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ABSTRACT

Neutrinos remain a subject of fascination and mystery in the eld of particle physics. Their
masses are still unknown, it's uncertain whether they are their own anti-particles, and it is still
possible that there is a fourth 'sterile’ neutrino. On top of this, they are one of nature's most
di cult phenomena to detect, often passing through ordinary matter without leaving a trace.
Nonetheless, these particles have been undergoing investigation since their discovery in 1956 and
detector technology has been steadily improving since then. Most traditional detectors are very
large structures such as Super-K or Ice Cube, but a new generation of compact detectors is being
developed to allow for investigation of these and other particles at new baselines and in new
locations.

Here we describe miniTimeCube (mTC), NuLat, and NTC, three compact particle detectors
developed by UH with collaborators across the globe. Chapter 1 provides a brief overview of
neutrino research. Chapter 2 focuses on mTC and its deployment at NIST. Chapters 3 and 4
concentrate on two detectors under development and their calibrations. NulLat is a compact,
segmented neutrino detector based on the Raghavan Optical Lattice (ROL) developed at Virginia
Tech. NTC is a compact, segmented neutron detector. These detectors and the technologies
developed along with them o er potential for novel studies at nuclear reactors, enhanced patrticle
directionality, and nuclear monitoring and non-proliferation e orts.
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CHAPTER 1
NEUTRINOS: AN ONGOING PUZZLE

1.1 Introduction

150 years ago, many of the basic elements that make up our universe had yet to be discovered and
the periodic table had only just been published. But scientists such as Henry Mosley and Dimitri
Mendeleev recognized that there was order to the chaos of creation. Following in their footsteps,
others saw the proliferation of elements and the ever increasing collection of microscopic building
blocks and realized there must be a simpler way to explain them. Along came the protons, neutrons,
and electrons we know today, and along with them the basics of atomic and molecular physics. But
further mysteries remained and new particles joined the fray: muons, taus, positrons, up quarks,
down quarks, and a host of other Seussian entities, including of course the tiny neutrinos. Detecting
and investigating these particles and, ultimately, the underlying order behind them remains a key
focus of research today, and few phenomena have proved as dicult to study as the ethereal
neutrino.

Uncharged and nearly massless, neutrinos might appear to be a minor component of the uni-
verse's makeup. Even in the microscopic world of fundamental particles, they are mere dust com-
pared to their heavier quark and lepton counterparts. Yet like dust, they are almost everywhere.

If one were to lie under a tree to read a book on a summer
afternoon, that person would be using the sun's light to illumi-
nate the pages. However, at the same time, a ux of other invis-
ible messengers would by cascading through them unseen: around
10; 000, 00G, 000, 000 neutrinos per second would stream from the sun,
to the Earth, and through their body *. More would come from else-
where, too, for neutrinos come from a variety of particle interactions
in the universe. Many were produced during the big bang and still
linger around today, though they have yet to be detected. Nuclear
reactions in our power plants, labs, and accelerators create them, asFigure 1.1: The standard
do nuclear reactions inside the Earth, and so do cosmic rays collidingmodel, as drawn by Symme-
with the Earth's atmosphere. Neutrinos are abundant and yet still Y Magazine[54]
not fully understood.

Today, the masses of the three known neutrinos remain unknown. It is also uncertain which of
them is the lightest or heaviest and whether there is a fourth, sterile neutrino. Further, it remains
unclear whether neutrinos are Dirac or Majorana particles, that is, whether they are their own

! Assuming the Sun is at zenith angle, the human surface area exposed to the neutrinos is 1 ni. Also note that
the solar ux is approximately 1 ;000; 000; 000neutrinospercm 2 per second.



anti-particles. These, among other details, have been an active area of research since the neutrino's
postulation by Pauli [11] and they continue to be studied to this day. Though this text will focus

on detecting neutrons and neutrinos, it is worth revisiting the story of how they were discovered
to add some context. The story truly starts with the ancient Greeks who postulated the elements,
but we will start more recently for the sake of brevity. It is a story that has many twists and turns,
some of which came earlier, and others that continue to surprise us today.

1.2 Neutrons, Neutrinos and the Mystery of the Missing Energy

Throughout the 1910's and 1920's a serious problem began to develop in the new eld of nuclear
physics. Deep inside the atom, somewhere in its fundamental workings, something appeared to
be happening that violated one of the most sacred tenets of physics: the Law of Conservation of
Energy. At the time, experiments were being conducted to investigate nuclear decays, in this case
the beta decay of one nuclei into another. Though they didn't know it yet, this reaction involves a
neutron decaying into a proton and an electron:

n! p+e (1.1)

Given the known nuclear energy levels and the energies of the particles involved, it was expected
that the electron emitted from a particular type of reaction should be monoenergetic. Yet studies
by Charles Drummond Ellis and others showed that it was emitted with a broad spectrum of
energy. This suggested that energy was somehow being lost. Bohr's answer to this problem was to
suggest that perhaps energy wasn't conserved, and in such interactions the spectrum obeyed some
statistical laws[17].

However, there was another problem. Angular momentum conservation was also an issue. The
reaction above, where an electron is emitted with a spin of 1/2, would create additional angular
momentum.

It was Pauli who suggested the solution. If another particle, somehow
invisible, was emitted during the interaction then both quantities could
still be conserved. Pauli initially called his particle the neutron, but
the discovery of the neutron by Chadwick in 1932 necessitated another
name, and neutrino was used instead[11].

