/(m2 + Q?) is determined
by partially conserved axial current (PCAC) and the axial-vector form factor G 4(Q?) is
established from experiment.

Finally, the differential cross section for neutrino QE scattering off free nucleons can be

expressed as

do :G%MQCOSQQC :F(s—u)B+(s—u
402 St M2 M

Yo (2.29)
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The (—)+ refers to (anti)neutrino scattering, (s —u) = 4M E, —Q* —m?, and m is the lepton
mass. A, B, and C are functions of the Q?-dependent vector, axial-vector, and pseudoscalar
form factors.

For neutrino-nuclear scattering models, the vector form factors were modeled after elec-
tron scattering and small contributions from the pseudoscalar form factor for v, scattering.
Thus, early studies of neutrino QE scattering focused on investigating the axial-vector form
factor of the nucleon. Spectral functions are needed to account for the overlap between
wavefunctions of the nuclear ground state and all other possible final states associated with
the observed interaction. The simplest is the Fermi Gas model initially used by Smith and
Moniz [53]. This model assumes a uniform distribution of nucleon momenta up to the Fermi
surface.

Early experiments involving spark chambers and bubble chambers provided the first event
samples of neutrino QE scattering. The primary aim of these experiments was to measure
free nucleon form factors. By 1990s, scientists concluded that neutrino QE cross sections
could be accurately and consistently described by V-A theory, assuming dipole axial vector
form. The axial mass M, values determined from these experiments were on the higher end
than what was predicted with the impulse approximation model.

As neutrino experiments moved to targets with higher A values, discrepancies popped up
between prediction and experiment that pushed the neutrino physics community to revisit
the model describing neutrino QE scattering interactions. For example, the MiniBooNE
experiment made the first differential cross section measurement for QE scattering on carbon-
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12 and observed a value ~45% higher than the cross section predicted based on the impulse
approximation approach [54, [55]. These discrepancies can also lead to impacts on neutrino
energy reconstruction [56]. Attempts to reconcile theory and experiment include introducing
a scaling factor, y. Other models tried to incorporate nuclear effects such as short-range
correlations (SRCs). With these new considerations, we must also consider how a QE event
is defined for an experiment. The extent to which event selection criteria are inclusive
affects the sample of true QE events, and thus the calculation of cross sections and energies.
Overall, it is clear that our understanding of nuclear effects in neutrino-nucleus interactions

falls short.

2.4.2 Nuclear Effects on Neutrino-Nucleus Interactions

While QE electron scattering is a good model to start with in describing neutrino QE scat-
tering off nuclei, there are some shortcomings. First, in electron scattering experiments, the
electron beam flux and energies are known to a very high accuracy and precision. Mean-
while, neutrino fluxes and energies are not very well-characterized and contribute to errors
in cross sections upwards of 20% and by factors greater than two. Second, while role of
nuclear effects in electron scattering were known, they were not considered when describing

neutrino QE scattering. Some nuclear effects are described in the following sections.
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2.4.2.1 Multi-Nucleon Correlations

The impulse approximation model treats the nucleus as a sum of single nucleons that act
independently of each other. However, that is not what’s really happening here. Nucleons can
exert short-range forces on each other (short-range correlations) and this is not accounted
for in the average potential used to describe the nucleus. When two nucleons are close
to each other (r;; < 1.5f), the strong short range forces greatly increase their relative
momentum, propelling the nucleons far off-shell. These SRCs produces 2p-2h (2-particle-2-
hole) fluctuations in Fermi momentum distribution and causes individual particle momenta
involved in fluctuation to acquire momentum well above Fermi momentum and impacting
the total cross section. Thus, SRCs and meson exchange must be taken into consideration
when attempting to make a realistic calculation of neutrino CCQE.

Nucleons can also experience long-range correlations (LRCs). LRCs occur when strong
interactions between nucleons generate a polarization of the nuclear medium which mod-
ifies the weak charge of nucleons relative to those in vacuum [57]. Short and long range

correlations are taken into account in Benhar’s spectral function.

2.4.2.2 Final State Interactions

In addition to mutli-nucleon correlations, Final State Interactions (FSI) also contribute to
the higher neutrino CCQE cross sections. The definition of FSIs can be a bit arbitrary,

but in general, they are the subsequent strong interactions, that follow a neutrino-nucleus
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interaction, between the product of the electroweak vertex and the other nucleons in the
nucleus. As some examples, the outgoing nucleon can knock out additional nucleons on its
way out, charge exchange interactions can take place, pion rescattering, and so on. At the
moment, there is little experimental work done in the study of FSIs.

All in all, it is important to model these nuclear effects accurately, since it impacts the
number of signal and background events, the observed final state particles, and neutrino
energy inferred. Events with FSIs can mimic CCQE signals, which affect the determination
of the incident neutrino energy as it relies on using a simple kinematic model. Thus, it is
critical that we study these effects to improve models implemented in event generators and
get a better handle on systematic uncertainties needed for the next generation of neutrino

experiments.

2.4.3 Towards a Neutron Multiplicity Measurement

Now that we have a sense of the challenges that exist in studying neutrino-nucleus inter-
actions, it is clear how important it is to improve interaction cross section measurements.
Experiments like T2K and DUNE that are attempting to measure the CP violating phase
rely on precise cross section measurements, as most of the uncertainty stems from them.
As we will see in the following chapters, ANNIE attempts to make sense of the nuclear ef-
fects that take place in neutrino-nucleus interactions by measuring the neutron multiplicity

(or neutron yield), since neutrons hint at inelastic interactions. This is why it’s important
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that ANNIE makes a measurement of neutron multiplicity to characterize how much energy

neutrons take away and improve accuracy in event reconstruction.

2.5 Open Questions and Current Parameters

While much has been learned about neutrinos over the past few decades, there are still
mysteries that puzzle us. This section will review the current values of the relevant neutrino

parameters and give a brief overview of some of the questions we are trying to answer.

2.5.1 Current Parameter Values

Table shows the most current values at the time of this writing for the neutrino param-

eters, both under the normal mass ordering and inverted mass ordering.

| Parameter | Normal Ordering (best fit) | Inverted Ordering (Ax* =4.14) |

sin? 01 030470018 0.304%0.015
O ] 33.55 078 33.45707
sinZ Oys 0.570 0018 0.575" 0051
02 ] 49.071T 49.3%15
sinZ 0,5 0.02221 000068 0.0224070:0000
013 [ 8577013 8.617015
Scp [°] 195751 28635
Am2,[10 5V 7.427021 7.42702
AmZ,[10-%]eV7] 251410078 —2497705%8

Table 2.2: Current values of neutrino oscillation parameters with errors for both the
normal (NO) and inverted (I0O) mass orderings [58]. For Am2, [ =1 for NH and [ = 2
for TH.
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2.5.2 Sterile Neutrinos

Up until now, the above discussions of neutrinos have mainly involved three active neutrino
generations. This number has been confirmed and is strongly constrained by studies of the
decay width of the Z° gauge boson via electron-position collisions [18, 19, 59]. However, the
mass of the Z° provides an upper bound for this number, as it was the limit of the beam
energy, and there is a possibility that additional neutrinos exist. Additional neutrinos could
be heavy, or light but sterile, meaning they would not participate in weak interactions and so
would not appear in gauge boson decay. However, they could exist through oscillations. One
motivation for the existence of at least a fourth neutrino comes from the Liquid Scintillator
Neutrino Detector (LSND) [60] anomaly. The experiment showed an excess of 7, — 7, oscil-
lations compared to what was expected from three-flavor predictions [61]. The MiniBooNE
experiment confirmed the LSND results with reports of their own excess of v, [55]. Efforts
to address anomalies include the Short-Baseline Neutrino Program (SBN) at Fermilab and
PROSPECT at Oak Ridge National Laboratory (ORNL). If confirmed, anomalies may signal
the existence of a fourth sterile neutrino which does not participate in weak interactions.
The existence of additional sterile neutrinos would mean expanding the PMNS matrix

from a 3 x 3 matrix into a unitary N x N matrix, with (N — 3) sterile neutrinos. This new
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matrix would look like

Uel UeQ UeS Uen
U,ul U,u? UM3 Uﬁm
U= Uy U, Us ... Un (2.30)
U3N731 U5N732 USN—33 s USNfsTL

The original PMNS matrix in the upper left corner would no longer be unitary on its own,
and the oscillation probabilities from Eq.[2.19|would include additional terms that may affect
active-active flavor transitions along with active-sterile and sterile-active flavor transitions.
Current data significantly restrict sterile neutrino contributions, so searches for sterile neu-
trinos are mainly conducted in short baseline experiments, before active flavor transitions

have a higher chance of occurring.

2.5.3 CP Violation and Matter-Antimatter Asymmetry

Andrei Sakharov proposed that CP violation is necessary to explain the observed imbalance
of matter and antimatter [62]. Because the extent of CP violation in the quark sector is not
enough to explain the observed asymmetry, we must look to the lepton sector, specifically the
neutrino sector. As seen in the PMNS matrix in Eq. the complex phase dcp quantifies
the extent of CP violation in neutrinos. The magnitude of CP violation is proportional to

the Jarlskog invariant
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1
Jopy = gcos 013 sin(26y3) sin(2603) sindcp (2.31)

which is equal to 0.33 sin dcp with current oscillation parameter values. It has the poten-
tial to be three orders of magnitude larger than its value in the quark sector. CP violation
can be measured in muon neutrino to electron neutrino oscillations and the corresponding
antineutrino oscillations. Experiments such as T2K and NOvA are studying these oscilla-

tions using accelerator-produced neutrino beams and the long-baseline. Current limits on

the CP phase are given in Table 2.2]

2.5.4 Diffuse Supernova Neutrino Background

One of the most efficient sources of neutrinos are core-collapsed supernovae [63, [64]. On
average, a single collapse happens every second in the observable universe and produces 10°®
neutrinos with O(MeV) energies. Combined with the fact that neutrinos rarely interact, it is
reasonable to expect that there is a steady flux of neutrinos and antineutrinos that contain
information about the history of supernovae. This flux is known as the Diffuse Supernova
Neutrino Background (DSNB).

Current searches for the DSNB are constrained by background noise so only upper limits
can be made. At the time of this writing, KamLAND has placed a limit of 98.1 cm™2s~'MeV 2
for antineutrino flux in the 8.3-13.3 MeV energy range. In 2006, SNO placed an upper limit

on the electron antineutrino flux of 2.7ecm=2s! for the neutrino energies between 22.9 and
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36.9 MeV.
Similar to the Cosmic Microwave Background (CMB), we expect a low energy neutrino
background of 10* to 1076 eV called the Cosmic Neutrino Background (CNB). These are

also called relic neutrinos.
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Chapter 3

ANNIE

With the advent of neutrino beams and photodetection technologies, neutrino detectors fall
into a few categories including liquid argon time projection chambers (LArTPCs), liquid
scintillator (LS), and water Cherenkov (WC) detectors. In LArTPCs, like MicroBooNE
and DUNE, a neutrino interaction with an argon nucleus produces a lepton that ionizes
the liquid argon as it travels through the rest of the TPC. The resulting charge is collected
onto wire planes and the event topology can be reconstructed from the time and position
information. In liquid scintillator detectors, such as KamLAND, Daya Bay, and J UN, the
daughter particles deposit their energy in the scintillator, creating flashes of light that can be
detected. In water Cherenkov detectors, like SNO and Super-K, the traveling lepton produces
Cherenkov radiation, which is collected with photodetectors such as photomultiplier tubes

(PMTs). For all detector types, large quantities of the target medium are used so that there

LJUNO: Jiangmen Underground Neutrino Observatory
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is a sufficient number of nuclear targets for neutrinos to interact with. Coupled with neutrino
beam, a significant number of neutrino interaction events can be collected. We focus on the
water Cherenkov detector, which has the following main advantages: (1) the relatively cheap
cost of water, (2) the environmental safety of water, (3) the fast timing of the signal, (4) the
ability to load neutron absorbers, and (5) the lack of natural radioisotopes.

The Accelerator Neutrino Neutron Interaction Experiment (ANNIE) is a water Cherenkov
neutrino detector located on-axis in the Booster Neutrino Beam (BNB) at Fermi National
Accelerator Laboratory (FNAL or Fermilab, for short). ANNIE has grown from a small
experiment to a collaboration between 19 institutions and two national labs across five
countries. The experiment is designed to measure the final state neutron multiplicity of
neutrino-nucleus interactions, determine the charged current inclusive cross section on wa-
ter, and serve as a testbed for new technologies. This chapter details the detector and the

physics goals of ANNIE.

3.1 ANNIE Phasel

ANNIE is divided into several phases that mark different experimental geometries and mea-
surement goals. The first phase of ANNIE demonstrated the feasibility of the experimental
concept. The main goal was to assess the level of background neutrons and decide whether
the experiment could move forward. The Phase I detector consisted of a cylindrical tank

lined with white PVC, a front veto of scintillator paddles (Section [3.2.5), and a partially
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Figure 3.1: The Neutron Capture Volume (NCV) is an acrylic vessel filled with EJ-335,
a mixture of liquid scintillator and gadolinium. A PMT coupled to the NCV is wrapped
in black to prevent light generated in the tank from triggering the data acquisition
system. The array of PMTs at the bottom of the Phase I detector can be seen facing
upward in this image.

instrumented Muon Range Detector (Section. At the bottom of the tank sat an array
of 58 Hamamatsu R5912 photomultiplier tubes with 8-inch diameters. Above the tank lid
was a set of six plastic scintillator paddles, each coupled to a 2-inch PMT via a light guide
and secured to a metal frame. The front veto, MRD, and the top scintillator paddles were
used to tag muons.

A large 50 cm x 50 cm acrylic cylinder filled with EJ-335, a 0.25% by weight gadolinium-
loaded liquid scintillator from Eljen Technology, was deployed into the water-filled tank

to measure the rate of beam-correlated background neutrons (see Figure [3.1)). Sources of
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background neutrons include:

e sky-shine neutrons: neutrons that make their way out of the beam line and undergo

scattering and enter the detector from above, and
e dirt neutrons: neutrons that are produced in the dirt.

Although not shown in Figure this Neutron Capture Volume (NCV) was wrapped in
layers of reflective material to maximize light collection and an outer layer of black plastic
to optically isolate it from the rest of the tank. Two 3-inch PMTs were coupled to the NCV
to trigger on scintillation light and initiate data acquisition.

The NCV was moved to different locations in the tank as indicated by the blue and red
markers in Figure [3.2] After a neutron gets captured by gadolinium (Gd) in the NCV, the
de-excitation photons emitted from Gd are amplified by the liquid scintillator, resulting in
thousands of photons that make their way to the NCV PMTs. Their waveforms are recorded
along with any activity in the tank following a beam trigger. In addition to the physics data
runs, calibration runs of the NCV were carried out with a Cf-252 source. More details about
the Phase I experimental setup, calibration, and data analysis can be found in [65].

Referring to Figure [3.2] we can see that an active fiducial volume placed lower in the tank
(indicated by the blue curve) and bit upstream of the tank center (indicated by the red curve)
sees very few background neutrons. The average beam-induced background neutron flux in
this volume measures less than 0.02 neutrons/beam-spill/m? [65]. The level of background
neutrons was deemed sufficiently low to move forward with a full ANNIE detector. Since the
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Figure 3.2: The NCV was deployed at various locations in the ANNIE Phase I detector.
These background measurements show that background neutron rates are sufficiently
low in a fiducial volume located in a central location slightly upstream of the tank center,
indicated by the purple circle in the diagram above. Figure from .

Phase II installation, modifications to the area surrounding the experimental hall prompted
an updated analysis of the beam-correlated neutron background. These changes include
a large mound of dirt, called a berm, placed upstream of the ANNIE detector and a new
experimental hall (SBND) built downstream. An updated analysis is ongoing at the time of

writing this thesis.
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Figure 3.3: ANNIE Phase II detector diagram. The tank is 3-m in diameter and 4-m
tall, with PMTs and LAPPDs lining its walls. The Front Muon Veto and Muon Range
Detector sit upstream and downstream of the tank, respectively. The readout electronics
and power supplies are located on the level above the detector. In this diagram, the
direction of the beam is from left to right. Figure from .

3.2 ANNIE Phase II Detector

The second phase involved fully commissioning the ANNIE detector. Referring to Figure|3.3

the main subsystems of the Phase II detector are the

e 0.1% gadolinium-doped water target: active medium consisting of deionized water
loaded with 0.1% gadolinium by mass, giving the target an enhanced sensitivity to

neutrons;
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e 132 photomultiplier tubes: conventional photomultipliers of various models and

sizes used to detect Cherenkov radiation for energy and vertex reconstruction;

e 5 Large Area Picosecond Photodetectors: novel photodetectors with picosecond

timing and sub-centimeter spatial resolution for improved vertex reconstruction;

e steel cylindrical tank and inner structure: encapsulates the water and holds

photodetectors;

e water filtration/purification system: network of pumps, pipes, tubes, filters,

lamps, and ion exchange resins that clean and recirculate the water;

e Front Muon Veto: two layers of scintillator paddles for tagging charged particles

created upstream of the detector;

e Muon Range Detector: iron-scintillator sandwich used to tag downstream muons

and reconstruct their tracks;

e and electronics rack: system of high voltage power supplies, digitization and readout

modules, and circuit boards that power the detector subsystems and take data.

The Fermilab Booster Neutrino Beam encounters the Front Muon Veto, the water tank,
and Muon Range Detector in the order listed. A detailed paper describing the ANNIE Phase

IT detector is in the process for publication [67].
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Figure 3.4: LEFT: Fishbowl perspective of the inner structure, wrapped in tape made of
polytetrafluoroethylene (PTFE). RIGHT: 3D model of the inner structure. The different

colors indicate different PMT types. Unistrut rails between two panels are used for
LAPPD deployment.

3.2.1 Detector Tank

One of the main components of the Phase II detector is a 3-m (10-ft) diameter, 4-m (13-ft)
tall right cylindrical tank constructed from 7-gauge (4.5 mm) steel, which was also used in
Phase I. To prevent the formation of and contamination by rust, the inside and outside of
the tank are coated with epoxy and several layers of plastic separate the water target and
the steel walls of the tank. The first two layers are 6 mil polyethylene plus a 30 mil sheet

at the bottom to shield the main layer from rough areas of the tank. The main layer is a
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Figure 3.5: Sections of a rectangular steel pipe soaking in 1% gadolinium-loaded water.
The right pipe is wrapped in teflon tape. It is clear that any presence of rust will quickly
degrade the water transparency, so precautions must be taken to reduce the risk of rust
contamination.

40 mil white PVC liner manufactured by Kentain [68]. The presence of rust would quickly
degrade the water transparency so it is crucial that the water target does not make contact
with the steel tank. Figure compares sections of steel pipe with and without a teﬂonﬂ
tape wrap as a precautionary measure.

Within the liner is an octagonal stainless steel inner structure designed to hold 132 PMT's
and approximately 40 LAPPDs. PMTs are mounted on one of the eight side panels, while
LAPPDs are deployed along Unistrut rails that are installed where two panels meet. See
Figure[3.4]for a photo and 3D representation of the inner structure. While the inner structure

is made of stainless steel, the welding required to put it together compromises its resistance

2Teflon is a common brand name for polytetrafluoroethylene (PTFE)-based materials.
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Figure 3.6: The inner structure is lowered into the experimental hall while photo shoots
among collaborators take place. Plastic sheets protect the inner structure against dust
during transport. The SBND (Short-Baseline Near Detector, as part of the Short-
Baseline Neutrino Program) experimental hall is the large building to the right.

to corrosion and rust. To restore the protective passive layer, the entire inner structure
was electropolished by Dr. Emrah Tiraﬂ and me. This electochemical finishing process
removes a thin layer of the metal with a mild acid and electrical current to repassivate its
surface. As an additional preventative measure, the inner structure is wrapped with 2-inch
wide PTFE tape secured with metal zip ties to slow down the rust process and leaching of
contaminants. Black low-density polyethlyene (LDPE) plastic sheets are wrapped around
the inner structure to optically isolate the encapsulated volume. The tank lid and inner

structure are seen being lowered into the hall in Figure |3.6|

3Erciyes Universitesi
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Figure 3.7: A view of the tank lid from the top level of ANNIE Hall. The five green
circles indicate the locations of the ports used for source deployment. The central port

is part of the larger removable hatch. The red rectangle highlights one of the eight “mail
slots” used for LAPPD deployment.

The tank lid is welded to the top of the inner structure to form a single unit. The lid
has several circular and rectangular ports, with a large removable hatch in the center (cf.
Figure . The small circular ports permit the easy deployment and removal of calibration
sources at different locations within the tank. The central hatch was designed for larger
apparatuses, like the NCV of Phase I. Four PMTs are secured to the hatch, as seen in
Figure |3.4) and thus, are removable. The rectangular ports, referred to as “mail slots”, are
where LAPPDs will be deployed in situ so that commissioning of the rest of the detector

can be completed in parallel with the development and testing of the LAPPD systems.
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3.2.2 0.1% Gadolinium Water Target

The detector tank is filled with 26 tons of 0.1% by mass of gadolinium-loaded water. Because
one of ANNIE’s physics goals is to measure the rate of neutron production from neutrino
interactions in the tank, gadolinium (Gd) was added to the water due to its high average
neutron capture cross section of about 49,000 barns (b), compared to hydrogen’s 0.33 b and
oxygen’s 0.19 mb [69]. Natural gadolinium consists of 15.7% Gd-155 and 14.5% Gd-157,
which have capture cross sections of 61,000 b and 254,000 b, respectively. With such high
cross sections, the addition of just 0.1% natural Gd by weight results in 90% of neutron
captures happening on Gd, with the remaining 10% on hydrogen [70]. The time to capture
is also reduced to ~30 us compared to ~200 ps in pure water [71]. Any more Gd would
significantly reduce the capture time constant, making it difficult to distinguish neutron
captures from muons traversing through the detector.

Another benefit of gadolinium for neutron detection is the increase of visible energy in
its de-excitation gammas. Following a neutron capture by Gd-155 and Gd-157, the isotopes
decay through a cascade of energy levels, emitting a total of 8 MeV in energy shared among
3-4 gammad!| [70]. This unique signal is much more discernible than the 2 MeV gammas that
hydrogen emits.

