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Abstract

A Search for an
Electron Antineutrino Signal
in the

Sudbury Neutrino Observatory
by John Laurence Orrell

Chair of Supervisory Committee:

Professor John F. Wilkerson
Department of Physics

The Sudbury Neutrino Observatory (SNO) is capable of detecting electron antineutrinos, v,, through the
charged-current weak interaction v, + d — e* + n + n denoted as CC. SNO registers electron antineu-
trino interactions with deuterons, d, via a time coincidence of detector events produced by any of the three
product particles. Historically, proposals have suggested conversion of solar electron neutrinos into electron
antineutrinos as either a solution to the “solar neutrino problem” or a signature of time-varying neutrino inter-
actions with strong solar magnetic fields. This dissertation introduces the SNO detector via a brief overview
of the main scientific objective of the SNO experiment. The potential sources of electron antineutrinos are
enumerated and evaluated for their detection potential. The core of the analysis presented here investigates
how to maximize SNO’s sensitivity to an electron antineutrino signal in the ®B solar neutrino energy range.
Backgrounds that can mimic event coincidences similar to the electron antineutrino signal are identified and
addressed. Finally, 90% confidence level limits of (®;°) < 2.4x 10* em™s™" and (@:%); < 2.8x 10*
cm~2s7! are set on the solar electron antineutrino flux for the Pure D,O and Salt phases of the SNO exper-
iment, where a 8B energy spectrum is assumed for solar electron antineutrinos. These limits correspond to
less than 0.47% and 0.56% of the total standard solar model ®B neutrino flux, respectively.
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GLOSSARY

PURE D,0 PHASE: The first phase of the SNO experiment where the neutrino target volume is composed

solely of pure heavy water.

SALT PHASE: The second phase of the SNO experiment in which 2 tonnes of table salt (NaCl) is mixed
into the heavy water target volume for added neutron sensitivity.

NCD PHASE: The third phase of the SNO experiment in which *He proportional counts are inserted into
the pure heavy water region for added neutron sensitivity.

AV:  Acrylic vessel. Contains the heavy water target volume and is optically transparent. The acrylic

vessel has a 12 m diameter.

CC: The charge-current weak interaction of an electron antineutrino, v,, with a deuterium nucleus, d,

producing a positron, e* and two neutrons, n, written as v, + d — e* + n + n.
DETECTOR INNER VOLUME: The region inside the PMT Support Structure.
DETECTOR OUTER VOLUME: The region outside the PMT Support Structure.
FTM: The muon fitter routine used in the SNO Monte Carlo program, SNOMAN.
PMT: Photomultiplier tube. Used to detect optical Cerenkov photons.
PSUP: The geodesic PMT Support Structure located ~8.5 m from the detector’s center.
NAFTA: North American Free-Trade Agreement.
NCD: Neutral Current Detector. A *He proportional counter used in the third phase of SNO.
SNO: The Sudbury Neutrino Observatory
SNOMAN: The SNO Monte carlo and ANalysis program. The primary simulation and data analysis pro-

gram used in the SNO experiment.
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Introduction



Chapter 1

THE SUDBURY NEUTRINO OBSERVATORY (SNO)

Electron antineutrino physics is one of many topics that can be studied by the Sudbury Neutrino Observa-
tory experiment. In fact, the primary objective of SNO is to study neutrinos produced by the Sun. Chapter 1
briefly introduces SNO’s primary physics topic and detection capabilities. Chapter 2 then introduces antineu-
trino physics, the focus of this dissertation. Chapter 3 then closes the Introduction by concisely restating the

focus, plan, and organization of this dissertation.

1.1 Purpose

The Sudbury Neutrino Observatory was designed for the implementation of a novel detection technique aimed
at measuring both the solar electron neutrino flux and the flux of all weakly interacting flavors of neutrinos
coming from the Sun. Beginning in the mid-1960’s with the solar electron neutrino studies of R. Davis [78],
forty years of solar electron neutrino measurements returned a consistent result: The flux of solar electron
neutrinos is less than the number predicted by models of the fusion processes occurring in the core of the Sun.
This situation is known as the solar neutrino problem. One hypothetical solution to the solar neutrino problem
was that the electron neutrinos produced in the core of the Sun could quantum mechanically oscillate (see
Ref. [61] for an introduction) into neutrinos of another flavor before arriving at detectors on Earth. This flavor
changing neutrino oscillation would then account for the reduced number of electron neutrinos measured.
Thus, the flux of all weakly interacting flavors of neutrinos (succinctly referred to as the flux of all active
neutrinos) is the crucial measurement to test the neutrino oscillation hypothesis. SNO’s primary purpose was
to address the neutrino oscillation hypothesis by measuring both the solar 3B electron neutrino flux and the
flux of all active neutrinos coming from the Sun.

SNO’s novel detection technique uses the deuterium nuclei contained in heavy water molecules, D,0.
As originally suggested by H. H. Chen [74], a volume of D,0O, monitored by light detecting photomultiplier
tubes, provides a suitable deuteron target for solar neutrinos. Additionally, the atomic electrons bound in the
D,0 provide a second target for solar neutrinos. Thus, SNO is able to study solar neutrinos through three

distinct interactions:

Ve+d —> e +p+p 0 = -1.44 MeV (CO)
ve+d = vi+p+n Q0 =-223MeV (NC)
Ve+e — ve+e (ES)

The CC reaction is a charged-current interaction of an electron neutrino, v,, with a deuterium nucleus, d.

The product electron, e~, will then pass through the water and Cerenkov radiate optical photons making it



detectable by the photomultiplier tubes monitoring the D,O volume. The NC reaction is a neutral-current
interaction of any weakly interacting flavor of neutrino, v,, with a deuterium nucleus. The product neutron, 7,
liberated in the neutral-current interaction may capture on another deuterium nucleus producing a 6.25 MeV
gamma-ray through the reaction n + d — ¢ + y. This mono-energetic gamma-ray will then Compton scatter
atomic electrons which will Cerenkov radiate optical photons and thus be detectable by the monitoring photo-
multiplier tubes. The protons produced by solar neutrinos participating in either the CC or NC reactions will
not produce a detectable signal in the SNO detector. The ES reaction is the elastic scattering of a neutrino and
an atomic electron. Once again, the scattered electron will Cerenkov radiate optical photons and be detectable
by the monitoring photomultiplier tubes. In both the NC and ES reactions, it is extremely unlikely that the
outgoing neutrinos will interact a second time in the SNO detector.

Each of the three reactions, CC, NC, and ES, ultimately rely upon Cerenkov radiating electrons to produce
detectable optical photons. Each of the three reactions, however, generates Cerenkov radiating electrons
with characteristic energies and momenta. The characteristic energies, momenta, and reconstructed positions
provide a means by which the CC, NC, and ES reactions can be distinguished. In this way, SNO is capable of
using the three neutrino reactions, CC, NC, and ES, to achieve the goal of determining both the solar electron
neutrino flux and the flux of all active neutrinos coming from the Sun above the given reaction thresholds.

1.2 Design

The Sudbury Neutrino Observatory [62] is located 2 km underground in INCO Ltd.’s Creighton mine outside
of Sudbury, Ontario, Canada. The detector consists of a main volume of D,O contained in a transparent,
spherical acrylic vessel. The acrylic vessel is suspended in ultra-pure light water, H,O, and is viewed by
9456 submerged photomultiplier tubes (PMTs). The photomultiplier tubes are situated on a geodesic support
structure surrounding the acrylic vessel. Figure 1.1 is a schematic of the detector’s construction and geometry.
The acrylic vessel holds approximately 1 kilotonne! of D,O and is 12 meters in diameter. The photomultiplier
support structure (PSUP) is 17 meters in diameter. The primary PMT array is augmented by several additional
set’s of PMTs used as veto triggers. These PMTs include:

e 23 PMTs on the Berkeley Underwater Tube Testing Sled (BUTTS) located above and outside the PSUP
e 4 tubes located inside the neck of the acrylic vessel (NECK tubes).

e 96 outward looking (OWL) tubes attached to the exterior of the photomultiplier support structure.

1.3 An Experiment in Three Phases

In an effort to make conclusive measurements of the flux of all active neutrinos coming from the Sun, three

phases were proposed for the SNO experiment. Each phase of the experiment uses a different method for

IThe tonne (t) is the ST unit designating 1000 kilograms (kg). This dissertation will use the following units and abbreviations for large
masses: 10,000 kilograms = 10,000 kg = 10 tonnes = 10 t = 0.010 kilotonnes = 0.010 kt. In a number of cases, published scientific
papers use the term “ton”. While it is often clear the author(s) intend the SI tonne, if a published value is written using the “ton” as a
unit, it is left this way if reported in this dissertation. In other words, the use of the term “ton” should alert the reader.
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Figure 1.1: Schematic design of the Sudbury Neutrino Observatory (SNO). The neutrino target
volume is the most central D,O region. Optical Cerenkov light detecting photomultiplier tubes are
mounted on the inside of geodesic sphere (PSUP) surrounding the D,O volume. The rest of the
cavity is filled with ultra-pure light water.

determining the NC reaction rate in the SNO detector. The NC reaction provides the least ambiguous mea-
surement of the flux of all active neutrinos because it is equally sensitive to all active neutrinos. As already
described in Section 1.1, the neutron liberated in the NC reaction can capture on deuterium nuclei producing

a single detectable gamma-ray. The first phase of the SNO experiment uses this method for measuring the NC



reaction rate in SNO. Since this phase of the experiment uses only D,O, it is called the Pure D, O phase. The
Pure D,0 phase of the SNO experiment was completed in June 2001 and the solar neutrino analysis results
have been published in Physical Review Letters [9, 10, 11].

One way to augment the measurement of the NC reaction rate in the SNO detector is to dissolve ordinary
table salt, NaCl, in the D,0. The neutron liberated in the NC reaction has an approximately 100 times greater
cross-section for capturing on »Cl (75% natural abundance) than on deuterium nuclei. Once a neutron
captures on a Cl nucleus, the excited **Cl nucleus produces a cascade of de-excitation gamma-rays whose
energy totals 8.6 MeV. Thus, neutron capture on 3>Cl will produce a detectable signal in the SNO detector.
The greatest affect of the addition of salt to the D,O volume is the increased efficiency with which the NC
reactions occurring in the SNO detector are measured. This second phase of the SNO experiment is obviously
called the Salt phase. The Salt phase of the SNO experiment was completed in September of 2003 with initial
results submitted to Physical Review Letters [12].

By inserting *He proportional counters into the D,O volume, it is possible to provide a third, and most
importantly, independent measurement of the neutron production rate in the SNO detector. The *He propor-
tional counters are sensitive to neutrons liberated in the NC reaction, but are insensitive to the CC and ES
reactions. The 3He proportional counters are named neutral-current detectors or NCDs for short. Thus the
third phase of the SNO experiment is called the NCD phase. Similar to the Salt phase, the NCD phase also
benefits from increased neutron measurement efficiency. More importantly though, the NCDs detect neutrons
without the production of Cerenkov light. Thus the NCDs provide the greatest separation between the NC
(via NCDs) and CC (via PMTs) signals. The NCD phase of the SNO experiment is scheduled to begin in
2004.

1.4 Understanding Event Analysis at SNO

1.4.1 The Trigger System

The SNO detector is a neutrino detector sensitive to physics events in real-time. Light generated in the
detector’s inner volume will fire photomultiplier tubes which are tuned to respond at a charge threshold
crossing equivalent to 0.25 photo-electrons generated on the photo-cathode. The analog charge from all firing
tubes is continually summed in a master trigger card. The master trigger card monitors the summed charged
and if the summed charged crosses a preset threshold value, a global trigger is generated 2. The generation
of a global trigger initiates a readout of all fired PMTs. The readout from all PMTs forms a data packet
which is identified as a single event. A more detailed description of the SNO trigger system is given in
References [130, 165].

1.4.2 SNO Events

A single event in SNO is a record of all PMTs that fired during a 485 ns period around the time at which
the global trigger was generated. The information contained in the event is a list of PMTs each specified

2There are actually three separate charge indicators, each with several levels of charge thresholds. Furthermore, there are 6 classes of
PMTs. In combination, these make the SNO trigger system significantly more complex than described in this introduction.



by a PMT identifying number, time-to-analog converter values, and three separate measures of the charge
deposited in the individual PMTs.

Event Visualization

The known position of each PMT on the PMT support structure allows SNO events to be visualized as a set
of PMTs that have fired. Figure 1.2 is an example of event visualization in the SNO experiment. The PMT
support structure (PSUP) is represented by the black geodesic sphere. Inside the PSUP, the acrylic vessel is
shown as a gray (spherical) flask shape. The fired PMTs are represented by colored circles located on the
PSUP. Solid circles represent fired PMTs located on the near-side hemisphere and hollow circles represent
fired PMTs located on the far-side hemisphere. The color is used to represent either early or late times or high
or low charge. True physics (or background) events will appear as either rings of fired PMTs or, in the case
of Figure 1.2, clusters of fired PMTs.

SNO Events and Energy Determination

The amount of Cerenkov light produced by a charged particle passing through the detector provides a measure
of the particle’s kinetic energy. This dependence is via the particle’s velocity, v, in the equation for the number

of Cerenkov photons emitted, Nserenkov, at wavelength, A:

Cerenkov
dNC

da

_ z\? 1y .
"ZML(E) [1_(,8;1(/1))] with () > 1 (1.1)

where 8 = v/c, n(d) is a wavelength dependent index of refraction, « is the fine structure constant, z is
charge in units of electron charge, and L is the length of the particle’s track. The crudest measure of a
particle’s kinetic energy is thus given by the total number of PMTs fired during an event. This crude measure
is known as Npi;. A number of additional energy measures have been developed for use in SNO analysis.
Most of these rely on the event’s prompt light, defined as only those PMTs that have fired within several
to a few tens of nanoseconds around the zero-time set by the instant of the generation of a global trigger in
the master trigger card. More detailed information on energy measures in the SNO experiment are given in
References [64, 116, 165].

Although, Ny is the crudest measure of a particle’s kinetic energy, it provides an accessible and intuitive
method for comparing the energies of SNO events. Furthermore, it makes the fewest number of assumptions
regarding the events physical origin and the optical properties of the detector. Since the analysis presented
in this dissertation is intended as a demonstration of a technique that is not closely connected to a particular
choice of energy measure the Np; energy measure is used.

1.5 Data Reduction and Event Selection

There are approximately two dozen analysis cuts which are applied to the data set to remove known instru-
mental backgrounds as well as cosmic ray muons and the spallation products those muons may create in the

detector. These cuts are individually detailed in a technical format in N. McCauley’s dissertation [157].
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Figure 1.2: A visualization of a SNO event. The black geodesic sphere represents the PMT support
structure. The inner, gray Florence flask shape is the acrylic vessel that contains the D,0. The small
colored circles represent PMTs which have fired; yellow and blue representing early and late times,
respectively, during the event.

1.5.1 Instrumental Noise Cuts

The work presented in this dissertation uses those analysis cuts designed to flag (and hence remove) instru-
mental noise. These instrumental noise cuts are algorithms designed to identify events which are produced
by features of the electronics and PMTs that are not indicative of true Cerenkov light inside the detector

volume. Figure 1.3 shows the progression of instrumental cuts. Appendix B provides a brief description of
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Figure 1.3: Data reduction from instrumental cuts. This figure is representative of the analysis
presented in the SNO Collaboration’s first Physical Review Letter [9] and is data from the Pure D,O
phase of the experiment.

those cuts of primary importance to the electron antineutrino analysis. Again, a complete treatment of these

instrumental analysis cuts in presented in N. McCauley’s dissertation [157].



Chapter 2

ELECTRON ANTINEUTRINOS - A BRIEF INTRODUCTION

2.1 Measuring Electron Antineutrinos at SNO

Electron antineutrinos can interact with deuterium nuclei in D,O via a charged-current weak interaction’
Vo+d > et +n+n 0 = —4.03 MeV (CC)

Each of the three products of the CC reaction can produce a detectable signal in the SNO detector. First, the
positron, e*, can generate a prompt Cerenkov signal analogous to the CC reaction’s product electron. Second,
the two neutrons, n, can capture on nuclei and generate measurable signals. The particular capture site of the
neutrons depends on the phase of the SNO experiment, as described in Section 1.3. The salient point is that
the CC reaction produces multiple, signal generating particles that will occur in a time coincidence. This
time coincident, multi-particle signal provides a unique way to measure the rate of CC reactions in the SNO

detector.

Measuring CC in the Pure D,O Phase

For any phase of the SNO experiment, the positron measurement efficiency is determined by the energy
threshold used in the analysis. For a positron total energy of 1 or 2 MeV, there are radioactive backgrounds
at the same energy which dominant the number of events observed in the detector. At a positron total en-
ergy around 5 MeV, the radioactive backgrounds inherent in the detector’s construction materials contribute
significantly fewer observed events. This dissertation considers measurement of electron antineutrinos in the
energy range 4 - 15 MeV so positron measurement efficiencies will range from 90% to 50% depending on a
choice of the analysis energy threshold.

During the Pure D,0 phase, neutrons produced in the heavy water region will capture on the a deuterium
nucleus ~30% of the time. Thus ~9 out of every 100 CC interactions will have a chance of being measured
as a triple coincidence. Inclusion of the positron detection efficiency will further lower the efficiency for
detecting CC interactions via a triple coincidence. Thus, during the Pure D,0 phase the dominate measured
signal of a CC interaction will be a positron-neutron, (e*, n), coincidence.

The coincidence timing used in the electron antineutrino analysis hinges upon the capture time for the
neutrons produced in the CC reaction. In the pure heavy water, neutrons can random walk several meters from
their production point before capturing on either a deuteron or a proton. The average time a neutron spends

random walking is ~40 ms. The distance a neutron can travel partially explains the low capture efficiency

IThere is also a neutral-current weak interaction, Ve+d > Ve+p+n, NC. However, the single neutron produced in the NC reaction
is indistinguishable from the single neutron produced in the NC reaction.
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noted above. Neutrons that reach the acrylic vessel are highly likely to capture on a proton contained in the
acrylic since the proton’s neutron capture cross-section is 100 times that of a deuteron’s. Neutron capture
on protons produces a 2.2 MeV y-ray, which, again, is at an energy where natural radioactive impurities in

the detector’s materials dominate the event rate.

Measuring CC in the Salt Phase

During the Salt phase of the experiment, neutrons will predominantly capture on 33Cl, that is, ~80% of the
time. In contrast to the Pure D,O phase, during the Salt phase more than half of all CC interactions in the
detector will have both neutrons capture on *3Cl. Therefore, in the Salt phase the triple coincidence signature,
(e*,n,n), from CC interactions will dominate. Along with the increased neutron capture efficiency, during
the Salt phase the neutron capture time is reduced to ~5 milliseconds and the distance the neutron will travel

from the point of origin is on average less than a meter.

Measuring CC in the NCD Phase

It is expected that during the NCD phase of the experiment the neutron capture characteristics (efficiency for
capture on the *He in the NCDs, mean time till capture, and distance of capture from production location),
will be between the values noted above for the Pure D, O and Salt phases. The NCD phase however provides a
definitive detection of neutrons. Unlike in the Pure D, O and Salt phases that must detect all particles through
Cerenkov photons, the NCDs are primarily sensitive to neutrons and have backgrounds which are uncorrelated
with the Cerenkov activity in the detector. Thus, during the NCD phase the detection of a prompt Cerenkov
ring from a positron followed ~15 milliseconds later by two NCD neutron detections, is by far the most

unambiguous CC identification SNO will have.

2.2 Electron Antineutrino Physics Topics

There are several reasons to consider studying electron antineutrinos at the Sudbury Neutrino Observatory:

Detect or limit the v, component of the solar neutrino flux.

Make a first measurement of the atmospheric v, to v, ratio.

Detect or limit the v, flux from a geo-reactor in the Earth’s core.

Detect or limit the flux of the diffuse background of supernova v,’s.

Study one of the backgrounds to SNO’s primary solar neutrino analysis.

A detection or limit on the electron antineutrino component of the solar neutrino flux provides information
about neutrino properties (e.g. Dirac or Majorana type, magnetic moment strength, and neutrino decay) as

well as solar properties (e.g. solar magnetic field strength). Measuring the ratio of the flux of atmospheric v,.’s



11

to the flux of atmospheric v,’s, would be a ground breaking measurement providing a new test of atmospheric
neutrino models. Recent suggestions [119, 122, 182] that there is a uranium based fission geo-reactor active
in the Earth’s core is testable via electron antineutrino studies at SNO. A detection or limit on the diffuse
supernova neutrino background (via v, detection) is a long awaited measurement by the astrophysics com-
munity. Finally, an electron antineutrino study will, at minimum, supply a measure of a class of events that
are a background to the primary goal of the Sudbury Neutrino Observatory, to measure the total active flux
of neutrinos coming from the Sun. In Part IT of this dissertation, each of these possible topics is examined in
detail. In the end it is found that placing a limit on the electron antineutrino component of the solar neutrino
flux is the outstanding physics objective. The remaining physics topics in the above list are shown to have

low rates and are thus difficult to address on the =5 year time scale that SNO is expected to be operational.
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Chapter 3

ANALYSIS OUTLINE

3.1 Dissertation Focus

This dissertation focuses on placing an upper limit on the flux of solar electron antineutrinos. Part IT demon-
strates, in the solar neutrino energy range, the expected electron antineutrino interaction rate from all other
sources is smaller than the rate allowed by current limits on the solar electron antineutrino flux. Thus, mea-
suring an electron antineutrino signal at the expected background level will place a stricter upper limit on the
electron antineutrino component of the solar neutrino flux.

3.2 Plan

The analysis presented here is designed to optimize the sensitivity and robustness of an electron antineutrino
result generated from the Salt phase of the SNO experiment. To develop the analysis strategy and tools, the
data from the Pure D, O phase is used in toto. The goal of this plan is to determine how to implement a CC
detection scheme optimized with respect to backgrounds of both known and unknown origins. Using the less
efficient Pure D,O phase to tune the analysis, a convincing blind electron antineutrino analysis of the Salt
phase is possible. This analysis is blind in the sense that the answer is obtained without any prior inspection

of the Salt phase data, thus eliminating human bias.

3.3 Implementation and Organization

Determining the rate of CC events from all potential sources of electron antineutrinos is paramount to motivat-
ing the solar electron antineutrino search. Part II of this dissertation calculates these expected CC interaction
rates. Part IIT uses other physics analyses or Monte Carlo studies to develop the set of analysis parameters
used in the extraction of the candidate set of CC events. Part IV applies these analysis parameters, extracts
the candidate set of CC events, and then places a limit on the solar electron antineutrino flux. Finally, Part V
discusses this electron antineutrino analysis scheme in relation to other suggested methods of electron an-
tineutrino analysis of the SNO data.
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Chapter 4

SOLAR ELECTRON ANTINEUTRINOS

4.1 The Standard Solar Model

The standard solar model (SSM) describes the energy production, energy transport, thermodynamic proper-
ties, and evolution of stars. J. N. Bahcall’s book, Neutrino Astrophysics [37] is an extensive introduction to
the SSM and solar neutrino physics. The major neutrino producing reactions in the Sun produce electron
neutrinos and not electron antineutrinos. Figure 4.1 shows what is referred to as the pp-chain, the dominant
energy producing nuclear reaction chain in the Sun and the main source of solar electron neutrinos. The

standard solar model is based upon four primary physics principles:

o Stars are in hydrostatic equilibrium.
o Energy transport is by photons and/or mass convection.
e Energy is generated by nuclear fusion reactions.

o Initial isotopic homogeneity and evolution solely by nuclear reactions.