Pauli's proposal sounded reasonable to some, but outrageous to oth-
ers. How, they claimed could a particle with no charge and very little
mass ever be detected? As it stood, no one had seen any evidence &fgure 1.2: Pauli and
these neutrinos other than the aforementioned di culties with energy BO™M circa 1926
and angular momentum. Was adding another particle to the zoo really
the simplest answer? Pauli himself bet a case of champagne that they would never be detected.



Figure 1.3: The relative neutrino uxes as a function of energy, with their sources labeled. [25]

His wager held strong - nearly until his death - but in 1956 Clyde Cowan and Fred Reines made
the seemingly impossible a reality: they conclusively detected neutrinos emitted from the nuclear
reactor at Savannah River in South Carolina. Further measurements were made and soon the
neutrino was on rm theoretical and experimental footing[59].

Sources of neutrinos

As seen in gure 1.3, neutrinos are created by a variety of processes, almost all of which are alien to
our everyday lives. Generally speaking, they are created by nuclear and particle interactions. For
example, neutrinos are created in vast numbers inside the sun, by interactions around the black
hole at the center of our galaxy, and by supernovae elsewhere in our cosmic neighborhood. They
are also created in circumstances more familiar humans, including as part of nuclear weapons and
power generation, but also in natural process like nuclear decays inside the Earth and comic ray
interactions with the atmosphere.

One source of neutrinos yet to be detected is the cosmic neutrino background. These neutrinos
were originally created in the hot, dense soup shortly after the big bang. During this era, the
universe was so dense that neutrinos were being readily emitted and reabsorbed. However, this
period ended after only about a second, while the more familiar cosmic microwave background was



Figure 1.4: Diagrams showing various types of neutrino interactions, including tree level scattering,
left and middle, and inelastic nucleon interactions, right. [50]

to be generated much later: around 379,000 years after the Big Bang.[84]
Further details of the interactions particular to UH's experiments will be provided in the fol-
lowing chapters, but a brief discussion follows below.

Seeing the Unseeable: Detecting Neutrinos

As already discussed, detecting a nearly massless, uncharged particle is no easy task. In the case
of neutrinos, we can currently only depend on the weak force to aid us in detecting them, leaving
a handful of possible interactions inside our detectors:

Elastic scattering o of fermions
Quasi-elastic scattering o nucleons
Deep inelastic interactions with nucleons

Coherent neutrino scattering from the nucleons, which has only recently observed [5]

In the detectors described in Chapters 2 and 3, we realy on quasi-elastic scattering processes,
in particular inverse beta decay, which has an important place in the history of neutrino detection:
it is the method by which Cowan and Reines detected their rst neutrinos.

1.3 Early Neutrino Detection: The First Days

Cowan and Reines' initial detector was large for its time: a whole cubic meter, lled with water
and doped with cadmium-chloride to capture the beta decay neutrons. Deployed at the Hanford
Site, a nuclear production facility run by the US government, they were able to get relatively close
to the source of their neutrinos. The setup worked, but it wasn't seen as enough at the time to be
convincing. The background rates were high but, in their subsequent paper, the author's themselves
stated: "it was felt that an identi cation of the free neutrino had probably been made."[67][66]
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To get de nitive proof of the ghostly particle's existence, they knew they needed to do better.
They moved their experiment to the Savannah River Plant in South Carolina where they would
have better shielding against cosmic rays, and still be capable of deploying relatively close to the
reactor ( 10 meters). In fact, they were conveniently able to use an underground room in the
facility, which helped shield them from the reactor neutrons and gamma rays as well as the cosmic
rays, though they still used their own shield composed of para n and lead.

The detector design was referred to in their paper as a ‘club
sandwich:' a multiple layer structure of target tanks and scintilla-
tion counters. The targets (the meat!) in this case were polyethy-
lene boxes lled with water and cadmium chloride, with dimen-
sions 0.25'x6.3'x4.5'. The detectors, or bread layers, consisted of
a puri ed triethylbenzene solution observed by conventional pho-
tomultiplier tubes.

The resulting paper, 'Detection of the Free Neutrino: A

Figure 1.5: Reines working on Con rmation," describes the power-dependent reactor signal and
the early detector claimed an agreement with the expected neutrino cross section

(6:3x10 *4cm?) to 5%.[66] It was a remarkable result. However,
as has happened in the past, it was somewhat overstated. The rates from the reactor were poorly
known and, by 1960, the pair would put out a new paper with a neutrino interaction cross-section
that was double the one they reported in 1956. Fortuitously, the theoretical value had also been
o by a factor of two, due in large part to the fact that parity nonconservation had not been
discovered yet. As Reines said, "our initial analysis grossly overestimated the detection e ciency
with the result that the measured cross section was at rst thought to be in good agreement with
the preparity violation prediction. Some say this may be the reason it took nearly 40 years for this
discovery to be recognized by a Nobel Prize.[44]

Despite their di culties, Cowan and Reines' seminal paper de-
scribed their experimental setup in great detail and set the way for
future detectors like KamLAND and Borexino. It was also miracu-
lously only 2 pages. Their work is surely the envy of many a graduate
student researcher.