Other experiments that have used gadolinium-doped water as their neutron-tagging

4The peak energy is 5 MeV and ranges from 3-8 MeV as the Compton-scattered electrons eventually go
below the Cherenkov threshold for detection.
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medium include WATCHBOYJ| [72] and GADZOOKSI| [70]. At the time of this writing,
the Super-Kamiokande experiment is beginning its Gd phase, Super-K-Gd (SK-Gd). While
WATCHBOY uses GdCl; as its source of Gd, GADZOOKS! and ANNIE use Gdy(SOy4)3 due
to the less reactive nature of SO3~ ions. The first milestone of the GADZOOKS! project is

the EGADY| demonstrator [73].

3.2.2.1 Cherenkov Radiation

While gadolinium is an important component, the majority of the target is pure, deionized
water. When light travels through a dielectric medium such as water, its speed is reduced
to ¢ = ¢/n, where c is the speed of light in vacuum and n is the index of refraction of the
medium and n > 1. When this happens, it is then possible for energetic, charged particles
to travel faster than light in the same medium, much like a sonic boom.

A charged particle with sufficient energy traveling at a velocity § > 1/n through water
leaves a trail of polarized molecules. Photons carry away the excess energy as the molecules
relax, creating the phenomenon known as Cherenkov radiation, which can be detected in
transparent media. The photons constructively interfere, producing a wavefront that defines

a cone with an opening angle that satisfies

1
nf
5A 2-ton prototype for WATCHMAN (WATer CHerenkov Monitor for AntiNeutrinos).

6Gadolinium Antineutrino Detector Zealously Outperforming Old Kamiokande, Super!
"Evaluating Gadolinium’s Action on Detector Systems

cos b =
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Medium  Index of Refraction (n) Cherenkov Angle (6¢)

Air 1 < 1.4°
Water 1.33 42°
Mineral Oil 1.47 47°
Diamond 2.42 63°

Table 3.1: Examples of media of different refractive indices n and Cherenkov angles 6¢.

For ultra-relativistic particles with § ~ 1 traveling through water (n = 1.33), the Cherenkov
angle is constant and has the maximum value of 42°. Table |3.1|lists examples of other media
used in physics.

The number of Cherenkov photons per unit distance traveled per wavelength emitted by

a particle with charge Ze can be described by the Frank-Tamm formulaﬂ

’N  2raZ? 1 21z’
N _ 2ma ( ) = T2 G0, (3.2)

ded) — N2 - 2n2(\) A2
where « is the fine structure constant. The 572 dependence indicates that the rate of photon
emission is weakly dependent on the particle’s energy, so the number of photons emitted per
unit distance is roughly constant. The A~? dependence results in a greater intensity at

I

shorter wavelengths, hence why the “blue glow” is often seen in nuclear reactor cores (cf.

Figure [3.8)).
For an ultra-relativistic particle of unit charge, the average number of photons emitted

per cm is ~390 in the wavelength region of 300-700 nm. Thus, it is important that we keep

8Named after physicists Ilya Frank and Igor Tamm, who developed the theory in 1937 and won the 1958
Nobel Prize for their work.
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Figure 3.8: The blue glow of Cherenkov radiation can be seen in the core of a nuclear
reactor. This is a consequence of the phenomenon’s A~2 dependence, resulting in higher
intensities of light at shorter wavelengths.

the transparency of the water target in this wavelength region as high as possible so that we

can collect as much light as possible.

3.2.2.2 Material Compatibility

Maintaining high transparency of the water target is important if we want to detect as
many Cherenkov photons as possible for accurate event reconstruction. Materials can break
down or leach contaminants when submerged in solution, decreasing target transparency.
As such, all materials are soaked in a 1% gadolinium (III) sulfate solution and must meet

compatibility requirements before installation in the detector tank. The intent of using a
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solution with a ten times higher concentration of Gd is to accelerate the appearance of any
detrimental effects.
I led the efforts in the compatibility studies at UC Davis, which were later continued by

others. My test procedure is as follows:

1. A batch of 1% Gd sulfate solution is prepared by dissolving 10 g of Gds(SOy4)3 into

~1 L of deionized water. This is referred to as the soak solution.

2. Material samples are cleaned with ethanol and rinsed in deionized water to remove oils

and dust and placed in glass jars filled with the soak solution.

3. A small volume sample of the Gd sulfate solution (no contact with any materials yet)

is placed in a spectrophotometer and its UV-vis spectrum is taken. This is the control.

4. A sample of the soak solution is taken from the jar that a material is soaking in for

spectrophotometry measurements.

Regular measurements were taken with a Shimadzu UV-1800 UV /Visible Spectropho-
tometer to monitor water transparency over the course a few weeks to several months.
Materials tested include entire photomultiplier tubes, acrylic, PVC, and stainless steel.

The criteria for deciding whether a material makes the cut are that the absorbance
remains nearly unchanged and no additional features show up compared to the control
sample. As shown in Figure the absorbance at shorter wavelengths increases over the

course of a few days and weeks for some materials. However, since the photodetectors
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Figure 3.9: Examples of spectra for different materials soaking in 1% gadolinium-loaded
water. Samples of the soak solution are analyzed frequently in the first few weeks of
testing, and gradually reduce in frequency The increasing absorbance at wavelengths
below 300 nm will not affect light collection in ANNIE, but may indicate that something
is leaching into the water.

are opaque to wavelengths below 300 nm, this is not a concern, though it may indicate
that something is leaching into the water. To make an assessment based on the ANNIE
detector, the ratio of exposed surface area of the material and the soak volume is scaled up
to extrapolate absorbance and transparency values and attenuation lengths for the actual
detector size.

Another factor that would disqualify a material from installation in the detector is if it
physically starts to degrade. Some examples are in Figure Clumps of material can be
seen suspended in the solution, scattering light and reducing the attenuation length. Less
light would be observed by the photodetectors.

The main record of materials and their properties can be found here [74].
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Figure 3.10: Materials degrading in gadolinium loaded water. The blue arrows and
circles indicate that the material is deteriorating in the solution. This eliminates the
material from use in the detector.

3.2.3 Water Filtration System

While we do our best to prevent contaminants from entering the water target, that is not
enough to maintain the water transparency. Over time, dust, iron ions, and other particulates
will make their way into the water target. If no actions are taken, they will accumulate in
the tank, absorbing and scattering light and attenuating the signal strength by the time
it reaches a photodetector. This prevents us from seeing events that otherwise would have
been seen by the ANNIE detector.

In addition to electropolishing the inner structure, wrapping it with PTFE tape, and
taking care to select compatible materials, the water target is circulated through a custom
filtration system. The system is scaled down from the larger filtration system of the EGADS

demonstrator [75]. Referring to Figure for a diagram of the custom filtration system
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Manual priming

Figure 3.11: LEFT: Diagram of water flow through the ANNIE’s custom water filtration
system. Black arrows mark points where the flow can be manually stopped for mainte-
nance and testing. RIGHT: Testing the water system at Fermilab before installation in
the hall. Blue tubing connect the pump, filters, ion exchanger, and lamps.

developed at UC Davis [76], the water from the main tank first encounters a 2-micron (pm)
filter that is intended to remove large particles such as dust. Next the water is filtered
with a ion exchange resin that removes negative ions while keeping Gd** ions in the water.
This step in the filtration system removes any contaminant ions that may degrade other
materials and produce more contaminants in the detector tank. Ref. contains more
details on selecting and producing the best ion exchange resin for ANNIE. After passing
through the ion exchanger, the water then passes a 0.1-micron filter that removes even
smaller particulates, such as the ion exchange beads that may come out of the ion bed.

Finally, the water is sent through UV and TO(ﬂ lamps that are used to stop microorganism

9Total Organic/Oxidizable Carbon
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growth and break down any carbon compounds.

Inside the tank itself, a nitrogen blanket sits above the surface of the water to displace
any oxygen molecules, further preventing microorganisms from growing and contaminating
the water. Nitrogen is also circulated throughout the water.

The water system was used to load gadolinium, a process in which I was involved. The
mixture was created by dissolving 52 kg of Gdy(SOy)s in pure water to make batches of 1%
gadolinium solution. The concentrated solution is loaded into a 110-gallon mixing tank and
circulated in the filtration system before it is mixed with the tank water. Following each
loading is a wait period to monitor the transparency and quality of the water. When no

significant changes are perceived, the next batch is loaded until 100% loading is achieved.

3.2.4 Photodetectors

ANNIE Phase II is instrumented with 132 conventional photomultiplier tubes (PMTs) and
5 novel Large Area Picosecond Photodetectors (LAPPDs), providing about 20% photocath-
ode coverage. Of the 132 PMTs, 44 of them were purchased new from Hamamatsu, 48
are from the WATCHBOY experiment, 4 borrowed from WATCHMAN, 20 are Hamamatsu
PMTs from LUX, and 20 are from Electron Tube Enterprises Ltd (ETEL). Table lists
the specifications of each PMT.

The LUX PMTs are installed in an array at the base of the inner structure. The WATCH-

BOY, WATCHMAN, and ANNIE PMTs are distributed throughout the side panels of the
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H PMT Type \ Model \ Diameter \ QE \ # in tank H

ETEL ETEL D784UKFLB 117 25% 20
LUX Hamamatsu R7081 10” 25% 20
WATCHBOY Hamamatsu R7081 10”7 25% 48
WATCHMAN | Hamamatsu R7081-100 10”7 35% 4
ANNIE Hamamatsu R5912-100 8” 35% 44

Table 3.2: The different types of PMT installed in the ANNIE Phase II detector. Listed
for each PMT type is the PMT model, diameter, average quantum efficiency, and number
installed.

inner structure. The ETEL PMTs are installed at the top, underneath the tank lid, since
their ability to withstand the water pressure is uncertain.

Before their deployment in the detector tank, a portion of the total PMTs were tested
at UC Davis and Fermilab to characterize their features and properties under lab settings.
The WATCHBOY and ETEL PMTs were tested in a dark box at UC Davis with an LED to
measure their gain values (see Chapter [5). All PMTs were tested in a dark box at Fermilab
to determine or confirm gain values. More information about the lab testing of PMTs can
be found in [77].

Unlike the PMTs which need to be installed before water fill, LAPPDs can be deployed
at any time along one of the eight Unistrut rails located under a mail slot on the tank lid

(see Figure . Chapter d| provides a deeper discussion on LAPPDs.
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Figure 3.12: An image of the Front Muon Veto (FMV) taken from , before the steel
tank was placed in the hall. The two layers are placed in opposite orientations and are
slightly offset in height from each other to make up for the decreasing efficiency of the
scintillator paddles at far end and cover any gaps between layers.

3.2.5 Front Muon Veto (FMV)

Upstream of the tank is the Front Muon Veto (FMV): two layers of plastic scintillator paddles
stacked horizontally on top of each other (Figure|3.12)). Each layer has 13 paddles for a total
of 26 paddles, all recycled from the CD experiment at Fermilab . Each paddle is
322 cm long, 31 cm wide, and 2.5 cm thick, and is coupled to a 2-inch (5-cm) diameter
EMI-9815 PMT via a tapered glass light guide. Typical operating voltages of the PMTs are
in the 2,000-2,500 V range. The two layers are vertically offset from each other by 0.5 cm

to cover any gaps between paddles. Overall, the FMV is about 3.2 m wide and 4 m tall.

10Collider Detector at Fermilab
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Figure 3.13: The MRD is an iron-scintillator sandwich held by an aluminum support
frame. The scintillator paddles are coupled to PMTs and alternate between horizontal
and vertical orientations. Diagram from [77] and picture from [67].

The FMV tag muons and other charged particles that were produced upstream and
therefore did not originate in the tank. Tagging upstream muons allows their removal from

the event sample.

3.2.6 Muon Range Detector (MRD)

Similar to the FMV, the Muon Range Detector (MRD) tags muons that make their way
downstream of the tank. These are most muons since the ANNIE tank is relatively small,
so they lose most of their energy and decay outside of the tank. The MRD is a legacy of
the SciBooNE experiment , which ran in the same experimental hall that ANNIE now

occupies. It comprises alternating layers of iron plate absorbers, which slow down the muons,
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and scintillator paddles, which mark their passage through the MRD. Each iron layer has
an area of 274 cm x 305 cm with a thickness of 5 cm and an average density of 7.841 g/cm?
(Figure . The scintillator layers consist of paddles that alternate in orientation and
have various dimensions. The horizontally oriented paddles, all originally from SciBooNE,
are 20 cm wide, 155 c¢m long, and 6 mm thick. The original vertical paddles are 20 cm
wide, 138 cm long, and 6 mm thick. Two vertical layers were refurbished with components
of the paddles from the KTeV experiment. These are 15 cm wide, 150 cm long, and 14 mm
thick. The alternating orientation allows for zy-position reconstruction of the particle’s
track. Information from the MRD is also used to reconstruct the momentum and direction.
In total, there are 306 MRD paddles spread over 6 horizontal and 5 vertical layers, with
a total of 11 iron slabs and an overall dimension of 3.5 m wide and 4 m tall. The paddle
efficiencies range from 80-95%. More details about the MRD in ANNIE such as PMT model

and refurbishment process can be found in [67] and [77].

3.2.7 DAQ and HV

ANNIE’s electronics system handles the collection of waveforms, timestamps, and so on, so
that data analysis can be performed offline. It also powers the photodetectors in the tank.
The FMV and MRD PMT signals are collected by Time-to-Digital Converters (TDCs), so
only time information is saved when it comes to these PMTs; there is no charge information

from the FMV and MRD. Their signals are discriminated by LeCroy 4413 CAMAC discrim-
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inators before readout by LeCroy 3377 TDCs. High voltage for these PMTs are supplied by
LeCroy 1440 HV crates.

On the other hand, readout of the tank PMT waveforms are managed by a VME system,
and both the time and waveform information are saved so that charge information can be
extracted. These signals are digitized by Analog-to-Digital Converter (ADC) cards and may
be amplified if the PMT gain is too low to meet thresholds set at the discriminator level.
The tank PMTs are powered by CAEN SY527 crates and their waveforms are recorded with
VME digitizer cards originally designed for the KOTO experiment [80]. Both the CAEN and
LeCroy HV crates can be remotely controlled by experts and monitored by shifters.

The integration of LAPPDs to the existing DAQ and HV systems require some modifica-
tions to the hardware and firmware, which is currently underway. Readout of the LAPPDs

is performed by custom made electronics boards, which are discussed in Chapter

3.2.7.1 Trigger Scheme

ANNIE has several trigger schemes for different data acquisition scenarios. Various data-

taking runs include
e Beam: data acquisition with physics quality beam;
e Cosmic: data acquisition when a cosmic muon triggers a readout;
e LED: data acquisition with LED light sources; and

e AmBe: data acquisition with an AmBe run deployed in the water tank.
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When the Booster Neutrino Beam is on, Fermilab’s Accelerator Division sends a signal
informing experiments that beam is on its way. ANNIE uses this beam signal to prepare the
electronics for data acquisition. A 2-us window is open and is extended to 70-us if there is
activity in the tank. At least one PMT with a registered hit equivalent to 5 photoelectrons
is required to extend the acquisition window. These conditions make up the beam runs.
Occasionally, random beam trigger windows are extended for studies on beam-correlated
activity. In cosmic runs, the trigger scheme is set up to readout all subdetector systems
if the first and last layers of the MRD register coincident hits from cosmic muons passing
through the detector.

In LED runs, the LEDs that are installed on the inner structure are fired and a readout
of the entire tank occurs. No FMV or MRD PMT data is recorded in the acquisitions. The
goal of these runs is to monitor the transparency of the water. The LEDs were also used to
get a first estimate of cable lengths and delays. However, a laser source was later used to
better quantify timing offsets.

AmBe runs are used when an AmBe source is deployed in the tank to characterize the
neutron detection efficiency of the detector. When the PMTs coupled to the source register

a hit that meet a threshold, waveforms from all the tank PMTs are recorded.
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Monitor PMTData TriggerData Monitor Monitor
Receive Decoder Decoder DAQ LAPPD

Monitor Monitor Monitor LAPPDData
MRDTime TankTime Trigger Decoder

Figure 3.14: The monitoring toolchain used to monitor the subsystems of the ANNIE
detector. The toolchain runs continuously to post up-to-date conditions for shifters.

3.2.8 ToolAnalysis and ToolDAQ

ToolAnalysis is a modular analysis program developed for data analysis in ANNIE. It is
based on the ToolDAQ framework written by Dr. Ben Richard which is used in the
DAQ systems of ANNIE and Hyper-Kamiokande . Users can create tools that make up
software toolchains to process and analyze data. The data and other variables are stored
in BoostStores accessible to all tools. The diagram in Figure depicts an example
toolchain.

Each tool has an Initialise function that retrieves variables from configuration files and
sets up input parameters, geometry, output files, and so on, that usually remain unchanged
throughout the analysis chain. After initialization, any calculations and analysis techniques
that need to be performed on multiple events are placed under the Execute function. This

function is looped over for each tool until all entries are processed. Finally, the Finalise

"University of Warwick
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function closes out files, clears variables from memory, and writes information to file if the
user specifies.

ANNIE’s monitoring system makes up one of the toolchains used. Monitoring tools
running in a continuous tool chain produce and post plots to monitoring webpages for shifters
to identify when things go wrong. More information about monitoring can be found in
Chapter [5] on calibration of the ANNIE detector. Other toolchains are in charge of readout

and control of other components of the DAQ system.

3.3 Booster Neutrino Beam (BNB)

The Booster Neutrino Beam (BNB) is one of the active beamlines at the Fermi National
Accelerator Laboratory (Fermilab) in Batavia, Illinois. It is the primary source of neutrinos
for current and past experiments such as ANNIE, SBND, ICARUS, SciBooNE, MiniBooNE,
and MicroBooNE. The other neutrino beamline is the Neutrinos from the Main Injector
(NuMI) beam. NuMI delivers neutrinos to the MINERvA, MINOS, and NOvA experiments.

For the BNB to provide a steady beam of muon neutrinos, several key steps are re-
quired. First, a source of protons is created with the Proton Source, which consists of
the Pre-Accelerator, Linac, and Booster (see Figure [3.15). Two hydrogen (H™) ion beams of
35 keV are focused, choppedE, and accelerated to 750 keV with magnets and radio-frequency

quadrupoles (RFQs) of the Pre-Accelerator. The Linac segment of the Proton Source then

12 An Einzel lens is used as a beam chopper. Beam chopping is provides more control over the length and
refines portions of the beam pulse that move on to the next stages of the accelerator complex.
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Figure 3.15: A schematic of Fermilab accelerators. The Pre-Accelerator, Linac, and
Booster make up the Proton Source, which converts a beam of H™ ions into an 8 GeV
proton beam. The protons are sent to several destinations, one of them to make the
Booster Neutrino Beam.

deployable 25 m zbsorbers

Target g

8 GeV protons from Booster

Protons hit the
beryllium target,
creating positive pions Decay region (~ 50 m)
g : : Muons are absorbed
Magnetic focusing horn Pions decay into muons Be o apaa
focuses the positive pions and muon neutrinos

travels to experiment

Figure 3.16: Diagram of the Booster Neutrino Beam target system at Fermilab. The
Booster delivers an 8 GeV beam of protons to a beryllium target, creating pions and
kaons that are focused with a magnetic focusing horn. The mesons decay into muons
and muon neutrinos. The muons are absorbed and what is left is a muon (anti)neutrino
beam.

71



&

10°E -V, B
- =V .
- — \tc _
10" Y

=

1 llIJIIII

v

®(E ) (v/POT/GeV/cm?)

—
<
A
=
T T

11 IJIIII|

10-12

1 11 lJJl|

.,
-,

10" :— .

:I L1 1 | L4 I 1 I L4 1 i r‘l“‘l".-"“ | LAl L | I 1 :-‘LI LAl I Ll bl l - |

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
E, (GeV)

IIII]

Figure 3.17: The Booster Neutrino Beam (BNB) energy spectrum shows that peak
neutrino production occurs around 700 MeV. Figure from .

accelerates the H™ ion beam to 116.5 MeV in the low energy section and to 400 MeV in
the high energy section. The 400 MeV beam is then directed to several destinations, one of
them being the Booster, a 74.5 m radius (474.2 m circumference), rapid-cycling synchroton.
Before injection into this final stage of the Proton Source, the H™ ions are passed through
a stripping foil to remove the electrons, resulting in a beam of protons. The Booster accel-
erator, using a series of magnets and RF cavity stations, focuses and boosts the 400 MeV
protons to 8 GeV. The resulting beam has 84 proton bunches and a revolution period of
1.6 us. The MI-8 Line delivers the proton beam from Proton Source to the Booster dump,

the Main Injector (MI), the Recycler, or the BNB beamline.
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To create the BNB, the protons are directed at a beryllium (Be) target, creating positive
and negative pions and kaons. The pions decay into muons and neutrinos. The kaons would
also decay into muons and pions, which in turn decay into more muons and neutrinos. The
mesons are sent through an electromagnetic focusing horn, originally built for MicroBooNE,
where magnets are used to select the desired charge, or “sign”, of the pions. Flipping the
magnetic field produces a neutrino beam of the opposite sign. The beam of pions is collimated
about 259 cm downstream of the Be target and sent to a decay region of about 50 m in
length, where they can decay into muons and muon neutrinos. A steel and concrete absorber
terminates the decay region, stopping the muons while the muon neutrinos continue forward.
The resulting neutrino beam is about 93% v, and 6.4% 7, from p+ Be — 7~ — u~ + 7,
and 0.6% v, from decays of u* produced in the main 7" decay channel and other channels.
More details about the accelerator, BNB, and other beamlines at Fermilab can be found in
[84] and [85].

ANNIE sits about 100 m downstream from the beryllium target, placing it in a on-axis
of the BNB. About 5 x 10'? protons-on-target (POT) per spill are delivered to the BNB
with an average rate of 5 Hz. With these numbers, about 10,000 charged-current events per
m? per year in the ANNIE detector [66]. ANNIE is expected to see O(10%°) POT per year.
This corresponds to a flux of ~ 5.19-1071% /cm?/POT |83]. The flux of this beam peaks at
about 700 MeV (Figure , which is in the energy region of interest of long baseline and
atmospheric neutrino experiments. The close proximity to the target provides a high flux of
neutrinos, which means more statistics!
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Monitoring the beam conditions is necessary for precise physics measurements. When
the accelerator is not producing physics quality beam, then very few physics events can be
studied. Four systems are in place upstream of the target to monitor the BNB: two toroids
(TOR875, TOR860) that measure beam intensity (protons-per-pulse), beam position monitors
(BPM) and a multiwire chamber to determine the beam width and position, and a resistive
wall monitor (RWM) to measure the time and intensity of beam spills. Measurements from
these beam monitoring devices are used to identify periods of acceptable beam quality for

data analysis.