These principles and the action of gravity determine the evolution of stars. The primary success of the stan-
dard solar model is accurately producing the observed distribution of star. That is to say, the SSM correctly
models the observed distribution of stars on the Hertzsprung-Russell diagram of stellar luminosity verse
temperature. Additionally, the SSM accurately predicts the observed oscillations of the Sun (i.e. helioseis-
mology). To simplify things tremendously one might say that the Sun shines because nuclear processes are
equivalent to the short hand equation, 4H — ‘He + e~ + e +2v, + 25.7 MeV, where the 25.7 MeV released

is shared among photons and the particles shown.

4.2 Models of Electron Antineutrino Production in the Sun

This section presents theoretical suggestions for how electron neutrinos produced in the Sun could be con-
verted into electron antineutrinos. All these proposals assume neutrinos are massive particles. The primary
class of models assume a large neutrino magnetic moment which interacts with the Sun’s (unknown) internal
magnetic fields inducing a spin flip. A second class is decay of massive neutrinos. The discussion begins
by distinguishing between Dirac and Majorana neutrino types followed by a discussion of the differences
between the magnetic moments of Dirac and Majorana type neutrinos. The neutrino magnetic moment dis-
cussion naturally leads into a presentation of the primary class of solar neutrino conversion models. Finally,

neutrino decay is briefly discussed.
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p+p— *H+e"+[v,] +0.42 MeV e +p+p— 2H+[v]+1.44 MeV
99.75%| l 0.25%
p + °H - 3He + v + 5.49 MeV
86%l ‘ 14%
*He + *He — o+ p + p + 12.86 MeV o +°He — "Be + v + 1.59 MeV
99.89%1 ‘ 10.11%
e +Be — "Li + v + [V | + 0.8617 MeV p + 'Be — 8B + vy + 0.14 MeV
p+ Li > o+a+17.35 MeV °B - ®Be + e" +[V,] + 14.6 MeV

8Be — o + o + 3 MeV

Figure 4.1: The Standard Solar Model pp-chain. Note that there are only electron neutrinos (boxed)
produced in these reactions.

4.2.1 Dirac vs. Majorana Massive Neutrinos

In this section the properties distinguishing Dirac and Majorana massive neutrinos are presented. The pre-
sentation will begin with a mathematical treatment, although the more intuitive CPT treatment of the second
section is perhaps a better introduction. The goal is to develop a precise language for discussing these particle

types while fleshing out the guiding mantra: “Majorana neutrinos are their own anti-particles.”

Dirac and Majorana Mathematical Treatment

This subsection compares and contrasts the mathematical description of Dirac and Majorana massive neu-
trinos and closely follows the arguments of Ref. [61]. The Dirac-Pauli representation of the 4 X 4 gamma
matrices is given by y = (l% g ), Vs = ((1) 9 ), and ys = ((1) (1)) where & = (07, 0, 03) are the standard 2 x 2
Pauli spin matrices. In the following, ¢ is the adjoint of a complex matrix, ¢, defined as ¢* = (¢*)T where *
denotes taking the complex conjugate and T denotes forming the transposed matrix.

Define ¢ as a four component column vector representing a massive fermion field. The corresponding
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row vector for this field is given by ¢ = ¢"y,. Charge conjugation of these fields are denoted by ¢
vy A @.1)

and changes the sign of all additive quantum numbers of the fields. Note that the structure of the fermion fields
imply  and ¢ have opposite parities [61]. For a single, massive fermion field the Dirac equation determines

the free field Lagrangian:
1 - -
Ly=-5 f (Fyudup + mpy) dx 4.2)

The mass term is zﬁleﬁ. Mass terms are the focus of the following deliberations and, thus, are presented
separated of the full Lagrangian formalism. A Lorentz invariant free field theory describing two fermions of

equal mass but conjugated additive quantum numbers has two mass terms
Lbirac = lmelﬂ + 'pcmec 4.3)

In general, ¢ # ¢ and & # Y so the terms are in 4.3 are not redundant. This situation is labeled the Dirac

particle case.

The neutrino is an electrically neutral, massive fermion field. In this case is not clear what distinction is
made by the two mass terms in 4.3. That is, the charge conjugation does not obviously distinguish between
particle types as, for example, it does for electrons and positrons. Thus one can postulate the following
equalities:

v=y v=y (4.4)
This attribution is the defining property of Majorana fields. This is in sharp contrast to the Dirac case. When

the Majorana condition holds, ¢ and ¢ are charge conjugation eigenstates. New mass terms are now allowed

(retaining the requirement of Lorentz invariance). These Majorana mass terms have the form
LMajorana = ‘ZliﬁC + leLlﬁ (45)
where m,, = my + im; and |m,,| = |m),|. The parity of Majorana fields is imaginary (+i).

The most general form of the mass terms describing a neutrino and its charge conjugate states is the sum
of the Dirac and Majorana mass terms

L,

~£Dirac + -LMajorana (46)
[lmelﬁ + lzC’anc]DiraC + [lzmec + lzcm*Mw]Majorana (47)

The Dirac mass terms in (4.7) are no longer distinguishable under the Majorana conditions on the ¢ fields,
but are retained to expose the underlying formalism. The mass eigenvalues of this most general case are

my, + |m,,|.
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CPT Treatment of Dirac and Majorana Particles

A discussion of the CPT (C = charge, P = parity, and T = time symmetries [65]) properties of Dirac and
Majorana neutrinos augments the mathematical discussion of the previous section. Figure 4.2 presents the
intuitive CPT relations of massive neutrinos, taking into account the fact that the Standard Model weak

interactions include left-handed neutrinos and right-handed antineutrinos. Note that the two Dirac states v,

Lorentz; E, E

l
Dirac VL VR VL VR
T T T T
CPT CPT
Lorentz
Majorana v, VRE VR
7
CPT

Figure 4.2: CPT properties of Dirac and Majorana neutrinos as presented in Ref. [61]. There are 4
distinct Dirac states and 2 distinct Majorana states.

and vy are effectively sterile in the Standard Model which includes only left-handed particle interactions and
right-handed antiparticle interactions. Extensions to the Standard Model can allow for right-handed particle
interactions, but are severely constrained experimentally [88, 196, 197]. Figure 4.2 shows that a massive
left-handed neutrino will transform under CPT into right-handed antineutrinos.

To make a connection to the mathematical treatment of the previous section define the chiral projections
of the y fields:

1 - | X X
v ="y W) = —+275 Ue = ()
(4.8)
1+ 1- .
Wk = —Z”w W) = —275 Ye = ),

These definitions and the property that (1 + ys)(1 —ys) = 0 allows the Lagrangian mass terms, £,, to be

rewritten as

L = [(@RleﬁL +YLmpyr),, o, + (R mp(r)” + (lZL)CmD(lﬁR)C);LHVR]Dirac 49
+ [(J’RmM(WL)C + YLy (R )y, oy, + (WGR) Myt + (lZ/L)CmM//R)VLHVR] (4.10)

Majorana
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As already mentioned, the two terms in the Dirac portion are identical when the Majorana condition is im-
posed. The terms are not combined to highlight their relation to the information presented in Figure 4.2 and to
show the distinct terms present when the Dirac condition (instead of the Majorana condition) holds. Note that
when the Dirac condition holds, it must also be the case that [m,,| = 0 to maintain the Lagrangian’s Lorentz
invariance.

4.2.2 The Neutrino Magnetic Moment

Massive neutrinos allow a non-zero neutrino magnetic moment. The electroweak standard model of leptons
provides for only a very small Dirac neutrino magnetic moment,

L ~3.1x107"° (m) 4.11
Hy, e\ Tov 4.11)

where ug is the Bohr magneton and m,, is the mass of the electron neutrino measured in electron volts, eV.
Refer to Section 11.3 of Ref. [162] for a discussion of how this value is derived or see the Particle Data
Group’s review of particle physics [113].

The experimental situation, however, is quite different as demonstrated in the following. There are several
ways in which limits on the neutrino magnetic moment have been set. Each of these ways has a different level
of “trust” for the derived limit - lab experiments are the most trusted while arguments based on astrophysical
grounds are less trusted. Table 4.1 lists a number of limits on the neutrino magnetic moment, providing a

reference and stating the method used to set the limit.

Table 4.1: Limits placed on the magnitude of the neutrino magnetic moment, u,,, by different tech-
niques. This table is a selected listing of the Particle Data Group’s u,, table [113].

v, |/us X 1071° | Year | Ref. | Method or Group |

< 1.3 2003 | [113] | Particle Data Group value

< 1.3 2003 | [142] | Reactor v, +e — V. + ¢

< 2 2002 | [112] | Fit solar + reactor oscillation data (Majorana v)
< 0.01-0.04 | 1999 | [36] | vi — vgin SN 1987A

< 1.1 2004 | [146] | Super-K solar v spectrum shape

< 0.03 1999 | [181] | Red giant luminosity

< 4 1999 | [181] | Solar cooling

< 0.62 1999 | [90] | Depolarization in early universe plasma

Dirac Neutrino Magnetic Moments

In the case of Dirac neutrinos, the magnetic moment is “diagonal”. That is, in the Dirac case, the matrix
describing the neutrinos’ magnetic moments does not have any non-zero off diagonal elements which would
connect neutrinos of different flavors. This means that if one considers only a magnetic moment interaction

with a transverse magnetic field, there can only be a spin-flip interaction, v,;. — v,r. There can not be any
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induced neutrino flavor transition. This does not preclude flavor oscillation via the well known vacuum and
MSW processes.

Phenomenologically, if a left-handed Dirac neutrino with a non-zero magnetic moment has its spin flipped
due to an interaction with a magnetic field, it becomes a right-handed Dirac neutrino which, in the absence of
right-handed interactions, does not interact in the electroweak standard model. The implication is, if neutrinos
are Dirac particles and under go a spin-flip process in magnetic fields, then the resulting right-handed neutrino

state is not detectable or at least only detectable through right-handed weak interactions.

Majorana Neutrino Magnetic Moments

In the case of pure Majorana neutrinos, the magnetic moment is exactly zero on the diagonal and can only
exist via non-zero off diagonal elements. That is, in the Majorana case, the matrix describing the neutrinos’
magnetic moments can have non-zero off diagonal elements which connect neutrinos of different flavors. This
allows for a spin-flavor transition of the type v,;, — v, r Where x#y. The spin-flip only transition, vy, — ViR,
is allowed in conjunction with MSW effects but only via second order perturbations in the interaction [25].

4.2.3 Spin-Flavor Precession

For over 20 years, physicists have considered the possibility of electron neutrino conversion in solar mag-
netic fields. The hypothesis of solar magnetic field induced conversion of solar v, to sterile v, g was first
proposed as a solution to the neutrino deficit measured by the Homestake 3’Cl experiment [76]. Later, it was
proposed to account for an apparent time (anti)correlation between the 3’Cl experiment’s neutrino signal and
solar magnetic field activity as quantified by Sun spot number [216, 170]. It was realized the combination
of matter enhanced neutrino flavor oscillation (MSW) and spin precession (SP) (Dirac case) or spin-flavor
precession (SFP) (Majorana case) could provide a single description including both significant v, depletion
and a time varying signal [218]. The combination of these effects is known as resonant conversion schemes
(RSP & RSFP) [20, 143, 40]. More realistic descriptions include a varying magnetic field direction along the

neutrino’s path [213, 200, 207, 33, 39, 138, 204]. Current conversion schemes have five characteristics:

Focus on Majorana neutrino signature rather than Dirac sterile admixture.

Matter enhanced flavor oscillations (MSW).

Hypothetical solar magnetic field configurations with varying field direction.

— Osc  — Osc SFP  —

. . . . SFP
Consideration of two conversion scenarios: v, — vy, — vV, OR v, — v, — 7V,

e Two experimentally unconfirmed assumptions:

— A neutrino magnetic moment on the order of y, ~ 107%u5.

— Solar magnetic field strengths of 10-100 kGauss. The actual interior field strength is not known.

Predictions range from 10-10° Gauss. See Ref. [68] and the references there-in.
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Complete analytic treatments of the combined matter enhanced and spin-flavor precession models exist in the
literature [143, 25, 149]. The importance of these results is the ability to study the conditions for resonant
transitions defined as the case when the matter enhanced oscillations and the spin-flavor transitions occur
in the same region of the Sun. The evolution equation that describes these combined affects to neutrinos
is [25, 149]

Ve, L VeL
d H 0 0 -D*
S = T Bl Tt 4.12)
dt Ve R 0 HR D 0 Ve R
VH,R VH,R

where u,, is the magnitude of the Majorana neutrino transition magnetic moment and B (?) is the time-
varying magnitude of the magnetic field perpendicular to the direction of the neutrino’s momentum. The
sub-matrices Hy g and D are

+92 2N, = N,)) — A 0520 Am? 020 (o -1
HL’R = \/5 Am? - o Gr 5 Am? D = e_ld)(l)( ] (413)
2E, sin 260 iﬁ (—Nn) + 3E, cos 260 1 0

where Hy g describes matter enhanced neutrino oscillations for left- and right-handed Majorana neutrinos in

the two-flavor neutrino oscillation approximation represented by ( v ) = ( cost sinf )( " ) The magnetic field

direction matrix, D, describes the time-varying direction of the magnetic field in the plane perpendicular to
the direction of the neutrino’s momentum. The factors in the two equations 4.13 are:

Gr The Fermi constant.
N, The local electron density.
N, The local neutron density.
E, The energy of the neutrino.
Am?*  The difference of the squares of the neutrino masses: Am? = m% - m%
6 The neutrino vacuum mixing angle describing neutrino flavor oscillations.

¢(r) The parameterization of the time-varying direction of the magnetic field.

Ref. [25] provides a graphical representation of the energy level crossings under various conditions in addition

to pointed discussions of the phenomenology for specific scenarios. The above comments are the latest ideas,

in a wealth of proposals for solar electron neutrino conversion to electron antineutrinos'.

'An attempt at a definitive list of articles discussing v, — ¥, conversion in solar magnetic fields: [5, 14, 15, 16, 17, 18, 19, 20, 21,
22,23, 24, 25, 26, 27, 28, 32, 33, 39, 40, 41, 43, 44, 52, 60, 71, 72, 73, 76, 90, 95, 100, 108, 112, 134, 136, 138, 143, 144, 149, 158,
159, 160, 161, 167, 170, 178, 179, 184, 186, 192, 193, 195, 198, 200, 203, 204, 207, 213, 216, 217, 218]
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4.2.4 Massive Neutrino Decay

If neutrinos are massive particles they may decay. There are two models of neutrino decay widely considered.
The first model assumes neutrinos are Dirac type particles and have a decay of the form, v — v’ +¢, where ¢ is
a scalar particle and v’ is a right-handed “‘sterile” neutrino. The second model assumes neutrinos are Majorana
type particles and has a decay of the form, v — v’ + J, where J is a pseudo-scalar particle (Majoron) and
v/ = v is an active, right-handed antineutrino.

In the early 1990’s, one group studied both of these decay models in the context of the experimental
results from the available solar neutrino experiments. A generalization of these results is presented in Ref. [2]
referencing the authors’ specific decay models for Dirac [4, 3] and Majorana [1] neutrinos. More recent
neutrino decay studies that include solar neutrino data from SNO and Super-Kamiokande demonstrate solar
neutrino decay is not a dominant phenomenon, however, the models are not restrictive enough to place strong
limits on specific neutrino lifetimes [54, 127, 42, 75]. These more recent papers also perpetuate the possible

models of neutrino decay mentioned in the previous paragraph.

4.3 Experimental Limits on the Solar Electron Antineutrino Flux

Table 4.2 lists experimental limits set on the solar electron antineutrino flux. Each limit listed in Table 4.2 is

discussed in detail below.

Table 4.2: Measured limits on the solar electron antineutrino flux, CD . The quoted confidence level
is given in the column titled C.L. Note that, SNO is capable of detectlng electron antineutrinos of
any energy above the CC reaction threshold of 4.03 MeV.

Year (D;? (CITO;) C.L. | Reference Data used E5, (MeV)
2004 | <0.014 | 90% | K.Eguchietal. [87] | KamLAND 83— 14.8
2003 <0.11 95% | E. Torrente-Lujan [73] | KamLAND 6.0 —» 8.125
2002 <0.404 | 90% | Y. Gando et al. [111] | Super-Kamiokande 93 -5213
2000 | <18 95% | E. Torrente-Lujan [205] | Super-Kamiokande 6.5 — 20.0
1997 <1.98 95% | G. Fiorentini et al. [96] | Super-Kamiokande > 8.3
1996 | <1.0 90% | M. Agliettaetal. [6] | Liquid Scintillation Detector 7.0 — 17.0
1991 <3.03 99% | R. Barbieri et al. [44] | Kamiokande > 10.6

4.3.1 K. Eguchietal. [87]

Under the assumption of a 8B energy spectrum, the KamLAND Collaboration places an upper limit on the
total solar electron antineutrino flux of (I)f_,? < 14 x10% (ecm™2s7!) at a 90% confidence level. This equals
2.8 x 107* of the SSM total ®B electron neutrino flux. The KamLLAND experiment is similar in design to
the Sudbury Neutrino Observatory in that it is a spherical liquid neutrino target observed by photomultiplier
tubes. KamLAND is sensitive to electron antineutrinos via inverse beta-decay of protons, v, + p — et + n,

contained in a liquid scintillator solution. The positron, e*, can then generate scintillation light as it passes
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through the scintillator and finally produces two photons upon annihilation with an atomic electron. The
free neutron, n, produces a second (coincident) signal when it captures on a proton in the solution. The
KamLAND experiment is designed to study electron antineutrinos produced by nuclear reactors. Reactor
electron antineutrino’s energy spectra is predominately below 8 MeV. Thus, the upper limit on the solar
electron antineutrino flux is determined by searching for inverse beta decay reactions indicative of electron
antineutrinos in the energy range 8.3 < E5, (MeV) < 14.8. No candidate events are found in a 185.5 day (0.28
kton-year) KamLAND data set, hence setting the limit noted above. In the current detector configuration,
KamLAND will continue to lower the upper limit by accumulating an increased set data (i.e. exposure time).
However, future upgrades to the KamLAND detector are expected. These upgrades are intended to reduce the
intrinsic radioactive backgrounds in the detector materials as well as increasing the light collection efficiencies
via the addition of new photomultiplier tubes. These improvements will likely give KamLAND a significant
improvement in electron antineutrino detection efficiency, thus allowing for further lowering of the upper

limit set on the solar electron antineutrino flux.

4.3.2 E. Torrente-Lujan [73]

Using reactor neutrino results from KamILAND [86], E. Torrente-Lujan et al. set two upper limits on the
total solar electron antineutrino flux. The KamLAND experiment observes electron antineutrinos produced
by nuclear reactors using a coincidence signature from v, + p — e* + n in liquid scintillator. The first
limit set by E. Torrente-Lujan et al. is based upon assuming values for the neutrino oscillation parameters
(Am* = 6.9 x 1075 eV? and sin’ 20 = 1) and then doing a maximum likelihood fit of an expected reactor
v, spectra plus a variable 3B solar ¥, spectra to the measured KamLAND data. This method sets a limit of
(D;? < 1.1 x 10* (em™%s7!) at a 95% confidence level. The second method uses the fact that KamLAND
reports zero events in the 6 — 8.125 MeV energy range. The lack of signal in this energy range also sets an
upper limit on the solar electron antineutrino flux, <D23 < 3.5x10* (cm™2s7!) at a 95% confidence level. Note
that KamLAND had not presented results for energies above 8.125 MeV when this article was written.

4.3.3 Y Gandoetal. [111]

The Super-Kamiokande detector is a soda-can shaped cavity filled with 50,000 tons of pure light water,
viewed by 11,200 photomultiplier tubes?. Super-Kamiokande is sensitive to solar electron neutrinos via
elastic scattering of atomic electrons in the detector’s water. The atomic electrons are forward scattered and
emit Cerenkov radiation. This forward scattering appears in the analysis of Super-Kamiokande data via the
parameter cos 6, where 6, is the angle between the direction away from the Sun and the fit direction of ~ 5
—20 (MeV) events.

The Super-Kamiokande Collaboration uses a muon spallation background subtraction method to statisti-
cally determine the number of potential electron antineutrino events occurring in their detector. This analysis

focuses on the cos 6y < 0.5 data above 6 MeV. These events are directed into a Sun-side hemisphere and are

20n November 12, 2001 an accidental implosion of a photomultiplier tube caused a chain reaction of photomultiplier tube implo-
sions. After redistributing the remaining operational photomultiplier tubes, Super-Kamiokande continues to take data, however with a
reduced light sensitivity.
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dominated by the isotropic decay of spallation products from muons. The spallation event rate is estimated
for this data sample and subtracted from the data set. The remaining number of events (statistical) is con-
sidered the antineutrino candidate sample because an electron produced in the ¥, + p — e* + n reaction is
predominantly directed away from the v,’s incoming direction. A simulation of an electron antineutrino flux
equal in magnitude to the total solar neutrino flux was used to determine the number of expected events in the
region analyzed. The ratio of candidate events to expected events sets a limit of (Di? < 4.04x10* (cm™2s7!) at
a confidence level of 90%. This limit is based upon 1496 days of data. The Super-Kamiokande Collaboration
will be able to improve upon these results by simply increasing the size of the their data set. There are no
planned detector upgrades that will significantly improve the solar electron antineutrino sensitivity, however
arecent proposal to dissolve Gd in the water would make Super-Kamiokande very sensitive to v, through the

coincidence detection of the positron and a neutron capture on Gd [55].

4.3.4 E. Torrente-Lujan [205]

Using a Doctoral dissertation from Super-Kamiokande [125], E. Torrente-Lujan presents a limit on the total
solar ®B electron antineutrino flux, (1323 < 1.8 x 10° (em™2s7!) at a 95% confidence level. The limit is
determined by analyzing the “flatness” of the flat background of Super-Kamiokande’s cos 6 neutrino-electron
scattering data. The reaction of interest is v, + p — e* +n. The positron will look just like a scattered electron
in the Super-K detector. The signature of an electron antineutrino component of the total solar neutrino flux
is a backward scattering of positrons from the v, + p interactions. The v, + p reaction is peaked backward in
the lab frame for energies less than 13 MeV. Thus the limit is derived by comparing the slope of a linear fit to

the cos 6y < 0.4 data to the expectation of a slope equal to zero for an isotropic background.

4.3.5 G. Fiorentini et al. [96]

G. Fiorentini et al. were the first to exploit the angular distribution of the out-going positron in the v, + p —
e* + n reaction (see Section 4.3.4). They used Super-Kamiokande data to set a limit on the solar 8B electron
antineutrino flux above an electron antineutrino energy of Ejimir = 8.3 MeV, (I);B(EVB > 8.3MeV) < 6 x 10*

(ecm™2s7h). A simple ratio is used to scale this limit to the total solar 8B electron antineutrino flux,

OB\ (Ey, > Eimi) VP (E5, > Eimi)

8B 8B ?
(DSSM Ve

(4.14)

where the left-hand side of the equation is the ratio of solar ®B electron neutrino fluxes and the right-hand
side of the equation is the ratio of solar electron antineutrino fluxes with an assumed ®B energy spectrum.
(I)XS];M is the SSM total integrated solar 8B electron neutrino flux. (DXS];M(EVB > Ejimit) is the SSM integrated
solar 8B electron neutrino flux above a specific energy, Ejimit, taken from the G. Fiorentini et al. analysis.
<I>?j (Ey, = Ejimir) 1s exactly the limit placed on the solar 8B electron antineutrino flux in the paper. The flux is
then CD;?(EVF > Ejimit) = 1.53x10° (cm2s7") for a BP2000 model with @32, = 5.05x10° (cm~2s~"). Solving
equation 4.14, the G. Fiorentini et al. limit on the total solar ®B electron antineutrino flux is (Di? =1.98x 103

(cm~2s7!) at the 95% confidence level.
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4.3.6 M. Aglietta et al. [6]

M. Aglietta et al. determine an upper limit on the solar ®B electron antineutrino flux using data from the
Liquid Scintillation Detector (LSD) in the Mont Blanc Laboratory. LSD is sensitive to electron antineutrinos
through the v, + p — e + n reaction and is capable of detecting the e* and n in coincidence, greatly
reducing the background. Using data from a 93.9 ton-yr exposure of the 86.4 tonne detector, M. Aglietta
et al. compare the number of coincidences counted to the number of expected accidentals and there-by
determine a limit on the number of electron antineutrino interactions occurring in LSD. Using a Monte Carlo
simulation of supposed solar ®B electron antineutrinos, they determine LSD’s expected number of counts
above accidentals assuming complete v, — ¥, conversion. Comparing the measured limit on the number of
counts to the expected number of counts for full conversion, they set the limit, (Df_,? < 1.0x10° (cm™2s7!) at

a 90% confidence level on the total solar ®B electron antineutrino flux.