1.4 Later Neutrino Detection: Era of the un- Figure 1.6: Super-K's PMTs

derground monsters seen up close [51]

Neutrino detection has never been easy. The eld started with the
experiment run by Cowan and Reines, but has expanded to include
tremendous collaborations the world over. Given the di culty, how-



ever, and the desire for large statistics, more advanced detectors were needed. As often happens in
particle physics, this meant bigger, more expensive facilities, the most famous of which is probably
Super Kamiokande. Deep underground, weighing over 50,000 tons, with 13,000 electronic eyes
trained on the darkness, it calls to mind those Lovecraftian monsters long rumored to live within
the bowels of the Earth. Yet though the tales of horror are works of the imagination, Super-K's
imagined proportions have manifested in the real world. And like Lovecraft's monster, it sees more
than just the Earth and helps us peer into the dark, faraway reaches of the cosmos[69].

1.4.1 Water Cherenkov Detectors

Many of the world's largest neutrino detectors are water Cherenkov detectors, including Super-
K, SNO, Watchman, and IceCube. Water is plentiful, e ective, and cheap and also has minimal
environmental impact if it leaks. As a result, it can be used to provide a very large target mass,
which is helpful given the neutrino's tiny cross section. In Super-K, this amounts to about 50
kilotons of water (22 kilotons ducial volume); in SNO, the total was closer to 1000 tons, though

SNO used heavy water[63].

Water Cherenkov detectors work by detecting the aftermath of a neutrino interaction, for ex-
ample when a neutrino interacts with an atomic nucleus. If it then creates a charged particle going
faster than the speed of light in the local medium (water, heavy water, ice, etc.) Cherenkov Radi-
ation will be emitted. In water, the index of refraction is n=1.33, so the particle must be traveling
at more than (3/4)c. If, say, a 500 MeV muon were to pass through, it would be going about 0.98c
and create a shock wave of light behind it akin to a sonic boom[63].

IMD: The Irvine Michigan Brookhaven Detector

Like several later experiments, IMB was initially built with the

hope of detecting proton decay but went on to become famous

in the world of neutrino detection. A massive, underground,

water-based detector, IMB contained 2.5 million gallons of ul-

trapure water and 2048 photomultiplier tubes. As described

above, it detected Cerenkov radiation created when particles

moved through the water at faster than the local speed of light.

However, its initial di culties did not relate to the physics, but

instead to both politics and funding. In a trend that has been Figure 1.7: Here, a diver inspects

somewhat reversed, the US Department of Energy was, at the IMB's nished tank and photomul-
tiplier tubes. Photo credit: Jack
Vander Velde, University of Michi-

gan

time, more focused on funding particle accelerators. There
was also the di culty of having competing experiments, with
Carlo Rubbia of Harvard University reportedly being upset
that Harvard students were working on a detector with Michigan, threatening that they would



never receive their PhDs (narrator: they did). [74]

With support from Glashow, Weinberg, and Reines himself, IMB received $2 million in initial
funding, was built in two years, and started taking data in 1981. Its innovations included deadtime-
less electronics, which proved invaluable for helping reject cosmic ray muons. However, a curious
puzzle soon developed { one that would be echoed by other measurements later: only 2/3 as many
atmospheric muon neutrinos were detected compared to what was expected. Their rst paper de-
tailing the atmospheric muon anomaly was published in 1986 and convinced the researchers that
a much larger detector would be required to investigate it further. Later, IMB would also go on
to detect neutrinos from Supernova 1987a, proving the feasibility of neutrino astronomy with the
help of colleagues at the Kamiokande Il and Baksan detectors[74].

Super Kamiokande

Located in Gifu prefecture, Japan, Super-K was commissioned
and brought online in April of 1996 after a ve year construc-
tion period. It has continued to investigate neutrinos ever since
though it has been periodically shut down for upgrades, lead-
ing to four 'eras' of data taking known as SK-I to SK-IV[2].
Super-K's scienti ¢ aims include searches for proton decay and
studies of neutrinos from various sources, including the Sun, the
Earth's atmosphere, nuclear reactors, supernovae, gamma ray

Figure 1.8: The outer detec- pyrsts, and other astrophysical sources, as well as arti cial neu-
tor and PMTs, courtesy of the

. trino beams. It's early results included measurements of oscilla-
Super-K website

tions in solar neutrinos as well as con rmation and resolution of
the solar neutrino problem, described in section 1.5.2[69].
Super-K's design is relatively simple. Its 50 ktons of pure water are housed in a cylindrical

stainless steel tank, 39.3m in diameter and 41.4m in height. The tank itself is divided into two
regions: an inner detector arrayed with> 11,000 PMTs attached to a PMT support structure and
an outer detector, behind the support structure, with > 1800 PMTs. While the inner PMTs look
for Cherenkov light caused by charged particles created by a neutrino interaction, the outer PMTs
serve as a veto for cosmic ray muons or other potential noise.[51]

1.4.2 Scintillation Detectors

Scintillation detectors will always hold a special place in neutrino history: scintillation was the

method employed by Cowan and Reines in their rst detector (as described in section 1.3). Today,
scintillators remain a useful tool and are used in many detectors, including KamLAND, Borexino,

Minos and its successor Nova, Double Chooz, miniTimeCube, NTC, and NuLat, among others.