3.4 Physics Program

ANNIE’s physics goals are to measure the final state neutron multiplicity of neutrino inter-
actions in water and the charged current (CC) inclusive neutrino cross section. These mea-
surements will benefit next generation, long-baseline neutrino experiments that are studying
neutrino oscillation, the Diffuse Supernova Neutrino Background (DSNB), and proton decay
(PDK), by characterizing relevant backgrounds and reducing systematic uncertainties.

The ANNIE detector also functions as a testbed to demonstrate new technologies. For
example, as will be discussed in a later chapter, ANNIE is the first physics experiment on
a neutrino beam to deploy LAPPDs. By demonstrating the capabilities of this picosecond
technology, production of these photodetectors can scale up, reducing the cost of one unit.

Other experiments can also take advantage of these devices, along with the custom electronics
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developed for the LAPPD system. ANNIE will demonstrate that even with just a few
LAPPDs, experimental measurements can be improved significantly. With LAPPDs, ANNIE
may also demonstrate multi-track reconstruction, distinguish between overlapping events,
and better resolve the structure of electromagnetic showers.

ANNIE is also a testbed for new detection media: gadolinium-doped water and water-
based liquid scintillator (WbLS). It is also the first Gd-doped water Cherenkov detector on
a neutrino beam. Being able to identify neutrons more easily complements experiments that
are unable to see neutrons but can see protons. Combining Gd-doped water and WbLS
allows for the separation of Cherenkov radiation (to detect the muon) and scintillation light
(to detect the proton), so that we can better reconstruct neutrino events. Coupled with the
picosecond timing capabilities of the LAPPD, ANNIE will be able to demonstrate the power

of these new technologies.

3.4.1 Neutron Multiplicity Measurement

Recall in section that it is important to quantify the number of neutrons that are pro-
duced in neutrino-nucleus interactions because they can take away a significant fraction of the
energy from the outgoing lepton, thus biasing event reconstruction. Existing neutron mul-
tiplicity measurements carried out by the SNO and Super-K experiments (see Figure
were made with atmospheric neutrinos, which are a mixture of all flavors and a significant

fraction of antineutrinos. The direction and sign of the neutrinos and antineutrinos were
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Figure 3.18: Neutron multiplicity measurements by Super-K [86] (left) and SNO [87]
(right) experiments. Measurements were made with atmospheric neutrinos, whose sign
and direction are not well-known. In addition, neutron yields are characterized as a
function of visible energy.

also not known. ANNIE will improve upon this measurement due to its unique position. For
one, ANNIE sits on a neutrino beam, so the statistics are significantly larger, the energy of
the beam is constrained to a narrower range, and the neutrino flavor composition is purer
(single flavor and sign). Being on a neutrino beam also gives us the knowledge of the neutrino
direction. Secondly, the Super-K and SNO measurements of neutron multiplicity by were
made as a function of visible energy. This can be made more precise by presenting the mea-
surement as a function of muon momentum, or even neutrino energy. Finally, Super-K’s and
SNO’s measurements were performed in pure water and heavy water, respectively, where the
neutron detection efficiency is very low. ANNIE (and SK-Gd) has a much improved neutron

detection efficiency due to its Gd loading.
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Figure 3.19: A typical event in ANNIE. (a) A neutrino-nucleus interaction creates a
muon that undergoes Cherenkov radiation as it travels out of the water tank and ranges
out in the MRD. (b) Final state neutrinos are created and thermalize (few us). (c)-
(d) Neutrons capture on gadolinium and produces flashes of light to be observed by
photodetectors.

The neutrino interactions of interest are:

Vptn—pu +p
(3.3)
U+p—pt+n
Since the BNB is 97% v,,, the former reaction will make up the majority of events. However,
there is some contamination from 7, so the latter reaction will also take place in the detector.
The daughter muon travels out of the detector and may stop in the MRD. A typical ANNIE
event is shown in Figure First, a muon neutrino interacts with a nucleus and a muon is
created. The muon emits Cherenkov radiation as it exits the water tank and ranges out in the
MRD, providing a prompt signal. Any final state neutrons resulting from nuclear processes
thermalize until they are captured by gadolinium. The de-excitation of gadolinium produces
a delayed signal in the tank.

To reconstruct the muon energy, charge and timing information from the detector tank
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along with track information from the MRD are used to reconstruct the muon vertex and
direction. Using simple kinematics, the () value of the neutrino interaction can be extracted.
The number of neutrons can be determined by identifying clusters of hits that fall into the
delayed /extended window, and can be plotted against the muon’s momentum transfer. While
various final state topologies exist for neutrino-nucleus interactions, this thesis focuses on
the CC-0m event topology (CC events with no pions) so that a simple kinematic model can
be used to reconstruct the neutrino energy from lepton kinematics. Future studies will look

at CC-1m (CC events with one pion), NC, and other event topologies.

3.4.2 Cross Section Measurement

As mentioned in the previous chapter, oxygen has very few cross section measurements
despite its common use as a target in water Cherenkov neutrino detectors. A precise mea-
surement of the CC inclusive cross section in water is beneficial for the next generation of
neutrino oscillation experiments. These experiments require low systematic uncertainties to
be able to achieve their physics goals. ANNIE is in a good position to improve the cross
section measurements in water due to its high statistics of neutrino interaction events. In
addition, since the SBNE near detector is downstream of the ANNIE hall, there is an op-
portunity to perform a joint argon and oxygen cross section analysis and a combined proton
and neutron multiplicity measurement. Although efforts to perform this measurement are

ongoing, this thesis will focus on the CC-0m neutron multiplicity measurement.

13Short-Baseline Neutrino Program
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3.4.3 Water-based Liquid Scintillator Technology

There is growing interest in combining the capabilities of water Cherenkov detectors with the
capabilities of liquid scintillators, and being able to detect and separate scintillation light and
Cherenkov radiation. The motivation for this is the fact that scintillation light can provide
additional calorimetric information to improve energy resolution and the ability to detect
neutral particles with energies that don’t meet the Cherenkov threshold. Various methods
such as spectral photon sorting, time separation with fast photodetectors, and development
of novel detection medium (e.g., slow scintillators) were explored. ANNIE would use fast
photodetectors, namely the LAPPDs, in combination with a WbLS medium to demonstrate
this capability.

In fact, ANNIE has already done so. Details of this technical demonstration can be found
in [88]. In short, ANNIE deployed a small acrylic vessel filled with WbLS in a program called
Scintillator in ANNIE for Neutrino Detection Improvement (SANDI). The demonstration
was successful and the tools developed to distinguish scintillation from Cherenkov radiation
create a basis on which to build and develop vertex reconstruction and particle identification
tools.

As we can see, there are many physics opportunities with ANNIE. This rest of this
work focuses on the development and testing of LAPPDs and a CC-0m neutron multiplicity

measurement.
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Chapter 4

The Large Area Picosecond

Photodetector

The Large Area Picosecond Photodetector (LAPPD™) is a 20 cm by 20 cm photodetector
that takes advantage of breakthrough technologies to deliver fast timing and high spatial
resolution. This novel photodetector was developed by Incom Inc., in partnership with the
U.S. Department of Energy, Argonne National Laboratory, and University of Chicago. LAP-
PDs exhibit excellent timing and localization of signals, making them great for applications
such as particle tracking, nuclear science, and medical imaging. Refs. [89], [90], and [91] list

potential imaging applications that could change the way we detect particles.
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4.1 Conventional Photodetectors

4.1.1 Photomultiplier tubes

Let’s first begin with the conventional photomultiplier tube (PMT). The PMT is a vacuum
tube designed to detect low levels of light by converting photons into measurable electric
currents. PMTs have been around since the 1930s [92] and are used in a plethora of ex-
periments today. They are quite robust and may operate for decades, with the same PMT
being used in multiple experiments throughout its lifetime. In general, a photomultiplier

tube consists of

e a glass window to admit light,

a photocathode made of a photoemissive material (typically a bialkali) deposited

onto the inner surface of the glass window that converts a photon into an electron,

e several dynodes which are electrodes coated in an emissive material and that release

secondary electrons in response to impinging electrons, and

e an anode to collect the resulting electron avalanche.

Additionally, there are electronic structures that accelerate and focus the electrons. Some
PMTs of varying sizes and shapes are shown in Figure [4.1]
PMTs operate based on the principle of the photoelectric effect. When a photon of

sufficient energy is transmitted through the glass window, it is absorbed by the photocathode
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Figure 4.1: TOP: A selection of Hamamatsu photomultiplier tubes (PMTs) of varying
shapes and sizes [93]. BoTTOM: PMTs are vacuum tubes that can detect a single
photon through the photoelectric effect. A layer of photocathode material, typically a
bialkali, is deposited on the underside of the glass window. When a photon is incident
on photosensitive area, it may be converted into an electron. This electron is promptly
accelerated through the vacuum to a chain of dynodes, metal objects that are coated
with a layer of emissive material. The dynodes emit additional electrons when struck
by incident electrons, thus creating an avalanche effect. Charge is collected on an anode
at the end of the chain and is read out .
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and an electron is emitted in response. This electron, referred to as the “photoelectron” (PE),
is then accelerated through the vacuum volume by a strong electric field. Since the charge of
an electron is quite small (1.602 - 107! Coulombs), amplification of the photoelectron signal
is a necessity. This amplification is done using metal structures, called dynodes, that are
coated with an emissive material. As the photoelectron accelerates down the PMT, it strikes
a dynode resulting in the emission of several secondary electrons. These secondary electrons
make their way down to other dynodes through a potential of about 100 V, knocking off
more electrons in the process and creating an avalanche effect. Eventually a large enough
current (on the order of 1072 Coulombs, or picoCouloumbs) can be detected at the anode
of the PMT. The number of electrons that result from the initial photoelectron is called the
gain of the PMT and is dependent on the operating voltage. A typical gain value is 107.
Another parameter commonly used to characterize a PMT is the quantum efficiency (QE),
which is the likelihood that the incident photon is converted into a photoelectron. For more
information about the different types of PMTs and their specifications, refer to [95] and [96].

Because PMTs typically have one amplification stage and one charge collection anoddﬂ,
they are considered “single pixel” detectors and their position resolution is limited by the
area of the photosensitive surface. In addition, since the electrons need to travel through
the vacuum tube and down a chain of dynodes, the timing response is largely determined
by the myriad paths that the electrons can take [96] and thus the size of the PMT. Typical

time resolutions are on the order of nanoseconds.

IThere are PMTs that have multiple amplification stages and charge collection anodes.
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4.1.2 Microchannel plates

A microchannel plate (MCP) detector is a particle and photon detector that amplifies signals
by the emission of secondary electrons, much like the PMT. However, unlike the PMT, the
MCP provides better spatial resolution. The development of higher resolution MCPs has
been driven largely by night vision systems.

In its most basic design, a MCP is an array of closely-packed channels, or “pores”. The
interior of each channel is coated in a layer of emissive material, like the PMT dynodes,
so that each one functions as an electron multiplier. Each channel acts as a continuous
dynode and leads from one face of the MCP to the other (refer to Figure . A voltage
is applied across the plate to accelerate the electrons towards a charge collection plane.
Channels typically enter the plate in a normal orientation or at a small angle (8°-15°) from
the normal. The slight angle reduces the effects of positive ion-feedback, a phenomenon in
which gaseous atoms or adsorbed atoms in the channel surface are ionized by the electron
avalanche and accelerated in the opposite direction. If the ion gains enough energy, it can
start a second electron avalanche and produce after-pulses.

A plate is fabricated from a resistive material, typically lead glass. Heat treatment follows
in a hydrogen-reducing environment to give the pores their secondary emissive properties.
One plate has a typical gain of 103-10%, so stacking two MCPs on top of each other and
in a Chevron configuration (in which the plates are rotated 180° from each other and the

channels create a shallow “v”) can produce gains of 10°-107. MCP channels have diameters
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Figure 4.2: A diagram of a microchannel plate (MCP) and its principle of operation
[97]. A MCP is a matrix of through-going, closely-packed channels that are 10-100 pm
in diameter. The interior of each channel is coated in an emissive material so that
when a particle of sufficient energy is incident on the channel, an avalanche of electrons
follows. A voltage is applied across the plate to accelerate the electrons towards a charge
collection plane. A single plate has a gain of 103-10* and several plates can be stacked
to achieve higher gain values. MCPs can be 10s to 100s of millimeters in size and can
be cut into any shape (often round disks).

between 10 and 100 microns (um) and lengths between 400 and 1000 pm [96) (98]. Spatial
resolution is limited by the diameter of the pores and the spacing between them, typically
15 pm. Because the total height of a MCP or stack of MCPs is on the order of millimeters,
MCPs can deliver timing resolutions that are <100 picoseconds (ps). For more information
about MCPs and their properties, see Refs. [96] and [98].

Generally, MCPs are very expensive to produce due to the manufacturing steps. Slabs of
lead glass need to be chemically etched, which is an expensive process. In addition, during

the hydrogen reduction step to form the emissive layer, lead particles tend to agglomerate at
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high temperature, reducing their effectiveness in the electron conduction process [98]. The
lifetime of a MCP is affected by what is known as “electron scrubbing”, a phenomenon in
which the electron cloud hits the walls of the MCP channels, changes its surface properties,
and affects the secondary electron yield. Consequently, the gain drops and the MCP does

not perform optimally.

4.2 The Design & Technology Behind the LAPPD

LAPPDs are classified as MCP-PMTs and were designed to detect light with maximal sen-
sitivity to the position and arrival time of photons. They operate similarly to conventional
photomultiplier tubes (PMTs) in that both rely on the photoelectric effect to detect photons.
However, rather than use a chain of dynodes to multiply the photoelectron, LAPPDs rely
on a pair of microchannel plates (MCPs) stacked in a Chevron configuration with a sub-
millimeter gap between the plates. Applying a voltage across this inter-plate gap reduces the
rise time of pulses to 100s of picoseconds [98]. Figure shows a cross-section of a LAPPD.

LAPPDs are an attempt to make MCP photodetectors cheaper. Two key technological
breakthroughs enabled the creation of the LAPPD: (1) Incom Inc.’s ability to produce large
blocks of hollow, glass capillary arrays (GCAs) with micron-sized channels using low cost
glass, and (2) the emergence of Atomic Layer Deposition (ALD), a method of coating objects
with thin, uniform layers of material [100]. Recall that in conventional methods, MCP

channels are made by chemical etching and a single lead sub-oxide resistive and emissive layer
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Figure 4.3: A cross section of the Chevron microchannel plates (MCPs) in a Large
Area Picosecond Photodetector (LAPPD) [99]. When an incoming photon is incident
on the top window, the photocathode on the inner surface of the window absorbs the
photon and emits an electron. Like the PMT and the MCP detectors, the electron is
accelerated through the vacuum volume by a strong electric field. The photoelectron
initiates a cascade of secondary electrons after it enters the first MCP. The cascade then
enters the second MCP after traversing the inter-plate gap and electrons are further
multiplied before collection by the anode plane. The many micron-sized channels of the
MCPs provide sub-centimeter spatial resolution compared to conventional PMTs. The
thickness of the entire stack comes out to about 2 cm.

with variable composition is made during a hydrogen-forming reduction process. Incom Inc.’s
proprietary hollow core GCA process eliminates the need for chemical etching to remove core
material. ALD allows for the optimization of both the resistive and emissive layers of the
MCP, allowing for better performance, stability, and durability for longer periods of time.
What sets LAPPDs apart from traditional MCP-PMTs is their large photocathode area,
which is comparable to an 8-inch diameter PMT. However, LAPPDs have better spatial

resolution and are less bulky than PMTs that offer similar photocoverage, due to their use
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of MCPs and a stripline anode geometry. The glass window, the two MCPs, and the anode
plane add up to a height of about 2 cm, including the space between layers [100]. This small
form factor gives the LAPPD its fast, picosecond-level timing response since electrons travel
a much shorter distance before readout. One way to characterize the timing limitations is
to look at the full-width at half-maximum of the transit-time spread (TTS). Transit-time is
the amount of time between the emission of the photoelectron from the photocathode and
the collection of the resulting pulse’s charge. In the case of LAPPDs, the standard deviation
of the TTS for a single photoelectron is ~50 ps [101]. Figure shows a plot of the TTS
for a LAPPD.

To accelerate the photoelectron through the vacuum, high voltage is applied at the pho-
tocathode and is divided down by a resistor voltage divider circuit for a total of five high
voltage points: the photocathode (PC), the top and bottom faces of the first MCP, and
the top and bottom faces of the second MCP. At the PC, typical operating voltages are
2,000-2,500 V. The voltage applied across the MCPs is typically 900-1,000 V. The voltage
drops in the gaps between the PC, MCPs, and anodes (Figure are typically 100-200 V.
After the photoelectron is multiplied by the two MCPs, charge is collected on one or more
anode striplines of the 28 available. One stripline is about 20 cm long and 5.2 mm wide,
with a gap of 1.7 mm between strips [100]. Each can be read out at both ends to determine

where along the stripline the photon hit.
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Figure 4.4: A plot depicting the transit-time spread (TTS) of a LAPPD. The y-axis is
the number of pulses. Transit-time is the amount of time that passes from the creation of
the initial photoelectron to the collection and readout of the resulting charge avalanche
by the anode. For a LAPPD, this time is affected by the paths that electrons can
take inside the MCP pores and noise from the readout electronics . This TTS
plot is made by shining a PILAS laser with < 45 ps root-mean-square resolution at an
LAPPD, and taking data with a 10 gigahertz (GHz), 10 GSample/s oscilloscope and
PSEC4 waveform digitizing electronics [100]. A timing resolution of 64 ps was observed
in the main peak. The slight secondary peak to the right is due to after-pulsing.

4.3 Why Are LAPPDs Important in ANNIE?

LAPPDs are necessary for ANNIE to achieve its physics goals with high precision. Thanks
to the photodetector’s sub-centimeter spatial and picosecond timing resolution, we can re-
construct the neutrino interaction vertex, the outgoing muon’s momentum, and thus the
incident neutrino’s energy with higher accuracy and precision. In a simulation of neutrino

events inside the ANNIE detector, one can see in Figure [4.5] that, with the addition of just 5
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Figure 4.5: LEFT: A distribution of the Ar values. RIGHT: A cumulative distribution
of the Ar, normalized to a percentage of successfully reconstructed events [66]. Blue
curves represent reconstructed events using 128 PMTs, while red curves represent re-
constructed events using 128 PMTs + 5 LAPPDs. Calculations were performed on
the same sample of 1800 events. The addition of just 5 LAPPDs improves the vertex
reconstruction resolution by a factor of about three, from 38 cm to 12 cm (gray lines).
Vertex reconstruction efficiency is also improved to 90% from 85%.

LAPPDs, the position resolution improves by roughly a factor of three, from 38 cm to 12 cm
[66]. In addition, the reconstruction efficiency—the efficiency of being able to reconstruct

the interaction vertex in a neutrino event—is improved from 85% to 90%.

4.4 Full LAPPD System: Overview & Challenges

The LAPPD by itself is not enough to achieve ANNIE’s physics goals. Auxiliary compo-
nents are needed for waveform digitization and readout, data transmission, clock and trigger

signals, slow controls, and power. Figure 4.6[ shows a diagram of the full LAPPD system.
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Figure 4.6: A diagram of the full LAPPD system. The LAPPD, along with a trigger
board, two ACDC boards, and a LVHV board are encased in a watertight housing. The
housing is machined from a block of gray PVC and has an acrylic front window and
stainless steel backplate. Two waterproof cables that carry power, data, communication,
and alarm lines connect the LAPPD package to a breakout box that manages power and
signal distribution. Data signals are directed to an ANNIE Central Card (ACC), which
sends the beam gate, PPS (pulse-per-second), and clock signals to the ACDC boards
downstream. From the ACC, data is saved into event stores by the ANNIE DAQ.
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The LAPPD and its accompanying electronics (described in later sections) are sealed in a
watertight housing. Power to and data from the LAPPD are transferred over waterproof ca-
bles that are meters long and which connect to a breakout box. This breakout box manages
distribution of power and signals and interfaces with an ANNIE Central Card (ACC), which
in turn communicates with the main ANNIE Data Acquisition (DAQ) System.

Deploying a LAPPD is easier said than done. There are challenges that come with using
this novel photodetector. For one, because the LAPPD is a new technology, many of the
system components listed above need to be custom-made. These include the cables, the
housing, and the readout electronics. This is also the first time a LAPPD will be deployed
remotely in a physics experiment. In its original design, the LAPPD is attached to a circuit
board with 60 SMA connectors (cf. Figure , one for each end of the 28 anode striplines,
plus four spare connectors for trigger signal input. The SMA connectors allowed users to
read out signals with digitizers in the immediate vicinity. However, this design is impractical
for most physics experiments that need to deploy many photodetectors remotely and in a
medium like water. Cable management would be quite cumbersome if all striplines are to
be read out, and it is necessary to mitigate issues that arise with watertightness and heat
dissipation. For small experiments that employ one LAPPD [102], reading out 60 outputs
is manageable. Some CAEN digitizers have 8-32 input channels, so one would need 2-4
digitizers to read out both ends of each stripline. For larger experiments, however, one can
see how messy it can quickly get.