4.3.7 R. Barbieri et al. [44]

R. Barbieri ef al. use Kamiokande data to set a limit on the solar 8B electron antineutrino flux. They state,
incorrectly, that positrons are produced isotropically in the reaction v, + p — ¢* + n. Using this premise, they
state that the total number of events in the isotropic background of the cos 6, data, sets a bound on the number
of solar electron antineutrinos interaction occurring in the Kamiokande detector. Since the data analyzed is
above 9.3 MeV, this solar electron antineutrino flux would be due to ®B electron neutrinos converting to
electron antineutrinos. It’s interesting to note the incorrect premise of isotropic positron production does not

invalidate their flux limit because the produced positron is actually slightly back scattered (see Section 4.3.4).

R. Barbieri et al. present a model independent limit on the solar electron antineutrino flux, @5 (Ey, >

10.6 MeV) < 6.1 x 10* (cm™2s71). They state that “A more stringent limit can be derived if one assumes, as

above, the spectrum to be the same as for v,” - namely the ®B spectrum. They give the relation,
A(P(V,))g3-89 < 6% (at 99% C.L.), (4.15)

where A defines the error bars (A = [0.7, 1.3]) and (P(v,))ss-g9 is the average v, — ¥, conversion probability
averaged over the data taking done in 1988 and 1989. Setting A equal to 1 gives the central value of the error
range quoted. Thus, 6% of the BP2000 total solar B electron neutrino flux (5.05 x 10° (cm=2s7")) gives the
R. Barbieri et al. limit on the total integrated solar 8B electron antineutrino flux of QD;? <3.03x10° (cm~2s71)

at a 99% confidence level.

4.4 Calculating the Solar Electron Antineutrino Induced Event Rate in SNO

For each case in Section 4.3 the upper limit on the solar electron antineutrino flux was set assuming a SSM
8B electron neutrino spectrum. Thus in calculating the electron antineutrino interaction rate in SNO, the
SSM 3B energy spectrum will be assumed. Table 4.3 lists the various parameters used in this calculation.

This calculation is integrated over the entire ®B energy spectrum for the ¥, + d — e* + n + n reaction from
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Table 4.3: Factors or parameters used in the calculation of the solar electron antineutrino rate. The
total flux is taken from measured limits as explained in the text.

Parameter or Factor Source or Value ‘
8B energy spectrum BP2000 [38]
Total ¥, flux 1.0 x 10° (cm™2s71)
CC cross-section NSGK+ [163]
Target mass 1 kilotonne D,O
Integration time 365.25 days

threshold at E5, = 4.03 MeV to above the 14.06 MeV end point.®> Figures 4.3 & 4.4 show the results of
this calculation. Table 4.4 presents the number of expected CC interactions in SNO for a range of electron
antineutrino fluxes having a solar ®B neutrino energy spectra, specifically, if the flux limits of Table 4.2 are

taken as the actual total flux.

Hypothetical solar v, flux
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Figure 4.3: A hypothetical flux spectrum for electron antineutrinos converted from 8B electron neu-
trinos. The shape is given by the Bahcall-Pinsonneault-Basu (BP2000) [38] 8B standard solar model
(SSM) flux-spectra since an energy independent conversion mechanism is assumed.

3 A neutrino reaction and integration package provided by a SNO Collaborator, F. Duncan, was used in these calculations. The CC
cross-section from Ref. [163] was added to this package for the calculations of this section.
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Figure 4.4: The expected energy integrated number of CC interactions.

Table 4.4: The number of expected CC interactions for one kt-yr for various values of a total electron
antineutrino flux, d);B, having solar 8B spectral shape.

(D;l?‘ (em™2%s~") | CC/kt - yr

1.4 x10° 1.3
1.1 x10* 11
4.04 x10* 39
1.0 x10° 96
1.8 x10° 173
1.98 x10° 190
3.03 x10° 291

4.5 Other Derived Measurements

There are additional quantities which SNO can address using the results of a solar electron antineutrino anal-

ysis. This section lists these additional possibilities for electron antineutrino analysis in the SNO experiment,
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however each of these topics must assume further model-dependent details not currently constrained by ex-
periment. Thus, these topics are mentioned for completeness but exact values are left for others to infer from

the SNO electron antineutrino search results.

4.5.1 Limiting the Electron Neutrino Magnetic Moment

A null result for the solar electron antineutrino flux translates into an upper limit on the magnitude of the
electron neutrino’s magnetic moment. However, this translation depends significantly on the model of the
magnetic structure of the Sun. Several recent papers [180, 56, 128, 27, 206] place limits on the neutrino
magnetic moment or, in an attempt to remove some of the model dependence, place limits on the product
of the maximum strength of the solar magnetic field and the neutrino magnetic moment. It is for these
reasons that this dissertation will not use the results of the electron antineutrino search to make any statements

regarding the neutrino magnetic moment or the magnetic field strength of the Sun.

4.5.2 Limiting Right-Handed Currents

It may be possible to use limits on the flux of solar electron antineutrinos to limit right-handed current con-
tributions to the decay of solar ®B if one assumes neutrinos are Majorana type particles. Measurements of
the total 8B flux [10, 12] determine the rate of ®B decay in the Sun. A right-handed decay of B produces a
right-handed electron antineutrino and, in the case of Majorana neutrinos, this neutrino is detectable on Earth
as an electron antineutrino. This should be distinguished from the case when the normal Standard Model
left-handed current produces an electron neutrino in a positive helicity state. In the Majorana neutrino case,
these neutrinos are detectable as electron antineutrinos but this left-handed current production of positive he-
licity electron neutrinos is suppressed by a factor (m,,/2E,,)* [140]. Right-handed currents, not suppressed
by the above factor, are experimentally limited by neutrinoless double beta decay searches [177, 88], unless
neutrinos are “light” particles [214] (e.g. m, < 10 eV). Using right-handed current corrections [209] to the
mixed Fermi and Gamow-Teller 8B beta decay*, it may be possible to provide a new method for limiting

right-handed currents.

4.5.3 Electron Antineutrino Flux and Sun Spot Activity

From the mid-1980’s there was interest in whether or not there is an anti-correlation between the number of
Sun spots and the magnitude of the neutrino flux measured on Earth. This interest was generated by reports
of an anti-correlation [58] observed in Ray Davis’s now famous neutrino-chlorine experiment located in the
Homestake mine [79]. This result was largely refuted by the combined results of Kamiokande IT and III [102]
which showed no statistically significant correlation (anti- or otherwise) between the number of Sun spots
and the measured neutrino flux.

However, if one were to expand upon this “Sun spot” hypothesis despite of the lack of supporting evi-
dence, the first supposition to make is that the neutrinos are interacting with the Sun’s magnetic field’s gener-
ally rather than being correlated to Sun spot number. Interested readers are referred to Ref. [138] for details

4The 8B beta decay is mixed Fermi and Gamow-Teller however the two branches are distinguishable because the Fermi transition
only produces electron neutrinos with energies below ~4 MeV. Thus, SNO is only sensitive to the Gamow-Teller branch of the decay.
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on the solar magnetic fields which were hypothesized to create the anti-correlation reported in the Homestake
experiment. Invoking electron neutrino interactions with solar magnetic fields returns the discussion to the
RSFP hypothesis of Section 4.2. Thus, if one had a reason to believe the solar neutrino flux? is varying and
that neutrinos are Majorana particles, then it is a general expectation for there to be variation in any electron
antineutrino flux coming from the Sun. These considerations show that SNO should minimally supply the
community the time stamps of the electron antineutrino candidates extracted from the data sets. If desired, a
correlation between the candidate SNO electron antineutrino signal and solar cycle would then be possible.
Unfortunately, as has already been shown, the expected number of solar electron antineutrino induced CC

events in the SNO detector events is at best small (i.e. on the order of a few per year).

SDiscussions of time varying solar neutrino flux have a tendency to fail to state that it is not the total flux of neutrinos which is varying
with time, it is the relative flavor fraction arriving at the Earth which is hypothesized to vary.
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Chapter 5

ATMOSPHERIC ELECTRON ANTINEUTRINOS

5.1 Cosmic Rays and Atmospheric Neutrino Production

Cosmic rays (composed of protons, helium nuclei, and a small fraction of more massive nuclei) interact with
the Earth’s atmosphere and generate neutrinos [124]. Initially the cosmic ray particles, A, interact with

atmospheric nuclei, A,;;, generating pions (n*), kaons (K*), and a small fraction of more massive particles.
Ay +Ay — 75, KEKY, ...

The kaons decay into states of pions, leptons (u* or e*) and neutrinos, or a mixture of pions, leptons, and

neutrinos [113]. The dominant charged pion decay chain is:

™ — p*+v, ()

e+ v (Ve) + Vu(vy)

The atmospheric neutrino spectrum extends over several decades of energies as shown in Figure 5.1.
The flux maximum occurs around ~35 MeV, just above the mean energy of neutrinos emitted from pions
at rest. At neutrino energies below 10 GeV the absolute flux is sensitive to solar activity. For instance, at
solar maximum, the solar wind increases and inhibits the primary cosmic ray flux from reaching the Earth’s
atmosphere. At the SNO site the solar modulation affects the flux by as much as 20% [109].

5.2 Atmospheric Electron Antineutrinos

The atmospheric electron antineutrino flux is specifically produced by decays of cosmic ray induced pions

and kaons:
o= W+, K — n%4+e +7,

L»e‘+17€+vﬂ K) — rnt+e +7,

Considering the atmospheric neutrino spectrum, it is natural to divide electron antineutrino studies into two
energy ranges. Above ~50 MeV only atmospheric electron antineutrinos are present. All other electron
antineutrino sources discussed in Part IT of this dissertation, have energies below 50 MeV. It is also important
to note that up to 50 MeV the CC reaction remains dominant over other processes, for instance neutrino

deep-inelastic scattering [145, 172].
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Figure 5.1: Plot of calculated atmospheric neutrino fluxes taken from Ref. [109]. Solar neutrinos
dominate the atmospheric flux by several orders of magnitude in the gray box region. Heavy solid
black line: v, +V,. Dashed blue line: v, + V.. Dotted gray line: Prompt neutrinos from charmed
particle decay. Thin solid red line: v, + V,, from pions and kaons.

5.2.1 Low Energy Atmospheric Electron Antineutrinos

There are only a few reported calculations of the atmospheric electron antineutrino flux at energies below
100 MeV [141, 110, 51, 124, 173]. Two flux spectra, shown in Figure 5.2, were constructed from these
calculations that extended below 100 MeV. Both calculations were done for the IMB experiment located in
Cleveland, Ohio. The red and lowest energy portion of the flux spectra is at maximum solar activity (minimum
neutrino flux'). The blue and higher energy portion of the flux spectra is at solar middle (mean neutrino flux).
Both calculations are done using one dimensional Monte Carlo routines (all produced particles go in the same
direction as the primary cosmic ray). Note that the year 2000 was a year of solar maximum. It has been noted
that one dimensional calculations over estimate the flux at the low neutrino energies by approximately a factor

I'The solar maximum increases the solar wind’s strength and volume of influence. The cosmic rays creating neutrinos are extra-solar-
system particles. Thus at solar maximum fewer extra-solar-system particles make it to Earth to interact in the Earth’s atmosphere.
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Low Energy Flux Spectra of Atmospheric v,
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Figure 5.2: The low energy portion of the atmospheric electron antineutrino spectrum. Full energy
range, red line is Refs. [110, 51]. The high energy range only, blue line is Ref. [124].

of two [141, 124] in comparison to full three dimensional calculations. A direct application of the constructed

flux spectra of Figure 5.2 gives the expected number of CC interactions, listed in Table 5.1.

Table 5.1: The low energy atmospheric electron antineutrino induced CC rate. Note that these values
are intended to represent the rate at solar mid, but are perhaps a factor of 2 too large.

v, Energy Range (MeV) @/ kt-yr
4 —14.5 29x%x10™
4 - 20 1.2x 1073
4 — 50 3.7%x 1072
4 — 100 1.7x 107!

5.2.2 Atmospheric Electron Antineutrinos Above 100 MeV

There are two related, interesting studies of atmospheric electron antineutrinos. However, as shown in Chap-
ter 19, the event rate is so low in SNO that these measurements are unrealistic objectives. First, there has
never been a measurement of the atmospheric neutrino to antineutrino ratio even while atmospheric neu-

trino production models provide predictions for this ratio’s value [210, 123, 148, 223, 124]. An example
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ratio calculation is presented in Figure 5.3. Through the distinguishable CC and CC reactions SNO could
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Figure 5.3: Ratios of atmospheric neutrinos to atmospheric antineutrinos from Ref. [110].

make such an electron flavor neutrino to antineutrino measurement for the first time. Second, this ratio
becomes particularly interesting in light of recent suggestions that CPT may be violated in the neutrino sec-
tor [49, 50, 183, 126, 46, 45, 47, 199, 48]. These suggestions invoke CPT violation because it provides a
model where by all neutrino oscillation experimental results are retained. In these models the atmospheric
electron flavor neutrino to antineutrino ratio is modified by oscillation physics.

LSND proposed v, — V, oscillation with an L/E that is comparable to that of atmospheric neutrinos [34].
However, Super-Kamiokande shows atmospheric v, — v; oscillation. To keep both the LSND and Super-
Kamiokande results without introducing sterile neutrinos, one has to violate CPT so that the neutrinos and
antineutrinos can have different oscillation properties. In this CPT violating case atmospheric neutrinos
would have to oscillate as:

Vi — Vg

Vi — Ve

From normal production mechanisms (i.e. not including any oscillation physics), there are simple v, / v,
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ratios one can calculate. This is given roughly as Vo4 / Veproa = 1.2 and is plotted in Figure 5.3.

In the presence of CPT violating neutrinos, there are additional v,’s through v, — v, oscillation, thus
modifying the v, / v, ratio. Comparing the v, / v, ratio derived from production to the measured ratio becomes
a test of the CPT properties of neutrinos and tests the LSND result.

A “back of the envelope” calculation shows what might be expected in a maximal mixing case with CPT

violating neutrinos. Neutrino production mechanisms give the following rough relations:

Vepod = fixed, no oscillation
= ~ 1

Veprod = T3Yeprod

Yu prod = 2Ve prod

The factor of 2 in the third equation is the standard muon to electron production ratio. Assuming maximal

mixing, v, < V,, then after oscillation:

Ve osc

(2 Ve prod)

—_ l —

Ve prod + 3 Vit prog
= 1

Ve prod + 2

Ve prod

PIW W NI— I—

1
(ﬁ Ve prod)

The result of this rough calculation is that v, / v, =~ 0.8 rather than the expected 1.2.
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Chapter 6

NUCLEAR REACTOR ELECTRON ANTINEUTRINOS

6.1 Nuclear Reactor Properties

Commercial, electric power generating, nuclear reactors produce copious numbers of electron antineutrinos.
However, due to SNO’s location, reactor v,’s are a small signal and act as a small background to the measure-
ment of solar neutrinos. There are three basic types of nuclear reactors used for commercial electric power
generation in North America: boiling (light) water reactors (BWR), pressurized (light) water reactors (PWR),
and CANDU pressurized heavy water reactors. Each reactor type represents a different method for generating
and converting the thermal energy produced by the nuclear fissioning occurring in the nuclear reactor core

into electrical energy.

All three reactor types use >*U as the main fissile fuel component. Additionally, listed in decreasing
significance, 2**Pu, 2*U, and >*! Pu contribute to the thermal output of the reactor cores [57]. Both light water
reactor types use enriched uranium (~3.5% 2*U) fuel while the heavy water reactor type uses unenriched
uranium (natural abundance: 0.7% 233U). This difference between the light and heavy water reactors produces
a different relative composition between the four main fissile uranium and plutonium isotopes. This study
derives the v, flux spectrum produced by light water reactors. While strictly incorrect (due to the composition
differences outlined above), the derived light water reactor v, flux spectrum is taken as representative of the

heavy water reactors in the following calculation of the total reactor v, induced CC interacts in SNO.

During reactor operation >*3U is burned by thermal neutron induced fission. The fissioning produces
additional free neutrons and fission fragments whose kinetic energy constitutes the thermal energy of the
reactor core. Thus 2*3U’s contribution to the thermal energy decreases as the reactor operates because >>U
is being consumed in the burning process. A similar situation describes the burning of 2*8U, though 28U
requires fast neutrons to induce fissioning. Thermal neutrons can capture on >*¥U forming 2*U which can
then be transmuted to >**Pu through two beta decays. Similarly, thermal neutron captures and beta decays
can transmute 233U to 2*' Pu, the last of the four main fissile isotopes in reactor fuel. Figure 6.1 illustrates the
formation of the plutonium isotopes during reactor operation. The net result of these fission and transmutation
processes is that the fissile fuel composition evolves during reactor operation. This fuel evolution affects not
only the relative proportion of the thermal energy produced by each fissile isotope, it also affects the v, flux
spectrum. Given a beginning fuel composition, it is not difficult to model the time evolution of the fuel
composition. However, in this study a constant, average fuel composition is assumed because of a lack of the

detailed refueling schedules for each reactor in North America.
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Figure 6.1: The steps in creating >*’Pu and >*'Pu from 2*®¥U in nuclear reactors.

6.2 Calculating the Reactor v, Flux Spectrum, Nl?"(E)

The reactor v, flux spectrum, N?”(E ), is the number of ¥, produced by a reactor core, i, at a given v, energy, E
and is determined by the individual isotope properties and the total thermal energy output of the reactor core.

The individual isotope properties are defined as:

e w; - The fraction of the total number fissions in a reactor core of isotope j .
. E?SSi"“ - The total mean thermal energy from the fission and subsequent decays of isotope j.

e A;(E) - The individual v, flux spectrum from the fission and subsequent decays of isotope ;.

The values used for w, E?“i"“, and A;(E) are listed in Table 6.1. To determine the total thermal energy output

of the reactor core, define three quantities:

e P; - The electrical energy output by reactor i measured in MWh.
o f=2247x10% % - A conversion factor. <MeV> is the thermal energy in MeV.

o ¢ =0.325 £ 0.008 - The thermal to electrical conversion efficiency. See Appendix C.1.
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The (monthly) net electrical energy output [171], P;, for each reactor i was provided by the US Nuclear
Regulatory Commission [69] and Canada’s Chalk River Laboratory [67]. Define E;he”““l = (fP;/e) as the

total thermal energy output of a reactor core measured in units of <MeV>.

Table 6.1: Factors in calculating the total number electron antineutrinos produced by a nuclear
reactor core. The values for w; and E?SSi"“ are taken from Ref. [185] and [80], respectively.

‘ Isotope ‘ Wj ‘ Efssion (<Mev>) ‘ Reference for A,(E) (—Ve ) ‘

fission fission - MeV

25U | 0.556 201.8+0.5 K. Schreckenbach er al. [194]

2%9pu | 0.326 210.3 + 0.6 A. A.Hahn et al. [114]

28U | 0.071 205.0+0.7 P. Vogel et al. [215] (0.5 MeV neutrons)
241py | 0.047 212.6 £0.7 A. A.Hahn et al. [114]

The reactor v, flux spectrum, N?”(E), is equal to the sum over isotopes of the number of fissions of an

isotope j times the individual flux spectrum of each isotope j,

_ isotope isotope
vap(E) — [ Z N]f-iSSIOn/lj(E)] — [Nﬁssmn Z Wj/lj(E)] (6.1)
j . j .

l 1

where the relation the N ?SSiO“ = w;N fission i used in the last step. The total number of fissions, N fission " jg
determined by the total thermal energy output of the reactor core in the following way. The total thermal

energy output is equal to the sum of the contributions to the thermal energy from each isotope:
isotope isotope
E;hermal — (&) — [ Z E;issioan] — [Nﬁssion Z E;issionwj] (6.2)
€ . -
J i J i

Solving (6.2) for Nfss°" in terms of known quantities and then substituting into (6.3), the final form of the

reactor V, flux spectrum from a reactor i is

v _ JPi ol w;d;(E)
N =" D) e ¢
7 k WkEk

The summation term in parenthesis in (6.3) is plotted in Figure 6.2.

6.2.1 Estimated Uncertainty on NI.V“(E)

The estimated uncertainty for each of the inputs to the nuclear reactor electron antineutrino flux calculation

is listed below.

e w; - These values are an average over one burning cycle. It is probably possible to estimate the errors

on these values from the plotted time evolution of the fissile material in Figure 6 of Ref. [57].
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Figure 6.2: The reactor v, flux-spectrum per MeV of thermal energy generated. This flux-spectrum is
the weighted combination of the ¥, flux-spectra from 2U, 2*Pu, 233U, and ?*'Pu.

Ef°n - The errors on these values are given in Table 6.1.

A;(E) - KamLAND uses the same method as presented here and claims 2.5% error on all four com-
bined [86]. For the spectra themselves: 250 at 3.5% [194], *°Pu and ?*' Pu both at 4% [114], and 33U
at ~4% [215]. In reality, it is the high energy portion of the spectrum that is important in the SNO
experiment. At E5, = 6 MeV the uncertainties become 4.3% for 2*>U [194], 6.8% for >**Pu and 5.6%
for 2*'Pu [114], and probably ~6% for 28y [215).

Reported monthly reactor energy outputs, P;, are expected to have an error of less than 1% [117].
f - An exact conversion factor.

€ = 0.325 + 0.008 - The problem here is that using an average is only fair if all the reactors are the
same distance away. A close reactor with a significant deviation from the average will dominate the
total flux. Since the flux is directly proportional to the inverse of this efficiency, a shift of +0.017 (the
greatest seen deviation) would change the derived flux by ~5.25%. This 5.25% is an extreme deviation

and the error due to the efficiency is likely significantly less than this.

The error on the distance to the reactors is not known. The exact longitude and latitude of nuclear

reactors could give precision distances to within hundreds of meters, however, this information is no



38

longer available to the general public. The distances reported here are probably good to within 2 km.

A 2 km error amounts to a 1.6% error on the flux at 250 km and a 0.8% error on the flux at 500 km.

o Composition related uncertainty introduced in using light water reactors as representative of CANDU
reactors. The author is not aware of any references that address this issue though it is clear the con-
tributing spectra are the same and that the numerical order of the relative contribution to the flux from
each isotope is the same. It is merely a change in the relative weightings, w ;, from light water reactors
to CANDU reactors.

In practice, a precise determination of the error on the flux of electron antineutrinos from nuclear reactors
would amount to treating each reactor core separately, rather than using a set of average properties as is done
here. Thus, a conservative uncertainty of 10% is assigned to the flux of electron antineutrinos from nuclear

reactors.