Figure 1.9: First image: A sketch of the scintillation process followed by scintillator blocks as seen
on Eljen's website [78]

Scintillators are materials which give o light when exposed to ionizing radiation such as x-rays,
gammas, or fast moving charged particles like electrons or muons. In detectors like KamLAND or
miniTimeCube, an electron antineutrino reacts with a proton to create a neutron and a positron.
The neutron takes time to thermalize and get captured, but the positron will create scintillation light
and quickly annihilate, creating two 0.511 MeV gammas, which can also potentially be detected.
The double hit from such neutrino interactions is a powerful techniques for background suppression,
especially for signals from reactors and geonetrinos. KamLAND, for example, expects about a 200
us delay between initial positron scintillation and annihilation, which is ample time for PMTs and
electronics to record a clear event. Scintillation, however, also opens the door to backgrounds
such as cosmic muons, which will create their own scintillation light and potentially lead to a false
coincidences if not accounted for. [79].

Kamland

KamLAND, the Kamioka Liquid Scintillator Antineutrino De-
tector, is a scinitillator-based electron antineutrino detector at
the Kamioka Observatory, near Super-K and Toyama, Japan. It
began taking data in Janaury of 2002 and has since seen many
neutrinos.

Kamland, like Super-K, has inner and outer detectors. The
outer detector consists of steel tank 18 m in diameter | large
enough to hold several cars back to back! | which is instru-
mented with PMTs and an inner containment vessel holding a
13m balloon made of transparent nylon, which also has PMTs
observing it. In total, there are 1879 PMTs arrayed in detector
along with 1,200m?3 of liquid scintillator in the balloon, 1,800m?
of bu er oil in the containment vessel to support the balloon's

Figure 1.10: A schematic of the 8
Kamland detector[80]



weight, and 3000m? of pure water in the steel tank. [23]
The outer layer of KamLAND helps counteract backgrounds.

In the cylindrical tank, the water shields against incoming par-

ticles and, together with the outer PMTs, acts as a veto for
through-going cosmic rays and gammas. The bu er oil that surrounds the inner balloons helps
shield it in a similar fashion. To further reduce backgrounds, KamLAND sits 1000 meters be-
neath lkenoyama mountain, which reduces cosmic rays backgrounds by approximately ve orders
of magnitude[23]. Together, these features have helped make KamLAND a successful detector. It
is responsible for measuring geoneutrinos from deep within the Earth, and more signi cantly, an
antineutrino de cit which helped point to neutrino oscillations and neutrino mass[80].

1.5 Neutrino Mass: A non-standard model

For many decades, it was assumed that neutrinos were massless particles, similar in that sense to
photons. In fact, the standard model actually assumed neutrino mass was forbidden, but for good
reason: it only predicted left handed neutrinos, an idea which had been con rmed by observation.
The "handedness" here describes the direction of the neutrino's spin relative to its direction of
motion, with left-handed indicating the two are anti-parallel. This presents an obvious problem
for massive neutrinos. According to special relativity, a massive neutrino must be traveling at less
than the speed of light, meaning an observer could in principle 'catch up' and observe the particle
as right-handed. No such right-handed neutrinos have yet been observed. This remained the
status quo until a problem was observed in the solar neutrino spectrum { a problem that appeared
unexplainable within the standard model.[39]

1.5.1 The Solar Neutrino Problem

In the 1960's a bold idea was put forth: that nuclear reac-
tions occurring deep within the sun could be studied using
neutrino detectors. Though no telescope could peer into
the heart of the sun, the neutrinos being emitted would
carry information about the nuclear processes going on
inside it. However, a troubling observation was eventu-
ally made: the number of neutrinos detected coming from
the sun was much lower than expected. Of course, there
could have been many explanations: mistakes in physi-
cists' calculations of neutrino spectra from the sun, some

misunderstanding about the expected ux, or all sorts of Figure 1.11: Construction of the Home-
stake Mine tank in 1966. Photo cour-

potential issues with the detectors here on Earth.
tesy of BNL.



The sun, however, is a rather typical main sequence
star. At the time, it was accepted that energy generation
in such stars is carried out via the proton-proton (pp) chain and the carbon-nitrogen-oxygen (CNO)
cycle, two distinct sequences of reactions, with the Hydrogen burning process summarized below[50]:

AH ! “He+2e" +2 +25MeV (1.2)

It was not established at the time which cycle would be dominant, but an experiment led by Ray
Davis at Homestake Mine sought to nd out. According to their calculations, their detector should
see a rate of about 35 Solar Neutrino Units (SNU) if the CNO cycle was dominant or, alternately, 6
SNU if the pp reaction was dominant. A SNU (pronounced "snew") is the product of neutrino ux
times neutrino cross section, with one SNU equaling 10(36) captures per target atom per second.
Homestake was situated deep underground ( 1;480m) to avoid backgrounds and used 100,000
gallons of liquid tetrachloroethylene, a relatively cheap and common cleaning uid containing®’Cl
as the neutrino target. It relied on the reaction below:

et 3Cll e +3%Ar (1.3)

with a reaction threshold of 0.814 MeV. The argon could subsequently be collected and counted
every few months, with one atom of3’Ar produced per day in the tank equating to 5.35 SNU.
Calculations in hand, their detector ready, the Homestake team made their measurements... and
saw less than 3 SNU. Something, somewhere, was wrong.