In the current state of ANNIE, there is not enough electronics rack space or capacity to

92



Figure 4.7: This LAPPD (#63) is still attached to a circuit board with 60 SMA con-
nectors (one highlighted by a green arrow): 56 for both ends of the 28 anode striplines
+ four spares for trigger signal inputs. In this picture, an SMA cable (light pink) is
connected to one of the 28 output connectors on one half of the circuit board. If all
56 SMA connectors were used, it would be a cabling nightmare! Red arrows indicate
power inputs.

manage this many cables and digitizers, especially if there will be 5 LAPPDs deployed in
the detector tank. As a result, the ANNIE Analog Pickup Board was designed and made by
Dr. Bernhard Adams, so that data signals from the LAPPD can be read out with two high
channel density SAMTEC connector (see Figure . This eliminates the need for cables
coming out of 60 SMA connectors per LAPPD, and waveform digitization and readout can

be accomplished by two electronics boards attached to the back of the LAPPD (refer to the

2Part number: QRF8-78-05.0L-D-A or QRMS8-78-05.0L-D-A
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Figure 4.8: The ANNIE Analog Pickup Board, designed by Dr. Bernhard Adams. This
pickup board replaces the 56 SMA connectors with two high channel density SAMTEC
connectors (white arrows) for signal readout. Traces for each stripline can be seen on the
two halves of the board. Four SMA connectors (red boxes) remain as spare input/output
channels for trigger signals. Mounting holes in the LAPPD frame are indicated by the
blue arrows. Bernhard was quite fond of photographing dragonflies, hence the dragonfly
on the pickup board.
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next section on ACDCs).

In addition to reading out signals, the LAPPD and its electronics must be remotely pow-
ered while underwater in the detector tank. This is done with two custom-made, waterproof
cables. With many electronics and high voltage packed into a compact housing, we must also
be able to monitor the internal conditions once the LAPPD system is deployed underwater.
Power and monitoring of temperature and relative humidity are accomplished with a custom
LVHYV board.

The following section will discuss in more detail the different components of the full
LAPPD system. Note that because the LAPPD is a new technology, many parts were
manufactured for the first time. Each component must be tested as much as possible to

understand how they will function in the long-term.

4.5 LAPPD System Components

4.5.1 ACDC Card (Waveform Digitization & Readout)

The LAPPD is a photodetector capable of achieving picosecond-level timing resolutions.
For this reason, the need for ultra-fast waveform digitizing electronics capable of preserv-
ing and recording the fast timing responses from multiple channels of the LAPPD led to
the development of the PSEC4 chip, an application-specific integrated circuit (ASIC). This

“oscilloscope-on-a-chip”, designed by Eric Oberla, is capable of reading out six channels,
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Figure 4.9: A picture of an unmodiﬁedEl ACDC board. The ACDC board is a front-
end waveform digitizing printed circuit board that houses five PSEC4 chips (red box),
capable of preserving the fast, picosecond-level rise times of pulses. A single PSEC4
chip can record 25 ns of waveform data from six channels, at a sampling rate of 4-
15 GSamples/s and 1.5 GHz bandwidth. The white arrow points to the SAMTEC
connector that mates with one of the two connectors on the ANNIE Analog Pickup
Board attached to the LAPPD. After waveform digitization, data is transferred over
LVDS lines that connect to the RJ45 port, indicated by the blue box. The yellow box
shows the Altera Cyclone-IV GX FPGA that controls the five PSEC4 chips. The green
boxes highlight the linear regulators that power the PSEC4 chips, clock, and FPGA.

Unmodified for power. See Appendix
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with an adjustable sampling rate of 4-15 GSamples/s and a 1.5 GHz bandwidth. On each
of the six analog channels, a switched capacitor array (SCA) that is 256 samples deep, cor-
responding to 25 ns of ring-buffer, samples waveforms at relatively high rates to preserve
timing information but with some latency in readout. Some dead-time (on the order of
s, but this has not been precisely measured) is acceptable since many high energy physics
experiments like ANNIE rely on trigger schemes to signal the start of potentially interesting
events. For the sake of brevity, the reader is referred to |[103] and [104] for more about the
specifications of the PSEC4 ASIC.

Five PSEC4 chips are mounted on a front-end readout board called the ACDC (ACqui-
sition and Digitization with pseC4) board [105], so that one ACDC can read up to 30 chan-
nels. Thus, two ACDC boards are needed to digitize the 28 anode striplines of a LAPPD. A
SAMTEC connector installed on the board connects the ACDC to the Analog Pickup Board
attached to the back of the LAPPD. Data transfer occurs over eight twisted-pair LVDS
(low-voltage differential signaling) lines that are connected to RJ45 ports. Figure shows
a picture of one ACDC board.

The Altera Cyclone-IV GX FPGA (field-programmable gate array) controls the five
PSEC4 chips and other peripherals on the ACDC board. On-board linear regulators power
the clock-generating chip, PSEC4 chips, and FPGA. In the original design, a single +5 V
DC input was distributed to the linear regulators. However, this proved to generate a signif-
icant amount of heat, which is a cause for concern since the ACDC boards are adjacent to
the LAPPD. Consequently, the power distribution was re-designed so that the LVHV board
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(discussed later in this section) provided the necessary voltages [106].
Several revisions of the ACDC have been made, with newer ones in development and
testing. ANNIE uses the Rev B ACDC boards. For more information on the ACDC board,

see Refs. [105] and [107].

4.5.2 ACC (Beam Gate, PPS, Clock, & Readout)

Since the ACDC boards were designed to match the speed of the signals coming from the
LAPPD, the ANNIE Central Card (ACC) was designed to manage the ACDC boards and
their large data output. Designed by Mircea Bogdan of the University of Chicago Electronics
Design Group, the ACC can control up to eight ACDC boards, depending on the firmware
flashed on the Altera Arria-V FPGA on-board. Firmware was modified by David Green-
shields of the University of Warwick to suit ANNIE’s needs. In addition to data acquisition,
the ACC sends the beam gate, PPS (pulse per second), and clock signals to the ACDCs
for waveform alignment between channels and synchronization with the rest of the ANNIE
DAQ.

The communication protocol between the ACC and ACDC boards follows the LVDS
standard. The boards can be connected via a CAT6 cable where two LVDS pairs are used
for transmitting and receiving data, one LVDS pair for the clock signal, and the remaining
LVDS pair is for the trigger signals. For more information about the ACC, refer to [105]

and [107]. An ACC is shown in Figure [4.10
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Figure 4.10: A picture of the ANNIE Central Card (ACC). A +5 V DC input enters
from the top of the board (white box) and powers the Altera Arria-V FPGA (yellow box)
and other peripherals on the board. The ACC can control up to eight ACDC boards
via CAT6 cables that connect to the block of RJ45 connectors at the bottom of the
board (blue box). The LVDS signals are processed by microchips (green box). External
signals such as the beam gate, PPS, and clock signals are input via the connector in the
bottom left corner (red box).
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Figure 4.11: LEFT: A diagram depicting how the LAPPD electronics boards are con-
nected to each other. Data flows from the ACDCs to the LVHV board (passive), over
the waterproof cables and through the breakout box, and finally to the ACC. A Rasp-
berry Pi with LAPPD data acquisition (DAQ) software acts as an interface between the
ACC and the main ANNIE DAQ. Note the diagram is not to scale. RIGHT: An image

of the ACC board with two ACDC boards (not pictured) connected via ethernet cables.
The red box highlights the input port for external clock, PPS, and beam gate signals.

4.5.3 Trigger Card

The trigger card is a 205 mm by 18 mm circuit board also designed by Bernhard Adams to
initiate digitization of waveforms when desired trigger conditions are met . The board
comprises identical circuits of capacitors, resistors, and operational amplifiers (op-amps) to
monitor each of the 28 anode striplines and provide multi-channel coincidence logic. The

trigger board is attached to the anode terminals on one side of the LAPPD, with spring-
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Figure 4.12: A trigger card (1) connected to an LAPPD’s anode terminals via spring-
loaded contact pins (“pogo pins”). The LAPPD frame must be opened up before in-
stalling or removing the card. The output (2) of the trigger board is sent to two of the
four spare SMA channels on the Analog Pickup Board and is readout with the data
by the ACDC boards. Power and communication lines (3) are found at one end of the
board.

loaded contact pins (“pogo pins”), and signals are routed, also via the pins, to the Analog
Pickup Board behind the LAPPD.

Using a digital-to-analog converter (DAC) of type MCP4725, users can set a threshold
from -1,250 mV to +1,750 mV for individual channels. This DAC (DACO) is common to
all of the “channel comparator” circuits and provides the input to the (—) input of the
comparator. The (+) input is biased to 1.25 V so that a DACO output of 1.24 V corresponds
to a waveform threshold of -10 mV (the output of photodetectors are typically negative-
going pulses). Figure shows an example circuit diagram of one comparator. Channel

comparators determine how large a pulse must be to trigger an event. The first trigger board
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Figure 4.13: A basic circuit of one of the channel comparators on the LAPPD trigger
board. The (+) input is biased to 1.25 V so that a DACO output of 1.24 V is consistent

with a waveform threshold of -10 mV. Figure from [108].

has a threshold of -30 mV, above the noise level of the board itself.

Output from the individual channel comparators are summed and sent as an input to

the “multiplicity comparator”, which sets a multiplicity threshold for an event. This sets

the minimum number of pulses that meet the channel threshold before data acquisition is

stopped and samples are digitized. Users can set the multiplicity threshold using a DAC

(DAC1) also of type MCP4725. The output of the multiplicity comparator is a 200-ns wide,

700-mV negative-going square wave that is converted from a LVDS signal to a RF (radio

frequency) signal with a wideband transforme. This square wave is routed to two of the

four spare SMA channels on the Analog Pickup Board so that the trigger signal is also

digitized with the stripline channels and time alignments can be made offline.

3Part number: Coilcraft WB2-1-2W 2026D
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4.5.4 LVHV Board (Slow Controls)

With the LAPPD and fast readout electronics closely packed in a watertight enclosure (see
section on Watertight Housing), air circulation to help dissipate heat is low. On top of
that, the Pvcﬂ housing is nearly flush with the PVC deployment panel, so water circulation
between the backplate and panel is also low. While the stainless steel backplate does offer
some level of heat transfer out of the housing, its thermal conductivity is modest, and
overheating is a serious concern for the LAPPD system. Placing electronics underwater also
puts them at risk for water damage, and because the LAPPD is very light-sensitive, it is
at risk for damage by excessive amounts of light. Thus, it is crucial that we monitor the
conditions inside the housing. This is referred to as “slow controls” and includes monitoring
of the temperature, humidity, high and low voltages, and light levels.

The LVHV board, designed by Seth Hillbrand, is dedicated to monitoring the aforemen-
tioned slow controls variables. It also provides the high (HV) and low voltages (LV) needed
to power the LAPPD, trigger card, and ACDC boards. The DSPIC33EV256GM102 (hereafter
known as the “PIC”) by Microchip Technology serves as the main point of communication
between the surface and the peripheral devices on-board. Users communicate with the PIC
via the CAN bus communication protocol, which is serviced by the MCP2515 chip.

A +12 V input voltage to the LVHV board is stepped down to +5 V and +3.3 V power
rails needed by other modules on-board. Step-down converters and linear regulators provide

the +3.8 V, +3.0 V, and +1.8 V rails that power the chips on the ACDC boards. HV

4Polyvinyl chloride
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1 - Power input (+12V, GND) 6-9 - LV lines (+3.8V, +3.5V, +1.8V) 14 - RJ45 port

2 - UV/OV protection circuit 10 - TPS562200 step-down converter 15 - HV output circuit

3 - PIC microcontroller 11 - ADP7158 linear regulator 16 - LTC2631-HZ DAC
4 - HIH6030-021 RH&T sensor 12 - Trigger board power and comms 17 - HV divider

5- CAN bus 13 - LVDS circuit

Figure 4.14: Version 2 of the LVHV board for LAPPD-40. Some important peripherals
are labeled. The LVHV board provides the high and low voltages needed to power the
LAPPD and the trigger card and ACDC boards attached to it. It also monitors the
temperature, humidity, and light levels inside the housing. The PIC microcontroller
serves as the main point of communication between the housing and surface-level elec-
tronics. Users communicate with the PIC via CAN communication.

is distributed by an EMCO C40N power module, which is programmed with a digital-to-
analog converter (DAC) of type LTC2631-HZ and an Omron G5Q-1A4 DC12 relay. Under
a software routine, the PIC fetches measurements from a relative humidity and temperature
(RH&T) senso, a photodiode, and its internal analog-to-digital converters (ADC), and
sends humidity, temperature, light level, and voltage readings to the surface for monitor-

ing [109].

Software protections in the main DAQ routines warn users of undesirable conditions

SPart number: Honeywell HIH6030-021 (SPI version)
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in the LAPPD system, while a salt bridge installed inside the housing and monitored at
the surface level detects emergency leaks. An activated salt bridge prompts an automated
shutdown if the LAPPD and electronics are on, or prevents devices from being powered if a
leak is detected immediately after the system is deployed in the water.

After extensive testing and debugging, the LVHV board design underwent revisions by
Seth Hillbrand and Paul Stucky to include more protections for the LAPPD system and
the LVHV itself. These include an undervoltage/overvoltage (UV/OV) protection circuit
for the +12 V input and high voltage read-back. Although this second version was an
improvement from the first version, there were still some issues that were found and needed
to be addressed. See Appendix |[A| for a list of the changes between the first and second

versions and modifications to LVHV-v2.

4.5.5 Watertight Housing & Deployment Panel

Although the LAPPD has a frame to protect the fragile vacuum tile (see Figure , there
is no protection from water as it stands. The Ultem® frame designed by Incom Inc. [110]
protects the LAPPD from mechanical forces, distributes high voltage to electrodes that
penetrate the vacuum tile, and provides mounting holes (shown in Figure to secure the
LAPPD to a structure for testing or deployment. Thus, a form of housing is needed to
protect the LAPPD and its electronics from water.

The LAPPD watertight housing and deployment panel were designed by me and David
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Figure 4.15: The LAPPD watertight housing comprises a 13-inch by 17-inch by 2-inch
PVC frame, a UV-transparent acrylic window, and stainless steel backplate. O-rings sit
in grooves under the front window and backplate to provide the watertightness needed
for the LAPPD system. The backplate offers some level of heat dissipation.

Hemer from the UC Davis Math and Physical Sciences Machine Shop. This housing consists
of a 13-inch by 17-inch by 2-inch PVC frame, an acrylic front window so the LAPPD can
detect light generated within the detector volume, and a stainless steel backplateﬁ for heat
dissipation and mounting (Figure [1.15). Grooves for O-rings and 60 screw holes can be
found on both sides of the PVC frame, for a grand total of 120 bolts and two O-rings for
each LAPPD. Short protrusions, or “nubs”, in the interior of the frame provide a shelf for the
LAPPD and LVHV board to rest on and be securely mounted in the housing (see Figure.
The front window is made of UV-transparent (UVT) acrylic and is 0.25 inches thick. When
installed in the housing, the LAPPD frame nearly touches the front window. Two holes were

drilled into the top edge of the housing (Figure 4.16) for the MacArtney SubConn Power

5The stainless steel backplate was machined by an external company using laser cutting technology.
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Figure 4.16: A PVC frame with a LVHV board mounted inside. The LAPPD Ultem
frame can be bolted to the four protrusions (“nubs”) indicated by the white arrows.
The MacArtney SubConn socket connectors screw into the holes indicated by the red
arrows. The top of the housing is where the LVHV board is mounted. One of the six
nubs (underneath the LVHV board) needed to be removed as it was in the way of the
power module of the LVHV.
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Ethernet Circular 13-pin socket connectorg| to screw into. The socket connectors are where
the waterproof cables plug into the housing.

The LAPPD deployment panel is a 10-ft long, 11-inch wide, and 0.25-inch thick PVC
board with four polypropylene “sliders” attached to its back. The sliders have a cross-
section in the shape of an “I” (cf. Figure and fit into the six rails of the octagonal
inner structure. At the top of each panel is a rectangular hole used for lowering and retrieving
the panel into and out of the tank. The LAPPD housing attaches to the deployment panel
via the holes in the stainless steel protruding from the backplate. Once a position is chosen,
holes can be drilled into the panel where the housing will be bolted and secured. A set
of smaller holes are drilled in the left and right halves of the panel so that the waterproof
cables can be secured with metal zip ties. This is to prevent the cables from drifting into
the inner volume of the detector and obstructing other photodetectors. Figure [4.17 shows a
deployment panel fitted with an empty housing unit and a set of waterproof cables, ready

to be deployed in the water.

4.5.6 Waterproof Cables

The LAPPD waterproof cables manage the power, CAN bus communication, data, sine
wave, and alarm lines. It was necessary to design them from scratch since the LAPPD is
new detector technology and there were no commercially available parts. The cable design

accommodates

"Part number: DBH13F (socket connector)
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Figure 4.17: A 10-ft long deployment panel machined from gray PVC, ready for de-
ployment testing. The housing is attached to the panel at the stainless steel backplate
with washers, nuts, and bolts. The waterproof cables are secured with stainless steel
zip ties. Materials that make up LAPPD components (e.g., PVC, cable jacket) were
carefully selected for chemical compatibility with Gd-loaded water. Before deployment
in the tank, everything needs to be dust- and contaminant-free.
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Figure 4.18: Four polypropylene sliders (shown by white arrows) attach to the back of
the LAPPD deployment panel. Rectangular grooves were machined into the sides of
each block so fit into the eight rails of the octagonal inner structure.

e 2 lines for power and ground,

e 8 pairs of lines (16 total) for data transfer and communication with two ACDC boards,

e 2 lines of CAN bus communications,

e 2 lines for a sine wave or other calibration signal, and

e 2 lines for an alarm
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for a total of 24 lines needed. The Falmat XtremeNet™ Underwater Cabld® best suited
our needs with four single conductors of 18 AWG and four twisted, jacketed pairs of CAT6
lines of 23 AWG, for a total of 12 lines per cable. Two cables serve one LAPPD and are
not identical, since power, CAN bus, sine wave, and alarm need to be divided between the
cables. Thus, it is important that a cable connects to the appropriate connector, so that
signals are not delivered to the wrong location and damage electronics.

To complete the cable designﬂ, pin connectors are needed to terminate the wet end (the
end that goes underwater) and plug into the housing. The MacArtney SubConn Power
Ethernet Circular 13-pir["] connectorl ]| was selected for cable termination, as its pins are
specialized for paired data signals like LVDS. The MacArtney SubConn pin connectors were
spliced to the Falmat XtremeNet cables, making the cable a little over 10 m (33 ft) in length.
On the dry end of the LAPPD cable, data lines were terminated with RJ45 jacks, while the

single conductor lines (for power, CAN, etc.) were directly routed inside the breakout box.

8Part number: FM022208-14

9At the time, Falmat was unable to terminate the cables for us, but we also needed the connectors to be
waterproof.

0Unfortunately, the 12-pin connector (P/N: IL12M) initially selected did not function to our standards
and needed replacement. The data lines extending from the splicing side of the connector were not twisted
and picked up significant levels of noise. This affected communications between the ACC and ACDC boards.
All cables needed to be re-spliced with the new connectors and the housings modified for the new socket
connectors.

HPart number: DIL13M (pin connector)
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Figure 4.19: LEFT: A MacArtney SubConn Power Ethernet Circular 13-pin connector
(blue section) is spliced to the Falmat XtremeNet™ Underwater Cable (neon green).
The spliced region (indicated by the white line) is made with crimp connectors, heat
shrink tubing, electrical tape, and splicing tape. RIGHT: A waterproof cable spliced
with the original MacArtney SubConn 12-pin connector. The cable is about 10 m, or
33 ft, in length.

4.5.7 Breakout Box

The breakout box (BoB), also designed and assembled by Seth Hillbrand, serves as a distri-
bution hub for power, data, and other important signals. Each BoB services twﬂ LAPPDs
with a set of terminal blocks, a Raspberry Pi and Pi HATEEL and power module for the Pis,

as shown in Figure 4.20

12The prototype breakout box serviced only one LAPPD and was designed to take up one rack unit (1U).
However, upon realizing that the Pi HATs would take up more space in the vertical direction, the breakout
box was expanded so that it could service two LAPPDs instead, making the height 2U.

13Raspberry Pi Model 3B. A Pi HAT (Hardware Attached on Top) is an expansion board that connects
to the Raspberry Pi’s GPIO pins and adds extra functionality to the Pi, such as lights, motors, and CAN
bus.
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Figure 4.20: Inside the breakout box are two sets of electronics and components that
service two LAPPDs: (1) an input voltage of 412 V is fanned out to the relay HATs
on the Raspberry Pis before making it down to the LVHV board underwater; (2) the
Raspberry Pi power supply also receives the +12 V input to power the Pis with +5 V;
(3) a relay HAT and a PICAN 2 HAT sits atop a Raspberry Pi that runs a routine to
fetch slow control measurements; (4) power, CAN bus, data, sine wave, and alarm lines
are routed through terminal blocks; (5) the LVDS data signals exit the breakout box
via RJ45 jacks; (6) communication with the Raspberry Pis can occur over an Ethernet
connection.
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An input voltage of +12 V enters the breakout box and is fanned out to two Raspberry
Pi Power Relay HAT's before powering the electronics downstream. The relay serves as one
point of protection from accidental power-ons: users must command the Raspberry Pi to
switch the relays to power the LVHV board, else the electronics remain off. The +12 V input
also powers the +5 V power supplies for the Raspberry Pis. Another Pi HAT, the PiICAN
2 HAT, adds CAN bus communication functionality to the Raspberry Pi. Users have the
capability to send commands to the LVHV board via CAN messages sent by the Raspberry
Pi. Communication with the Raspberry Pis themselves occurs via ssh but can also be done
with standard Ethernet cables.

Terminal blocks route signals in and out of the breakout box. In Figure [4.20] twisted
pairs of wires coming from a waterproof cable are routed to a terminal block, and then to
RJ45 ports. CAT5/6 Ethernet cables connect to the BoB on the other side of these ports
and deliver the LVDS signals to the ACC.

Amphenol receptacle connectors on the front panel of the BoB proved unnecessary as
testing of the LAPPD system components progressed and added noise to the LVDS signals
transferred between the ACC and ACDC boards. Thus, the connectors were bypassed and
data signals are transferred over the waterproof cables directly to the ACC, while power and
CAN bus were still managed by the breakout box.

Although not shown in Figure the Yoctopuce Yocto-MaxiThermistor was installed
to measure resistances of the salt bridge and thermistor that were added to the LAPPD
system in the housing. For future designs of the breakout box, reorganization of the internal
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Figure 4.21: A single LAPPD is mounted inside a dark box. A motor-driven apparatus
holds the LED and laser used to perform quantum efficiency and timing studies.

components and removal of unnecessary parts should be taken into consideration.