6.3 Calculating the Total Number of CC Events from Reactors

Reactor cores are treated as point sources of isotropic electron antineutrinos. Furthermore, the large physical
separation of SNO from any reactor makes the flux effectively constant over the size of the detector volume.
These two assumptions are used in the calculation of the total number of charged-current electron antineutrino

interactions with deuterium, Nz, in SNO:

reactors A, N ?e (E)
N = N | | 0==(E) dE 6.4
cC Z L [ 47rrl.2 ]O-CC( ) o

i thresh

The summation is over all reactor cores and the integration is over the number of target deuterons, N 4 multi-
plied by the electron antineutrino’s flux-spectrum from the CcC threshold, Eesh = 4.03 MeV, to the maximum
reactor electron antineutrino energy, En.x. Practically, Ep,x is set to 10 MeV. The reactor electron antineu-
trino flux spectrum at SNO is calculated from N?e(E) and the geometrical factor 1 /47rrl.2 which depends upon
the line-of-site distance, r;, to the reactor i. The cross-section for the CC reaction is given by o==(E) [163].

Figure 6.3 shows the normalized integrand of( 6.4) as a function of v, energy.

6.3.1 Including Neutrino Oscillations

The KamLAND experiment located in Japan has reported observation of a deficit of observed reactor electron
antineutrinos attributed to the phenomenon of neutrino oscillations [86]. The formalism describing neutrino
oscillations is presented in Ref. [61] and amounts to a reduction in the measured electron antineutrino inter-

action rate given by the probability equation

(6.5)

1.27Am*L
P55 =1-sin’20 sin(im)

E5,
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Figure 6.3: The normalized CC yield from reactor v,’s as a function of v, energy, E.

for a produced v, to be detected as a V... In (6.5) L is the straight line distance from the reactor to the detector in

meters, Ey, is the energy of the v, in MeV, and sin? 26 and Am? are fundamental neutrino mixing parameters.

Table 6.2 gives the world data best fit values for sin” 26 and Am? used in this calculation.

Table 6.2: The neutrino mixing parameters used in the calculation of oscillations for reactor v,’s [12].

Parameter Value
sin” 26 0.833
Am? 7.1x 1075 eV2

6.3.2 Predicting the CC Interaction Rate in SNO

A review of the literature and SNO reports reveals several predictions of the flux and/or CC rate at SNO due

to electron antineutrinos created in commercial nuclear reactors. Table 6.3 gives a summary of various cal-

culations. The calculations presented in Table 6.3 all assume that neutrinos do not oscillate. Tables 6.4 & 6.5

show the results of the calculation done for this study. The SNO live fraction is the fraction of the time that

the SNO detector was actively taking data [156, 107]. The NC interaction rate is included here even though it
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Table 6.3: Flux and/or CC event rate of electron antineutrinos at SNO from nuclear reactors. All
calculations are the integral flux above threshold (E5, > 4.02MeV), unless noted otherwise.

Author(s) Ref. | Flux (15%) % Notes
Oblath et al. [169] - 1.4 | Their own “from scratch” calculation.
Dunmore et al. [85] - 5.3 | Based on Rothschild et al. flux.
Rothschild ef al. | [189] 1.3 -
Balantekin et al. | [41] - 2.3 | Ey, > 6MeV, Estimated from plot.

is not a background to the electron antineutrino analysis. The NC calculation only differs from the CC calcu-
lation in energy threshold (Ehesh. = 2.225 MeV) and the NC cross-section taken from Ref. [163]. Table 6.6
gives the details of the reactors used in this calculation.

Table 6.4: The number of CC events per month during the Pure D,O phase as determined by the
calculation described in this chapter. The Totals row is the sum of the above column corresponding
to the entire period November 1999 to May 2001.

SNO live live fraction #’s
Year | Month || # CC | # NC | # CCoy. | fraction || # CC | # NC | # CCox.
1999 11 0.12 [ 035 [ 0.062 0.59 0.07 [ 021 0.036
1999 12 0.14 | 041 0.072 0.76 0.1 | 031 | 0.055
2000 1 0.14 | 043 | 0075 0.78 0.11 | 033 | 0.059
2000 2 0.12 | 037 | 0.065 0.63 0.079 | 023 | 0.041
2000 3 0.12 | 035 | 0.061 0.92 0.11 | 032 | 0.056
2000 4 0.1 | 031 0.053 0.67 0.069 | 02 0.036
2000 5 0.12 | 035 | 0.061 0.29 0.035 | 0.1 0.018
2000 6 0.12 | 037 | 0.065 0.63 0.079 | 023 | 0.041
2000 7 0.15 | 044 | 0.077 0.59 0.087 | 026 | 0.045
2000 8 0.14 | 042 | 0.075 0.2 0.028 | 0.084 | 0.015
2000 9 0.12 | 0.34 0.06 0.39 0.045 | 0.13 | 0.024
2000 10 011 | 032 | 0.057 0.43 0.047 | 0.14 | 0.025
2000 11 0.12 | 036 | 0.064 0.34 0.042 | 0.12 | 0.022
2000 12 0.15 | 043 | 0.076 0.57 0.084 | 025 | 0.044
2001 1 0.16 | 046 | 0.081 0.49 0.076 | 0.23 0.04
2001 2 0.14 | 0.41 0.073 0.45 0.063 | 0.19 | 0.033
2001 3 0.14 | 04 0.07 0.22 0.029 | 0.086 | 0.015
2001 4 0.12 | 035 | 0.062 0.69 0.082 | 024 | 0.042
2001 5 0.12 | 037 | 0.065 0.63 0.078 | 023 | 0.041

Totals | [ 245 [ 724 | 128 | [ 132 [ 390 [ 0.69 |




Table 6.5: The number of CC events per month during the Salt phase as determined by the calculation
described in this chapter. The bottom Totals row is the sum of the above column corresponding to
the entire period July 2001 to October 2002.

SNO live live fraction #’s
Year | Month || # CC | # NC | # CCos. fraction # CC | # NC | # CCose.
2001 7 0.15 0.43 0.076 0.087 0.013 | 0.038 0.0066
2001 8 0.14 0.43 0.075 0.44 0.063 0.19 0.033
2001 9 0.12 0.35 0.062 0.43 0.052 0.15 0.027
2001 10 0.12 0.36 0.064 0.63 0.078 0.23 0.041
2001 11 0.12 0.36 0.063 0.42 0.051 0.15 0.027
2001 12 0.13 0.39 0.069 0.69 0.09 0.27 0.047
2002 1 0.14 0.4 0.071 0.52 0.071 0.21 0.037
2002 2 0.12 0.37 0.065 0.65 0.08 0.24 0.042
2002 3 0.14 0.41 0.071 0.74 0.1 0.3 0.053
2002 4 0.12 0.36 0.063 0.67 0.082 0.24 0.042
2002 5 0.13 0.39 0.068 0.61 0.08 0.24 0.041
2002 6 0.13 0.39 0.069 0.59 0.078 0.23 0.04
2002 7 0.14 0.42 0.073 0.45 0.063 0.19 0.033
2002 8 0.14 0.41 0.073 0.67 0.093 0.28 0.049
2002 9 0.14 0.4 0.07 0.74 0.1 0.29 0.052
2002 10 0.12 0.37 0.065 0.022 0.0027 | 0.0081 0.0014
| Totals | || 2.11 | 6.22 | 1.1 || || 1.1 | 3.24 | 0.57 |

Table 6.6: The North American nuclear reactors used in calculating expected CC rates.

Reactor Location Mean Thermal Distance from | Reactor Type
Power (MW) SNO (km)

Bruce Tiverton, ON 10320 281 CANDU

Pickering Pickering, ON 6192 330 CANDU

Darlington Bowmanville, PQ 10572 340 CANDU
R. E. Ginna Ontano, NY 1410 455 PWR
James A. Fitzpatrick Scriba, NY 2340 488 BWR
Nine Mile Point Scriba, NY 5070 488 BWR
Perry North Perry, OH 3615 530 BWR
Enrico Fermi Detroit, MI 3255 559 BWR
Kewaunee Carlton, WI 1509 568 PWR
Davis-Besse Oak Harbor, OH 2531 588 PWR
Point Beach Two Rivers, W1 2910 589 PWR
Palisades South Haven, MI 2340 617 PWR

Gentilly Gentilly, PQ 1914 648 CANDU
Beaver Valley Shippingport, PA 4929 657 PWR
Donald C. Cook Benton Harbor, MI 3060 685 PWR
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Chapter 7

THE DIFFUSE SUPERNOVA NEUTRINO BACKGROUND

7.1 The Diffuse Supernova Neutrino Background Flux Spectrum

There is a great wealth of literature on neutrino production and radiation during the core collapse and explo-
sive phases of supernovae; Ref. [162] serves as an introduction. The continual explosion of stars throughout
the lifetime of the universe creates a diffuse background of supernova neutrinos, ever present and awaiting
detection. This chapter reviews the literature regarding the diffuse supernova neutrino background and the
estimated interaction rate in the Sudbury Neutrino Observatory.

To estimate the diffuse supernova neutrino background, it is assumed that using one set of average neutrino
emission properties for all type II supernova is a reasonable approximation. That is, all supernova radiate
a given number of neutrinos with the same relative proportions of neutrino flavors and the same relative
proportions of particles to anti-particles. It is also often assumed that all neutrino species have the same
energy spectrum, further simplifying the calculation of the diffuse supernova neutrino background. These
approximations make dealing with individual supernova simple. Only the details of the summation of all
supernova is left to determine the flux of diffuse supernova background neutrinos.

Calculating the summation over all supernova to obtain the flux-spectrum of the diffuse supernova neu-
trino background, focuses on two facts. First, the expansion of the universe red-shifts neutrinos emitted from
cosmologically distant supernova. It is fairly accurate to say, the greater a supernova’s red-shift, the greater
its distance from Earth, and thus the lower the emitted neutrinos’ energies will be, as detected here on Earth.
For massless particles (a good approximation for neutrinos), this relationship is written as:

A=A 1/E-1/Ey Ey—E

_ _ - 71
T 1/E, E 7.1

_,E_ﬂ

T 1tz 72)

The red-shift, z (for z > 0)!, is a measure of the stretching of the particle’s emission wavelength, A, to
the wavelength at the Earth, 1. A massless particle’s energy is defined as, E = hv (here v is a frequency).
Equation (7.2) shows that the detected energy, E, of a massless particle with initial energy, Ey, is lessened by
its travel over a cosmological distance through the expanding universe.

Second, the rate of type II supernova explosions over the life-time of the universe is not constant. This is
the most challenging aspect for calculating the diffuse supernova neutrino background. A number of different

approaches to this problem have been proposed [129, 115, 150, 208] and are not discussed here in depth.

12 < 0is a blue-shift due to movement toward the observer.
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Figure 7.1: A figure from Ref. [129] showing the diffuse supernova electron antineutrino flux-
spectrum and the expected event rate of charged-current v, + d events in SNO.

7.2 Event Rates from the Diffuse Supernova Neutrino Background

A review paper [129] of estimates on the diffuse supernova neutrino background includes a calculation of
the CC event rate in SNO. This review paper deliberately estimated the maximum possible flux of diffuse
supernova background neutrinos. Figure 7.1 shows the results of this upper limit calculation. The integrated
upper bound on the number of CC events in the SNO detector is 0.1 for one kt - yr above a ¥, energy of
10 MeV. An estimation from Figure 7.1 of the CC rate from 4.03 to 10 MeV yields 0.02 per kt - yr for a
total event rate of 0.12 CC/kt - yr. A second paper [31] attempts to predict the true flux of diffuse supernova
neutrinos. This second paper estimates the diffuse supernova neutrino background induced CC rate as 0.03
per kt - yr for v, energies below 23 MeV. This latter calculation is taken as the definitive value to use in
the forthcoming electron antineutrino analysis and is acceptable given the current experimental findings.
The Super-Kamiokande Collaboration reports [151] limiting the flux of diffuse supernova background v,
(Ey, >193MeV)to< 1.2 cm~2s~! at a 90% confidence level. The prediction from Ref. [31], the model used
here, predicts a diffuse supernova background 7, flux of 0.43 cm™2s~! for E5, > 19.3 MeV.
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Chapter 8

TERRESTRIAL ELECTRON ANTINEUTRINO SOURCES

8.1 Naturally Occurring, Terrestrial Radioisotopes

Naturally occurring radioisotopes residing in the Earth’s lithosphere contribute to the electron antineutrino
flux at the Sudbury Neutrino Observatory. Several articles [35, 137, 189, 185] have discussed the possibility
of using the electron antineutrino flux to study the Earth’s total radioisotope content. Table 2 of Ref. [189]
gives the predicted total integrated electron antineutrino flux above 1.804 MeV at SNO as 6.8 x 10° cm™
s~!. Table 8.1 shows the highest energy electron antineutrinos produced by the major naturally occurring
radioisotopes are all below the threshold energy for the CC reaction, EGE hres, = 403 MeV. Thus SNO is
neither capable of detecting terrestrial electron antineutrinos through the CC interaction nor do terrestrial

antineutrinos induce a background to the CC signal.

Table 8.1: The naturally occurring terrestrial radioisotopes that produce v, above 2.0 MeV.

232Th decay chain products ‘ ‘ 238U decay chain products

Nuclei E3, nax MeV) Nuclei E5, jax MeV)
28 Ac 2.08 234py 2.19
212Bj 2.25 214Bj 3.27
208 1.8

8.2 Hpypothetical Geo-Fission Reactor at the Earth’s Core

It has been suggested [182] that a measurement of electron antineutrino flux in the fission reactor energy range
can distinguish between competing models of the thermal energy production in the core of the Earth. The
preferred model posits that the Earth’s inner core is composed of a nickel-iron metal, free from significant
concentrations of Actinide Series elements. Thermal energy is produced by additional gravitational accretion
of nickel and iron in the mantel onto the inner core. A second proposed model states that the Earth’s core
is composed of a nickel silicate that allows heavy elements in the Actinide Series to accumulate at the very
center of the Earth [118]. This accumulation allows for a concentration of uranium to the extent that a
sustained fission chain reaction can occur producing thermal energy. Both of these models are supposed to
provide an explanation for the Earth’s magnetic field. However, the preferred model fails to account for the

measured rate of Earth’s magnetic field reversals because the nickel and iron accretion should be a slow and
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constant process relative to the time scale of the magnetic field reversals. The geo-reactor can account for the
variability of the magnetic field through a uranium cycle of accumulation, burning, accumulation, burning,
etc. As an additional piece of evidence, magma flows have a high measured 3He to “He ratio that is possibly
indicative of fission processes occurring inside the Earth [122].

The hypothesized geo-fission reactor located at the Earth’s center would produce between 1 - 10 Terra-
Watts (TW) of thermal power and a potentially measurable flux of electron antineutrinos [182]. Addition-
ally, the electron antineutrino spectrum is nearly identical to that of commercial power generating nuclear
reactors'. Using the reactor v, flux calculation tools of Chapter 6 and the parameters listed in Table 8.2,
the number of CC events in SNO is estimated for 1, 3, and 10 TW geo-reactor thermal power outputs.

Reference [182] states that a 10 TW geo-reactor would produce an electron antineutrino flux at the surface of

Table 8.2: The parameters used to calculate the number of CC, NC, and CCopy. in the SNO detector
from a hypothetical fission based geo-reactor.

Parameter Value
Thermal ener;
e FTTW Corgeypower 7.305 x 108 ( MWh/(month-TW) )
Earth’s mean radius 637101000 = 2000 (cm)
Am? 7.1 % 107 (eV?)
sin’ 26 0.833

the Earth of ~ 3 x 10° (cm~2 s™!). The calculation employed here gives a flux at SNO of 3.33 x 103 (cm™

s~1). The results of the calculation are presented in Table 8.3.

Table 8.3: The number of CC events expected from geo-fission electron antineutrinos. Pure D,0:
November 1999 to May 2001, Salt: July 2001 to October 2002. “Live” results take into account the
SNO detector data taking live time fractions.

Power: ITW 3TW 10TW |[Power: ITW 3TW 10TW |
Pure D,O Salt

cC 0.175 0.526 1.753 || CC 0.148 0.443  1.476
NC 0.518 1.553 5.177 || NC 0436 1308 4.360
CCow. 0.096 0.321 0.963 || CCo«. 0.081 0.243 0811
Pure D,O Live Salt Live

CcC 0.093 0285 0948 || CC 0.077 0231 0.771
NC 0.280 0.840 2.801 || NC 0.228 0.683 2276
CCose. 0.052 0.156 0.521 || CCos. 0.042 0.127 0.423

IThe nearly caveat is merely to distinguish the fact that the geo-fission reactor would burn only unenriched uranium, similar to
CANDU Canadian reactors. See Chapter 6 for details.
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Chapter 9

ELECTRON ANTINEUTRINO SUMMARY

9.1 Summary of Electron Antineutrino Sources

The primary sources of interest and concern in an electron antineutrino search at the Sudbury Neutrino Obser-
vatory are listed in Table 9.1. The estimated rates in Table 9.1 are collected from the analyses of the preceding
chapters of Part II with only the following noted modifications. In the case of CC reactions induced by elec-
tron antineutrinos produced by nuclear reactors, the approximate symbol merely signifies that the reactor
electron antineutrino flux is known on a month-by-month basis (Chapter 6) and that, in detailed calculations,
the month-by-month values are used rather than the yearly average. The hypothetical geo-reactor induced
rate is the @os& value from the 10 TW column of the Pure D, O Live portion of Table 8.3, scaled to one

year.

Table 9.1: Summary of expected yearly CC rates from v, sources.

Sources of Electron Antineutrinos

Source CC/kt - yr | Note

Atmospheric 0.0012 4 < Ey, (MeV) <20
Reactor ~ 0.72 Includes oscillations
Diffuse Supernova Neutrinos 0.03 4 < Ey, MeV) <23
Terrestrial Isotopes 0.0 Below CC threshold
Hypothetical Source CC/kt-yr | Note

Solar 1.3 (D;f’ =1.4x10° (cm™?s™")
Geo-reactor 0.61 10 TW core power

9.2 Electron Antineutrino Physics Topics at SNO
Recall the electron antineutrino physics topics proposed in Part I:

e Detect or limit on the ¥, component of the solar neutrino flux.

o First measurement of the atmospheric v, to v, ratio.

e Detect or limit the v, flux from a geo-reactor in the Earth’s core.
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e Detect or limit the flux of the diffuse background of supernova v,’s.

o Study one of the minor backgrounds to SNO’s primary solar neutrino analysis.

At less than a tenth of an interaction expected per year, the atmospheric and diffuse supernova background
electron antineutrinos are not practical to study since SNO (as currently funded) will acquire approximately 5
years of analyzable data. Likewise, the expected interaction rate of electron antineutrinos from a hypothetical
geo-reactor is low and, as Chapter 17 will show, the detection efficiency is less than 10%. However, studying
backgrounds to SNO’s primary solar neutrino analysis is always a useful exercise.

The results from the KamLAND Collaboration discussed in Section 4.3.1 were published in February
2004 as the work in this dissertation was being finalized. KamLAND’s results establish an upper limit on the
solar electron antineutrino flux below what the Sudbury Neutrino Observatory is capable of detecting. This is
unfortunate as the work on this dissertation topic began 3.5 years earlier, before either KamLLAND or Super-
Kamiokande had reported their solar electron antineutrino analyses. However, this assessment hinges upon
the assumed energy independent v, — v, conversion mechanism. This assumption is equivalent to assuming
a 8B spectrum for solar electron antineutrinos. This assumption is used by most authors to report results for
comparison between experiments. In this light, an electron antineutrino analysis of SNO data is still relevant
because SNO can detect CC interactions induced by v,’s greater then 4.03 MeV. This is 4.27 MeV lower in ¥,
energy than reported by KamLAND. Thus, SNO covers 82.8% of the ®B spectrum while KamLAND is only
sensitive to the upper 30.3% . SNO’s sensitivity to lower energy v,’s provides a rigorous test of the energy

independent conversion mechanism usually assumed in searches for solar electron antineutrinos.
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Part 111

Supporting Analysis
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Chapter 10

MUON FOLLOWERS AND MUON PREDECESSORS

Muons and the free neutrons they produce through spallation processes provide a way to determine the
cut criterion for an optimized electron antineutrino analysis. This chapter introduces the topic of muons at the
Sudbury Neutrino Observatory. Previous work on muons is reviewed and then a refinement on the sorting of
muon event classes is added. The goal of this chapter is to extract a sample of muon induced neutrons. The
study of muon induced neutrons along with a comparison to a “signal oft” period immediately preceding the
muon, provides a proof of principle for the cut criterion used in the electron antineutrino analysis presented

in this dissertation.

10.1 Muons at SNO

There are two primary sources of muons that reach the SNO detector. First, there are atmospheric muons
generated in cosmic-ray interactions with the Earth’s atmosphere. Second, there are neutrino induced muons
generated in atmospheric muon neutrino interactions in the Earth’s interior. The atmospheric muon neutrinos
that generate this second class are also originally produced in cosmic-ray interactions with the Earth’s atmo-
sphere. The production of both the atmospheric muons and atmospheric muon neutrinos was described in
Section 5.1.

Atmospheric muons detected at SNO come from above the detector’s horizon line, dominating near the
vertical. Neutrino induced muons, on the other hand, come from all directions. As a function of angle from
the horizon, Figure 10.1 shows these two contributions to the expected muon flux at SNO.

Muons’ distinctive signal in the SNO detector is their copious production of Cerenkov light. An immedi-
ate qualitative comparison of Figures 1.2 & 10.2 shows how the latter muon creates a much larger Cerenkov
signal in the SNO detector. Figures 10.3 & 10.4 show the Ny;; spectrum for a sample of through-going muons

as defined below.

10.1.1 Muon Event Classes at SNO

There are several different muon event classes at SNO. This chapter selects through-going muons with the
goal of isolating muon spallation processes from other muon event classes. A through-going muon is defined
as a muon which passes completely through the interior of the SNO detector, intersecting the PSUP at two
locations. The geometry of a through-going muon and the definition of the muon impact parameter, b, is
shown in Figure 10.2 while other clsses of muons are described in Table 10.1. It should be noted that it is not
currently possible to reliably distinguish each of the muon event classes described in Table 10.1, however, it

is possible to select a sub-set of muons that are adequate for the extraction of muon induced neutrons.
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Figure 10.1: The estimated muon flux at SNO as a function the incident direction of the incoming
muons. Figure taken from Ref. [201]. The v, induced fluxes are drawn under two separate neutrino
oscillation scenarios, as constrained by the Super-Kamiokande experiment. Super-Kamiokande re-
sults now favor the v, — v; oscillation model [101]. The y value given for atmospheric muons is
the choice used for a characteristic parameter in models of the muon flux.

Table 10.1: Classes of muon events at the Sudbury Neutrino Observatory. While deep inelastically
scattered muons may actually survive and pass completely through the detector, these are a class of
muon event to avoid in this study because of the hadronic showers produced in the detector.

| Class Name Muon(s) | Description | Used |
Through-going Moo induced | Passes completely through interior of detector. | Yes
Decay Miimo. induced | D€CAYS to Michel electron. No
Stop & capture Moo, induced | CaPtUTes on nuclei. No
Deep inelastic scattering g . . .| Muon creates high energy hadronic shower. No
Partially contained K duced Muon begins in interior of detector and exits. Yes
Fully contained K duced Muon begins in interior of detector and stops. No
See the stopped muon classes.

10.2 Muon Identification and Fitting

There are two methods for identifying muons in the SNO detector. One method’s intention is to try to remove
all muon candidate events. This method is referred to as the DAMN bit muon cut and is used to remove
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T=90.0°
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Run: 15165 GTID: 488074 - Time: 02/23/2001 02:13:52.932298183 UTC

Figure 10.2: Example of a through-going muon. The muon’s impact parameter is labeled as b,,. The
color represents the amount of charge deposited in the hit PMT.
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Figure 10.3: The clean, through-going muon Np; spectrum in the Pure D,O phase.

muons and their spallation products from the data sample used in SNO’s solar neutrino analysis. The other
method intends to provide a rudimentary fit to through-going muon’s mean path through the detector. These
are referred to as FTM muons. In the present analysis, both methods are used in unison to identify and select

an unambiguous set of through-going muons.