And yet, the experiment itself was a success:
the reaction rate implied that the CNO cycle
was responsible for less than 2% of the sun’'s lu-
minosity. It also provided direct evidence that
thermonuclear fusion was responsible for the en-
ergy generation in the sun. Homestake con-
tinued taking data, improving their results and
getting a rate of 2.56 0.23 SNU. By 1978, the
discrepancy in the rates remained, but Home-
stake was really only sensitive to®B neutrinos
coming from the sun due to its e ective energy
threshold. Could there be something else going
on? Could the result be a mistake?[50]

Kamiokande I, the upgrade to the original
Kamiokande detector, was put into service in
1985 and began acting as a neutrino observa-

Figure 1.12: A comparison of theoretical and ex-
perimental neutrino uxes from 1997.
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tory in 1986. Here, the detection method was
di erent { neutrino-electron scattering { so there was a chance to verify or contradict the Home-
stake measurement. There was good news as the results came in: Kamiokande Il saw a de cit
of 55%. However, working backwards, the rate this predicted for Homestake was 2.78.10 SNU,
a 1 dierence which hinted at a discrepancy between the3’Cl and water Cerenkov results. The
Kamiokande results were particularly compelling because their detector saw scattering coming from
the direction of the sun, as well as neutrinos in the expected energy range of s 0 - 15 MeV. Some-
thing was amiss and it seemed a new experiment was needed to investigate the cause of the solar
neutrino problem. [50]

1.5.2 Super-K and Oscillating Neutrinos

As described brie y in section 1.4.1, Super Kamiokande, or Super-K, is an underground neutrino
observatory located 1 km below Mt. lkeno in Gifu, Japan. It was the world's largest water
Cherenkov detector at the time it was built, with a net mass of 50 ktons. It was hoped that Super-
K would shed light on the observed neutrinos de cits, particularly through observations of solar,
atmospheric, and man-made neutrinos. It did that, and more, and continues to observed neutrinos
today[51, 69].

Super-K's 22.5 ktons of light water were sensitive to elastic scattering of neutrinos from electrons,
even down to solar neutrino energies of 5 MeV. This reaction in particular was sensitive mostly to
electron neutrinos, with a cross section 6x higher than for their muon and tau neutrino counterparts.
Like Kamiokande, Super-K saw a de cit in solar neutrinos, particularly from 2B decay, but even
smaller than before, still in signi cant tension with solar model predictions[52, 69]. The problem
was, solar models provided good agreements with other solar properties. What was going on?
E orts were made to explain the results as peculiar to particular detection techniques, but the
de cit kept showing up and it seemed an alternative approach was necessary[52, 69].

In particular, Super-K saw roughly 45% the predicted number of®B electron neutrinos. The
guestion was, were they all still electron neutrinos, or had some oscillated tmu 's and nu 's as
Pontecorvo and others had hypothesized in the past? As Super-K was less sensitive to those avors,
it still wouldn't see 100% the rate it had expected, though it did have the ability to observe all
these avors to some extent[52, 69, 30].

The proposed neutrino oscillations would be allowed if the avor and mass states of the neutrinos
were not the same. They would instead related by the PontecorvoMakiNakagawaSakata matrix
(PMNS) mixing matrix[52]:

2 3 2 32 3

e Uel Ue2 Ue3 1
2 g=9ul U, Ugggzg
Up Uz Ugs 3
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where the vector on the left represents the neutrino state in the avor basis, the matrix on the
right is the PMNS mixing matrix, and the vector on the right represents the neutrino mass states.
The terms Uy; represent the amplitude of mass eigenstate "i" in avor x[52].
The PMNS matrix is often parameterized with three angles, 12, 23, and 13, as well as a phase,
cp., that is related to CP violation. This translates to the matrix below, with "c" as shorthand
for cosine, s for sine, e as the natural log:

2 32 ) 32

1 0 0 Ci13 0O sj3e'cP Ci2 Si2 O
20 Co3 Szgg 9 0 1 0 g 9 S12 Ci12 Og =

0 Sy3 Crp3 Sz ¢ 0 C13 0 0 1

2 i
C12C13 S12C13 S13€ ' ©P
9 S12C23  C12S23S13€' ©P  C12C23  S12S23S13€ ©P S23C13
S12S23  C12C23S13€' ©P C12S23  S12C23S13€' ©P C23C13

In addition to neutrino oscillations, another proposal had been made: that areas of high density,
speci cally high electron density as might be seen inside the sun or Earth, could alter such neutrino
oscillations through weak interactions. Researchers realized that this e ect, called the Mikheyev-
Smirnov-Wolfenstein (MSW) e ect, could be critical in helping to solve the neutrino anomalies and
proving the existence of neutrino oscillations[52, 71].