4.6 Characterization & Testing

LAPPDs exhibit unit-to-unit variability in performance, so it is necessary to thoroughly
characterize each one. Some characterization measurements include the quantum efficiency
(QE) and timing capabilities for each LAPPD. Additionally, since many components are
designed specifically for ANNIE, they must be individually and extensively tested before

integration into the full LAPPD system.
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4.6.1 Measuring Quantum Efficiency with an LED

Recall that quantum efficiency (QE) is the likelihood that a photon is converted into a pho-
toelectron by the photocathode. Since LAPPD production is relatively new, manufacturing
steps may not necessarily result in identical units, particularly the steps involving deposition
of photocathode material on the front window and sealing of the vacuum tile. This makes
QE a major source of variability among LAPPD tiles. Early LAPPD tiles exhibited modest
photocathode QEs [100], but more recent tiles have QEs of at least 25%, comparable to that
of conventional PMTs.

To measure the QE of the entire photocathode area, an LED of 420 nm wavelength was
used with a NIS photodiode serving as a reference. First, a motor-driven apparatus that
holds the light sources is moved to the reference photodiode. The LED shines onto the
photodiode and current is measured. After this reference current is measured, the motor-
driven apparatus then shines the LED at points across the entire area of the LAPPD in
increments of 5 mm in both the vertical and horizontal directions, measuring a current at
each location. The scan takes about 8 hours to complete. Once complete, the data is analyzed
using Python scripts written by Bernhard Adams to produce a QE plot. Figure shows
the results for LAPPD-63, one of ANNIE’s better performance LAPPDs.

As extensive characterization studies progressed, the average QE across the face of the
LAPPD was observed to decrease over time. Thus, QE scans before and after extensive

testing is recommended for to study how photocathode performance changes over time.

4 National Institute of Standards and Technology
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Figure 4.22: The results from a quantum efficiency (QE) scan for LAPPD-63. Note
that the QE is fairly uniform across the photocathode and comparable to the QE of
convention PMTs. The dark regions at the perimeter of the LAPPD and that form an
“X” are where the frame and X-spacer sit. Over time, it was realized that performing QE
scans before and after extensive testing is recommended to study how the photocathode
performance changes over time. After extensive studies with the laser, the average QE
had dropped by about a percent.

4.6.2 Timing Performance Characterization

LAPPDs are known for their picosecond-level timing. Naturally, measuring the timing ca-
pabilities is another way to characterize a LAPPD. Timing studies are performed with a
PILAS PiL040X laser from NKT Photonics with a wavelength range of 405 nm 4+ 15 nm
and a <45 ps resolution rather than with an LED because lasers are capable of producing

pulses with rise times and widths on the order of picoseconds. Sending well-defined, narrow
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pulses allows us to determine how well the LAPPD is able to capture the pulse’s timing
information.

Mounted on the same motor-driven apparatus as the LED, the laser is pointed at a fiber-
optic collimator, which is coupled to an optical fiber. The fiber reduces the intensity of the
laser so that single photoelectron (SPE) levels of light can be reached. SPE levels of light
is key to understanding the response of a LAPPD because we want to make sure that we
are able to detect a single photon. An Advanced Laser Diode Systems (ALS) EIG2000DX
Controller powers and controls the laser. Settings were such that the laser fired at a rate of
100 Hz (the lowest setting unless externally triggered) and at a tun of 70-90%.

The PILAS laser was pointed at the LAPPD using the same Python software that controls
the LED and data was taken at several locations on the photocathode. Studies include
horizontal scans to study timing differences between the ends of the striplines, vertical scans
to study charge spread and cross-talk between striplines, and high statistics scans. A laptop
computer with LAPPD data acquisition softwareFE] installed connects to the ACC to take

data.

4.6.3 Performance Stability Tests

Understanding all the features of a LAPPD is important, but understanding its supporting

electronics and parts is equally as important. Since most of the components will be under-

5 Tune is a setting on the ALS controller box that influences the intensity of the laser. A larger tune (i.e.,
more tuning) value means a lower intensity, and vice versa.

The LAPPD DAQ software is written in C/C++ and can be found at
https://github.com/lappd-daq/acdc-revc-dagq.
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water and not easily accessible, operation of each system component needs to be reliable.

To test the performance stability of the ACC and ACDC boards, high statistics scans
often ran for at least 8 hours to a day. Any crash or interruption in a run was debugged to
ensure long-term performance.

Burn-in tests of the LVHV board were carried out to study the robustness of the different
communication protocols (I2C, SPI, CAN) on-board the LVHV. The slow controls routine
of fetching humidity, temperature, low voltage output, etc., ran for several hours to find any
software bugs that may come up during long periods of operation. In addition to testing
the slow controls, burn-in tests with HV were also conducted to ensure that the LAPPD is
powered without interruption and data quality is not affected. Sudden changes in applied
voltage can damage the LAPPD and render it inoperable. For these tests, the LVHV board
is powered and the HV output is gradually ramped up until the nominal voltage is reached.
Dummy loads with resistances close to that of the microchannel plates (MCPs) were attached
to the LVHV to get as close to actual operating conditions as possible. After HV tests were
deemed successful, the LAPPD itself was connected to the LVHV board and powered for

several hours to confirm performance stability.

4.6.4 Soak Test of Housing

To test the capability of the watertight housing in keeping the interior dry, soak tests were

performed with and without electronics installed. O-rings provide the watertightness and
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each housing receives two O-rings: one under the acrylic front window and one under the
stainless steel backplate. In these soak tests, the waterproof cables need to be plugged in
to prevent water from entering through the pin holes of the socket connectors{ﬂ. In effect,
the MacArtney SubConn pin and socket connectors were also tested in their ability to keep
water out, along with the waterproof integrity of the cables. Because the rubber that the
MacArtney SubConn connectors were manufactured with is not compatible with Gd-loaded
water, those sections of the cable and the socket connectors (see Figure were wrapped
in PTFE tape, like the inner structure of the detector tank.

A large bin was lined with plastic and filled with deionized water. The housing with the
cables attached are then submerged and held down since the entire unit is buoyant. Soak tests
with an empty housing ran for several days since there were no electronics to worry about.
Humidity indicator strips were taped to the backplate inside the housing to get a rough
measure of humidity levels inside, as can be seen in Figure In actual deployment, when
all electronics are installed, some (six to eight) silicone gel desiccant packets were distributed
throughout the housing to absorb moisture and keep humidity levels to a minimum. Soak
tests were repeated with LAPPD components installed, first with the electronics off and then
powered on. When the LVHV board is on, humidity can be measured with the sensor in
addition to the indicator strips.

A successful soak test demonstrated that no water entered the housing and retrieval from

17Small O-rings between the socket connectors and the housing to provide watertightness where the
connectors are screwed into the housing frame.
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Figure 4.23: LEFT: An empty watertight housing soaking in deionized water. Note that
this soak test was carried out with the old 12-pin connectors. The waterproof cable is
wrapped in PTFE tape where the MacArtney SubConn connectors mate, so that no
rubber insulation is exposed due to incompatibility with Gd-loaded water. The black
O-ring on the acrylic window side of the housing is indicated by the red arrow. Three
humidity indicator strips were taped to the backplate inside the housing to get rough
estimates of humidity levels. RIGHT: The full LAPPD system. An LED (green arrow),
wrapped in plastic to waterproof it, is placed in front of the acrylic window to confirm
that the LAPPD still sees light even in its housing and underwater.

the water. Although the humidity indicator strips did show an increase in humidity levels, it
was not cause for concern because it is known that acrylic is slightly permeable to moisture.
As for the cables, continuity tests and resistance measurements of each wire, using a digital
multimeter, showed that no water penetrated the cables. It is noted here that frequent
opening and closing of the housing requires replacement of O-rings as they may fail with

frequent compression and decompression.
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4.7 Deployment & Integration

Once the LAPPD components have been individually and extensively tested, they must be
integrated and tested as a whole system in water before deployment in the ANNIE tank.
During early development and testing, four commercial power supplies provided the high
voltages necessary for the LAPPD photocathode and microchannel plates (MCPs) described
in Section[4.2] The last voltage drop between the lower MCP and the anode was established
by a 4200 V zener diode. Power to the ACDC boards also came from external power supplies,
before integration of the LVHV board.

After collecting sufficient characterization data and performing burn-in tests, the LVHV
board was the first component integrated into the full system. In this configuration, the
LAPPD and ACDC boards received power from the LVHV board instead of commercial
power supplies, while the LVHV and ACC boards were powered externally. The LVHV
board was encased by a plastic enclosurdzg] to mitigate the dangers of exposed high voltage.
Some data was taken with the laser to confirm that this configuration of the system worked
and that the LAPPD could see pulses.

Next, the waterproof cables and breakout box were integrated into the system together{ﬂ
Rather than power the LVHV board directly, the power supply delivered +12 V to the front of

the breakout box, which then distributed power to the rest of the system over the waterproof

8Designed and assembled by an electrical engineer at Iowa State University.

9 At the time of integration testing, the cables were terminated with Amphenol connectors and only the
breakout box had the correct mating connector and pinout. Pinout refers to the assignment of wires and
pins to their respective functions.
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Figure 4.24: A commercial power supply (on top) provides the +12 V to the breakout
box (on bottom), which distributes the power accordingly. (1) The input voltage enters
the breakout box at one port on the front panel. (2) Waterproof cables connect to
Amphenol receptacle connectors. The RJ45 ports to the right of the cables are where
the ACC connects. (3) Another set of connectors and ports for a second LAPPD.

cables and to other modules inside the breakout box. This is shown in Figure [4.24] As
integration testing progressed, it was observed that the waterproof cables were long enough
to cause the ground path to drift and cause issues in the LVDS signals exchanged between
the ACC and ACDC boards. In turn, the altered LVDS signals damaged some of the buffer
chips on-board the ACC. Fortunately, a redesign of the LVHV board mitigated the grounding
issues (refer to Appendix |[A|for more details).

After much testing and debugging in the dark box, the nearly complete system operated

to our satisfaction. The final step was to move the LAPPD and all its electronics into the
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watertight housing and test the system in water. As a sanity check, the fully assembled
housing was placed inside a small portable dark box with a green LED: the LAPPD system
still operated as expected. Several burn-in tests in water were carried out with the LAPPD

at nominal voltage to establish standard operating conditions.

4.7.1 Deployment Mechanism

As briefly described in Section [4.5.5, the watertight housing is bolted onto the deployment
panel. The waterproof cables are secured to the panel by stainless steel zip ties at points along
the panel to prevent the cables from drifting towards the center of the tank and obstructing
the other photodetectors. Bolted to the back of the panel are four polypropylene blocks with
rectangular grooves machined into the sides so that the panel can slide up and down one of
the eight tracks. The bottommost block also acts as a stopper, to prevent the panel from
sliding all the way through to the bottom of the inner structure and hitting other PMTs.

Before the inner structure was transported to the experimental hall, the deployment
mechanism was tested in air, in a clean tent located at the DO Assembly Building (DAB) at
Fermilab. Figure shows the panel with an empty housing in one of the eight rails. A
cross-like pole with a hook at the end was assembled out of PVC and bolts to retrieve the
panel out of the tank. This method of retrieval was tested as well.

Following the installation of the inner structure and the filling of the tank with Gd-loaded

water, the LAPPD deployment and retrieval mechanisms were tested again to establish the
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Figure 4.25: An empty LAPPD housing attached to a deployment panel. Testing of the
deployment mechanism took place in a clean tent, before the octagonal inner structure
was transported to ANNIE Hall. The panel slides along the rail via polypropylene sliders
bolted to its back. All eight panels were tested to make certain that they slid down the
rails smoothly. Sliders that did not go down a track smoothly naturally had pieces of
polypropylene shaved off by the track. An ANNIE collaborator can be seen behind the
inner structure holding the deployment panel.
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best way to deploy the system in water and in the hall. Given the limited space in the
experimental hall, any issues that may put the LAPPD system at risk for damage needed
to be identified and mitigated before actual deployment. Buoyancy is also a concern, so a
stainless steel rod was attached to the bottom of the PVC panel. The added weight made
lifting the panel over the guard rails above the tank lid slightly more awkward. Regardless,

the deployment and retrieval mechanisms were demonstrated with great success.

4.8 My Work

For this thesis, I spent a year at Fermilab debugging, developing, and testing the individual
components of the LAPPD system leading up to and including the full system integration
into the ANNIE detector. During subsequent visits to Fermilab, I tested the redesigned
LVHV board, modified the housing to accept the replacement MacArtney connectors, and
helped address the heating issues inside the housing. I spliced the original 12-pin MacArt-
ney connector to the 10 Falmat cables, and respliced a pair of the cables with the 13-pin
connector. I also helped designed the plugs needed to modify the housing to accept these
new connectors.

I wrote and tested the firmware that programs the PIC microcontroller, so that it can
communicate with peripheral devices on the LVHV board such as the humidity and temper-
ature sensor, photodiode, and HV power module. I also developed a user-friendly software

(on which the slow controls portion of the LAPPD DAQ toolchain software is based) that
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allows users to set outlines a routine for monitoring slow controls variables [109]. When
the temperature and/or humidity reach(es) a certain threshold, the software starts an auto-
mated ramp-down of the high voltage. This way, the LAPPD and the other electronics are

protected from severe damage.

4.9 First LAPPD Data

Finally, on March 29, 2022, the ANNIE Collaboration deployed its first LAPPD. Figure
presents the first LAPPD data taken with the ANNIE detector. The beam spill is clearly

visible. Efforts to integrate this datastream are in progress.

140
120
100
80
60
40
20

FWHM = 1.6 ps

events / 125 ns

2 4 6 8 10 12 14 16 18 20
time (us)

Figure 4.26: An increase in events with a width of 1.6 us confirms that the LAPPD
does in fact see the neutrino beam.
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Chapter 5

Calibration

A good and thorough understanding of how a detector responds to a physics event is crucial
for any precision measurement. To measure the response of each system component, we
must perform calibration tests, both ex situ and in situ, to ensure performance stability
during actual experimental runs. No detector is perfect, so it is pertinent to assess its overall

response to events and understand how well it can detect particles.

5.1 Detector Calibration

The realization of the physics goals of ANNIE requires measurements of particle type, en-
ergy, vertex, and direction. The detector must also be able to veto interactions that occur
in the upstream rock and efficiently detect the 8 MeV gammas from neutron captures on

gadolinium. To extract this information from the detector, we need a good handle on pho-
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todetector gains, timing, and efficiencies. Setting the absolute energy scale of the detector
is also necessary, that is, determining how much energy is represented by some amount of
charge. If the charge-energy conversion is unknown, then particle energies cannot be deter-
mined accurately. Similarly, if the timing of signal is not well constrained, uncertainties in
energy and position reconstruction will be large.

For these reasons, photodetectors were tested and characterized using test stands in lab
and custom software. The efficiencies of the Front Muon Veto (FMV) and Muon Range
Detector (MRD) were determined by looking at a sample of though-going muons in the

data.

5.1.1 Target Tank PMT Gains

In a conventional photomultiplier tube (PMT), dynodes amplify a single photoelectron (SPE)
into a detectable current. This amplification factor—the ratio of the anode current to the
photocathode current—is the gain of the PMT. Gain varies with supply voltage. If the
supply voltage is too low, the result is low gain and poor single photoelectron (PE) detection
efficiency since the anode current may be too small. If the supply voltage is too high, then
dark noise (electrons spontaneously emitted from photocathode), after-pulsing (correlated
delayed pulses caused by ions from residual gases drifting into the photocathode and freeing
additional electrons) rates, and current draw increase, potentially damaging the PMT and

reducing its lifetime. Finding the right gain and operating voltage that sufficiently amplifies
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Figure 5.1: Distributions of PMT operating voltages (left) and peak-to-valley ratios
(right). Several PMTs in the purple distribution, representing ETEL type PMTs,
exhibit lower operating voltages compared to the green distribution of WATCHBOY
PMTs. ETEL PMTs also have lower peak-to-valley ratios. Given that the ETEL
PMTs were more sensitive to operating conditions, they were installed under the tank
lid and thus experienced less pressure underwater.

a photoelectron is important if we want a uniform detector response. PMTs are not exactly
identical to one another, so each will have its own operating voltage for the same gain value.
ANNIE has several PMT types, namely the ETEL, Hamamatsu, LUX, WATCHBOY, and
WATCHMAN PMTs, so gain-voltage curves are needed for each of these PMTs.

I characterized the WATCHBOY and ETEL PMTs at UC Davis before transporting
them to Fermilab. A large darkbox was set up with a green LED at one end and one PMT
at a time directly facing it. The LED intensity was set to a level such that one in every ten
pulses would be detected by the PMT. This ensures that the signals collected come from a
single PE and not multiple PEs. For each PMT, waveform data was taken with an Tektronix

AFG 3022B oscilloscope at different voltages increasing in steps of 100 V. Charge values were
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Figure 5.2: Distributions of dark noise (left) and current (right). WATCHBOY PMTs
(green) have low dark noise compared to ETEL PMTs (purple), which have a wide
range of dark noise levels. The current draw for ETEL PMTs also vary more than

WATCHBOY PMTs.

extracted from the data by integrating the waveforms via Ohm’s Law

Qrotal = /_tfl(t) dt = }%/tf V(t) dt (5.1)

where V(t) is the measured voltage at each time bin and R is the resistance of the digitizer.

Because the light intensity is low, the majority of events will not have pulses in them.
These form the first peak called the pedestal. Ideally, the pedestal is centered at zero charge,
arising from events where no photon is detected. However, variations in the baseline due
to noise and hardware can shift it to non-zero values. The next obvious peak consists of

the single PE events, whose central value represents the charge amplified by the gain. To
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Pulse Charge Distribution for PMT 419 at 1600V
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Figure 5.3: An example pulse charge distribution curve fitted with a double Gaussian.
The first visible peak is the pedestal and is slightly greater than zero charge. The second
visible peak is the single photoelectron peak. This charge represents the gain-amplified
photoelectron.

extract the pedestal and gain values, Gaussian curves were fit to each peak, as shown in
Figure 5.3 If the pedestal differs from zero, which is often the case since hardware is not
perfect, then its central value is subtracted from the overall charge distribution. Once the
pedestal-subtracted single PE charge value is extracted, dividing by the electron’s charge
gives the gain of the PMT. This procedure was repeated for all of the WATCHBOY and
ETEL PMTs.

Once all PMTs were relocated to Fermilab, characterization tests were performed again
to check the stability of PMT performance. Up to four PMTs were tested in a dark box

with an LED light and a custom test stand built from CAMAC electronics to measure cool
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down times, gain, operating voltage, and after-pulsing rates. Refer to [77] for more details
of these characterization tests. This second round of testing offered an independent way of
determining the gains for ANNIE PMTs and confirmed the results of testing at UC Davis.
Gains were determined using an algorithm from the DEAP-3600 collaboration [111]. In
addition to the two Gaussian fits to the pedestal and the SPE peaks, a third Gaussian was
fit to the double PE peak along with an exponential for events where the electron does
not follow the typical path down the dynode chain. Overall, the operating voltages were
selected so that the PMT gains were relatively uniform and had a mean value of 7 x 10° (cf.
Figure .

After PMT installation, in situ measurements were performed to monitor the stability of
the PMTs. These measurements were carried out with six 468 nm LED optical fiber modules
installed at various locations on the inner structure, and include measuring PMT response
and cable propagation delays. In addition, the LEDs are used for water transparency mon-
itoring. For example, the light output from the top LED can be measured by the bottom
PMTs (Figure . If the transparency is relatively constant, then we can conclude that
water transparency remains stable.

Gain calibration is done periodically with the LED light sources to monitor the stability

of the PMTs. Using the DEAP-3600 method, a combination of functions were used to model
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Figure 5.4: Six LED models are installed on the inner structure of the detector. Their
locations cover all of the PMTs so that gain calibration and water transparency moni-
toring can be performed while the experiment is running.

the different contributions to the PMT’s charge distribution:

Q(CC) = Aped : Gauss(:c, Hped, Uped) + Be(x_a)/TH(Q - Mped)
+ Aipg - (Gauss(x, pt, 0) + Gauss(z, f, - i, fo - 0)) (5.2)
+ Aspg - (Gauss(z, 2u, \/50) + Gauss(z, (1 + f,) -, V1+ fo - 0))

where Gauss(z, i1, 0) is the Gaussian function Gauss(z, u,0) = e~ (@=1?/(20%) " A represents

the amplitude of the Gaussian associated with the pedestal, single PE, and double PE peaks,
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Detector gain distribution for ANNIE beam run 2019-2020
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Figure 5.5: A distribution of initial gain values on the left [112] and updated gain values
on the right [113]. The PMT gains were recalculated after an update to the hit finding
procedure. The average gain has a value of 9 x 10% compared to the previous value of
7 x 108,

and H(z) is the Heaviside function with B as its amplitude. The fractions f, model the
incomplete photoelectron amplification by the PMT dynodes. These more recent gain values
with an updated hit finding procedure are used for the analysis in this thesis. A distribution

of the new gain values is shown in Figure [5.5

5.1.2 LAPPDs

Similar to conventional PMTs, the gain and operational voltage are determined for each
LAPPD. In addition, since LAPPDs are new photodetection technology, the quantum effi-
ciency needs to be characterized since production processes were not perfected at the time
ANNIE purchased its first LAPPDs. Although LAPPD data will not be used in this analysis,

details of LAPPD calibration can be found in Chapter [4]
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5.1.3 FMYV and MRD Efficiencies

Both the FMV and MRD consist of scintillator paddles coupled to PMTs. Plastic scintillators

age and may degrade over time, so paddle performance must be monitored periodically.

5.1.3.1 Muon Range Detector Efficiency

The Muon Range Detector (MRD) records the passage of muons through its iron-scintillator
sandwich structure. For the accurate reconstruction of the muon vertex and energy, it
is crucial that the MRD can detect the muon entry and stopping points. As described
in Section [3.2.6, the MRD was inherited from the SciBooNE experiment and some layers
needed refurbishment. For the replacement paddles, the efficiency was determined in lab
using threefold coincidence measurements at three different locations along the length of the
paddle. These serve as reference values for the in situ efficiency measurements.