10.2.1 A Simple Muon Identification - DAMN Muons

A DAMN muon is defined as any event that satisfies all the following criterion:

e The event contains 5 or more outward looking (OWL) photomultiplier tubes.

e The event contains 150 or more total photomultiplier tubes.

o The root mean square of the trigger times of the photomultiplier tubes in the event, is less than 90 ns.

o The event must not follow within 5 us of any other event that has a combined total of OWL and BUTTS

tubes greater than or equal to 3.

o The event must not fail a cut (the NECK cut) which is designed to eliminate events produced by light
generation in the neck of the acrylic vessel. This NECK cut relies on the firing of 2 or more (out of 4)

photomultiplier tubes situated in the neck of the acrylic vessel expressly for this purpose.
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Figure 10.4: The clean, through-going muon Np; spectrum in the Salt phase.

These muon identification criterion are successful and only have two known draw-backs. First, muons that
produce few Cerenkov photons in the interior of the SNO detector will not be identified. This may happen
if the muon is near or below Cerenkov threshold (ELhrESh' = 153.6 MeV) or if the muon only passes through
the interior of the detector with a glancing, high impact parameter. The current analysis will focus on high
energy through-going muons that pass through the acrylic vessel, thus these unidentified muons are of low
interest for this analysis. Second, this identification criterion mis-identifies as muons other known instrumen-
tal background events, for example photomultiplier tubes which produce flashes of light. The contamination

from instrumental backgrounds is addressed by the second muon identification method.

10.2.2 A Simple Muon Fitter - FTM Muons

A FTM muon candidate is defined as a muon which is successfully fit by the rudimentary muon fitter devel-
oped for muon analysis at SNO. The muon fitter is extensively discussed in N. Tagg’s Doctoral thesis [201].
In simplified terms, the muon fitter begins by choosing the muon’s likely exit location on the PSUP. This exit
is determined from the center of a cluster of PMTs with high charge, relative to the mean charge per PMT in
the event. Trial straight line tracks through the exit point are then used to model the expected geometrical and
timing distribution of the muon’s Cerenkov light. From these, the trial track producing (through a chi-squared
minimization) the best model of the timing of the PMT hits is chosen as the best fit muon path through the
detector.

To examine the quality of the fit provided by the above routine two parameters are determined. The first
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parameter uses the geometry of the muon track to determine the ratio of the number of PMTs which should
have detected prompt Cerenkov light from the muon given the fit track and did fire to the total number of

PMTs which should have detected prompt Cerenkov light:

Number of PMTs which should have fired and did fire.
Number of PMTs which should have fired.

Sshould = (10.1)

The second parameter uses a Monte Carlo generated probability density function of the PMTSs’ firing time
residuals. The time residual is the actual time the PMT fired minus the time expected based upon a muon’s
modeled Cerenkov light from the fit track. The Monte Carlo provides knowledge of the actual simulated muon
track, thus the probability density function is generated by calculating the time residuals from a simulated
“perfect” fit. The probability density function is then used to calculate a weighted sum of the time residuals
for the real fitting muon events. The negative log of the weight from the time residual probability density
function is summed for all tubes and then divided by the total Npj;. This second quality-of-fit parameter is
referred to as the LogPDF. The primary output of the muon fitter is the impact parameter of the through-going
muon. Figure 10.5 shows the impact parameters of the muons which are used in the muon follower analysis

in the latter half of this chapter.
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Figure 10.5: The impact parameter for clean, selected muons. The histogram of the Pure D, 0 phase
muons is multiplied by 1.5 to separate the two curves on the histogram.

The muon fitter is, by its design, mainly sensitive to through-going muons. In fact, the initial reliance

on determination of a muon exit location means that the muon fitter does not do a good job handling muons
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which stop in the detector. In this analysis it is important to select only through-going muons and to minimize
contamination from muons which either stop in the detector or deep-inelastically scatter off nuclei. Thus, for
this analysis, it is not a concern if the muon fitter fails to fit a muon that stops and decays. However, it will be
necessary to further investigate candidate muons that pass the DAMN and FTM criterion for any signs that
the muon does not pass entirely through the detector or deep-inelastically scatters.

10.2.3 Removing Muons with High Energy Followers

Q. R. Ahmad identifies 5 distinctive AV-going (DAG) muons as part of his dissertation work [8]. In that
work it is speculated that these 5 events are muons accompanied by electromagnetic showering. Ahmad
demonstrates that the energy response of the detector to DAG following events is slightly shifted away from
the response expected from neutrons. The goal of this chapter is to select a sample of muon spallation
neutrons. Thus, there is merit to investigating whether or not these distinctive muon events can be identified
and thus eliminated from the muon sample.

Most generally, there is a range of possible interactions muons may have in the SNO detector beyond

Cerenkov production:

Real photo-disassociation of nuclei from bremsstrahlung radiation.

Virtual photo-disassociation of nuclei (i.e. direct muon spallation).

e Decay u* — e* +v,(v.) + v, (V).

Pion production through inelastic scattering off heavy nuclei.

Deep inelastic scattering.
e Negative muon capture: i~ + 4N — v, + , 4N*.

By requiring muons to satisfy both the DAMN and FTM criteria, many of these event classes are eliminated.
For example, muons which stop in the interior of the detector should fail to be fit by the FTM muon fitter.
Negative muon capture is an example of a muon that stops in the detector. In the case of deep inelastic
scattering a muon can either pass entirely through the detector or produce a charged particle which will
mimic the signature of the muon passing through the detector. The signature of deep inelastic scattering is
a hadronic shower and the subsequent decay of the particle(s) produced and decay of the residual nucleus.
Thus, to eliminate muons that either decay in the detector or deep-inelastically scatter off nuclei causing
hadronic showering, the 11 us after each candidate muon is investigated. Within 11 us more than 99.3% of at
rest muons will decay. Deep inelastic scattering and pion decay occurs on a shorter time scale.

For each event following within 11 us of a candidate muon, the calibrated firing times of the hit tubes
from -100 to 400 ns are histogrammed into single nanosecond bins. A constant (horizontal line) is fit to the
histograms as a base value. A fitting procedure is then stepped over each histrogram’s 500 ns range in 16

three-quarters overlapping steps. In each step, an unconstrained Gaussian is fit to the range being stepped
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over. Each step covers 100 ns - a time window which adequately contains all in-time light from a real

Cerenkov event. If in any single fit:

The magnitude of the Gaussian fit is greater than 2.5 events (per nanosecond bin).
AND The magnitude of the Gaussian fit is greater than 1.5 times the magnitude of the line fit.
AND The mean of the Gaussian fit is within the fit’s 100 ns range.

AND The integral of the histogram in the fit’s 100 ns range contains > 100 real PMTs.

then it is assumed that a decay or DIS Cerenkov ring has been found and the preceding muon is rejected. This

procedure is visually outlined in Figure 10.6.
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Figure 10.6: This sequence of four events beginning with a muon (0) shows how high energy rings
are found during the “decay” period following within 11 us after a muon. Event (1) is not fit because
the event 500 ns after the muon always has this distinctive shape. Event (2) is electronic after-pulsing
noise. The fit in event (3) finds a Cerenkov signature and the muon is therefore rejected. This is a
muon in run 10551 with a global trigger identification number of 3972171.
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In passing, the five DAG events identified in Ahmad’s dissertation where properly eliminated from the set

of muons used for the muon follower analysis presented later in this chapter. Table 10.2 lists the DAG events

and why they were eliminated from the muon analysis chain presented in this chapter. A visual inspection of

Table 10.2: Distinctive AV-going (DAG) events and the reasons for their elimination as part of the
analysis presented in this chapter. Either “No FTM fit” or “Failing the muon decay window test”
will eliminate a muon from the muon follower analysis presented in this chapter. Note “No FTM
fit” means either that the fit failed or gave a corrected impact parameter greater than 750 cm.

Run Muon GTID | Reason
10008 1697058 | No FTM fit. Passed the muon decay window test.
10549 3301460 | No FTM fit. Failed the muon decay window test.
10946 299141 | No FTM fit. Failed the muon decay window test.
11291 1015858 | FTM fit muon. Failed the muon decay window test.
11347 92584 | No FTM fit. Passed the muon decay window test.

the two events passing the muon decay window test, showed no evidence for rings following the muon. In

other words, the muon decay test window test did what it was expected to do. This comparison to the DAG

events also shows that the muon decay window test will find “interesting” events, which are otherwise ignored

because they fail the FTM fitting routine. Unfortunately, a complete list of events failing the muon decay

window test is of questionable value because such a list includes instrumental contamination (predominately

wet end break down).

10.3 Muon Selection

In both the Pure D,O and Salt phases of the experiment, a candidate muon must fulfill the criterion stated in

Table 10.3 to become a muon used for the muon follower study. This set of selection criterion is designed to

Table 10.3: Criterion for muon selection in this study.

Satisfy the DAMN bit muon cut criterion.

Have a successful FTM fit with quality-of-fit parameters as suggested in Ref. [201]

Jshould > 0.8 & LogPDF < 4.5

FTM corrected impact parameter less than 750 cm.

Pass the decay window cut presented in Section 10.2.3.

produce a set of muons which are unambiguously through-going and have at most interacted in the detector

via direct muon spallation or real photo-nuclear disassociation'. Those muons satisfying all the criterion of

Table 10.3 are succinctly referred to as “clean” muons.

IThere may also be pion production included in the muon events sample. See the footnote of Section 10.4.
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10.3.1 Muon Selection in the Pure D,O Phase

Muons are selected from the canonical 559 run data set used (Appendix A) with exceptions as noted in Ta-

ble 10.4. After the exceptions are excluded, the total time the SNO detector was live to muons was 307.1 days.

Table 10.4: Runs excluded from the muon and muon follower analysis in the Pure D,0O phase. In all
cases, these runs are not include in further analysis in this chapter.

Runs 10031 and 10038 were only partially processed.
Runs 10749, 11732, 11976, 15270 failed to be correctly processed.
Runs 10036 and 15611 did not have files usable for the decay window test.

Beginning with 17,145 FTM muons with corrected impact parameters less than 750 cm and satisfying the
muon quality-of-fit tests, 328 were not used in this analysis because of the exceptions noted in Table 10.4. Of
the remaining 16,817 fit muons, there were 49 FTM muons which did not satisfy the DAMN bit muon cut
criterion. The decay window cut identified 131 FTM muons as having high energy events following within
11 pus of the muon and were thus rejected. The 131 events rejected by the decay window cut are discussed
in Appendix D. There were two pairs of muon events which overlapped within 0.5 seconds. These 4 muons
were also rejected from the data set leaving a total of 16,633 muons from which spallation followers are
extracted. Figures 10.3 & 10.5 show the Ny, and impact parameter distributions for these selected muons.
The resultant rate of muons is 54.2 + 0.4 selected muons/day for the selection criterion of Table 10.3. Tagg’s
result was 50.14 + 0.7 muons/day in 175.5 m? effective area (nominally a corrected impact cut of < 750 cm).
While Tagg’s result used a slightly different muon selection criterion and was derived from a different data

set, it is never-the-less unexpected to find the muon rate presented to be larger that Tagg’s result.

10.3.2 Muon Selection in the Salt Phase

The canonical 697 run data set for the Salt phase (Appendix A) was used to select muons with the following

exceptions:

e Runs 22734,22735, and 22736 were not processed correctly (clock problems not fixed). This amounted
to 84976.5 seconds of lost livetime.

After the exceptions, the total time the SNO detector was live to muons was 257.81 + 0.01 days.

In the Salt phase the analysis was done by using the DAMN bit muon test as a filter, the results of which
fed directly into the FTM muon fitting routine. The result of this procedure was 22,684 FTM muons before
any quality-of-fit, impact parameter, or muon decay window cuts were applied. Applying the quality-of-fit
tests and a impact parameter cut of less than 750 cm, 13,846 FTM muons remained. The muon decay window
cut removed 83 muons (documented in Appendix D) leaving 13,763 muons. Due to the clock problems noted
above, an additional 41 muons were not used in this analysis. The final selected muon set was thus composed

of 13,722 clean, through-going muons giving a selected muon rate of 53.2 + 0.5 selected muons/day, in
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excellent agreement with the rate during the Pure D,O phase. Figures 10.4 & 10.5 show the Np;; and impact

parameter distributions for these selected muons.

10.4 Defining Muon Followers & Muon Predecessors

10.4.1 Muon Followers

Muon followers are loosely defined as those events which follow within a few seconds of the passage of a
muon through the SNO detector. As already described in Section 10.2.3, muons which deep-inelastically
scatter or decay are eliminated from the selected muon sample used for the muon follower analysis. The
muons remaining in this clean, through-going muon sample are expected to potentially excite nuclei and
spall or photo-disassociate nucleons from parent nuclei, or otherwise interact primarily electromagnetically?>.
Figure 10.7 (from Ref. [222]) shows the relative weighting of the processes covered in this section. The
figure is a general Monte Carlo and is not specific to the SNO experiment. Q. R. Ahmad’s Doctoral thesis [8]
and other SNO documents [152, 153] address in detail the full range of potential products produced by
muons, specific to the SNO detector. This section exclusively focuses on processes where the passage of
a muon generates free neutrons. It is possible to identify muon induced neutrons by their characteristic
neutron capture time and neutron capture energy (Ny;) distribution. This muon induced neutron identification
process mimics the identification process that is used in an electron antineutrino analysis which searches for
a coincidence between an initial trigger event and a following neutron(s). The muon induced neutron analysis

to is used to suggest cut parameters for the electron antineutrino analysis.

10.4.2 Muon Predecessors

Muon predecessors are those events which immediately precede the passage of a muon through the SNO

detector. These events provide a “neutron signal-off”” comparison to the muon followers.

10.5 Muon Follower & Muon Predecessor Selection

It is of paramount importance to treat the muon followers and predecessors identically. Practically, the focus
on measuring the muon spallation neutrons (i.e. the followers) will determine the parameters which are
then applied to the muon predecessors. The next two subsections discuss the selection process for the muon
followers and it is implied that exactly the same process is being used on the muon predecessors unless

otherwise stated.

’Inelastic pion production is an interesting case which straddles the region between pure electromagnetic interactions and deep
inelastic scattering. If a pion is produced and decays more than 500 ns after the initial muon passes through the detector, the pion’s
decay muon or gamma pair will cause the muon decay window test to fail, thus eliminating the initial muon and it’s followers from
the muon follower analysis. However, pions’ proper lifetimes are sufficiently short so that a significant fraction will decay essentially
immediately and can not be eliminated. This failure to eliminate inelastically produced pions doesn’t appear to be a problem so long
as the pion is not accompanied by a hadronic shower. The reason for this is that pions predominately create further spallation neutrons
(and protons), exactly the kind of neutron followers this analysis is focused on [222, 120]. See Appendix D.
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Figure 10.7: This figure, taken from Ref. [222], is a qualitative representation of the various neutron
producing, muon spallation process expected in deep underground laboratories like SNO. The cat-
egories are (a) direct muon spallation, (b) real photo-nuclear disassociation, (c) neutron spallation,
(d) proton spallation, (e) n* spallation, (f) 7~ spallation and capture, and (g) others. This figure is
for a simulation of a liquid scintillation detector composed of CjoHy,.

10.5.1 Follower/Predecessor Selection in the Pure D,O Phase

The DAMN bit muon test was used to create a reduced data set for the muon follower and muon predecessor
analysis. The reduced data is composed of events falling within 0.5 seconds before and 20 seconds after the
DAMN bit muon. The DAMN bit muon event was always stored in the reduced data set. All other events
were required to pass a set of instrumental background cuts (DAMN bit mask equal to 11628513) and have

an Npir value greater than 25. This reduced data set was the basis for further analysis.

The reduced data set was split into a muon follower set and a muon predecessor set. The time window
around the muon was reduced to 500 ms and only the 16,633 clean, through-going muons were used. The

next step applied an admittedly somewhat arbitrary cut on the muons used for the final muon follower and
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muon predecessor analysis. The muon followers and predecessors were drawn from cases where the muon
had a corrected impact parameter of less than 600 cm. One could argue there is something to be learned from
contrasting the muon follower signature from muons that do or do not pass through the heavy water. Since
the heavy water is the active neutron target used for neutron detection, one could study neutron propagation
into the heavy water from outside regions or learn about any mild sensitivity to neutrons in the light water
region. The restriction to muons having a corrected impact parameter less than 600 cm is in essence focusing
on the fact that the antineutrino analysis is primarily concerned with neutrons created and captured inside the

D, 0O volume.

The remaining events are plotted on a Npj vs. reconstructed position phase space. Note that Ry, is the
radial reconstructed position of the event and Ry is the radial position (600 cm) of the acrylic vessel (AV),
the edge of the heavy water region. Thus Rgt /wa gives the correct volume weighting to show a uniform
distribution of events throughout the detector volume. Figures 10.8 & 10.9 show the Npii-Rg; plots for the
muon followers and muon predecessors. The Scaled N.g parameter is a Npj; value that corrects for the drift
in the energy scale of the detector in the Pure D,0 phase of the experiment. Notice the activity of the PMT
support structure (PSUP) can be seen as the group of events R?n /wa =2.84.

On each figure is draw two regions. Based on Monte Carlo simulations of neutrons (Chapter 16) neutron
events are expected to populate these diagrams in the region Rgt/Rfw < 1 and 25 < Ny < 90. The SNO Col-
laboration has previously published results [10, 11] using data that would populate the area labeled “Standard
Region”. The area labeled “Enlarged Region” is meant to suggest how additional sensitivity to neutrons can
be achieved by increasing the fiducial volume and lowering the energy (NVp;) threshold used in the analysis.
Comparison between the muon follower Figure 10.8 and muon predecessor Figure 10.9 clearly shows an
excess of events in the expected neutron region. To further compare the events in the Enlarged Region to the
hypothesis of neutron events, Figures 10.12 & 10.13 are presented comparing muon follower and muon pre-
decessor data to Monte Carlo neutrons. Please note that the choice of the parameters that define the Enlarged

Region are justified in subsequent chapters.

10.5.2 Follower/Predecessor Selection in the Salt Phase

The DAMN bit muon test was used to create a reduced data set for the muon follower and muon predecessor
analysis. The reduced data is composed of events falling within 0.5 seconds before and 0.5 seconds after the
DAMN bit muon. The DAMN bit muon event was always stored in the reduced data set. All other events
were required to have an Ny; value greater than 20. This reduced data set was the basis for further analysis.
The reduced data set was then split into a muon follower set and a muon predecessor set using only the 13,722
clean, through-going muons. Once again a further restriction to muon having an impact parameter less than
600 cm was applied. The muon followers and predecessors are finally selected by removing events failing a
set of instrumental background cuts (DAMN bit mask equal to 11628513). The remaining events are plotted
on a Nyie-Rye phase-space in Figures 10.10 & 10.11.
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Figure 10.10: The Npjt vs. Rg: of muon followers in the Salt phase.
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Figure 10.11: The Npj; vs. Rg; of muon predecessors in the Salt phase.
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10.6 Conclusions from the Muon Follower Analysis

The conclusions one should draw from this chapter are entirely qualitative. Beyond demonstrating that it is
possible to select a set of clean muons to use as a triggered source of spallation neutrons, it should be realized
this is a method of determining how to define an optimal neutron selection window in situ. The Ny;-Rg, plots
clearly show backgrounds dominate at low energy and high radius. It is also clear that events located near
the center of the D,O volume are more likely to be neutrons of interest than events of the same Nyp;; value but
near the edge of the acrylic vessel. This implies that an optimized neutron selection criterion should use a cut
criterion relating Np;; and Rg;. The next several chapters will justify the choices of the parameters that define
the Enlarged Region as it was presented in Figures 10.8, 10.9, 10.10, and 10.11.
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Figure 10.12: Pure D,O phase Ny distributions of muon followers, muon predecessors, and Monte
Carlo neutrons. The fit is to the data inside the Enlarged Region presented in Figures 10.8 & 10.9.
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Figure 10.13: Pure D,0 phase At distributions of muon followers, muon predecessors, and Monte
Carlo neutrons. The fit is the events inside the Enlarged Region presented in Figures 10.8 & 10.9.
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neutrons. The fit is to the data inside the Enlarged Region presented in Figures 10.10 & 10.11.
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Chapter 11

NEUTRON CAPTURE TIMES

11.1 Neutron Monte Carlo and Capture Times

To search for the coincidence of events indicative of CC interactions, one must choose a time window to
define the meaning of “coincidence”. As the coincidence time window is necessary for nearly all further
quantitative studies in the electron antineutrino search, this brief chapter presents and determines the widths

of the coincidence time windows used throughout the rest of the analysis.

Time to neutron capture

[2])
£ Monte Carlo
@ o8 D,O: 248352 captures on d
° Salt: 1511369 captures
3 .
E 10
=) E
=z =
1035
1025
10
TE Wl Illx10°
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

At (ns)

Figure 11.1: Monte Carlo neutron capture time for both the Pure D,0 and Salt phases. In the Pure
D, 0 phase it is required that the neutron capture on a deuteron as explained in the text. The number
of events in each curve is only indicative of the number of neutrons in each of the Pure D,0 and Salt
CC Monte Carlos.

The results needed are obtained from the CC Monte Carlos for the Pure D,0 and Salt phases which are
described and used to their fullest potential in Chapter 16. In both Monte Carlos, neutrons are produced
at a time zero, t = 0, and then random walk through the detector until they capture on nuclei at a time

At. Plotted in Figure 11.1 is the time of capture relative to time zero. In the Pure D,O phase only those
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neutrons which capture on deuterons are included in the plot. If all captures are plotted then the capture
time curve is dominated at early times by neutrons produced at large radius capturing on the protons in the
acrylic vessel. Neutron capture on protons produces a 2.2 MeV gamma ray. The restriction to neutron capture
on deuterons is an alternative to beginning to apply energy and fiducial volume cuts. For the Salt phase all
neutron captures are plotted in Figure 11.1. In Chapter 16 the full suite of analysis cuts are used to analyze
the Monte Carlo data. Again, the purpose of this section is merely to determine the mean capture time and

choose a coincidence time window based upon the rough mean capture time.

11.2 Choice of the Coincidence Time Windows

Once the mean neutron capture time is known, the particular choice of the width of the coincidence time win-
dow depends on the goals of the analysis. The Standard and Enlarged analyses have already been introduced,
defined, and distinguished by different choices of energy and fiducial volume analysis cuts. Additionally,
these two types of analyses will have different coincidence time windows, because each analysis has a differ-
ent goal. The Standard analysis, relying upon well studied analysis cuts from SNO’s solar neutrino analyses,
takes the obvious step of choosing a coincidence time window that attempts to maximize the signal-to-noise
ratio [139]. To this end, it is assumed that 2% of the B solar neutrinos are converted to electron antineutrinos.
The mean event rate for events satisfying all the Standard analysis cuts is assumed to be 4 x 10~* Hz (see
Chapter 13). From these assumptions is can be shown [139] the optimal coincidence time window width is
150 ms. This dissertation will also follow this choice of a 150 ms coincidence time window for the Standard
analysis as a check to the work done in Ref. [139].

The thrust of this dissertation, a high sensitivity electron antineutrino search, chooses the coincidence

time window used to select candidate electron antineutrino events based on the following criterion:

e No sacrifice to the CC coincidence signal due to the size of the time window.

e A time window that does not bias a determination of the CC reaction’s neutron capture time. For
example if the time window was chosen as a fraction of the mean neutron capture time, then clearly
one can not test to see if the events recorded in the detector have the correct mean capture time of

neutrons!