1.5.3 The MSW E ect

The MSW e ect can be thought of analogous to refraction of light as it enters and travels through
material. As Smirnov explains in his summary paper on the subject, it can be thought of as a
sort of potential caused by electrons and their interactions with traveling neutrinos via the weak
force. One can de ne a weak 'refractive index,’ n - 1 = V/p. Inside the Earth, n would still
very, very small: n 1 =10 20. Inside the sun, it would be slightly larger,n 1 = 10 18.
The di erence in potentials for di erent types of neutrinos then in uences the evolution of mixed,
oscillating neutrinos[71]. If we have two types of neutrino, ¢ and 4, then

P
V Ve Va = ZGF ne

where n¢ is the electron density and Gg is the Fermi coupling constant. The electron density
is, of course, determined by the properties of the sunGg is related to the weak coupling constant,
Ow, and often used in its place and is de ned thusly[30, 71]:

pé Ow
G = — VR
8 Mw C

The MSW e ect leads to a sort of refraction length, as Smirnov calls it, or "optical" path length,

(ho)®
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which is naturally related to the oscillations of the neutrinos traveling along a dense medium:

> P3
Ve Va_ GFne

In a uniform material, as in vacuum, one could treat such e ects as relatively uniform with

lo

distance, but density variations over the neutrino's path are more common and one has to account
for the fact that the mixing angles will change over the course of propagation. In short, a neutrino
is produced in a particular mass and avor eigenstate, and then the MSW e ect a ects the change
of avors of neutrino eigenstates as they travel through matter, often with variable density.[71]

The MSW e ect became of interest to physicists studying the solar neutrino problem precisely
because of the sun's high density. It also meant that, with a good enough experiment, one could
detect changes in the solar neutrino oscillations based on the density of the Earth. As the detector's
location passes from day to night, neutrinos then have to pass through the Earth, which could
potentially produce noticeable changes to their spectrum.[52, 71]

1.5.4 SNO and the Solar Neutrinos

Physicists across the world quickly latched onto these ideas and began to join together to build
a new detector: SNO, the Sudbury Neutrino Observatory. SNO would be similar in some ways
to other underground detectors like Super-K, but it also had unique design features to better test
the neutrino oscillation hypothesis. Particularly, SNO would be lled with heavy water, making it
sensitive to more than just . interactions in a di erent way tha n Super-K.[52, 72]

SNO was constructed with a 12-meter diameter container holding 1000 tonnes of heavy water,
viewed by 9,600 PMTs. It was located 2,100 meters underground in Creighton Mine in Sudbury,
Ontario, Canada, providing ample overburden for protection from cosmic rays and other back-
grounds from the surface. The heavy water in SNO made it sensitive to three types of neutrino
interactions: charged current (CC), neutral current interaction (NC), and elastic scattering (ES),
shown below:

et d! p+p+e (CC)
xtd! p+n+ (NC)
xte !l y+e (ES)

As Art McDonald, director of SNO, explained in his paper on the evidence for neutrino
oscillations[52], the charged current reaction was sensitive only to electron neutrinos, as solar neu-
trinos would have enough energy to create an electron, but not enough to create the far heavier
muons and taus. The neutral current (NC) reaction, meanwhile, was sensitive to all neutrino avors
as long as they had energies above 2.2 MeV (the deteron binding energy). The elastic scattering
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Figure 1.13: View of the SNO detector after installation of the bottom PMT panels, but before
cabling. Photo courtesy of Ernest Orlando Lawrence Berkeley National Laboratory.

14



reaction would also be sensitive to all avors, but with reduced sensitivty to 'sand 's. ¢'s
dominate because they could not only elastically scatter via NC interaction, but also CC.[52, 72]

Thanks to this sensitive detector design, SNO had enormous potential. After coming online in
1999, it ran for seven years and accomplished what might have seemed unthinkable when Pauli rst
postulated the miniscule neutrino: they saw neutrinos, they showed that they were oscillating, and
they demonstrated that they had mass.[52, 72]

Other Contributions

It is important to mention here that some details of the story have been left out for the sake of
brevity. Many experiments hinted at the results developed here and many researchers and students
contributed to these discoveries. In particular, the 2015 Nobel Prize also highlighted Super-K's
important results from 2001. There is also the story of the atmospheric neutrino problem, which
parallels the solar neutrino problem in many ways, and was another important clue pointing the
way to oscillations.

1.5.5 The Scoop on The Amazing Oscillating Neutrinos

Neutrinos oscillate from one avor to another, but how? The basics behind the idea were proposed
by Bruno Pontecorvo in 1968 as a way to explain the de cit in solar neutrino from the Homestake
Experiment. To start, we will use a simple two-neutrino model with avors j's and . If the
neutrinos are oscillating from one state to another, this implies that neither avor is an eigenstate
of the hamiltonian. The "real" states would then be linear combinations of these avor states[76, 30]:

1= Sin g+ COS ;, 2=COS s+ sSin

Shrodinger's equation then gives us the standard time dependence that we are familiar with,
based on the energy of the neutrino:

()= 10)e BN p(t)= (0)e 2N

We can now assume some initial state and solve fory and  (the avors) as a function of time.
Suppose the neutrino was initially in a 5 state, giving amplitudes of 5(0) =1 and p(0) =0 and
therefore:

1(0)= sin ; 2(0) = cos

1(t)= sine EiEh (1) = cose 2N

We can now substitute and begin to solve for one of our avors[76, 30]:
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Figure 1.14: Plots of the probability of oscillation from one avor to another vs. distance/energy
for (@) ¢'sand (b) 's.