The in situ measurements are made by using data and selecting events with through-
going muons, events in which the first and last layers of the MRD register hits. Because
the end layers are used to determine whether a muon is through-going, they will not have
efficiency values assigned to them. For the interior layers, their efficiencies are determined by
reconstructing the muon track inside the MRD using paddle hits positions (cf. Section
and looking for missing paddle hits. Each layer is checked for a hit that is in proximity of
the fitted track. If no hit is found, then the efficiency of that particular paddle is reduced.

For each paddle 7, the efficiency is calculated by comparing the number of observed hits to
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Figure 5.6: An event with a through-going muon. Note the missing paddle hit. The
long and short (dashed) lines represent the horizontal or vertical orientations of the
scintillator paddles, depending on the perspective view. Double dashed lines represent
the two halves of the paddle layers. The iron plate absorbers fill the gaps between
scintillator layers. Figure from []Zﬂ

the number of expected hits:

Nobs,i

Now (5.3)

€ =

Figure [5.6| shows an example of an event with missing paddle hits. The resulting MRD
efficiencies are shown in Figure [5.7] For most of the paddles, efficiencies of at least 80% are

observed.

5.1.3.2 Front Muon Veto Efficiency

The Front Muon Veto (FMV) tags events in which muons are created upstream. This
lets us remove events where the muon originated outside of the tank and reject entering
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Figure 5.7: Most MRD paddles have efficiency values of at least 80%, as high as 95%.
Paddles with low efficiency or are turned off will be replaced in future maintenance
during beam downtime. Figure from [114].

backgrounds. External events would otherwise bias our vertex and energy reconstruction,
and it must do so with high efficiency. The efficiency of the FMV was measured in the lab
using a threefold coincidence setup and cosmic muons. Test results showed that the efficiency
was about 90% at the end nearest the PMT and decreased to about 50% towards the other
end of the paddle. By orienting the layers such that the PMTs are on opposite ends, lower
efficiency on one end of the layer can be made up by higher efficiency on the other end of the
second layer and vice versa. A muon that doesn’t register a hit in either FMV layer would
be missed.

In situ efficiency measurements of the FMV scintillator paddles are determined in a

similar manner as the MRD paddles. Because there are only two layers of scintillator paddles
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Figure 5.8: Front Muon Veto (FMV) paddle efficiencies. The average paddle efficiency
is about 80%, ranging from 65% to 90%. Figures from [114].

that make up the FMV, we must also rely on the MRD to determine the efficiency of the
FMV. Events with a track in the tank and MRD are selected. The reconstructed is then
extrapolated back to the FMV, where each layer is checked for hits and compared with the
other layer. Using Eq. [5.3] efficiency values were determined for each of the paddles. The
efficiency was determined to be in the range of 60-80% for the paddles, comparable to what
was measured in lab settings. Combined, the efficiency of the FMV in vetoing dirt muons is
about 96%.

More details for the procedure for determining the efficiency of the FMV and MRD
paddles can be found in [114]. The technique was applied to MC data and the efficiency

values found in MC show agreement with data.
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5.2 Timing Calibration

To achieve its physics goals, ANNIE uses optical phenomena, which occurs at very fast time
scales. As a result, it is important to understand the timing response of the detector and
detector system. Otherwise, poor detector performance can limit ANNIE’s capabilities or
lead to misunderstandings in the acquired data. For ANNIE, accurate timing information is
needed to reconstruct the muon vertex. Accurate knowledge of when a photon was registered
by a PMT can help constrain the vertex position so that the muon energy can be determined
by track length in the tank and MRD. To perform a timing calibration for the ANNIE
detector, a laser is fired into the tank and the hit times of PMTs are recorded. Any deviation
from the actual laser trigger is a correction that needs to be made before data analysis. In
addition, the differing cable lengths of all the PMTs need to be taken into account as well.
Cable delays were programmed into the firmware of the DAQ system, so that they do not
need to be corrected for in offline analysis.

As a first measurement, LED optical fiber modules were used to determine the delays
between each PMT. Six of these LED light sources are installed at various locations of the
inner structure to ensure complete coverage of the tank [112]. Because LED pulses are wider
than laser pulses, the measured timing offsets are only accurate to ~10 ns, resulting in lower
spatial resolution due to the uncertainty in where photon emission occurred. Figure
shows the initial estimates.

Timing calibration was performed using a PILAS picosecond pulsed diode laser of 400 nm
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Figure 5.9: Initial timing calibration of the tank PMTs using LED light sources. Note
the different types of PMTs are grouped together due to similar cable lengths and
positions in the tank. Measurements are accurate to about 10 ns. Figure from |112].
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Figure 5.10: Timing calibration of the tank PMTs using a laser light source. Figure
from |\ Different colors represent PMTs at different locations.
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into the water tank. Each pulse is 30 ps wide with a full width at half maximum (FWHM)
value of 19 ps with a jitter of 3 ps. The laser is coupled to a single-mode fiber with a
teflon diffuser ball at the end that disperses the light. A distribution of the hit times fitted
with a Gaussian function was used to determine the timing offsets for each tank PMT.
Overall, the PMTs have uncertainties between 1-1.5 ns and the BNB bunch structure is
now visible in the ANNIE neutrino beam data, representing 81 53 MHz bunches from the
Booster (Figure [116]. These offsets are now incorporated into the event building
analysis procedure (discussed in Chapter @ for new runs and can be applied retroactively

for older datasets. Figure shows the distribution of the relative timing offsets.

5.3 Water Transparency and Quality

While many precautions were taken to reduce the possibility of contamination (see section ,
there is still a chance that something might happen to reduce the transparency of the Gd
water. In addition, the Gd dissolved in the water might precipitate out of solution or
be removed from the water filtration system. ANNIE uses LEDs to monitor the water
transparency and quality, as changes indicate changes in the amount of light that can be
seen by the photodetectors.

In an LED run, the LEDs installed at different positions on the inner structure are fired
and only tank PMT waveforms are collected. More specifically, the bottom LED is fired

at the same high intensity at the top PMTs (of ETEL type) and the amount of charge

142



Tank PMT Clustered Hit Times | Beam trigger, 2us window Dirt muon timing distribution

©
S

20000 A

~
S

17500 A

=)
=]

=P
NoU
u o
o o
o (=]
L L

Iy

S

10000 A

entries / 2ns bin
S
S

7500 4

w
S

5000 A

clustered hits per 20ns bin

0
0 250 500 750 1000 1250 1500 1750 2?00] 200 400 600 800 1000 1200 1400 1600 1800
ns [ns]

Dirt muon timing distribution

Dirt muon timing distribution

(=2} ~ @
(=} (=} (=}
1 L 1
©
3

entries / 2ns bin

o
o
1

S
o
1

0
1400 1420 1440 1460 1480 1500 1520 1540
[ns]

entries / 2ns bin

w
o
1

N
[=]
L

=
(=}
1

|
i

(=}
I

600 800 1000 1200 1400 1600 1800
[ns]

Figure 5.11: With the timing offsets measured using the laser diffuser ball, the structure
of the Booster Neutrino Beam is now visible. The top left plot is a distribution of hit
clusters whose cluster times fall in the prompt 2 us acquisition window. The 1.6 us
beam spill can be seen atop a flat background (above the dashed red line). Before the
timing corrections, the beam structure is not visible. The top right plot shows the
timing distribution of a smaple of dirt muon clusters after the timing corrections from
laser calibration were applied. The bottom two plots are zoomed in versions of the top
right plot to highlight the beam structure. Figures from [115].
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Figure 5.12: A record of transparency measurements. Significant changes in the trans-
parency can often be attributed to an external event, usually maintenance on the water
filtration system.

collected is monitored over time. The initial intensity of the LEDs is compared to the light
seen by the PMTs to determine whether transparency is still stable. Figure shows a
record of transparency measurements and shows that transparency has remained relatively
stable since the start of running. As seen in the figure, decreases and increases in water
transparency can usually be attributed to an external event, such as the replacement of
filters or resins. Changes in transparency inform collaborators when maintenance of the
water system is needed. Note that these are relative transparency measurements.

In addition to the transparency monitoring, the water quality is also checked by moni-
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toring the conductivity, temperature, and pH of the water. Conductivity is important for
monitoring the concentration of Gd and contamination from other ions. An increase in con-
ductivity is an indicator for unwanted ions leaching into the water target. Acidity is also
important because Gd requires a slightly acidic environment to remain dissolved in solu-
tion. Otherwise, a more basic environment encourages the formation of Gd(OH)s, which
will precipitate Gd out of solution, reducing the neutron capture time. Water samples are
taken from the circulation system regularly to check their spectra, similar to the material

compatibility tests described in Section [3.2.2.

5.4 Neutron Capture and Detection Calibration

One of ANNIE’s physics goals is to measure the neutron production rate following a neutrino-
nucleus interaction. As such, it is important that the detector can detect neutron captures.
By loading the water target with gadolinium (Gd), efficiency in capturing neutrons is in-
creased: ~90% of neutron captures happen on Gd, while the rest happen on hydrogen.
However, not all neutron captures will be detected due to fluctuations in the amount of light
detected and the fact that neutrons capture on hydrogen only produced 2.2 MeV of light.

This sections covers the characterization of the detector’s neutron detection efficiency.
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Figure 5.13: LEFT: AmBe source in acrylic housing. A deployment mechanism was
being tested here. CENTER: AmBe source housing wrapped in teflon (PTFE) tape to
maximize light collection. RIGHT: AmBe source deployment winch being tested. This
was the method selected for deployment.

5.4.1 AmBe Source

An Americium-Beryllium (AmBe) source is a neutron source comprised of americium (Am-
241) oxide with beryllium (Be-9) metal powder. Am-241 emits an « particle, which is

absorbed by Be-9, which then emits a neutron. The following depicts this process:

241Am _>237 Np +

a+’Be —n+2C+y(4.44 MeV) (5.4)

The neutron is almost always produced with a 4.44 MeV gamma ray (7), which comes
from the de-excitation of carbon-12. The ~ functions as a trigger to initiate readout of the

photodetectors in the water tank and AmBe source setup, shown in Figure [5.13
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The 100 #Ci AmBe source that ANNIE uses is housed in a 2-inch diameter cylindrical
acrylic vessel with a closed end and a conical cap. Two O-rings secured under the cap
provide watertightness, in addition to the bolts that attach the lid to the rest of the housing.
Grooves are made along the length and through the base of the acrylic vessel for wires to sit
flush and to hold the housing during deployment. Inside the housing, the AmBe source sits
at the base with a 2-inch by 2-inch cylindrical bismuth germanium oxide (BGO) scintillator
crystal on top of it. In initial designs, a stainless steel plate separates the source and the
crystal to stop any X-rays that may come from neptunium-237, but was later removed due
to size constraints. The crystal is wrapped in white teflon tape to maximize light collection
through reflection. Attached to the underside of the cap are two silicon photomultipliers
(SiPMs) for light detection. In later AmBe source calibration campaigns, the SiPMs are
replaced by a 2-inch PMT for better signal-to-noise discrimination.

After the process in Eq. takes place, the 4.44 MeV ~ enters and Compton scatters
in the BGO crystal, causing it to scintillate. BGO has a typical light yield of about 8,500
photons per MeV of energy deposited, with a peak in the 375-650 nm range. The scintillation
photons make their way to the other end of the BGO crystal to be detected by the coupled
PMT. When the PMT registers a hit, an acquisition window is opened to capture any activity
in the tank resulting from a neutron capture. In the two SiPM configuration, a coincidence
between the two SiPMs is required to trigger a readout and ensure that hits were not due
to noise. This requirement reduced the number of background events by a factor of 25.
Additionally, the AmBe source is optically isolated to prevent the scintillation photons from
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contaminating the neutron data.

5.4.2 Neutron Detection Efficiency

With a 100 uCi source and a 10~* efficiency for the (a, n) interaction channel shown above,
a rate of approximately 100 tagged neutrons per second is expected. The emitted neutron
from the AmBe can have energies of up to ~10 MeV [117], providing them with enough
energy to make their way out of the acrylic housing and into the water to be captured by
gadolinium (Gd). Following a neutron capture, Gd de-excites by emission of gamma rays,
which in turn excite electrons that will go on to produce Cherenkov radiation that can be
detected by the tank PMTs. To determine the neutron capture efficiency at a particular
location in the detector, the number of triggers from the PMT is compared to the number
of hit clusters found in the acquisition window. If the AmBe PMT fires but there is no tank
activity, then the efficiency at that position is reduced. Note that other factors affect this
efficiency.

Two calibration campaigns have taken place so far, both during periods of no beam. The
trigger scheme for these runs relies on the PMT /SiPMs registering a hit above threshold (two
consecutive samples in the waveform of at least 10 ADC counts above baseline, corresponding
to a threshold of about 5.9 mV). In the event that this occurs, a 67 pus window is opened
to record all tank waveforms, including the ones from the AmBe SiPMs/PMT. The AmBe

source was deployed into the tank at one of the five calibration ports in the tank lid using
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a custom built winch (see Figure . Data was taken at different heights to get a map of
neutron capture efficiency with positional dependence in the tank. As shown in Figure|5.14]
the neutron capture efficiencies range from ~55-70%. These efficiency values will be used to
correct the neutron production rate at different positions in the tank in the next chapter.
As discussed in Chapter [3, ANNIE conducted a neutron background measurement to
determine the rate of neutrons entering the detector tank from outside. Other sources of
background include cosmic muons (that may clip the detector), radioactive isotopes, and

spallation. These sources of background will need to be characterized in future studies.
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Figure 5.14: TOP: A schematic of source deployment and port locations. BOTTOM:

Neutron capture detection efficiency as a function of tank position.

This map was

created when the BGO crystal was coupled to two SiPMs. A new map using data taken

with a PMT is in progress. Diagram from [112].
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Chapter 6

Neutron Multiplicity Measurement

Neutron multiplicity refers to the number of neutrons that are produced in the final state of
neutrino-nucleus interactions. A measurement of neutron multiplicity is needed to improve
the nuclear models that neutrino event generators use. While purely charged current quasi-
elastic (CCQE) interactions do not involve any neutrons, the use of heavy nuclei as targets in
neutrino experiments increases the likelihood of neutrons appearing in the final state due to
significant nuclear effects. For example, an excited nucleus can de-excite by emitting neutrons
(“boil-off” neutrons), a resonant pion can knock out a neutron, and so forth. Neutrons are
an indicator of inelasticity, since they carry away energy from the initial interaction and
often go undetected due to their lack of charge. This obfuscates the true neutrino energy
and introduces biases in energy reconstruction. As mentioned in Chapter [3] the neutron
multiplicity measurement performed by the Super-K and SNO experiments can be improved

upon since the direction and sign (neutrino or antineutrino) of the incident neutrino were
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unknown, and measurements were made as a function of visible energy. Since ANNIE sits
on a muon neutrino beam with known sign and direction, and the energy of the incident
neutrinos is known to some extent, a measurement of neutron multiplicity of an exclusive
reaction can be made. More specifically, we can make a measurement of neutron multiplicity
as a function of momentum transfer of CC-Or interactions.

In general, the following steps outline the procedure to obtain a measurement of neutron

multiplicity in ANNIE:

e Perform data reduction on the raw data, extracting only necessary information;

Identify muons and calculate the relevant kinematic variables;

Identify candidate neutron captures;

Account for background neutrons; and

Correct for neutron detection efficiency.

The rest of this chapter covers these steps in more detail.

6.1 Processing Raw Data Into ANNIE Events

Before any analysis takes place, the raw data must be cleaned and reduced to more manage-
able and user-friendly files. This section covers the data processing procedures developed by

the ANNIE collaboration. Figure depicts the toolchain associated with the processing of
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Figure 6.1: This diagram shows the tools that are involved in various analysis toolchains
(blue). The tools relevant to event building starts at LoadGeometry and ends at
ANNIEEventBuilder. This toolchain is where data from each subsystem are matched
to the same physics event. Other toolchains can produce event displays, root files, and
run validation plots.
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raw data, which will be explained in more detail in the following sections. Beam data from
runs 2506-2643 from the 2021 and runs 3774-4188 from the 2022ﬂ beam years are used for

this thesis.

6.1.1 Event Building

For each beam signal from the resistive wall monitor (RWM) in the hall, 2- and 4-us windows
are open for the tank and MRD PMTs, respectively. The width of these time windows is
set long enough to capture the 1.6-us spread of the neutrino beam spill. When at least one

tank PMT registers a hit of at least 5 PE, the acquisition window is extended to 70 us to

Tt is noted that few events from the 2023 runs passed the selection cuts due to the presence of multiple
reconstructed tracks in the MRD, which have known issues.
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include tank activity that occurs after the first two microseconds. Data from each of the
detector subsystems are recorded and saved separately and at times that differ from the
global timestamp logged by the Central Trigger Card (CTC) due to the nature of electronics
and signal propagation and readout times. As a consequence, the raw output from each
subsystem must be timestamp decoded and matched to form an entry that belongs to the
same physics event before performing any analysis, as depicted in Figure The activity
in the different subsystems must fall within certain time tolerances of each other for them
to be assigned to the same physical event. This process is referred to as “event building”
and the processed data is grouped into ANNIEEvent objects stored in BoostStores with raw
waveforms, hit times, and so on. Any data entries that are not matched are sent to an
OrphanStore. Additionally, beam information is saved alongside each event so that beam

quality cuts can be made. This information includes the beam horn current and intensity.

6.1.2 Baseline Subtraction

Following event building and PMT gain calibration, baseline subtraction is performed for
each PMT waveform due to the imperfect and varying nature of electronics. Given a fixed
threshold for all PMTs (which could in principle be made unique for each PMT), differing
baselines across PMTs would affect the pulse-finding algorithm discussed next.

Baseline subtraction in ANNIE is based on the baseline characterization method found

in the ZE3RA (ZEPLIN-IIT Reduction and Analysis) software developed for the ZEPLIN-III
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Figure 6.2: A schematic of the timestamp matching steps of the ANNIEEvent building
process. Raw data from each subsystem is matched according their timestamps to form
event entries that belong to the same physical process. Any unmatched data go to an
OrphanStore. Figure from [118].

collaboration [119, |120]. The algorithm works as follows:

Split the pre-trigger section of a PMT waveform in M regions with N samples each;

Calculate the mean and standard deviation for region m;

Define a ratio R for neighboring regions m and m + 1 using their standard deviations;

I

Remove regions that do not pass a F-test (probability threshold and hypothesis test);

Estimate the baseline mean and standard devation using the remaining regions.
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Raw waveform from PMT 377 during an AmBe run
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Figure 6.3: The pre-trigger region of the above waveform is divided into M regions with
N samples. The darker regions were used to estimate the baseline, while the lighter
regions are where the baseline subtraction is applied, in addition to the darker regions.
Note the sinusoidal aspect of this particular waveform that comes from power supply
noise. For the future, a sinusoid may be a better fit to estimate the baseline. Figure

from M .

The F-test was selected based on the principle that if the baseline ADC values of regions m
and m + 1 contain independent and random samples drawn from populations of the same
variance, then the ratio R should follow an F-distribution. The probability P,, of observing
a deviation of R, from 1 is compared to a selected threshold P..;, such that R,, passes the
test if P,, < P,..; is satisfied. Failed tests mean that regions m and m + 1 do not share
the same mean and standard deviation, and region m + 1 is rejected from the final baseline
estimation. More details about the algorithm can be found in .

The ZE3RA algorithm works well in excluding regions that may have an unexpected pulse
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in them, so as to not bias the estimated baseline value. In turn, adjusting the baseline so
that it is as close to zero as possible prevents any baseline shifts from affecting the hit-finding
and charge integration that occurs later. Note that a sinusoidal component can be seen in
Figure due to noise from a PMT power supply. In the future, a sinusoidal fit could be

used to estimate the baseline.

6.1.3 Hit Finding

The next crucial steps are to look for pulses, or hits, and to convert their ADC counts into
voltages. For the tank PMTs, the conversion of ADC counts to voltage is 22 ADC counts
to 2.415 V, or 1,696 counts per volt. PMTs in the Front Muon Veto (FMV) and Muon
Range Detector (MRD) do not have charge information associated with them, so do not
need conversion.

After baseline subtraction, a waveform is scanned for pulses that meet the 7 ADC count
threshold above the baseline. The integration window begins begins five samples before the
point in the pulse where the threshold was crossed and ends after the waveform returns to
a value within the uncertainty of the baseline determined in the baseline characterization
step. This hit finding method was also applied to the PMT calibration procedure described
in Section [5.1.1 to update the gain values from previous calibrations.

The isolated pulse is integrated to get the total charge @) of the hit via

Q- }l%/: o(t) dt (6.1)
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where v(t) is the voltage of the waveform in a time bin defined by the sampling rate, R is the
50-€2 impedance of the digitizer, and ¢; and ¢; define the start and end of the identified hit.
This charge represents the amount of energy the PMT registered. In the past, the algorithm
for finding hits used a different threshold requirement. Users should note that older runs
may have been processed with this method and may require reprocessing.

The PhaseIIADCCalibrator and PhaseIIADCHitFinder tools in the event building toolchain

are used to perform these steps, shown in Figure [6.1]

6.2 Tank and MRD Cluster Finding

6.2.1 Tank PMT Clusters

Now that the raw data has been timestamp-matched and processed into ANNIEEvent entries
with identified hits with charge and timing information, it is time to start identifying inter-
esting physics events. When a muon traverses and exits the detector tank, it is expected
that a group of PMTs will register hits that close in time.

The clustering tools in the ToolAnalysis framework takes this assumption and looks for
clusters of PMT hits that are within 50 ns of each other. This time period was chosen based
on the initial studies of signal propagation delays. A sliding 50 ns window scans across the
full 70 ps readout window and searches for the position that encapsulates the largest number

of hits. These hits are formed into a cluster and the search is repeated with the remaining
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hits until the largest number of hits in the sliding window falls below 10 hits. Each cluster
is assigned a cluster time, defined as the average of all PMT hit times, and a cluster charge,
the total charge observed by the PMTs in the cluster. The ClusterFinder tool perform
clusterization for the tank PMTs.