Both of these items clearly argue for a coincidence time window that is large in comparison to the capture
time of the neutrons in the given phase of the experiment. The first is a choice to not deliberately eliminate
any true electron antineutrino events. The second is a choice based on the fact that, in the case of a large
electron antineutrino signal, a neutron capture curve with the correct capture time is a very convincing sign
that the candidate events are indeed electron antineutrino induced. Thus a coincidence window is chosen at
approximately 6 times the mean capture time for neutrons in the given phase. These large coincidence time
windows are used as part of the Enlarged analysis.

Table 11.1 lists the choices of coincidence time windows. The choice of the 20 ms coincidence time
window for the Standard analysis in the Salt phase is chosen simply so that roughly the same fraction of the

Enlarged coincidence time window is used as was the case in the Pure D,O phase of the experiment.
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Table 11.1: The coincidence time windows chosen for the electron antineutrino analysis for each
phase of the experiment.

Phase Analysis | At (ms)

Pure D,O  Standard 150
Enlarged 250

Salt Standard 20
Enlarged 35

The straight forward use of the Monte Carlo is supported by the work done on understanding the neutron
response of the SNO detector for the primary neutral-current measurement of the total active solar neutrino
flux. An early analytic calculation [166] provides a formula for calculating the mean neutron capture time
(on deuterons). In this reference the mean neutron capture time for an infinitely large volume of heavy water
(0.08% H,0O contamination) is determined to be 7., = 72 ms and the neutron diffusion length is £ = 123
cm. To account for the acrylic vessel’s absorption of neutrons, a mean lifetime reduction factor is calculated
(formula (26) in Ref. [166]). This reduction factor is calculated for neutrons produced at a given radius, s,
where the perfect absorber is at a radius, R = 600 cm. To determine the mean capture time for uniformly
distributed neutrons the reduction factor should be weighted by the infinitesimal volume, sds, and integrated

over from the origin to the radius of the absorber:

fR |4 LREcSM®RIO _ 1R ((cosh (R/0)—cosh (s/0) 2ds
0 2 € sinh(R/O) 2 € (inh (R/6)-(R/s)sinh (s/0))

fOR s2ds

T="Tw

(11.1)

Equation 11.1 predicts a neutron capture time of 7p,0 = 42 ms in the Pure D,O phase of the experiment.
The primary study of neutrons (e.g. neutron detection efficiency) for the Pure D,0O solar neutrino results is
given in Ref. [82]. Unfortunately, the neutron capture time is not determined or reported in that document.
However, the document does show the Monte Carlo correctly simulates the 252Cf neutron calibration source,
providing confidence in other neutron Monte Carlos such as the one used above. In the Salt phase of the
experiment, the primary document studying neutrons [135] provides calculated neutron capture times based
upon models of the >>2Cf and AmBe neutron calibration sources. These capture times are TZSS,:th =529 ms
and T’S";EBE = 5.31 ms and the reported Monte Carlo neutron capture time is ‘rg’;ﬁ = 5.40 ms. Thus the straight
forward use the neutron capture times derived from the CC Monte Carlo is acceptable for the purposes of

choosing the coincidence time windows of Table 11.1.
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Chapter 12

PULSE GLOBAL TRIGGER FOLLOWERS

12.1 Analysis Parameters and Accidental Coincidence Backgrounds

The muon follower and muon predecessor analysis of Chapter 10 motivates developing the event selection
parameterization in an energy response (Ny;) and reconstructed event position (fiducial volume) phase-space.
The primary goal of this parameterization is to increase the detection efficiency while minimizing the back-
ground. In this case the one background we can control is the accidental coincidence rate. The accidental
coincidence rate is simply the random time coincidence of two uncorrelated events within the chosen electron
antineutrino analysis time window.

Q. R. Ahmad [8] showed it is possible to use Pulse Global Trigger (PulseGT) events to determine the
accidental coincidence rate from the data. The Pulse Global Trigger is a trigger used in SNO to force the
detector to “fire” at a minimum rate of 5 Hz. The PulseGT is the start event used to investigate the rate
and type of events falling in the subsequent coincidence time window. This PulseGT followers method is
used here to determine the values for the energy-volume parameterization used in the event selection. The
determination of the accidental coincidence rate for the electron antineutrino analysis is done in Chapter 13
using methods based upon a full sampling of the data.

In this chapter the energy and volume event selection criterion are determined from the rate of all candidate
events plotted in an energy and volume phase-space. Likewise, the selection of a specific energy and volume
event selection window defines what the total detector event rate is within the event selection window. This

total detector rate will then also determine the accidental coincidence rate.

12.2 Selecting m in Npis(Rge) > m(Rge/Rav)® + Npie(0)
The parameterization suggested by Chapter 10 takes the form

t

R 3
Nuic(Re) = m (R—ﬁ) + Niir(0) (12.1)
AV

Equation (12.1) states that events are selected when they have a given Ny;; greater than or equal to a value that
depends upon the event’s reconstructed position, Rg,. Thus the parameters to determine are m and Ny (0), the
former being the “slope” of the parameterization and the latter being the minimum Ny,;, value for events at the
center of the detector (i.e. R5, = 0). This is demonstrated visually in Figure 12.1. Note that this is interpreted
to mean that events which occur at the center of the vessel are considered more likely to be interesting physics
events than those events which occur near the acrylic vessel.

The determination of the slope m is intuitively done by determining the rate at which events appear above

the line in Figure 12.1 as the line is slid down the y-axis (i.e. lower the analysis energy threshold). The
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Figure 12.1: To determine the optimal parameters m and Ny;(0) an imaginary line is slid down the
y-axis (red sloping lines) and the rate of increase of events above the line is determined as a function
of the volume variable (x-axis). The optimal slope is found when this rate is constant across along
the line.

slope of the line is varied and the slope at which the rate of increase of events along the line is constant is the

optimal slope.

This scheme was implemented with a simple algorithm. The normalized volume (Rgl /R?W) was divided
into 4 bins (volume bins). Each volume bin was assigned an array, where each array element represented
a different y-intercept value (Np;;(0)) used in equation (12.1). The content of each array element was the
number of events satisfying equation (12.1) for the particular value of Np;(0) for that array element and a
“given slope m”. The rate, r;(m, Mpi:(0)), of events added to the normalized volume was then calculated by
taking the difference between adjacent elements of the array (i.e. changes of the Ny;(0) value). An average
rate, (r;(m, Nyi(0))), for the four volume bins was calculated and the square deviation, S (m), for each of
the individual bins was calculated. The sum of the square of the deviations for each step along the array
gives a measure of the relative increase in number of added events as the Np;;(0) value is reduced. This sum,

S (m), becomes the statistic of merit for the “given slope m”. This algorithm is represented by the following

equations:
ri(m, Nyi(0)) = Ni(m, Nyit(0)) — Ni(m, Npii(0) + 1) (12.2)
1 &
(ri(m, N (0))) = 7 Z ri(m, Nyit(0)) (12.3)

i=0
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Sm= Y [[Z (rim, MO0 = (rim, Nmt(0>>>)] } (12.4)
Nui(0)=25 [\'i=0

The procedure is repeated for a broad range of slope values and the summed square deviations is recorded.
Figures 12.2 & 12.3 plot the summed square deviations for the Pure D, O and Salt phases. The minimum value
of these plots is where the relative increase in events contributing to the selection window is constant along
the boundary line. This minimum is the choice of the slope. Note that a slope of 0.0 is a flat line which would
decouple the Ny selection parameter from the Ry selection parameter. A slope of 15 directly translates into

a difference of 15 Ny; between accepted events at the center of the vessel compared to the edge of the vessel.

| Squares : Slope | Npi(Rgi) = m ( Rfit/ Riv ) + N4,ix(0)
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Figure 12.2: Choice of the slope parameter, m, in the Pure D,O phase.

Figures 12.2 & 12.3 are initially less than convincing reasons for choosing a particular slope as there is
not a minimum. Consider, however, that the shape of the curves is affected by the fact that there is a ultimate
lower bound on the accessible Ny; values. In simple terms, this analysis was not able to use data lower
than 25 or 20 Ny for the Pure D,0 and Salt phases, respectively. Thus as the slope increases, the portion
of the imaginary line near the center of the vessel is reaching into a Ny; region where there are no events,
effectively setting the rate of increase in that volume bin to a constant of 0. In these cases the method outlined
here produces lower summed square deviations. For example above a slope m = 11.5 in Figure 12.2, the
value decreases. Thus the expected upturn of the plots at high slope is thwarted by the approach toward the
minimum detector energy threshold.

A further defense of the choice of a particular slope value from Figures 12.2 & 12.3 comes from an
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Figure 12.3: Choice of the slope parameter, m, in the Salt phase.

understanding of how the choice will affect the analysis. The choice of the slope defines the analysis region.
Thus all detection efficiencies and background estimates are relative to this definition. A poor choice will
reduce the signal to noise ratio. Clearly, if the background is slowly varying as a function of the chosen slope,
then over this range the random background is insensitive to the particular choice of the slope. The net result
is the realization that any slope value is acceptable in the slowly varying region with an eye on avoiding those

slopes for which the background begins to vary rapidly (as a function of the slope).

12.3 Data Used in the Pulse Global Trigger Follower Analysis

In the Pure D,O, after every 200th PulseGT event (once every 40 seconds) the half second following the
PulseGT event was analyzed. Three cuts were applied: Ny < 80, R < 600 cm, and a cut to remove
instrumental background events (DAMN mask of 11628513). The events remaining after these cuts were
used to determine the S (m) values plotted in 12.2. The minimum value of Ny;(0) used was 25 in the Pure
D,0 phase. In the Salt phase instead of using the PulseGT events as the initial trigger, the event times were
used to select a half second of events out of every 40 seconds. This accomplishes the same task as the PulseGT
method, but was computationally easier to implement. In the Salt phase the minimum value of Np;(0) was 20
and the other applied cuts were the same as in the Pure D,O phase. In both the Pure D,O and Salt phases the
entire data sets were used.
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Chapter 13

ACCIDENTAL COINCIDENCE BACKGROUND

13.1 Accidental Coincidences

For any kind of occurrence which happens at random intervals, there is an analytically calculable probability
that two occurrences of that kind will fall within a given time window. For example, even though volcanoes
erupt infrequently, since different volcanic eruptions are unrelated, there is a certain probability that two
different volcanoes will erupt simultaneously. This is termed an accidental coincidence, in this example, the

accidental coincidence of two volcanic eruptions.

Accidental coincidences of SNO events can mimic the electron antineutrino signal. The size of this
background is, however, under the control of the analyzer. Thus, in this section two important pieces of
the electron antineutrino analysis are extracted from a single analysis of the mean rate of SNO events in an
event selection window of interest. The two important pieces are the Ny;(0) value for use in the equation
Mit(Rs) = m(Rs/Rav)® + Npie(0) and the expected number of accidental coincidences contributing as a
background to the electron antineutrino analysis. Another way of looking at this is we want to calculate the
accidental coincidence rates for a range of Npit(0) values and then choose the Npi:(0) value that keeps the

accidental coincidence background rate at an acceptable level.

13.2 The Theory of Accidental Coincidences

Knoll [133] gives an exposition of the theory of accidental coincidences of randomly occurring events. Knoll
begins by discussing the accidental coincidence of two events which are drawn from distributions of randomly
occurring events with given mean rates. Knoll refers to these as the mean singles rates r; and r,. At each
starting pulse (i.e. one of the events from the first distribution), the probability that a time interval of length
t will elapse without a stop pulse (i.e. an event from the second distribution) is given by e™"2. Also, the
differential probability of a stop pulse arriving within the next differential time dt is just rpdt. Since both of
these two independent events must occur for there to be a coincidence, the overall differential probability of
generating such an interval dr about ¢ is e - r,dr. The differential coincidence rate is then ry - e™2 - rydt.
Thus for the coincidence of 2 events in a time window, t,,, the coincidence rate is

fo
Face.n = f rire "dt (13.1)
0

— ity (for tyr < 1) (13.2)
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Knoll’s formalism can be generalized to multiple event coincidences so long as the participating events occur

independently of one another. The formula for a three fold event coincidence is

i)
Facc.,3 = f |:f
0 0

— @ (for £2r, <1, 1r <1) (13.4)

(2)
fy

r rzetm’zdz‘(z)]rge’mr3 dr® (13.3)

The superscripts ® and @ distinguish the separate variables of integration of the two independent integrals.
The independence of these integrals reflects the fact that the events are independent, being draw from separate
random distributions. It is clear that the integral inside of the brackets in equation (13.3) is just r,c_» and acts
like r; does in equation (13.1). It remains to be seen if the approximation #,,+ < 1 will hold. With expected
time windows of tenths to hundredths of a second and a detector rate of approximately 20 Hz, it is clear the
approximation is invalid. However, if instrumental cuts on the data reduce the number of selected events
down to the order of 10 thousand per live year, then the approximation will be adequate. Finally, in this
analysis only a single time window, #,,, is used to extract coincidences from the data set, thus #,, = tff) = tS)
throughout.

13.3 Determining the Accidental Coincidence Rate and Selecting Np;(0)
To apply the results of Section 13.2 several pieces of information are needed:

e Choose a value for the coincidence time window, f,,.
e Define the event selection criterion.

e Determine the rate of events fulfilling the event selection criterion.

The first item, a choice of ¢, was decided upon in Chapter 11 and presented in Table 11.1. For the sec-
ond item, instead of choosing a single event selection criterion, three different event selection criterion are
presented. The first of these three event selection criterion, the Standard analysis, is based upon the event se-
lection criterion presented in SNO’s published papers [10, 11]. The second and third event selection criterion
are essentially the same Enlarged analysis that this dissertation is focused on presenting, the difference being
whether or not the event selection is further narrowed to primarily identify neutrons. Thus these two slightly
different Enlarged analyses are referred to as the e*-Enlarged and n-Enlarged event selection criterion. For
the third item, the rate of events fulfilling the event selection criterion are determined by two methods for each
phase of the experiment. The first method is simply the total number of events fulfilling the event selection
criterion divided by the total time the experiment was live to electron antineutrinos (the livetime). The second
method fits an exponential to the distribution of the time intervals between events fulfilling the event selection
criterion, thus determining a mean event rate.

As already stated three different event selection criterion are presented here, namely the Standard analysis,

the e*-Enlarged analysis, and the n-Enlarged analysis. To explicitly define the accidental coincidence rates
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for these three analyses, define r; as the experimentally determined rate of events fulfilling the event selection
criterion for a given analysis, i, where i is one of the three analyses: (S = Standard), (¢*-E = e*-Enlarged), or

(n-E = n-Enlarged) . The accidental coincidence rates for the three analyses are then written as

2
Face.2 = Ity — (Vs) Ly (13.5)

2
— (Ve+.E) Ly (13.6)
— (re*—E)(rn—E)tw (137)

and
3

racc,,3=r1r2r3tfv. — (rs) tfv. (13.8)

3
— (rE) f, (13.9)

2

— (rE)(rE) r (13.10)

Finally, recall there are two methods used to determine the experimental mean event rate, r;. The first
method divides the total number of events fulfilling the selection criterion, N, by the total livetime, #e, from
which the events were chosen. The second method fits an exponential to the distribution of time intervals
between events fulfilling the event selection criterion. This fitting method gives the mean rate, (rg.). Thus r;
in equations (13.5) - (13.10) is replaced by either of two forms depending on the method used to determine
the mean experimental rate:

M [ﬂ}i . [ﬂ] (13.11)

Hive Hive
or

i = Arf0i £ O (13.12)

The experimental errors are shown noting that the fitting routine provides o),

13.3.1 The Accidental Coincidence Rate in the Pure D,O Phase

The entire Pure D,O phase data set (Appendix A) was analyzed to determine the total number of events,
N, present in each of the three analysis selection windows from which a mean event rate is calculated,

ri = [N/tiv];. The parameters defining the presence of an event in any of the three analysis selection

IPlease note the identifiers ¢*-Enlarged and n-Enlarged are used in two slightly different ways. Initially each refers to a different event
selection criterion. For example, in general r,+ g # r,.g. The r; are then multiplied together to determine the accidental coincidence
rates. It should be clear that a formula containing only r.+_g is referred to as a e*-Enlarged analysis value. However, an equation
containing both r.+_g and r,g is referred to as a n-Enlarged analysis value to signify that the following events in the coincidence are
required to be “most neutron like”. Equation (13.7) is an example of a n-Enlarged analysis value. It is perhaps also useful to note that
the events in a Standard analysis are a subset of those in a n-Enlarged analysis. Likewise the events in a n-Enlarged analysis are a
subset of the events in a e*-Enlarged analysis.
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windows is given in Table 13.1. The Standard window is based upon parameters used in the SNO Pure

Table 13.1: Event selection criterion for accidental coincidence rates in the Pure D, O phase.

Analysis Max Max Minimum ITR 0i;
Type R (cm) | Nhit Nhit Range Range
Standard 550 150 Niie(0) (0.55,0.95) | (0.75,1.45)
e¢*-Enlarged | 600 150 | 9.2 (,f—)3 + Nuie(0) | (0.55,0.95) -
n-Enlarged | 600 90 |92 (,f—)3 + Npe(0) | (0.55,0.95) -

D, 0 publications. The e*-Enlarged and n-Enlarged windows are intended as optimized to detect positrons
or neutrons, respectively, and are one of the main analysis focuses of this dissertation. A DAMN mask =
45182945 was used for all random rate analyses to remove instrumental events. The ITR and 6;; analysis
cuts are introduced and discussed in Chapter 14. The number of events satisfying each analysis window are
presented as a function of N (0) in Table 13.2. As the number of events satisfying each analysis window

Table 13.2: The number of events satisfying the selection criterion in the Pure D,O phase. Note that
the “-” entries are not shown because they are not valid for all run ranges, as described in the text.

Muit(0) | Standard Enlarged Mpit(0) | Standard Enlarged

et n et n
25 - - - 38 4242 4461 | 4055
26 - - - 39 4013 4281 | 3875
27 - - - 40 3816 4107 | 3701
28 47752 16435 | 16029 41 3660 3950 | 3544
29 31286 12849 | 12443 42 3502 3782 | 3376
30 21281 10214 | 9808 43 3368 3638 | 3232
31 14856 8500 8094 44 3248 3493 | 3087
32 10955 7284 6878 45 3133 3364 | 2958
33 8461 6412 6006 46 3035 3235 | 2829
34 6842 5794 5388 47 2921 3100 | 2694
35 5799 5309 4903 48 2822 2992 | 2586
36 5088 4959 4553 49 2719 2889 | 2483
37 4598 4675 4269 50 2616 2773 | 2367

were counted the time between accepted events was histogrammed. From these histograms the average event
rate can be determined from a fit. A sub-set of these fits is presented in Figures 13.1, 13.2 & 13.3. To de-
termine the number of accidental events present in the data set, the total time the detector was taking data is
needed. The Pure D, 0O phase data set presented here has a live time of t{?vf = 311.41 days (312.93 raw days -
(131305s + 37285000ns) ) [156]. The time subtracted is due to dead time imposed by the analysis cut defined

in Section 14.1.
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From the results of Table 13.3 and the equations presented in Section 13.3, we can determine the acciden-
tal coincidence rate at each Np;¢(0) value. Recall from Chapter 11 that the coincidence time windows, t,,, are
150 ms and 250 ms for the Standard and Enlarged analyses, respectively. For brevity, only three accidental
coincidence rates are reported here, one each for the Standard, e*-Enlarged, and n-Enlarged analyses. To de-

termine the total number of accidental coincidences in the analyzed data set, simply multiply by the livetime
of the data set. The results are given in Table 13.4.

Table 13.3: Mean event rates in the D, O phase. See Section 13.3.3 for the error on the average rate.

Analysis Mit(0) | [N/tive] (mHz) (rgty (mHz) Average Rate (mHz)

Standard 45 0.1164 + 0.0021 | 0.1207 = 0.0038 0.1186 + 0.0059
e*-Enlarged 30 0.3796 + 0.0038 | 0.4232 + 0.0056 0.4014 = 0.0274
n-Enlarged 30 0.3645 + 0.0037 | 0.4075 + 0.0057 0.3860 + 0.0272

Table 13.4: The accidental coincidence rates in the Pure D,O phase. The values listed under (D,0)
are the actual number of expected coincidences in the Pure D, O data set.

AnalySiS Ave. Rate ty Facc.,2 Facc.,3 Nacc.,2 Nacc.,3
Type (mHz) | (ms) | Hz)  (Hp) | or) 00 | Gr) (D,0)
Standard 0.1186 150 | 2.110 3.753-107 | 0.067 0.057 | 1.18-10"® 1.01-107°
e*-Enlarged | 0.4014 250 | 40.28 4.042-1073 | 1.27 1.08 | 1.28-107* 1.09-107*
n-Enlarged 0.3860 250 | 37.25 3.595-1073 | 1.18 1.00 | 1.13-107* 0.97-107*

13.3.2 The Accidental Coincidence Rate in the Salt Phase

The entire first salt data set (Appendix A) is used in this analysis. The analysis regions presented for the
Salt phase have similar definitions and goals as those described for the Pure D,O phase as described in Sec-
tion 13.3.1. The parameters defining the presence of an event in any of the three analysis selection windows
is given in Table 13.5. The 14 analysis cut is introduced and discussed in Chapter 14. The Salt phase

Table 13.5: Event selection criterion for accidental coincidence rates in the Salt phase.

Salt Analysis Max Max Minimum ITR Bia
Type R (em) | Nhit Nhit Range Range
Standard 550 150 Nuie(0) (0.55,0.95) | (-0.12,0.95)
¢*-Enlarged 600 150 | 8.45 (,’j—)3 + Nuie(0) | (0.55,0.95) -
n-Enlarged 600 90 | 8.45 (,f—)3 + Npt(0) | (0.55,0.95) -




Table 13.6: The number of events satisfying the selection criterion in the Salt phase.

Muit(0) | Standard Enlarged Mpit(0) | Standard Enlarged

et n et n
25 82135 19572 | 19403 38 3884 4475 | 4306
26 48366 14645 | 14476 39 3763 4295 | 4126
27 29421 11481 | 11312 40 3630 4139 | 3970
28 18804 9519 9350 41 3517 3987 | 3818
29 12656 8135 7966 42 3406 3852 | 3683
30 9193 7168 6999 43 3281 3695 | 3526
31 7229 6477 6308 44 3171 3531 | 3362
32 6030 5972 5803 45 3071 3369 | 3200
33 5275 5610 5441 46 2978 3212 | 3043
34 4822 5295 5126 47 2863 3050 | 2881
35 4499 5066 4897 48 2758 2881 | 2712
36 4251 4846 4677 49 2638 2735 | 2566
37 4036 4656 4487 50 2517 2575 | 2406
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event-to-event times are histogrammed in Figures 13.4, 13.5 & 13.6. From the results of Table 13.7 and
the equations presented in Section 13.3, the accidental coincidence rate can be determined at each Ny;(0)

value. Recall from Chapter 11 that the coincidence time windows, t,,, are 20 ms and 35 ms for the Stan-

dard and Enlarged analyses, respectively. The Salt phase livetime is tlslsle‘ = 258.624 days (258.792 raw days -

Table 13.7: Mean event rates in the Salt phase. See Section 13.3.3 for the error on the average rate.

Analysis NMuie(0) | [N/tive] (mHz) (rgty (mHz) Average Rate (mHz)

Standard 40 0.1625 + 0.0027 | 0.1702 + 0.0041 0.1663 + 0.0080
e*-Enlarged 25 0.8759 + 0.0063 | 0.8874 +0.0072 0.8817 +0.0129
n-Enlarged 25 0.8683 + 0.0062 | 0.8800 + 0.0073 0.8741 +£0.0132

Table 13.8: The accidental coincidence rates in the Salt phase. The values listed under (Salt) are the
actual number of expected coincidences in the Salt data set.