Figure 1.15: Plots of the probability of oscillation from one avor to another vs. distance/energy
for (@) 's at a long baseline and (b) 's at a shorter baseline.

iE 1t=h iE »2t=h

p(t) = cos 1(t)+ sin  »(t) = sin cos e +e

The probability of converting from one avor to another, after some meddlesome algebra and
trig substitutions, is then[76, 30]:
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E2 Elt 2

2h

The neutrinos now oscillate over time from one avor to another, as between normal modes of
a coupled oscillators. As neutrinos have extremely small masses compared to the other massive
standard model particles, we can now treat them as highly relativistic in order to make a few
more approximations. It would, for example, be useful to plot the probability of oscillation with
distance, as illustrated graphically in gures 1.14 and 1.15. To start, we recalled that the energy
of a relativistic particle who energy greatly exceeds its rest mass is then[30]:

P.. .= sin(2)sin

a- b

2
E2 = jpj2+ m2c* = jpj?c® 1+ T sz
Ip)
We then take the square root and keep the leading order terms to nd
£ jpic 1+ 0% = jpjcs MO
2jpj? 2jp]
Substituting for E; and E> we nd
2-~3 2 2 2
£, E, mo2cd mq2c@ my?2 m, o

2ipj 2E

Substituting into our equation for the oscillation probability, we nd
P

(M2 m12)04t

P. ,= sin(2)sin IhE

or, substituting by approximating the speed of the neutrino as c
)
(my? m12)c32

P. ,= sin(2 )sin AhE

a

Here, we see more clearly that the probability of oscillating into a particular avor depends not
only on the neutrinos energy, time of ight, and distance, but also on s of mixing for the various
avors and the di erences of the neutrino mass states, as shown in Fig. 1.16. Through the e orts
of many experiments these values are slowly being pinned down and their up-to-date values are
listed below, as updated by the particle data group in their resource guide[76, 30]. There are also
e orts underway to directly measure the neutrino mass, but these e orts are proving even more
challenging.
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Figure 1.16: Oscillation probability for s as a function of Energy, plotted for di erent values of
m322

1.5.6 The Elusive Neutrino Masses

As neutrino oscillation experiments are only sensitive to the mass-squared di erences between neu-
trino masses, the absolute mass hierarchy still remains an unsolved problem. There are three
methods currently being employed to measure the neutrino masses: indirect measurement through
cosmological observables, observations of neutrinoless doubledecay, and precision measurements
based on the kinematics of single -decays. Cosmological probes have currently set limits of
im ; < 120 meV (95% C.L.). In the case of neutrinoless double-decay, the half-life depends upon
the majorana mass and has set best limits between 120-250 meV. However, both of the previous
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two methods are somewhat model dependent[53].

The least model-dependent methods rely upon the relatively simple kinematics of single -
decays. In these experiments, the -decay spectrum is measured extremely carefully and the
electron anti-neutrino mass is observed as a distortion in the endpoint energy. Two experiments
are currently attempting this: KATRIN, in Germany, and Project-8, based in Washington State[53].

Neutrinos and -decay Spectrum

How does the -decay spectrum depend on the neutrino mass? One can de ne aRg as the
maximum energy available to the electron in the case where then = 0 and atomic electrons are
not present (as is the case in tritium). Then, introduce Eo E to nd the form the electron
energy spectrum near its endpoint, as shown in ref [8]:

dN 49—

e =3rt (2 m?) (1.4)

Here, r is the rate in the last 1 eV of the spectrum withm =0 and t is the observation time.

The observablem? is de ned in terms of the mass eigenvaluesn; and mixing matrix elements Usg;:

2 _ ¥ 2.2
m= = 1Ugiim; (1.5)
i=1

This is the e ective mass of the 7. The tritium endpoint method measures this mass via a
very precise tritium beta decay electron spectrum t to the form of equation 1.4 with m? as a free
parameter[8].

There are, of course, caveats with this method. With the ¢ mass lying in the sub eV range,
such experiments are only interested in a very small fraction of all the events in the spectrum {
roughly 2 10 3. Such experiments also, obviously require incredible energy resolution. Despite
these di culties, the e orts described below are already underway[8].

Katrin

The Karlsruhe Tritium Neutrino experiment (KATRIN) is a large-scale tritium-  -decay experiment
that is attempting to measure the absolute ¢ mass. It is located at the Karlsruhe Institute of
Technology in Germany and is designed to achieve a neutrino mass sensitivity of 200 meV (90%
C.L.) after 3 full-beam years of measurement time.

Using the apparatus depicted in gure 1.17, KATRIN injects high-purity (95%) tritium through
capillaries into a windowless gaseous tritium source (WGTS) tube. TheT, molecules di use over
a distance of 5m to both ends of the WGTS. If 30 g of tritium is kept present in the WGTS at
all times, an ultra-high and stable decay rate of 18'decays=sis achieved[53] .

The WGTS beam tube is located within a magnetic eld which is oriented in the beam direction.
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Figure 1.17: The main components of the KATRIN experimental setup (70 m long). a: rear section,
b: gaseous tritium source, c: dierential and cryogenic pumping section, d: pre-spectrometer, e:
main spectrometer, f: focal plane detector. [53]

When -electrons are emitted in the direction of the spectrometers, they are guided along the eld

lines and ltered by energy, while the ow of residual tritium is also Itered and diminished by 14

orders of magnitude. Once ltered, the transmitted high-energy electrons near the desired part of

the spectrum reach a focal-plane detector where they are counted. By varying the lter potential

and counting the transmitted electrons for each setting, the integral tritium spectrum is determined.

With high enough precision, distortions to the spectrum endpoint can be measured, indicating the
e mass value[53].