An additional tool (ClusterClassifier) is applied to the tank clusters as a way to label
clusters that may belong to different physical processes or particles. The tool assigns each

cluster a charge balance parameter, C'B, defined as

SNQ 1
CB: 2 —N

sum

(6.2)

where N is the total number of PMTs in the cluster, (); is the total amount of charge seen
by the i-th PMT, and Q4. is the total charge observed in the entire cluster. This classifier
is used to flag clusters that may arise due to instrumentation effects and noise. If the cluster
charge is evenly distributed among the cluster PMTs, C'B approaches zero. However, if all
the charge is registered by a single PMT, C'B approaches one. This method for classifying
clusters was adapted from the WATCHBOY experiment to identify neutron captures on

gadolinium [121].

6.2.2 MRD PMT Clusters

Similarly, time clusters are found for the MRD PMTs and used for track reconstruction.
This is done by the TimeClustering tool. For these clusters, a track will be fit to the hits to

determine the track direction and energy of the muon in the MRD, which we will be used to
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fit the muon vertex in the tank described in Section [6.6.1. No cluster classifiers are applied
to the MRD clusters, but selection cuts can be made based on the track angle, number of

layers hit, whether the muon stopped in the MRD, and so on.

6.3 MRD Track Reconstruction

MRD data comes from TDC units, which record hit timing information but not charge
information. Some positional information is available due to the way the scintillator paddles
are setup: in every horizontal and vertical layer, there are two paddles in each row so that
each layer consists of two halves.

The MRD track reconstruction algorithm is based on the cellular automation method
used by K2K [122] and T2K [123]. It takes the MRD time clusters found using the method
in the previous section and fits tracks to the hits. Horizontal and vertical views of the track
are reconstructed independently and then combined in the end. First, for each layer, hits in
adjacent paddles are grouped into a “cluster” (different from the clusters described earlier).
Each cluster is then grouped with all clusters in the next two downstream layers to form
a “cell”. These cells represent a segment of the MRD track and are assigned an upstream
neighbor that is sufficiently aligned. This is repeated until the end of a track is reached. A
visualization of the track reconstruction algorithm can be found in Figure [6.4]

The result of this procedure are 2D tracks for the horizontally- and vertically-oriented

layers that are combined to construct a complete 3D track. As a final step, a linear fit is
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Figure 6.4: Cellular automation method for MRD track reconstruction. (a) Hits in the
same layer are grouped into clusters. (b) Clusters in neighboring layers form cells. (c)
Each cell is assigned a status value. (d)-(e) Combinations of cells are made according to
status until the end of a track is reached. (f) Linear fits are made to track candidates.
Figure from [123].

performed on all the clusters to determine properties such as total length and angle with
respect to the beam direction. The performance of the track angle reconstruction is shown
in Figure |6.5] The mean difference between the reconstructed and true track angle is about
-0.03 radians (-1.4°), with a width of about oy ~ 0.16 radians (9.4°). The uncertainty on the
reconstructed track angle will be propagated through to the reconstructed muon energy.

In addition to the outlined procedure, certain requirements for the MRD topology need to
be met. Hits in the MRD must be close in time (coincident) with each other form a cluster.

A cluster requires a minimum of four paddle hits within a 30-ns window, more specifically,
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Figure 6.5: Difference between reconstructed and true muon track angle for events that
pass the F'V cut. The mean difference is -0.026 rad with a o of 0.16 rad. The error on the
reconstructed track angle will be propagated through to the muon energy reconstruction.

at least two hits in vertical paddles and two hits in horizontal paddles. More details of the

MRD track-fitting algorithm can be found in [77] and [114].

6.3.1 Effective Track Length in MRD

While the above algorithm performs fairly well in reconstructing the MRD portion of the
muon track, a separate track reconstruction method was developed for energy reconstruction
purposes. The high density of iron increases the chances of scattering of the muon as it
traverses the MRD (see Figure . Scattering adds to the total track length and results

in more energy deposited compared to a straight linear track |[124]. Thus, the MRD track
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reconstruction method was adjusted to account for these effects. We do so by counting the
number of scintillator layers that were crossed, which has nearly a direct correspondence to
the number of iron layers. This number is converted into an effective amount of iron traversed
by the muon by multiplying by 5 cm (thickness of iron slab) and dividing by the cosine of
the track angle, determined with the above reconstruction technique. Since it is uncertain
where the muon stops, half an iron layer is added to the final effective track length to be used
in energy reconstruction later. This way, we can take advantage of the minimum ionizing
nature of the muon and use the Bethe-Bloch formula to determine the energy deposited in
the ANNIE detector.

The impact of scattering on the total track length can be seen in Figure[6.7] For muons
of all energies in the range of 100-1,000 MeV, the actual track length traversed is longer
than the track length estimated by calculating the distance between the MRD entry and
stopping or exit points in the current ANNIE reconstruction methods. Impacts of scattering
are taken into account by using a percentage correction based on Geant4 simulations. The
track length in the MRD is corrected based on the muon’s energy when entering the MRD.
For example, referring to Figure muons with entering energies less than 200 MeV would

have tracks corrected by a factor of 80-90%.
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Figure 6.6: One hundred muons with initial kinetic energy of 500 MeV were fired into a
MRD-like geometry in Geant4. Typical paths are not linear and demonstrate the effects
of scattering. Actual path lengths are longer than the path length determined by fitting
a line to the muon entry and stopping points, which is the current method in existing
analysis tools.

6.4 Muon Candidate Selection (Prompt Window)

An important step towards an improved neutron multiplicity measurement is to select a pure
sample of muon candidates. The muons give us the Q? dependence of the rate of neutron
production. Since we know approximately when neutrinos are incoming (due to the signal
from the Accelerator Division), we can reasonably expect muons to be created within the
first 2 ps of the acquisition window. To find the perfect muon candidate, the following cuts

were made:
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Figure 6.7: Ratios of a linear (“straight”) track to the actual track lengths as a function
of initial muon kinetic energy. The linear track is calculated by taking the distance
between the entry point and the stopping point. For lower energy muons entering
the MRD, the track actual track length is longer than the track length determined by
connecting the entry and stopping points. Results generated from Geant4 simulations.
Corrections are made to the track length depending on initial estimates of the muon
energy. Data points beyond 800 MeV did not have a muon stopping in the MRD
geometry in the simulation.

Select BEAM trigger events;

Clusters whose cluster times were within 2000 ns of the event start time;

If there is more than one cluster in the prompt window, select the one with the most

amount of charge;

No hits in the FMV to ensure events originate within the water target;

One and only one reconstructed track that stops in the MRD so we are not dealing
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with multi-track events;

e Extending the MRD track backwards into the tank should cross a one cubic meter

spherical volume around the tank center;

e Tank activity and MRD activity should be close in time to each other (time difference

of 750 ns £ 50 ns for data and 0 4 50 ns for simulations).

Tracks that stop in the MRD are required, since it would not be possible to reconstruct
the energy of those muons that do not end in the MRD. The requirement of a time coincidence
between tank and MRD activities ensures that hit clusters from each subsystem are correlated
with each other and belong the the same physical process. Figure plots the times of tank
and MRD hit clusters. There is a clear correlation between certain clusters and these result
in a time coincidence of ~750 ns. The accepted time window is 700 ns < At < 800 ns. Once
the above cuts have been applied, we move on with a ring imaging technique to fit the muon

vertex. This technique is described in the next section.

6.5 Imaging the Cherenkov Ring

While LAPPDs have been extensively tested and deployed in the ANNIE tank, the relevant
tools to integrate this datastream are currently in development. Thus, this thesis is not able
to take advantage of the picosecond timing that LAPPDs have to offer. As a result, I devel-

oped a method to fit the vertex at which the muon is created with the data available. The
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Figure 6.8: LEFT: MRD cluster times vs. tank cluster times. One can see a correlation
between hit clusters that come from beam events. RIGHT: Difference between MRD and
tank cluster times. Correlated activity has a time difference of ~750 ns. The accepted
time window if (700 ns, 800 ns) is marked with black lines. Note the logarithmic scale
in the number of clusters. Figures from [112].

vertex reconstruction will be done with the following ring imaging technique that involves
detecting the ring edge by taking into account two ideas explained below.

First, for each PMT that fired, we can find a segment of the muon track in water,
constrained along the MRD track direction and by the Cherenkov angle in water, 6. We
call this segment of the tank track a;. The location of photon emission can be inferred from
the track segments a;, and the amount of light emitted at points along the track can be
determined. This is the second part of the technique and will be described later. Referring

to Figure the following definitions are as follows:

e [i: opposite of the muon track direction;

_>
e R;: avector that starts at a reconstructed tank exit point (the star in Figure and

points to the i" PMT;
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Figure 6.9: Given a muon vertex, we can define the variables above. a; represents the
tank segment between the location of the muon and where it exits the tank. R; is the
vector from the tank exit point to PMT 4. b; is the vector from the vertex to PMT 1.

%
e b;: a vector that starts at a point along the muon track and ends at the i* PMT;

e @: a vector that starts at a point along the muon track and ends at the reconstructed

tank exit point, with

@ = aifi (6.3)
We can write
- = - =
@+ R =0b =a =b —R, (6.4)

Then we dot [i into the equation above

R . T =g
o= (o bi) — (- R
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a; =b; cosOc ~+ (fi- EZ) (6.5)

Next we cross Eq. [6.4] with f

%
— ﬂ X R,L
sinfc (6.6)

Now taking Eq. [6.6] and substituting it into Eq. we get

%
. (/,AJJ X Rz) =
a; = ——— o6 + (- Ry) (6.7)

Thus, for every PMT that fired, there is a track segment a; associated with it, indicating
the point where the photon was emitted.

The second part of this ring imaging method is based on the fact that muons with high
energy are taken to be minimum ionizing particles when traveling through a medium such as
water. This means that they do not lose much energy to ionization and continue to radiate
a constant amount of Cherenkov photons at a fixed angle per unit distance traveled. Let us
call this n with units of # photons/cm.

Referring to Figure[6.10] let’s say the muon travels some distance Az, emitting a constant
number of photons. In the resulting ring of Cherenkov light, the total number of photoelec-
trons (PE) should be the same as the total number of PE emitted in the next ring that the
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Figure 6.10: A muon that travels some distance Ax will emit a constant number of
photons. These photons will make up a section of the Cherenkov cone called a frustum,
whose surface area is imaged as a ring on the photodetectors. Left figure from [125].

muon creates after traveling the same amount of distance Ax. More accurately, this ring is
the surface area of a frustum — a portion of a cone (see left diagram in Figure —and we
can calculate the area of this frustum, which we call AA,;,,. This area AA,;,, overlaps with
the surface area of some PMTs, and even for those overlapping PMTs, it may not overlap
completely with the entire photocathode. Thus, we define a fraction f; for the fraction of
AA,ing that the PMT takes up. Then, knowing the total amount of PE that falls in the
ring, divided by the total fraction of photocathode overlapping with the ring area, we can
get the total number of PE that the muon radiated in Ax and thus the photon density, .
In summary, we can get an 7 value for each ring, as we take incremental steps (Az) back

into the tank.
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The fraction of the photocathode area of the i-th PMT that overlaps with the frustum

can be written as

o APMT,i (1 + COS 91)

fi 2 AAring

(6.8)

so that
ftotal = Z fz
Since we know that n should be a constant photon density, we can extract the actual n from

_ total# p.e. in ring
ftotal Ax

(6.9)

Combining the two ideas above, we can plot n as a function of track segment a;. At
each a;, there is a ring associated with it and we can extract an n value from the PMTs
that fall inside this ring area. As a; increases, that is, as we move away from the tank exit
point and deeper into the tank, we expect n to start at high values since we are inside the
Cherenkov cone/disk. Once we are outside the cone/disk, n values should drop to a lower
value. Figure shows an example Monte Carlo (MC) event with truth information shown
to highlight some notable features. The vertical blue line indicates the truth track length
in water. To the left and right of the blue line are green and red horizontally lines that
show the average 7 values, respectively. The left average n value (inside the disk) is higher
than the right average n (outside the disk), which is what we expect. Looking at the event
displays and 7 vs. a; plots for data and MC (Figure , this method is effective in finding

the ring edge.
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true track length in water: 236.998 cm
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Figure 6.11: This is a photon density n vs. tank track segment a; plot with truth
information shown. To the left and right of the true tank track length (vertical blue
line), there is a clear distinction in the average photon density at shorter track segments
(left horizontal red line) and at longer track segments (right horizontal green line).

After going through several of these 1 vs. a; plots with truth information, the truth
information is then removed and the track length is manually fitted by eye. I scanned
through about a thousand events and guessed where the true track length might be. For
example, in Figure I would guess a tank track length of about 150 cm. The true
track length was 148.0 c¢cm, which is not too far off. Figure [6.14] shows a distribution of
the differences between the fitted and true track lengths in water. The mean difference is

about 12 cm, with a standard deviation of 30 cm and RMS of 32 ¢cm. For cross checks,
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Figure 6.12: For events with a clear break in the photon density, a manual fit is easily
made. For this event, a tank track of 150 cm will be the fit. The true tank track length
is 148 cm.

postdoc helpers were recruited to manually fit the events in data and in MC to determine
the systematic error for this technique. See Appendix [C|

For additional statistics, a machine learning script was developed by fellow graduate
student Tianqi Zhang to train a Recurrent Neural Network (RNN) model to fit the
tank track lengths. Figure shows the performance of the model. The majority of the

events were fit with the RNN model.
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Figure 6.13: TOP LEFT: An event display of a beam event. TOP RIGHT: A 7 vs. a; plot.
Here one would estimate that the track segment is about 190 cm. BOTTOM LEFT: An
event display of a simulated beam event. BOTTOM RIGHT: A 7 vs. a; plot. Here one
would estimate that the track segment is about 250 cm.
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Figure 6.14: A distribution of differences between the manually fitted and true track
lengths in water. The mean difference is -12 cm, with a standard deviation of 30 cm
and RMS of 32 cm.

6.6 Muon Vertex Fit and Energy Reconstruction

6.6.1 Fitting the Vertex

Once a manual fit to the tank track length is performed, the muon vertex is found by starting
at the reconstructed tank exit point and moving backwards in the tank by a distance equal
to the fitted track length. Figure depicts this process in a diagram.

A fiducial volume (FV) cut is then made on the muon vertices to select the final sample
of muons. The Phase I background measurement from section indicate that with enough
water shielding, the neutron background rate is reduced to low enough levels for physics

analyses. Given these results, a 36 cm overburden and a 20-27 cm water burden from the
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Figure 6.15: A Recurrent Neural Network (RNN) was trained on 7 vs. a; data and truth
information to develop a model to fit the track length in the water tank. Compared to

Figure this model performs well.

upstream side of the tank is placed around an approximately 2.5 ton fiducial volume. This
FV is also slightly offset upstream from the center of the tank as simulation showed that,
setting the FV upstream from the tank center increases the neutron detection acceptance
and encapsulates more muons that range out in the MRD. The resulting F'V is a half cylinder
with a radius of 1 m and a height of 1 m. As will be discussed in a later section, measurements
using a downstream FV cut (closer to the MRD) is compared to the current upstream FV.
Figure highlights the two volumes. After making a F'V cut, this technique performs to

similar expectations as in in reconstructing the muon vertex without LAPPD data (see
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track

Figure 6.16: Once the track length Ly, in the detector tank is determined, the muon
vertex (blue star) is found by moving backwards into the tank from the tank exit point
(red star) by a distance equal to the fitted track length.

Figure [6.19)).

6.6.2 Reconstructing Muon Energy

Above ~200 MeV, muons lose little energy to ionization and can deposit a fixed amount of

energy by Cherenkov radiation per unit distance traveled in water. Their energy loss can be
characterized by the Bethe-Bloch equation [124, 127]:

9(87)

- B - 5 (6.10)

dE _x ,Z 1 11 2moc? B27° W o
da “Ap |2t IE

For a muon with O(10? MeV) kinetic energy, Eq. is roughly 2 MeV/(g/cm?) in water.
This means a muon will deposit at minimum 2 MeV /cm in the water. Since we know the

track length in the water tank and in the MRD, we can determine how much energy was

177



# entries

# entries

180
160
140
120
100
80
60
40
20

—Data

T T T T B R i

i)

100

80

60

40

20

-150 -100 -50 0 50 100 150

recoVixX [cm]

—Data
—MC

-150 -100 -50 0 50 100 150
recoVixZ [cm]

# entries

# entries

160
140
120
100
80
60
40
20

o

60

50

40

30

20

10

- —Data
2 0l —Mc
- BlRll
- T 1
B [ B R R R B A R R B R
-150 -100 -50 0 50 100 150
recoVixY [cm]
- —Data
a —MC
: L I I H" L | L L L ‘ L L L ‘ L L L ‘ L n" il
400 600 800 1000 1200 1400

reco E, [MeV]

Figure 6.17: Reconstructed muon vertices and energy in beam data (no FV cut). The x
and y distributions are centered around 0 cm, while the z distribution has a slight shift
towards the upstream region of the tank. The reconstructed muon energy is centered
around 800 MeV, which agrees with expectations based on the BNB energy spectrum.
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Figure 6.18: A fiducial volume (FV) cut is made on the reconstructed vertices. The left
plot is a topdown view of the detector, while the right is a side view of the detector.
The red outlines the main FV cut that is shifted upstream from the center. The blue
outlines a downstream FV cut used for neutron containment studies in a later section.
The green outlines the active volume.

deposited in the water (p = 1 g/cm?). For example, a track length in the tank of 140 cm and
an average dE/dx of 2 MeV /cm results in 280 MeV of energy deposited in the water, while
an effective track length of 40 cm and an average dE/dx of 11 MeV (assuming iron is the
main source of energy loss) results in 440 MeV deposited in the MRD. In total, this muon is
estimated to have 720 MeV of kinetic energy. This is very simple approximation. To make a
more accurate determination of the muon’s energy, we take the initial determination of the
energy and input it in the Bethe-Bloch equation to update the dE/dx value as the muon

travels through the detector. The procedure is outlined below:

1. Use average dE/dx factors to make an initial estimate Ey of the energy deposited in

the tank and in the MRD.

2. Take the initial energy Ey and calculate a new dE/dx value from the Bethe-Bloch
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Figure 6.19: The top two graphs demonstrate the performance of vertex reconstruction
in ANNIE simulations with and without LAPPDs. The bottom two graphs demonstrate
the performance of the vertex reconstruction method in this thesis. The Ar distribution
corresponds to the blue curve in the distribution above it. The vertex reconstruction
method performs similar to the scenario of 128 PMTs without LAPPDs deployed. In the
cumulative distribution, the ANNIE reconstruction methods indicate a spatial resolution
of about 40 cm, while the method presented in this thesis has a spatial resolution of
60 cm.
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equation.

3. Starting from the vertex, multiply the new dE/dx value by the fixed amount of distance

traveled by the muon, e.g., 2 cm. Add the deposited energy to a cumulative sum.

4. Subtract the deposited energy from Fy and input the updated energy E(l) into the

Bethe-Bloch formula to get a new dE/dx value.
5. Repeat the above two steps until the remaining input energy falls below 20 MeV.
6. Add the remaining input energy (~20 MeV) to the cumulative sum.

The final sum is the new reconstructed energy of the muon. Initial efforts to reconstruct
the MRD energy were based on a look-up table generated from simulations. Once the track
angle is determined, the dE/dx value is found from the look-up table and used to determine
the energy loss. The outlined method provides a more realistic picture of the energy loss.

Using the effective MRD track length found in the MRD track reconstruction section,
we can implement the Bethe-Bloche method outlined above. This relies on the assumption
that muons deposit most of their energy in the iron. Recall that muons whose tracks stop
in the MRD are reconstructed, since the energy of a muon that exits the MRD cannot be
determined. Figure [6.20| shows a distribution of the difference between the reconstructed
muon energy and the true muon energy for events that pass the FV cut. A width of about

65 MeV corresponds to an energy resolution AFE/E of about 10% (assuming muon energy

peak is ~800 MeV according to Figure [6.17)).
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Figure 6.20: A comparison of reconstruction energy to the true energy of the muon.
A Gaussian curve is fitted to the sample of events after a fiducial cut is made on the
reconstructed muon vertices. The mean energy difference is about -15 MeV, meaning the
energy reconstruction algorithm is slightly underestimating the muon’s kinetic energy.
The width of this fit is about 66 MeV. Events with large differences are mainly attributed
to pions or events with partially missing truth information, e.g., the track length in the
MRD was zero.

6.7 Neutron Candidate Selection (Delayed Window)

Recall that when a beam trigger is received by the DAQ electronics, a 2 us window is open to
capture any additional activity in the detector. If at least one PMT registers a hit consistent
with at least 5 PE, then the acquisition window is extended to 70 us. The first 2 us of the

event is the prompt component, while the remainder of the 70 us is the delayed component



of the event. With the addition of gadolinium, the neutron capture time is reduced to about
30 ps in ANNIE compared to 200 ps in pure water. Clusters of hits found in the prompt
window are usually associated with muons, whereas those found in the delayed window are
associated with neutrons. It is in the delayed window where we will find and count our
neutrons. Section outlined the clustering algorithm.

To select neutron candidate clusters, first a time cut is made. While anything after the
first 2 us is considered delayed, any activity between 2 and 10 us is excluded due to after-
pulsing associated with the initial energetic muon. Delayed clusters with times greater than
10 us are selected, to avoid these effects.

Next are charge cuts. Clusters are selected based on a charge balance (C'B) classifier
to get rid of any noise clusters and isolated peculiarities. Charge balance is defined in
Equation[6.2] Based on previous studies, clusters with CB < 0.4 are selected. An additional
charge cut limiting the total amount of charge to Q;,; < 120 PE. These cuts are summarized

below and visualized in Figure [6.21]

tcluster > 10 Hus

Quor < 120 PE

CB <04
Qtot
B<05—
CB <05 300PE
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Figure 6.21: This plot visualizes the cuts made to select neutron cluster candidates.
The lower left quadrant is where candidate neutron clusters will be taken. The cuts
were selected based on the first full AmBe source calibration campaign. AmBe data is
available for a more recent campaign, but analysis is ongoing. Once completed, new
selection cuts should provide a better sample of neutron cluster candidates. Figure
from |114].

While a data for the most recent AmBe source calibration campaign is available, analysis
of the data is ongoing. Once completed, new selection cuts should be defined with the latest
AmBe calibration dataset and new neutron capture efficiency values.