(14501s + 631782500ns) ) [107]. The time subtracted is due to dead time imposed by the analysis cut defined

in Section 14.1. The results are given in Table 13.8.

AnalySiS Ave. Rate Ly Facc.,2 Facc.,3 Nacc.,2 Nacc.,3
Type (mHz) (ms) | (nHz) (nHz) (yr‘l) (Salt) (yr‘l) (Salt)
Standard 0.1663 20 0.553 1.84-107° [ 0.0175 0.0124 | 5.81-10® 4.11-107%
e*-Enlarged 0.8817 35 272 840-10™* | 0.859 0.608 | 2.65-107> 1.88-107
n-Enlarged 0.8741 35 267 8.18-10™* | 0.844 0.598 | 2.58-10 1.83-107
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13.3.3 Disagreement Between the Event-Counting and Fit Detector Rates

The calculated average event rates and the event rates determined from fits to the event-to-event time sep-
arations presented in Tables 13.3 & 13.7 do not agree. As noted in the SNO Antineutrino Unified Docu-
ment [139], the random rate of singles is time dependent during the Pure D,O phase. In general the rate
decreases over time. A slowly varying downward drift in the mean event rate will produce just the sort of

non-exponential distribution seen in Figures 13.1 — 13.6. There are two ways to deal with this situation:

o Sub-divide the data set, determine rates and background counts per sub-division and add sub-division

results to obtain a result for the data set.

e Determine a mean rate with an appropriately “large” error assignment.

A re-analysis was preformed on the Pure D,O phase by dividing the data into 31 sub-sets of approximately
10 days of detector “live” time (opposed to 10 calendar days). This revealed the time dependent rate previ-
ously indicated. Unfortunately the fits to event-to-event time separations were unreliable due to a low number
of valid pairs of events. Dividing the Pure D,0O phase data set into fewer sub-sets would perhaps improve the
fit results, though at the same time increasing the “live” duration of a particular sub-set also dilutes the fit be-
cause the rate is varying. In future studies it is recommended that mean detector event rate be determined by
event counts solely and a total background rate determined for short “live” durations. The total background
is then just the direct sum of the sub-set’s background counts.

In this study, the second method is used to convert the previously obtained data into a reasonable back-
ground estimate with uncertainty. Thus, the event rate used to determine the background rate of accidental
coincidences is simply the average of the random rates determined by the two methods of event counting and
fitting to event-to-event times. The uncertainty is determined by calculating the maximum spread allowed
by the two event rate measurements. For example, from Table 13.3 for the Pure D, 0O phase, the e*-Enlarged
analysis has [N/fjve] = 0.3796 + 0.0038 and (rg;) = 0.4232 + 0.0056. The former value gives the lower
bound 0.3796 — 0.0038 = 0.3758 while the latter value gives the upper bound 0.4232 + 0.0056 = 0.4288. The
average value is 0.4014 thus the maximum spread is given by the upper bound 0.4288 — 0.4014 = 0.0274.
Thus, the Pure D,O phase, e*-Enlarged analysis will assume a mean random event rate of 0.4014 + 0.0274.
The average rates and uncertainties are reported in Tables 13.3 & 13.7. The largest uncertainty produced by
this method is 7% of the average random event rate.

13.4 Conclusions

This chapter answered the following two questions with Tables 13.3, 13.4, 13.7, & 13.8 for each of the
analyses and phases of the experiment.

e Determined the Nyi(0) value for the Standard and Enlarged analyses.

e Determined the accidental coincidence rate for the Standard and Enlarged analyses.
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Figure 13.1: Fitting the mean event rate in the Pure D,O phase Standard window.
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Figure 13.3: Fitting the mean event rate in the Pure D,0O phase n-Enlarged window.
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Chapter 14

ADDITIONAL ANALYSIS CUTS

In the preceding chapters of Part III, a number of analysis cuts were developed for use in the electron
antineutrino analysis. This section explains a few additional cuts used in the electron antineutrino analysis

chosen to assist in the selection of Cerenkov events of interest to the electron antineutrino search.

14.1 A Maximum Np;; Value — Npir < 150

As this dissertation is primarily focused on a search for solar electron antineutrinos, it is reasonable to impose
a maximum event energy as well as a minimum event energy. This energy range is the window in which one
would expect to find positrons produced by solar electron antineutrinos with a 8B spectrum having an end
point near 14 MeV. As is shown in Chapter 16 all positrons produced assuming a ®B spectrum will have less
than 150 Ny, which corresponds to an electron of ~ 17.5 MeV [116]. Thus, in both the Pure D,0 and Salt
phases, only events with less than 150 Ny are considered as events possibly produced from a CC interaction
in the SNO detector.

The choice of a maximum Ny value of 150 has a second use and consequence. Since no positron is
expected to have an Ny value greater than 150, any case where there is an event with Ny > 150 which
is then followed (i.e. in coincidence) by additional physics events, should not be considered in the search
for an solar electron antineutrino signal. Thus, when the extraction of coincidences from the data sets is
done, all events following any event with more the 150 Ny are excluded from consideration for the electron
antineutrino analyses. The duration of time chosen for this exclusion period is twice that of the Enlarged
coincidence window, or approximately 12 to 14 times the mean neutron capture time. The duration of the
exclusion periods are 500 ms for the Pure D,0 phase and 70 ms for the Salt phase. These periods of exclusion
eliminate coincidence backgrounds coming from cosmic-ray muons and atmospheric neutrino interactions in
or around the SNO detector!.

14.2 The Choice of Rgi — Rg¢ < 550 em and Rg; < 600 cm

There are two analyses presented in this dissertation, the Standard Region and the Enlarged Region. The
Standard Region only considers events with a reconstructed radial position, Ry, less than 550 cm. This choice
is made so that the Standard Region’s analysis cuts are nearly the same as the analysis cuts of SNO’s solar
neutrino results [10, 12]. The choice of Rg < 550 cm is based upon both background reduction and lowered
systematic uncertainties coming from the reconstruction algorithms inside that radius. The Rj < 550 cm

requirement is the same for both the Pure D, O and Salt phases of the SNO experiment.

!Those familiar with SNO analyses should recognize this cut replaces the muon, muon follower, and missed muon follower cuts.
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The Enlarged Region analysis, the thrust of this dissertation, takes the position that the coincidence detec-
tion nature of CC interactions will allow a full use of the heavy water region as the analysis fiducial volume.
Increasing the volume will significantly increase the detection efficiency of electron antineutrinos. This is
demonstrated in the forthcoming Chapter 16. Thus, for the Enlarged analysis, those events with a recon-
structed radial position, Rg, less than 600 cm are considered in the search for CC induced coincidences. The
acrylic vessel separating the heavy water region from the light water region is located at 600 cm. It is ex-
pected that there is a systematic uncertainty of several percent in the reconstructed radial positions at these
large radii. This difficulty is mitigated by the nature of the analysis presented. Once a maximum Ry, choice
is made, all the detection efficiencies and background estimates are made with respect to that choice. Thus,

the only way in which the analysis can fail is due to a degradation of the signal-to-background ratio.

14.3 “High-Level” Cuts — ITR, 6;;, and 8,

Appendix B presents a suite of analysis cuts used to eliminate instrumental background events with low
sacrifice of physics events of interest. A second class of analysis cuts were developed which attempted
instead to select only those events which have a high likelihood of being true Cerenkov physics events. This
second class of cuts is referred to as “high-level” cuts. This section briefly details only those high-level cuts
used in the analyses presented in this dissertation.

14.3.1 The In-Time Ratio (ITR)

The In-Time Ratio (ITR) [116, 157] value is determined by taking the ratio of the number of PMTs firing
in a time window, [-2.5 ns, +5 ns], around the prompt light peak to the total number of PMTs firing in the
event (485 ns long). If all the Cerenkov light produced by an event either fires a PMT or is absorbed (i.e. no
reflections in the detector) the ITR value will nearly equal 1.0. That is, all the light is prompt light. The other
extreme is produced by a constant light source is the detector. In this case the ITR value is approximately
equal to the ratio of the widths of the time windows: (7.5 ns) / (485 ns) ~ 0.015. In this way it is possible
to distinguish real Cerenkov events from other light sources. Based upon the studies done for SNO’s solar
neutrino analysis [9, 10, 11, 116, 157] every event considered for acceptance as a physics event must fulfill
the following ITR criterion:

0.55 < ITR < 0.95 (14.1)

14.3.2  Event Isotropy Measures — 6;; and 314

Another method for identifying events produced by real Cerenkov light is to consider the isotropy of the
fired PMTs in the detector’s physical coordinate space. In other words, does the distribution of fired PMTs
inside the detector resemble a Cerenkov light cone or is the light isotropically distributed and not projected
in any one particular direction? The following two parameters, 6;; and S14, are used in the Pure D,O and Salt
phases of the experiment, respectively. Note that the event isotropy measures are only used in the Standard
Analysis. The Enlarged analysis does not use event isotropy measures, because of concerns that the event

isotropy distributions may change for events having “large” (Rg; > 550 cm) radial fit positions.
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i in the Pure D0 Phase

One measure of an event’s isotropy is to take a simple average, 6 , of the angle between all pairs of fired PMTs

in the event. This is defined via the equation

— 1
7= o 2 (14.2)

i,j<i

Note that while it is the value of 6 that is used to make analysis cuts on events, this parameter is still
referred to as the 6;; parameter. This should cause no confusion as the name *“¢;;” reminds us that this is
“the average angle between all PMT pairs, i and j”. Based upon the studies done for SNO’s solar neutrino
analysis [9, 10, 11, 116, 157] every event considered for acceptance as a physics event in the Pure D, 0 phase
must fulfill the following 6;; criterion:

0.75< 6 <145 (14.3)

P14 in the Salt Phase

The B4 parameter is the name give to a particular linear combination of the discrete representations of the

fired PMTs inside the detector using spherical harmonics, Y;,,’s. The linear combination is

Bia =P +4B4 (14.4)

where the discrete harmonic parameters §; and 4 are described in Refs. [84, 83, 66]. Note that 8; and
B4 are complicated functions of the cosine of the angle between pairs of fired PMTs, 8; — Bi(cosé;;) and
Ba — Pa(cosd;;), where 6;; is defined in the preceding paragraph. Based upon the studies done for SNO’s
solar neutrino analysis [12, 84, 83] every event considered for acceptance as a physics event in the Salt phase
must fulfill the following )4 criterion:

—0.12 < B14 < 0.95 (14.5)
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Chapter 15

CC DETECTION EFFICIENCY - THEORY

15.1 Introduction

This chapter presents the concepts needed to understand the CC detection efficiency in the SNO experiment.
The numerical detection efficiencies are calculated from Monte Carlo and discussed in Chapter 16. This
chapter has two major goals. The first is to demonstrate the importance of understanding the effect of radial
dependent detection efficiencies in any multi-particle analysis. The second is to present a general and ex-
pandable analytic approach to understanding and calculating the CC detection efficiency based on the notion
of an outcome equation. The utility provided in the latter is multi-fold as it allows one to calculate the CC

detection efficiency for different scenarios:

e When there are measured single-particle detection efficiencies (e.g. neutrons).
e When the radial dependence of the detection efficiency is unknown or is a minor effect.

e For quick mental calculations at the bar or on long runs.

15.2 Radius Dependent Detection Efficiencies

The efficiency for detecting any given particle generated in the SNO detector is a function of the radius at
which the particle is generated. This effect is the greatest for neutrons because of the interplay between
two features. First, neutrons random walk a distance before capturing on nuclei. Second, the acrylic vessel
contains many protons and thus acts as an efficient neutron capture target. This induced radius dependent
detection efficiency for neutrons impacts the consideration of CC detection efficiencies.

Figure 15.1 shows three different functional dependencies of the detection efficiency on radius. The mean
detection efficiencies for each curve are shown. Mean detection efficiencies are often used in SNO analyses
to characterize the efficiency for detecting a given particle, usually neutrons.

15.2.1 Coincidence Detection and Radius Dependent Detection Efficiencies

Figure 15.2 shows the efficiency for detecting a coincidence of two of the same particles, generated at the
same location. This is analogous to the two neutrons produced in a CC reaction, but is also relevant for
a process described by: AX(n,y)**'X followed by a delayed decay *'X — A*'Y + g~ +v,. The mean
coincidence detection efficiencies are reported alongside the curves on the figure. The important point is
gained by comparing these mean coincidence detection efficiencies to the coincidence detection efficiencies

inferred from the mean single-particle detection efficiencies. This quantitative comparison is facilitated by the
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Demonstration of Radius Dependent Single Particle Detection Efficiencies
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Figure 15.1: Different functional forms for radius-dependent, single-particle detection efficiencies.

values in the comparison box of Figure 15.2. These results demonstrate the importance of avoiding reliance

on single particle detection efficiencies to infer coincidence detection efficiencies.

15.3 The Outcome Equation

Something must happen to each of the three particles produced in the CC interaction. Thus for a single CC
interaction, 1, the outcome equation is

Ie = {lo-1,-1,) 15.1)

The bold 1’s are numerically equal to unity and represent all possible outcomes for each sub-scripted particle.
By expanding each of these unitary “place holders” one is able to reliably extract the terms which contribute
the total detection efficiency for the CC reaction. This methodical approach is applicable to dealing with any

multi-particle event, simply by changing the subscripts and then expanding appropriately.

15.3.1 The Positron Outcome Equation

The positron will either be measured or not measured. Representing the positron detection efficiency by &,-,

the outcome equation for the positron is simple:

10 = &+ (1 —8g») (15.2)
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Demonstration of Coincidence Detection of Particles
with Radius Dependent Detection Efficiencies
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Figure 15.2: The effect of radius dependent single particle detection efficiencies on coincidence
detection efficiencies. In all cases the actual coincidence detection efficiency is greater than the
naive value inferred from the single particle detection efficiency.

The value of €.+ depends predominately on the electron antineutrino energy spectrum. Chapter 16 calculates
&,+ for various analysis scenarios a solar ®B neutrino spectrum is assumed for the electron antineutrinos.

15.3.2  The Neutron Outcome Equation

There are a great number of possible outcomes for a neutron produced in SNO’s heavy water. Furthermore,
a formulation is needed which is applicable to each of the three phases of the SNO experiment. Begin by

considering the nuclei upon which neutrons may capture. There are three categories of nuclei in this regard:

e Neutron capture on deuterons.
o Neutron capture on some other nucleus which can produce a measurable signal.

e Neutron capture on nuclei which do not produce measurable signals.

This categorization is based upon separating which nuclei will allow SNO to detect the presence of a neutron
from those which will not. The middle item thus accounts for either >>Cl in the Salt phase or *He in the NCD

phase. Each item is represented by a corresponding term in the outcome equation for the neutron:

L, = &P+ (1 — (& + g,iaP’N)) (15.3)
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The term &;, " s the efficiency for a neutron generated in the heavy water volume to capture on a deuterium

nucleus. The term sf,ap’N is the efficiency for a neutron generated in the heavy water volume to capture on

some other nucleus which can produce a measurable signal. That is, e is the efficiency for the neutron

to capture on *>Cl or in the NCDs, depending on the phase of the SNO experiment. In the Pure D,O phase
cap,N

g, =0.

Note in equation (15.3) that the last term, (1 — (&5d 4 g N

)), is the efficiency for the neutron to capture
on a nucleus which does not produce a measurable signal. One example of this is the capture of neutrons
on hydrogen nuclei. The capture of a neutron on a proton produces a 2.2 MeV gamma ray. This gamma-ray
does actually produce measurable light in SNO. However, for this and many other cases, the signal produced
is expected to be below the energy threshold imposed in the electron antineutrino analysis. Thus, capture on
protons is included in this last term. It will, however, be important to return to this point later to determine if

the neutron signal has any component not correctly accounted for in the above scheme.

Equation (15.4a) takes into account that once the neutron captures on a particular nucleus, there is an

additional efficiency associated with the measurement of the capture.

1, 8’clap,d(8meas,d + (1 _ 8nmeas,d) ) + 8lclaP,N(8meas,N + (1 _ 8nmeas,N) ) + (1 _ (ezapvd + 8ZaP~N) ) (15.4a)

n n
_ cap,d _meas,d cap,N _meas,N 1 cap,d _meas,d cap,N _meas,N 15.4b
= g, &, +&, &, +|1 (&, &, +&, €, (15.4b)

In both the PMT and NCD analysis this efficiency is by-in-large due to the non-zero energy thresholds used for

meas,d

real data analysis. The term g, is the efficiency for measuring the signal produced when the neutron has
captured on a deuteron. Likewise the term emesN s the efficiency for measuring the signal produced by the

neutron capturing either on **CI or in the NCDs. Henceforth the quantities (a,clap ’ds,‘}‘eas'd) and (eflap’Ns,Teas'N)
in equation (15.4b) are referred to as the efficiencies for detecting a neutron by capture on deuterium nuclei
or on ¥Cl or in the NCDs.

15.3.3 The Full Outcome Equation

The following definitions simplify future equations:

g = (l—g,0) (15.5a)

i ( [ (50 sfﬁp'N)) (15.5b)
S;lneas,d _ (1 _ s}t;leas,d) (15.5¢)
S;neas,N — (1 _ 8}1;1638.N) (15.5d)

These definitions are all efficiencies for something to not occur. The efficiency for the positron to not be

detected: €,+. The efficiency for the neutron to not capture on a nucleus which can generate a measurable

signal: &)".

The efficiency for the neutron to not be measured if it captures on a deuteron: ™*“. The

efficiency for the neutron to not be measured if it captures either on *>Cl or in the NCDs: r**N_ Using these
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definitions and substituting equations (15.2) & (15.4a) into equation (15.1) one arrives at:

2
_ apd N —
Nee N@{se+ + & }{s;dp (s:l“e““’d + 8mea5d) + & (sL"““’N + sf,"eas’N) + sf,"p} (15.6a)

d N d apN _meas
Ncc[ Eot (s;“p s;“e““d) + & (s;“p s;“e““N) +2e,+ ( P s;"e“‘”d) (s;“p s;“e‘“’N)] (15.6b)
3-fold

| cap,d _meas,d cap,d meas,d cap.d _meas,d cap,N _meas,N cap,d _meas,d cap
+N_CC de ( &y 8 ) (8 En ) + 28 ( 8 ) (8 En ) + 280* (8,[ En ? ) (8,[ )
N ~ap,N as.N sap,N cap,d as.d N —Cap
28(, ( cap,: ;meas \I) ( cap. meas. ) 2 ( cap. meaS,N) (Stdp meas. ) 28 ( cap,’ ;meas \I) (8Ldp)

2
d —( cap.N — ( cap.d cap,N
+ 89+( cap, smeas d) + &4 (St;ldp 8;neds,N) + 285+ (g:-ldp gLneds,d) (g:-ldp SZHEdS’N) ] (1560)
2-fold

| cap,d s, d cap, N 2 cap,d s,d cap, as,N

N: L ( p,d _mea: ) ( N _meas, ) ( mea: ) ( N _meas. )
—— ( capd as cap,d cap,d as. cap,N cap,d cap
28(, ( D, meah,d) ( p.d _meas, d) 2 ( P. meds,d) ( p.N _meas, N) 28(, ( meas, d) ( )

N ,d ,d N N N N N Ce
+28(,+( ;dp smEdsN) (sz.dp smeds )+ 289 ( ;dp S;neas N) (8;‘41 snmeds )+28(,+( ;dp S;neas )(Szdp)

n

125 (s;ap’ds;"wd)( °ap)+2s (& ‘*‘f’Ns‘““*N)( “P) +gg+(§)2] (15.64)

1-fold

4 measd N measN A measd | [ _capN_measN
+N@[ Tt (s;dp e ) +E+ (s;dp gmes ) +2£e+( AP gmeass )(s;"p ghess )

+ 25 (giap,dgzneas,d)( cap) + 28 ( cap,Ng:lneas,N)( cap) + &7 ( cap)z] (15.66)

0-fold

The first set of bracketed terms (15.6b) is the efficiency for detecting a 3-particle coincidence (e*, n, n). The
second set of bracketed terms (15.6¢) is the efficiency for detecting a 2-particle coincidence. A 2-particle
coincidence can be either of two types (e*, n) or (n, n). The third set of bracketed terms (15.6d) is the
efficiency for detecting only 1 particle. These 1 particle detection outcomes will appear as backgrounds to the
charged-current (CC) and neutral-current (NC) signals in the solar neutrino analysis of SNO data. Finally,
the fourth set of bracketed terms (15.6¢) is the efficiency for detecting none of the particles produced in the

CC reaction.

To abbreviate further, (15.6b), (15.6¢), (15.6d), and (15.6e) are denoted by N§<, N3¢, N, and N3,
respectively. For coincidence based detection of CC events in SNO, Nge‘ and Nge‘ give the expected number
of detected coincidences given a number of CcC reactions, Ngz. The total number of detected coincidences,
N, is give by N9 = N§<* + N§<t,
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15.3.4  Efficiency Inter-relationships

Section 15.3 defined Nget and Nge‘. These quantities are the empirically measurable quantities in the SNO
experiment. Using the definitions from Section 15.3, it is possible to give a relationship between the two
empirical quantities Nge‘ and Nge‘. This relationship depends only on the detection efficiencies of the positron
and the neutrons. Using lines 15.6b and 15.6¢ and by referring to the definitions 15.5a, the relationship is:

N 2

Epr éL:’clap,dglrreas,d + 8;ap,N8’1;1eas,N

N5t = N§et (15.7)
This could be understood as a statement that a measurement of Nge‘ predicts Nget (or vice versa). It might be
possible to use this inter-relationship equation to determine if the empirically measured numbers of 3-particle
coincidences and 2-particle coincidences are consistent with a CC production hypothesis.
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Chapter 16

CC SIGNAL MONTE CARLO

16.1 The Monte Carlo Program

The SNO Collaboration uses a Monte Carlo program called SNOMAN [224] to simulate events in the interior
heavy and light water regions of the SNO detector. The Monte Carlo program is written specifically to model
and simulate the SNO detector incorporating the EGS4! [59] and MCNP? [63] Monte Carlo packages for
particle transport. FLUKA?® [53] is a recent addition to the SNOMAN Monte Carlo package allowing for
simulation of hadronic interactions and decays.

For the electron antineutrino analysis in the Pure D,O and Salt phases of the experiment, CC reactions
generating a positron and two neutrons were simulated for each run used in the analysis. These run-by-run
simulations take into account the measured optical properties of the detector and the electronics configuration
(i.e. which PMTs were on).

16.1.1 Electron Antineutrino Simulation in the Pure D,O Phase

For the Pure D,0 phase, CC interactions were simulated from a flux of electron antineutrinos having the
8B solar neutrino energy spectrum and a total flux of 100 times the standard solar model ®B total electron
neutrino flux: 100 x QDSSBSM = 5.05 x 108 cm™2s~!. This amounts to 423,900 generated CC interactions in
the data set which is comparable to the calculations of Chapter 4 that predict 415,315 CC interactions for an
equivalent exposure. Of the 423,900 generated events, 2974 were terminated due to geometry errors. These

failures are treated as a systematic uncertainty as described in Section 16.3.1.