Project 8

Project 8 also aims to observe the tritium endpoint, like Katrin, but it uses a technique called
Cyclotron Radiation Emission Spectroscopy (CRES). Using this technique, one takes advantage of
the fact that the energy of an electron determines the frequency of the electromagnetic radiation
it emits when gyrating in the detector's magnetic eld, B:

1 eB
= 2 met Exin=? (1.6)
where m¢ is the electron mass and c is the speed of light in vacuum. If the axial motion of the
electron remains non-relativistic, the coherent radiation strongly peaks at f, with a non-relativistic
low-energy limit of fo = 2:79910°Hz in a 1T magnetic eld. When combined with frequency-
based techniques from other precision experiments, this gives the potential for highly accurate
measurements. For example, for a given electron, the energy resolution E/E f/f is to rst order
given by the accuracy of the frequency measurement, which in turn is linked to the time  1/f
for which the electron is observed. At a kinetic energy ofExin = 18:6keVas in the -decay
of tritiumachieving an energy resolution of 1eV therefore requires trapping and observing the
electron for several microseconds.

While there are di culties presented by, for example, the lower power output of the radiating
electron, such a frequency-based technique has the capability of overcoming many of the limitations
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Figure 1.18: The schematic for Project 8's CRES instrument, and its receiver electronics. The
insert, which has a maximum diameter of 51 mm, is placed in the 52 mm bore of a solenoidal NMR
magnet. The receiver chain consists of cascaded cryogenic ampli ers, a high-frequency stage, and
a low-frequency stage. The frequency band of interest, with a width of 2 GHz centered at 26 GHz,
is then mixed down to be centered at 1.8 GHz with the same 2-GHz bandwidth and then either
recorded or run through a second ampli cation and mixing stage.[8]

imposed by traditional spectroscopic techniques used in direct neutrino mass experiments. It also
helps that tritium gas is transparent to cyclotron radiation and CRES is simultaneously sensitive
to the entire energy range of interest, eliminating shortcomings of other methods[8].

1.5.7 Cosmic Background Neutrinos: The frontier beyond neutrino mass?

Surprisingly, there may be another utility for experiments like KATRIN and Project 8: the cosmic
neutrino background, or CNB, which is less known than its famous cousin the Cosmic Microwave
Background, or CMB.

The CMB has become world famous, with photos of it circulating on magazine covers and
books. E orts to precisely observe it have also been improving, with the European Space Agency's
Planck satellite mapping the CMB anisotropies. The CMB has proven invaluable for the study of
cosmology, providing information about the state of the universe just 380,000 years after the Big
Bang. This is incredible, but the cosmic neutrino background emerged far earlier. In the extremely
early universe (< 1s), matter and energy were so dense that neutrinos and matter interacted freely
and were coupled together. After that time, the neutrinos broke free, so to speak, and began to
grow colder and sparser as the universe expanded. The temperature of these cosmic relics can be

21



calculated relative to the temperature of the CMB, giving Tcng = 1.95 K[24].

Observing the cosmic neutrino background could conceivably revolutionize our knowledge of
cosmology and the nascent universe, providing a window into an epoch heretofore unexplored and
potentially into physics beyond the standard model. But could such low energy, weakly interacting
particles actually be detected? One proposed method involves the capture of CNBg's on tritium,
3H in the following reaction[24]:

et 3H! 3He+ e (Q=18:6keV+ m .c?)

Given that both KATRIN and Project 8 are attempting precision measurements of the electron
spectrum from tritium decay, they are also poised to put limits on the CNB properties. That said,
initial studies indicate that the energy resolution of such detectors is too low and that, with its
present technology, KATRIN wold at best see 1 CNB event every 590,000 years. This isn't the
end of the story though. Another similar e ort is underway at an experiment called PTOLEMY
(Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield). PTOLEMY
plans to use a particular intense source containing 100g of tritium bound to a graphene substrate
layer and antenna technology borrowed from Project 8. However, for now it is just in the planning
phases and not immediately clear what its chances for success are.[24]

1.5.8 What's Next for Neutrinos?

As described above, neutrino experiments have been incredibly successful so far, seeing neutrinos
from the sun, from the Earth's atmosphere, and even from a supernova. It was proven that neutrinos
oscillate and have mass, and e orts are underway to measure the mass, though more work needs
to be done before researchers succeed. Measuring the neutrino mass won't be the end of the story,
though. There are still frontiers to explore, including the cosmic background neutrinos. There are
also, tantalizingly, hints of new neutrino anomalies that have persisted for years. Experiments such
as LSND and MiniBoone have seen a signi cant excess ofg and ¢'s while observing the reactor
neutrino spectrum. Some have hypothesized that this is evidence of a 4th, sterile neutrino. Others
claim it may be a result of our incomplete understanding of nuclear physics and the full details of
reactor workings. The details remain to be worked out, but this is compelling evidence that we
need to study the reactor spectrum more closely, particularly at short baselines where new physics
may be hiding. This was one of the key motivations for mTC, and remains a motivations for NuLat
and experiments similar to NTC that aim to detect neutrinos.[55]

1.6 Smaller is Better: The motivation for compact detectors

Traditionally, neutrino detectors have been quite large { containing kilotons of water or scintillator.
As described in sections 1.4.2, 1.5.2, and 1.5.4, such detectors have been extremely successful. Large
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