Figure [6.22| shows a timing distribution of the neutron candidates that passed the above

cuts. An exponential ﬁtE| is performed on the data to determine the capture time:

f(t) — €A+Bt — Al X €Bt

2Using the built-in exponential function in ROOT
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Figure 6.22: A distribution of neutron candidate cluster times is fitted with an expo-
nential function. The time constant of this exponential is (33 & 2) us, which is close
to the expected value of 7 &~ 30 us, but is slightly higher. Further investigations are
needed to understand this shift to a longer time constant.

An exponential fit to the capture times returns a time constant of about (33 £ 2) ps, which
is close to the expected value of 7., = 30 ps.
Since a time cut of t.yser > 10 ps is made when selecting neutron candidates, there will

be missed neutrons in the final neutron multiplicity measurement. This systematic can be
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quantified by the fraction of missed neutrons:

10

f_(mfwﬁ+ﬁﬁfwﬁ

f(]o; e—t/Tdt

(6.11)

where the first integral in the numerator represents the missed events from the time it takes
the neutron to slow down (0.2 us) to the time cut, and the second integral are the neutrons
that were captured beyond the acquisition window. The integral in the denominator is used
for normalization. For the time constant determined above, Eq. returns a fraction f
of 0.378, that is, about 38% of neutron captures are missed by applying the time cut of

teuster > 10 ps. The efficiency in the time cut is then given by

e=1—7f (6.12)

and returns a value of 0.622, or ~62%. This correction is applied to the average neutron
yields presented in later sections and treated as a systematic uncertainty.

The distribution of the number of neutrons with varying event selection cuts applied is
shown in Figure 6.23] The majority of events have no neutrons in the final state, and the

total number of events is significantly reduced with each cut.
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Figure 6.23: Distributions of events according to number of neutrons in the final state,
following a neutrino-nucleus interaction. The blue curve represents all neutron candi-
dates, the black curve are the number of candidates with a stopping MRD track, and
the red curve are the remaining candidates with a F'V cut. The majority of events have
no neutrons in the final state. The right plot is the left plot in logarithmic scale.

6.8 Neutron Multiplicity as a Function of Momentum

Transfer

The energy of the neutrino can be determined using the kinematics of the outgoing lepton,
which is the muon in this case:

2(M — Ey)E,, — (E} — 2M Ey +m?, + AM?)

Er = 6.13
ree 2(M — Ey, — E, + |p,| cosb,) (6.13)

The momentum transfer Q? can then be calculated by
Q? = 2E!, (E, —p,cosb,) — Mi (6.14)

For each event with a muon candidate, the number of neutrons is counted and a Q?
value calculated. Figure displays neutron multiplicity across ranges of visible energy
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E,,, momentum transfer Q?, and track angle cosf,. An increase in the neutron yield can be
seen at higher Q? values.
It is useful to look at the average neutron multiplicity in each energy bin. For each

200 MeV wide energy bin 7, the average neutron multiplicity and uncertainties are determined

by
1 Nbinsy
Ntotal,i Zl ! ( )
Ji
1 Nbinsy
Ny =1 2 U0 o (6.16)

where j is the neutron multiplicity, n;; is the number of events in the i-th energy bin with j
neutrons, Nyq; is the total number of events in the same bin, and y; is the averaged neutron
multiplicity in energy bin i. Figure [6.25] presents the averages as a function of muon energy
and momentum transfer. Compared with the Super-K and SNO measurements (Figure ,
ANNIE sees a lower neutron multiplicity for events with similar visible energies.

The overall average neutron multiplicity across all muon energies and Q? values is Nigata =
0.294 + 0.015(stat) £+ 0.18(sys) and nyc = 0.442 £+ 0.007(stat) 4+ 0.27(sys) for all muons
that have a stopping track, and fipy, qata = 0.452 £ 0.039(stat) £ 0.27(sys) and fipy, mc =
0.58240.018(stat)40.38(sys) after a FV cut and neutron detection efficiency correction. The
systematic uncertainty comes from the timing cut efficiency from an earlier section. These
are summarized in Table [6.1] The high average neutron multiplicity seen in simulations
compared to data is currently not understood and suggests that our nuclear models need to

be further investigated and updated.
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Figure 6.24: The number of neutrons as a function of visible energy of the muon for
data with a stopping MRD track (left) and with a fiducial volume cut (right). Most
events produce zero to two neutrons. Note that all plots are in logarithmic scale in the
zZ-axis.
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Figure 6.25: The average neutron multiplicity as a function of visible muon energy (top

two plots) and momentum transfer (bottom two plots).

Compared with results from

Super-K and SNO, ANNIE sees a lower neutron yield. The left plots are measurements
without any selection cuts applied. The right plots have the FV cut and neutron detec-

tion efficiency applied.

Cut

Data

Simulation

Stopping track 0.294 £ 0.015(stat) £ 0.18(
0.294 + 0.039(stat) £ 0.18(sys
+ n efficiency  0.452 4 0.039(stat) + 0.27(

+ FV cut

sys)

)

sys)

0.442 4+ 0.007(stat) + 0.27(sys)
0.449 £ 0.018(stat) & 0.27(sys)
0.582 £ 0.018(stat) =+ 0.38(sys)

Table 6.1: A summary of the average neutron multiplicity with various cuts applied.
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6.9 Brief Overview of Systematic Uncertainties

While there is a number of statistical and systematic uncertainties to address for the above
analysis, this thesis covers only a few. Studies to cover the remaining sources of error can

be found in [77], [112], and [114], or are ongoing.

6.9.1 Neutron Background

This analysis uses the neutron background rates discussed in Section and found in [65],
since an updated analysis is in progress. From Phase I, the neutron background rate was
measured to be 0.02 neutrons/beam-spill/m? in the fiducial volume. This number is applied
as an overall correction to the number of neutrons for each muon vertex in the FV after

scaling with the volume.

6.9.2 Neutron Capture Efficiency

With the AmBe analysis discussed in Chapter [5] we can correct for the actual number of
neutrons produced. Since the exact location of the neutron capture is not known, the effi-
ciencies in the FV are averaged. Referring to the schematic of the AmBe source deployment
positions in Figure Ports 1 and 5 are on the same upstream side of the FV. Efficiencies
at these locations and with heights between -50 cm and 50 cm (relative to the tank center)
are averaged for a value of 65% for data and 76% for MC. These values were used to correct

the calculations above. While this is a simple correction, much work is needed to quantify
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Figure 6.26: Efficiency maps for MC (left) and data (right), the latter of which was
reproduced from Figure Simulations of the AmBe source deployment were per-
formed to produce the efficiency map on the left. The efficiencies at Ports 1 and 5
between -50 cm and 50 ¢cm heights were averaged and applied to the neutron yield mea-
surements in this work. The average efficiency is 65% for data and 76% for MC. Future
studies can apply efficiencies dependent on location. Figure from .

the uncertainty that comes from neutron detection, as it is one of the largest sources of

uncertainty.

6.9.3 Neutron Containment

As noted previously, neutrons can be created with tens of MeV of energy [117]. This can
be enough energy for the neutron to escape detection in the tank since ANNIE is a small

detector. To quantify this uncertainty, we compare the neutron multiplicity measured in the
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upstream region of the tank to the downstream region (cf. Figure . The difference in the
neutron production rate can be quantified and serve as our systematic. The average neutron
multiplicity for the upstream half cylindrical FV is fipy_up, data = 0.294 £ 0.039(stat), while
the downstream half cylindrical FV is fipy.down, data = 0.292 & 0.026(stat). The systematic
eITOr 1S Osys data = 0.002 and thus negligible for the beam data. In simulations, the average
NEv-up, Mmc = 0.459 £ 0.018(stat), while the downstream half cylindrical FV is fpy_down, Mc =
0.439 £ 0.010(stat), resulting in a systematic error of ogys ;¢ = 0.02, which is also negligible
for MC data. Combining the datasets (cf. Figure from both volumes gives an overall
average of Npv_comb, data = 0.293 £ 0.022(stat) and fipy-comb, Mc = 0.293 = 0.009(stat). With
efficiency corrections, the combined average neutron multiplicities are fipy_comb, data = 0.450+
0.022(stat) and fipy_comb, Mc = 0.583 £ 0.009(stat). However, a thorough investigation of
escaping should be performed to get a better idea of the actual fraction of neutrons that
make it out of the detector tank. A planned study with the GENIE event generator is in

the works.
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Figure 6.27: Comparison of upstream (left) and downstream (right) neutron multiplicity
as a function of muon energy F,. Both plots are efficiency-corrected.
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Figure 6.28: Average neutron multiplicity as a function of Q?, after combining the
upstream and downstream fiducial volumes. All cuts and efficiency corrections have
been applied.
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Chapter 7

Conclusion

7.1 Summary

From its initial postulation to its discovery to its production in beams, the physics community
has come a long way in the study of neutrinos. Many technological advancements were made
and surely more to come. Much has been learned about the neutrino, but still, there are
questions that remain.

This thesis gave an overview of the current knowledge and understanding of neutrinos,
and presented some of the challenges in answering the remaining questions. One challenge
pertains to current models of neutrino-nucleus interactions, as they do not paint the full
picture of what happens within the nucleus. A better understanding of these nuclear models
is necessary if precise measurements are to be made of neutrino mixing angles and the CP

violating phase, for example. Among these first steps, a neutron multiplicity measurement
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will serve to improve our understanding, as neutrons are indicators of inelasticity. This
measurement, can constrain nuclear models and improve accuracy in event reconstruction.
Although Super-Kamiokande and SNO have published first results, their neutron yields are
functions of visible energy and the sign and direction of the neutrino are unknown. The
Accelerator Neutrino Neutron Interaction Experiment (ANNIE) is in a unique position to
make a neutron multiplicity measurement as a function of momentum transfer, among other
physics goals.

A detailed description of the ANNIE detector and its subsystems follows, along with
an outline of the experiment’s physics goals. ANNIE, a 26-ton water Cherenkov detector
equipped with 132 conventional photomultiplier tubes, serves as a testbed for new technol-
ogy: a gadolinium-doped detection medium, water-based liquid scintillator, and Large Area
Picosecond Photodetectors (LAPPDs). The hardware portion of this thesis discusses the
work performed in bringing the LAPPD system to a deployment-ready state. I spent a year
at Fermilab testing and preparing the LAPPD system for remote deployment in the water
tank. I also did much of the work on commissioning the LVHV board and identifying key
areas for improvement of the board for future revisions.

Following my lab residence, I developed a method for reconstructing the muon vertex
and energy without the fast-timing benefits of LAPPDs. Because ANNIE is a small detector
compared to Super-Kamiokande and SNO, vertex reconstruction techniques developed by
these collaborations cannot be applied in the same manner in ANNIE. This thesis ends with
a presentation of neutron multiplicity as a function of momentum transfer and compares the
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results of Super-Kamiokande and SNO. What we found was that the multiplicity measured

with a pure v,, low energy beam was less than that for atmospheric neutrino studies.

7.2 Future Directions

While this thesis contains an extensive discussion of LAPPDs, it does not contain a neutron
multiplicity measurement with LAPPD data. The analysis tools that will integrate this
datastream are in development at the time of this writing. ANNIE may also install more
LAPPDs in addition to the nominal five. Additionally, the LVHV board that powers the
LAPPD and its auxiliary electronics can be improved in future revisions.

Several sources of uncertainties still need to be accounted for to improve the neutron
multiplicity measurement presented in this thesis, especially those that come from neutron
detection efficiency. Additional ANNIE goals, such as a joint-analysis on the neutrino cross
section on water with the neighboring SBND experiment, will also be achieved. This thesis
only covered the CC-Om event topology, but other topologies such as CC-17 and NC events

can also be studied.

7.2.1 ANNIE Phase II1 / ANNIE WURST

ANNIE has already demonstrated the feasibility of separating Cherenkov radiation from
scintillation light using timing. This study was carried out using the SANDI vessel filled

with 5% water-based liquid scintillator (WbLS). This opens the door to improved event
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reconstruction capabilities. To build upon this initial demonstration, ANNIE could fill a
larger volume of the tank with WbLS and even load it with gadolinium. This would model
the KamLAND detector in that a balloon-like structure filled with liquid scintillator would
be installed in ANNIE. This will be known as the ANNIE WbLS Underwater Retrievable
Scintillator Tank (WURST).

It is an exciting time for ANNIE. I leave it to the next generation of graduate students

to perform this important and interesting work.
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Appendix A

List of Modifications to LAPPD

System Components

The LAPPD is a new photodetection technology, making commercial parts for functions
like power and readout nearly non-existent. For deployment in the ANNIE detector, many
components that make up the LAPPD system were designed specifically for the experiment.
As with most prototypes, the system components did not work perfectly right away. This

appendix documents some of the modifications necessary for satisfactory operation.
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A.1 Re-design of the LVHV Board

A.1.1 From vl to v2

As a reminder, the functions of the LVHV board are to
e supply high voltage to the LAPPD;
e supply low voltages to the ACDC boards;
e monitor humidity, temperature, light levels, voltage outputs; and
e power the trigger board and set threshold values.

Testing on a bench top is quite different from testing in an actual system. Early on in
testing when the LVHV board was first integrated into the LAPPD system, a bad power
supply damaged a chip on-board. This incident prompted the need for protection circuitry for
the input voltage and high voltage. Although we can read back the low voltage outputs, there
was nothing in place for reading back the high voltage, which is crucial for LAPPD operation.
Due to a miscommunication, the LVHV board initially designed to communicate with the
trigger board via SPI protocol, needed in-field modifications so that it could communicate
via I?C. There were also issues with the LVDS DC vs. AC coupling.

Thus, the second revision of the LVHV board took into account all the issues that arose

during testing and implemented the fixes that were made in-field. A list of all the changes

can be found in Table [A.1]
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Issue

\ Proposed Solution

Linear regulator (step-down converter)
chip damaged by bad power supply

Implement UV/OV protection circuit to
input voltage

No HV read-back

Implement HV read-back circuit

No HV protection

Install a flyback diode to protect relay

Concerns about voltage drops between
photocathode and MCP, across MCPs,
and between MCPs

Installed zener diodes to prevent voltage
gaps from exceeding set limits

Low voltage outputs (+3.3 V, +2.5 V,
+1.8 V) too low by the time it reaches
ACDC

Increased outputs to +3.8 V, +3.0 V,
+1.8V

Incorrect communication protocol with
trigger card

Switch to I?C from SPI and pull lines up
to +3.3 V instead of +5 V

No dedicated power to trigger card

Added 43.3 V utility

RHT sensor interfering with 12C comms

Switch to SPI version of RHT sensor

Two RH&T sensors with same I°C ad-
dress

Remove second RH&T sensor

Concerns about ground path drifts affect-

ing beam gate, PPS, and clock signals on
one LVDS pair

Install AC-coupled LVDS line for these

signals

Table A.1: A list of known issues of LVHV board v1 and proposed solutions.

A.1.2 LVHV-v2 Changes

Since no one double checked the second revision carefully, some minor modifications were

needed for LVHV board v2. They can be found in Table

CAN bus lines were swapped (a mislabeling). The UV/OV window was too narrow and

divided down the HV by a factor of 500.

pushed us to operate the LVHV board at a higher voltage, too high for our comfort. This
needed a change of programming resistors. Programming resistors for the HV read-back

were incorrect. After some trial and error, it was ruled that the set of programming resistors
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Issue

‘ Fix

CAN bus lines swapped

Re-labeled

Incorrect linear regulator output for trig-
ger card (+1.8 V instead of +3.3 V)

Replace with correct linear regulator
(P/N: ADP7158ARDZ-3. 3)

UV/OV window too narrow

Selected different set of programming
resistors (replace resistors: R202 = 1
MOhm, R206 = 263.8 kOhm, R207 =
36.2 kOhm)

Incorrect programming resistors for HV
read-back (HV divider for reading back
the HV is not outputting a reasonable
voltage (e.g. when HV = 2500V, HV
divider outputs 0.36V when we expect
2.5V)

Replaced with correct programming resis-
tors

HV readings occasionally dropped out
(pattern varied between boards) due
to floating SHDN pin (pin 5) on U506
(ADM8828). This caused the -5V output of
the chip to go to 0V, and as it went back
to -5V, the op-amp output would drop

Grounded the shutdown pin (pin 5) on
U506 to ground (pin 4) with solder

Zener diodes (75V, 150V, 75V) prevent-
ing us from establishing the voltage gaps
between MCPs that Matt wants (200V,
etc)

Replace with zeners with higher voltage
rating

3V8 line outputs 4.20 V (too high)

Replace programming chip resistor

(R401) with a 34-kOhm resistor

U203 is incorrect: originally labeled 3.3V
and has the 1.8V part (due to copy-paste

in schematics), but should actually be
2.5V

Replace LR (U203) with 2.5V LR

AC-coupled beam gate path is not work-
ing as expected

Switch to DC-coupled beam gate

Table A.2: A list of issues with v2 of the LVHV board and their solutions.
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A.2 Modifications to the ACDC Boards

The majority of ACDC boards fabricated are designed to operate in test stands that are
not compact like the watertight housing. In addition, not many test experiments (see [107]),
required a completely dark setup.

An initial fit test revealed that some of the RJ45 jacks were too tall. The LEDs on-
board were removed since they introduce light into an environment that we want dark. The
interface between the ACDC boards and the LVHV board for power did not match so they
were converted into wires that plugged into the LVHV board with some terminal blocks.

Some linear regulators also needed to be replaced to follow a new power scheme.

A.3 Modifications to the Watertight Housing

During fit tests of the LAPPD and the electronics inside the housing, one of the nubs
prevented the LVHV board from sitting flush with the other nubs. The EMCO HV module
was located exactly where a nub was. To resolve this, this nub was cut off. For future
housings, this nub should be excluded if the LVHV board design remains the same.
Additionally, a different set of waterproof connectors were selected, so the housing needed
modifications since the threading and socket diameter were different. To resolve this issue,
David Hemer and I designed circular plugs with the correct diameter and threading and
machined the plugs from PVC. The plugs were glued to the housing frame where the existing

holes were with PVC cement.

203



Figure A.1: Modifications to the housing (left) were needed for the new LAPPD wa-
terproof connectors due to different threading and socket diameter as seen in the right
image.

A.4 Re-splicing Waterproof Cables

The MacArtney SubConn Circular 12-pin pin and socket connectors initially selected for
termination of the LAPPD waterproof cables and installation in the housing did not meet
our requirements for signal integrity. All of the wires coming out of the pin connector
were straight, so there was a one to two feet section of cable where the LVDS (low voltage
differential signal) pairs were not twisted, which is not great for LVDS. We believe this played
a significant part in why the ACDC boards were unable to interpret some signals coming from
the ACC. Ultimately, the decision to purchase the MacArtney Ethernet SubConn Circular
13-pin connectors (pin and socket) and replace the existing connectors was our saving grace.

Of course, the ten LAPPD cables had already been spliced and terminated at the wet end
by the time they were transported to Fermilab. When the first set of the 13-pin connectors

arrived, I re-spliced a pair of waterproof cables selected for LAPPD deployment. During
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the re-splicing procedure, some of the solder butt connections were tenuous and sometimes
came loose, resulting in several redos of the splice. Eventually, we made the switch to crimp
connectors and double, triple checked that the splice was sturdy. In addition, we added
splints, fashioned from thick, industrial plastic zip ties, to prevent the cable from bending
too much where the splice is made. That way, there is a reduced risk of undoing a crimped

connection. The remaining eight cables will be re-spliced with this new procedure.
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Figure A.2: TOP: Falmat cables (neon green) re-spliced with new connectors (blue).
BOTTOM: Heat shrink tubing is placed over the splice to waterproof it.
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Appendix B

Slow Controls Routine

B.1 PIC Programming

The main player in the slow controls is the Microchip DSPIC33EV256GM102 microcontroller
(the “PIC”). This PIC microcontroller serves as the interface between users at the surface
and the electronics underwater. To power the LAPPD, the ACDC boards, and the trigger
board, users must send a command over CAN bus via a Raspberry Pi in the breakout box
(BoB) to the PIC. The PIC then sends its own command to the appropriate modules to turn
them on. Without the PIC, we also wouldn’t have readings of humidity, temperature, light
levels, and voltage settings.
In this repository are the source files for programming the PIC:

https://github.com/jujuhub/LVHVPIC-files. In an infinite loop, it checks for CAN mes-

sages from the surface-level Raspberry Pi. It matches the CAN message ID to the appropriate
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block of code to execute.
The source code for the slow controls can be found here:

https://github.com/jujuhub/lvhv
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B.2 Diagram of the Slow Controls Routine

LVHV Routine

External power

supply is turned on

power relay and

1. Initialization
sequence:
Configure pin

up PIC on LVHV board

settings, Clock,
Oscillator, 12C,
CAN, SPI, ADC, etc.

2. Check
photodiode,
relative humidity &
temperature

I S

3. Relay above

User gives the OK to tum

on LV, HV via Raspberry Pi

information to
Raspberry Pi

— R

4. Turnon LV
5.5et HV and turn
on HV (gradual
ramp-up)

I S

6. Enter Operations
Loop

1. Receive 2. Send 5. Trigger
CAN requested board
message data back e
from R Pi toR Pileg
containing RHE&T, light
command level,
or request enable /
for data disable LV,
HV

Figure B.1: Slow controls routine. Users communicate with the LVHV board via Rasp-
berry Pis. Checks for relative humidity, temperature, and voltages are performed.
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Appendix C

Postdoc Performance in Fitting Tank

Track Lengths

In early stages of analysis, I recruited postdocs Paul Hackspacher and Gian Caceres to
manually fit tank tracks by eye. Below are their results. Paul seems to be a great BI
(biological intelligence, in reference to artificial intelligence, since imaging techniques can be

done with AI). Good job to you both!

Paul Gian

Mean: 0.02 cm 8 Mean: -0.2 cm
RMS: 26.9 cm RMS: 25.7 cm

num events
num events

=25 [ 25 50 75 100 . -100 -75 -50 =25 ] 25
diff(fit-truth) [cm] diff(fit-truth) [cm]

210



Appendix D

Graduate Student Julie at Work

Holding a LAPPD
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Shifters watch the ANNIE detector, but who is watching the shifters?
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