16.1.2 Electron Antineutrino Simulation in the Salt Phase

For the Salt phase, CC interactions were simulated from a flux of electron antineutrinos having the 8B solar
neutrino energy spectrum and an undocumented total flux. The lack of a documented total flux is not a serious
problem since only efficiencies are determined from the Monte Carlo and absolute normalizations are based
upon the work done in Chapter 4. For the record, the Salt phase electron antineutrino Monte Carlo generated
859,670 CC interactions for a run time of 258.8 days which amounts to 1,213,271 CC/kt - yr. Compare this
to the rate of 494,820 CC/kt - yr used in the Monte Carlo of the Pure D,O phase. Investigation of the log

'EGS4 (Electron Gamma Shower 4) “is a general purpose package for the Monte Carlo simulation of the coupled transport of
electrons and photons in an arbitrary geometry for particles with energies from a few keV up to several TeV.”

2“MCNP is a general-purpose Monte Carlo N-Particle code that can be used for neutron, photon, electron, or coupled neu-
tron/photon/electron transport, including the capability to calculate eigenvalues for critical systems.”

3“ELUKA is a fully integrated particle physics Monte Carlo simulation package. It has many applications in high energy experimental
physics and engineering, shielding, detector and telescope design, cosmic ray studies, dosimetry, medical physics and radio-biology”
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files report “1355.50079 NU PER DAY” for the Pure D,0O phase Monte Carlo and “3329.82053 NU PER
DAY for the Salt phase Monte Carlo. These log file reports are consistent with the total number of generated
events in either phase’s Monte Carlo. Of the 859,670 generated events, 9429 were terminated due to geometry

errors. These failures are treated as a systematic uncertainty as described in Section 16.3.1.

16.2 Detector Response to CC Products

The detector response to CC interactions is divided into two categories. The first category is the response
characteristics of the individual particles produced in a CC interaction. The characteristics are used to select
events that will then be used to search for coincidences of events in the electron antineutrino search. The
second category is composed of those characteristics which are intrinsic to the coincidence nature of the
CC interaction. This second category provides a way to test if coincidences have a CC signature above and

beyond the correct single particle characteristics.

16.2.1 Individual Particle Characteristics

The primary detector response of importance is the Ny;; of a product particle from the CC interaction. Fig-
ures 16.1 & 16.2 show the Monte Carlo Ny;; response of the positron, e*, and neutrons, 7, in the Pure D,0O

and Salt phases.

Detector Response to CC Products in Pure D,0 || Positrons
Entries 403796
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Figure 16.1: Monte Carlo Ny response to CC products in the Pure D,O phase.
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Detector Response to CC Products in Salt Positrons
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Figure 16.2: Monte Carlo Ny response to CC products in the Salt phase.

Positron Detection Efficiency as a Function of v, Energy

As the electron antineutrino Monte Carlos are generated in such a way as to correctly account for the run-
to-run detector configuration, they provide a resource for information on particle detection characteristics of
value to studies related to the electron antineutrino analysis. One particular example is the detection efficiency
of positrons as a function of the CC inducing electron antineutrino’s energy, E5, . For both the Pure D,O and
Salt phase electron antineutrino Monte Carlos, out-going positrons were sorted into 0.1 MeV bins of electron
antineutrino energy, E5, . For each bin the detection efficiency was determined for the Standard and Enlarged
analysis regions. Figure 16.3 presents these results. The Enlarged analysis is the entire D,O volume while
the Standard analysis is only 77% of the D,O volume. As these plots are determined from a sample of v,’s
with a 8B spectrum, the scatter above 14 MeV is due to the reduced number of electron antineutrinos at these

energies.

16.2.2 CC Specific Characteristics

A CC specific characteristic is defined as a parameter that is intrinsic to the coincidence nature of the three
product particle final state containing a positron and two neutrons. For instant, the neutron capture time
following a prompt Cerenkov signal from a positron, is a specific and distinguishing characteristic of CC
interactions. The neutron capture times for the Pure D, O and Salt phases are discussed in Chapter 11 and are

not repeated here, though one should keep in mind these remain an important handle on detecting neutrons in
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Figure 16.3: Monte Carlo positron detection efficiency in the Pure D,O and Salt phase as a function
of the electron antineutrino energy, Ey,.

coincidence with an initiating event that results in prompt Cerenkov light emission.

A second characteristic is the neutron capture distance. This is the distance between the location of a
prompt Cerenkov signal from a positron to the location of the neutron capture. Alternatively, one can inves-
tigate the separation distance between the two neutron capture locations for those cases when the positron is
below the analysis detection threshold. For the Pure D,O phase, Figure 16.4 shows the distance separation
between neutron captures on deuterium. No analysis cuts are applied to the Monte Carlo results shown in
Figure 16.4 but a restriction to neutron capture on deuterons is made. The restriction to only considering
neutron capture on deuterons eliminates contribution from neutron capture on protons in the acrylic vessel.
This is reasonable because the detector response to the 2.2 MeV gamma-ray produced by neutron capture on
protons is well below the analysis Ny (energy) threshold at the radius of the acrylic vessel. For example, the
Enlarged Region analysis cuts imply a minimum Ny;; threshold of 39.2 (= 4.4 MeV) at a radius of 600 cm.
Due to the low neutron capture fraction in the Pure D,O phase, the distance between two neutron captures,
Ar,, is multiplied by 5 to clearly show the distribution. Figure 16.5 presents the neutron capture distance for
the Salt phase. In the Salt phase, neutron capture on protons is again ignored. In the Pure D, O phase the neu-
tron capture distance is merely a distinguishing characteristic, however, in the Salt phase this characteristic is
so pronounced that it may be considered as a new analysis cut to further eliminate backgrounds. This is not
done in this dissertation in an attempt to keep the Pure D,O and Salt phase analyses on-par and comparable.

Another point is the neutron capture distance will not eliminate backgrounds that produce neutrons at a single,
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D20 Neutron Separations in CC Monte Carlo
(2] -
‘dé; 6000 Ar : Distance from neutron production location
u>J - | _— to the d(n,7)t location. 249833 d(n,y)t events.
5 5000 —
'E C Ar,: Distance between the d(n, y)t locations
é 4000 [ of CC neutron pairs. 5x 44476 pairs of d(n,y)t.
- (Ar,) = 269.1 cm I
3000 |-+
2000 -
1000
0 Il | Il Il | Il L L 2| 1 1 Il
0 200 400 600 800 1000 1200

Ar (cm)

Figure 16.4: Monte Carlo neutron capture separation distances in the Pure D,O phase.

initial location. Thus a neutron capture distance analysis cut could lower the accidental coincidence back-
ground (Chapter 13), but will not reduce backgrounds from spontaneous fission (Chapter 18) or atmospheric

neutrinos (Chapter 19).

16.3 CC Detection Efficiencies

The detection efficiencies are determined by applying all analysis cuts described in Chapters 11 — 14. The CC
detection efficiencies can be determined in two ways as described previously in Chapter 15. The individual
particle detection efficiencies for the positron, e*, and the neutrons, n, can be determined and then combined
analytically to determine a derived coincidence detection efficiency. The more correct method directly de-
termines the number of coincidences found in the Monte Carlo data set divided by the number of possible
coincidences. In both cases, the final value of interest is the total CC detection efficiency which is the sum
of the detection efficiencies for the three types of coincidences that can appear: (e*,n,n), (e*,n), and (n, n).
Tables 16.1 & 16.2 use these distinctions in reporting the CC detection efficiencies for the Pure DO and Salt
phases. In the Salt phase Monte Carlo, 841,205 CC simulations resulted in 88 four-fold coincidences found
in the Standard analysis and 849 in the Enlarged analysis. The Enlarged analysis had 4 cases of five-fold
coincidences. These four and five-fold coincidences are primarily due to the secondary neutron production

discussed in Chapter 21.
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10?2 Salt Neutron Separations in CC Monte Carlo
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Figure 16.5: Monte Carlo neutron capture separation distances in the Salt phase.

Table 16.1: The Monte Carlo detection efficiency of v, with a B spectral shape in the Pure D,O
phase. The CC detection efficiencies in the upper table are derived from the single particle detection
efficiencies as explained in Chapter 15. The coincidence detection efficiencies in the lower table are
the correct efficiencies to use in the electron antineutrino analysis.

Individual Particle Detection Efficiencies (%)

Analysis e’ n || Derived Total CC

Standard | 39.07 = 0.11’:8:‘2 14.22 + 0.04j8:% 11.55 % 0.05’:8:?2

Enlarged | 65.73 + O.16f8:i‘6‘ 26.14 + 0.06f8f§ 3221 + 0.13’:8:?8

Coincidence Detection Efficiencies (%)

Analysis (e*,n,n) (e*,n) (n,n) Total CC
Standard | 1.28 + 0.02f8:8? 10.89 + 0.05j8:8§ 1.20 + 0.02f8:g? 13.37 0.06’:8:%
Enlarged | 5.92 + 0.04f8:gg 24.65 + 0.09f8j§3 219+ 0.02’:8:83 32,75 0.10’:8:‘2@

16.3.1 Monte Carlo Detection Efficiency Uncertainties

The statistical and systematic uncertainties on the detection efficiencies presented in Tables 16.1 & 16.2 are
determined solely from the Monte Carlo simulation and do not include systematic uncertainties due to the use

of theoretical cross-sections etc. Statistical error is determined simply by a VN calculation. The systematic
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Table 16.2: Monte Carlo detection efficiency of ¥, with a ®B spectral shape in the Salt phase. The
CC detection efficiencies in the upper table are derived from the single particle detection efficiencies
as explained in Chapter 15. The coincidence detection efficiencies in the lower table are the correct
efficiencies to use in the electron antineutrino analysis.

Individual Particle Detection Efficiencies (%)

Analysis e’ n || Derived Total CC

Standard | 37.43 + 0.08f8§§ 5132+ 0.07f8§g 45.04 0.13f8zgg

Enlarged | 65.45+0.1 1jg:22 75.83 + 0.89j8:$§ 81.50 0.26j2:;(1)

Coincidence Detection Efficiencies (%)

Analysis (e*,n,n) (e*,n) (n,n) Total CC
Standard | 15.57 £0.05*3% | 16.08 £0.0570% | 16.13 +0.05*0% | 47.78 £ 0.0970 33
Enlarged | 44.04 + 0-09t8;51461 16.86 + 0.08’:8:?‘7‘ 17.83 0.05’:8:51;*; 78.73 = 0.13’:8:%

uncertainty is due to the failure of the Monte Carlo to correctly process all events. The error estimation used
here assumes that the Monte Carlo failures are independent of the type of particle, energy, or coincidence
type. Thus, the efficiency is determined by dividing the number of events satisfying the analysis cuts, Noy,

by the number of input events, Nj,, minus the number of failed events, Ngy,

o = ‘ (1 +
Nin — Nrpait

The statistical error is o5™. The determination of the systematic error is not a Gaussian error bar. Instead the

_ Nout
Nin — Nrpait

&(Njp + Nfail))
£

16.1
Nin — Nrpaijt ( )

systematic error is the entire possible range allowed under minimal and maximal assumptions about the effect
of Ngi. Thus, the systematic error range has variable upper and lower bounds. The maximum efficiency (i.e.
upper systematic), £*, is determined under the assumption that all Ny,; events would contribute to the number
of events satisfying the analysis cuts. The minimum efficiency (i.e. lower systematic), €7, is determined

under the assumption that all Ny, events would not contribute to the number of events satisfying the analysis

cuts.
Nout + Npai N,
+ oulN fail & = 1\;)ut (162)

i in
The upper and lower systematic uncertainty ranges are then given as oy > = ¢* —gand o, ¥ = g — ¢",
respectively. The efficiencies calculated are written in the form:

Stat +U_+ syst
£+ ot (16.3)

In the case of a derived efficiency, standard error propagation formulas must also be used. For example, the

individual positron and neutron detection efficiencies are combined to determine a derive total CC detection
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efficiency, as described in Chapter 15, and have errors given by

Ooe = \T2 28, (1 - 87 + 02 (26, +26,) (16.4)

where o+ & o, in equation (16.4) are replaced by the particles’ statistical or systematic errors, depending on
the type of error being calculated. It should be re-iterated that the error propagation formula (16.4) necessarily
does not correctly account for particle-to-particle correlations present in CC interactions. Chapter 15 details
this complication and shows why the derived detection efficiencies are not relied upon for the results of an

electron antineutrino analysis for he SNO detector data.
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Chapter 17

DETECTION EFFICIENCY FOR NON-SOLAR SOURCES OF ELECTRON
ANTINEUTRINOS

17.1 Review of Electron Antineutrino Sources

In Part II the electron antineutrino sources were discussed and the number of induced CC events per kt - yr
was presented. This chapter takes the additional step of determining or estimating the detection efficiency for
each of these sources of electron antineutrinos during the Pure D,0 and Salt phases of the SNO experiment.

Table 17.1 reviews the results of Part II.

Table 17.1: Review of electron antineutrino sources as presented in Part II.

Known v, Source Rate ‘ Note

Atmospheric 0.0012 @/kt -yr | 4 < E5, (MeV) <20

Reactor Pure D,O 0.69 CcC Actual number in SNO data sets.
Salt 0.57 cC

Diffuse Supernova Neutrinos 0.03 @/kt -yr | 4 < E;, MeV) <23

Terrestrial Radioisotopes 0 CC/kt - yr | Below CC threshold

Hypothetical v, Source Rate ‘ Note

Geo-Fission Reactor Pure D,O | 0.54 CcC Expected number in SNO data sets
Salt 0.45 cC for an assumed 10 TW source.

17.2 Efficiencies to Detect Non-Solar Sources of Electron Antineutrinos

17.2.1 Hypothetical Geo-Fission Reactor and Nuclear Power Reactor Electron Antineutrinos

As the hypothetical geo-fission reactor discussed in Chapter 8 is an unenriched 2*3U reactor, it should have the
same spectral properties of the CANDU nuclear power reactors discussed in Chapter 6. Thus the forthcoming
results of this section can be applied to the hypothetical geo-fission reactor with the same caveats regarding the
isotopic content differences between CANDU reactors and US light water reactors, as mentioned in Chapter 6.
While the induced CC rate from a 10 TW geo-fission reactor is comparable to that of nuclear power reactors,
the geo-fission reactor is a disfavored model of the Earth’s core lacking a particular expectation for the thermal

energy output, thus this potential source of electron antineutrinos is not considered further.
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The reactor electron antineutrino induced CC rate is the largest known electron antineutrino background
in the SNO experiment. A detailed model of the detection efficiency for reactor electron antineutrinos is pre-
sented in this section. Chapter 6 presents the normalized reactor electron antineutrino spectrum in Figure 6.3.
Chapter 16 presents the positron and neutron detection efficiencies. The neutron detection efficiency is inde-
pendent of the energy of the , initiating the CC reaction. The positron detection efficiency is presented in
Figure 16.3 as a function of the ¥, initiating the CC reaction. An integration of the reactor spectrum times
the positron detection efficiency from Figure 16.3 will give a positron detection efficiency for reactor electron
antineutrino induced CC reactions. These results are presented in the first line of Table 17.2.

As pointed out in Chapter 15, the detection efficiency for coincidences of particles will in general not be
equal to the straight multiplication of the individual particle detection efficiencies. This is due to the radial
dependence of the detection efficiencies. To account for this detail, as well as the run-by-run conditions of
the Pure D,0 and Salt phases of the SNO experiment, the solar electron antineutrino Monte Carlo is used to
determine the reactor v, coincidence detection efficiency. This is accomplished by calculating the coincidence
detection efficiencies in 0.1 MeV v, energy bins. The 0.1 MeV wide bin coincidence detection efficiencies
are then weighted by the reactor v, spectrum of Figure 6.3 (taken in 0.1 MeV v, energy bins). These results
are presented in Table 17.2. The expected number of detected coincidences from electron antineutrinos from
nuclear power reactors and the hypothetical geo-fission reactor are the product of the number of expected CC

interactions from Table 17.1 multiplied by the total coincidence detection efficiencies of Table 17.2.

Table 17.2: Nuclear reactor v, induced CC detection efficiencies.

Pure D,O Analysis ‘ ‘ Salt Analysis

Particle Standard | Enlarged Particle Standard | Enlarged
edet 2.1x1073 | 2.5%x 1072 et 32x1073 | 4.1x 1072
edet 1.4x 107" | 2.6x 107! edet 4.6x 107" | 7.6 x 107!
Coincidence | Standard | Enlarged Coincidence | Standard | Enlarged
€t 77x107 [ 29%x 107 | | ek, 1.1x107 | 3.1x 1072
e&i‘;n) 6.2x107* | 1.1 x 1072 Effi‘;n) 1.5x1073 | 8.7x 1073
e&f;) 2.7x1072 | 8.8x 1072 egi‘r;) 26x107" | 6.1x 107!
Total 28x1072 | 1.0x 107! Total 26x107" | 6.5%x 107!

17.2.2  Atmospheric and Diffuse Supernova Background Electron Antineutrinos

The expected rate of CC interactions induced by atmospheric electron antineutrinos below 20 MeV is a factor
of 600 times less than the expected rate induced by reactor electron antineutrinos. Detection efficiencies
further reduce this number. For these reasons the atmospheric v, induced CC rate is neglected from further

study. However, a rough estimate of the atmospheric electron antineutrino detection efficiency is given by
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assuming a 100 % positron detection efficiency and the neutron detection efficiencies from Tables 16.1 & 16.2
combined as described in Chapter 15.

The diffuse supernova background v, induced CC rate is comparable to the expected rate induced by
reactor electron antineutrinos. The neutron detection efficiencies are known (Chapter 16) and are independent
of the CC inducing ¥, energy. The positron detection efficiency is given as a function of the CC inducing v,
in Figure 16.3. Since the prediction for the diffuse supernova background neutrino rate is given for the energy
range 4 < E5, < 23 (MeV), an extension of Figure 16.3 above E5, > 14 MeV is needed. Based upon the
trends on the Monte Carlo curves in Figure 16.3, the maximal positron detection efficiency is estimated for v,
above 14 MeV and presented in Table 17.3. To obtain a total integrated positron detection efficiency for the

Table 17.3: Estimated positron detection efficiency for 14 < E5, (MeV) < 23 from Figure 16.3.

Phase Analysis
Standard | Enlarged

Pure D,O 0.72 0.95

Salt 0.70 0.92

diffuse supernova background neutrinos, parameterizations of Figure 16.3 are convolved with the normalized
spectral yield given in Figure 7.1 from Ref. [129]. Note that while the yield-spectra from Ref. [129] is used
(i.e. Figure 7.1), the absolute CC rate is taken from Ref. [31] as presented in Table 17.1. See Chapter 7
for more details. Table 17.4 gives the total integrated positron detection efficiency for the diffuse supernova
background neutrinos in the energy range 4 < E5, (MeV) < 23. Itis possible to estimate the total CC detection
efficiency for diffuse supernova electron antineutrinos by combining the neutron detection efficiencies from
Table 17.2 with the total integrated positron detection efficiencies estimated in Table 17.4 via the prescriptions
of Chapter 15. The results are presented in Table 17.4. Recall that the total CC detection efficiency is the sum

of the efficiencies to detect the three possible coincidence types: (e*, n, n), (e*,n), and (n, n).

Table 17.4: Total positron and CC detection efficiencies for diffuse supernova background v,.

Diffuse Supernovav,’s 4 < E;, <23

Phase Analysis
Standard Enlarged
Eo+ % Eo+ %
Pure D,O | 0.64 0.18 | 0.87 0.40
Salt 0.59 0.50 | 0.82 0.88
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Chapter 18

SPONTANEOUS FISSION BACKGROUNDS

18.1 Spontaneously Fissioning Isotopes in SNO

Spontaneous fission of heavy nuclei is a potential background to an electron antineutrino analysis in SNO be-
cause multiple free neutrons are produced in the fission process [211]. The multiplicity of produced neutrons
can mimic the coincidence signal used to identify CC events. Along with the multiple neutrons produced in
the fission process, the fission fragments are generally neutron rich and are in excited nuclear states. Thus the
fission fragments move toward nuclear stability via both beta decay and gamma-ray emission. This chapter
discusses the relevant spontaneously fissioning isotopes and estimates the background to the CC signal.

The smallest nucleus known to spontaneously fission is 2**Th. Furthermore, 233U is the largest, naturally
occurring, nucleus known to spontaneously fission. SNO uses Cf as an encapsulated source of neutrons for
calibration of the SNO detector. Thus, it is important to consider potential contamination from the B2,
20Cf, and **°Cf in the Cf calibration source. The Cf calibration source was deposited from a solution of
252Cf and 2*°Cf at a concentration ratio of [>2Cf]/[?*°Cf] = 36.3/3.2 on January 15, 1998 [91]. Table 18.1
presents the six nuclei considered as potential spontaneous fission backgrounds in the SNO experiment.

For each of the nuclei listed in Table 18.1 the entire decay chains should be considered. In the case of
the Cf source, it is possible to show under reasonable assumptions that the long half-lives of certain nuclei
effectively limit the progression through the complete decay chains. Figures 18.1 & 18.2 show the relevant

portions of the decay chains for the six nuclei listed in Table 18.1

18.1.1 232T7h 25U and 8U in SNO

The uranium and thorium decay chains contain y-decays with energies above the 2.22 MeV threshold energy
for the photo-disintegration reaction d(y,n)p. The neutron liberated in this photo-disintegration reaction is
indistinguishable from a neutron produced by the neutral-current neutrino interaction, vy +d — p + n + vy,
of interest in the solar neutrino studies SNO was designed to address. Thus the SNO Collaboration actively
pursues a monitoring program for the uranium and thorium concentrations in the detector volume.

There are two methods used to monitor the amount of uranium and thorium in the detector, known as the
in-situ and ex-situ measurements. The in-sifu measurements rely upon the Cerenkov light produced by the
decays of 28Tl and 2'“Bi present in the uranium and thorium decay chains. The ex-sifu measurements consist
of three radio-chemical extraction techniques referred to as MnO, [30], HTiO [29], and Rn Assay [147]. Fig-
ure 18.3 shows the published results for the uranium and thorium concentrations in the Pure D, O phase of the
experiment based upon each of these techniques. The Low Energy Background Group gives a recommended
combined in-situ and ex-situ recommended value for the concentrations of U and Th in the heavy water vol-

ume. These results are recorded in Table 18.2 and shown graphically for the Pure D,O phase in Figure 18.3.



Table 18.1: The six nuclei considered as potential spontaneous fission backgrounds to the electron
antineutrino analysis. To avoid confusion with antineutrinos, 7 is used to represent the mean number
of neutrons produced in spontaneous fission (SF) rather than the symbol commonly used, v. Half-
life values and branching fractions come from Ref. [89] while 7 values are cited separately. The 7

value for 23U is a thermal neutron induced multiplicity.

Nucleus Half-Life Note Decay | Branching Product Nucleus
Fraction (%) Mean Neutrons, 7i
22Th | 1.405%x 10"y | 100% natural @ ~100 228Ra
abundance SF 1.8x1077 | 2.14+0.2 [132]
25U | 7.038x10%y | 0.72% natural @ ~100 BITh
abundance SF 7x107° 2.4334 + 0.0036 [132]
28y 4.468 x 10°y | 99.28% natural a ~100 234Th
abundance SF 545x 107 | 2.00+0.02 [132]
29cf 351y Potential @ ~100 25Cm
contaminant SF 44%1077 | 34+04 [132]
20Cf 13.08 y Potential a 99.923 246Cm
contaminant SF 0.077 3.53+0.09 [211]
22Cf 2.645y Potential @ 96.908 28Cm
contaminant SF 3.092 3.7676 = 0.0047 [132]

Table 18.2: Concentrations of U and Th in the Pure D,O and Salt phases.

Concentration g[X]/gD,0
Nucleus Pure D,O [175] Salt [174]
U (17.8:31:2) x 10715 (8.67j§:gi) x 1071
Th (1.61 £0.56) x 1075 (1.64 +0.84) x 10713
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One important point should be noted: in both the in-situ and ex-situ monitoring schemes, there is an

implicit assumption that the nuclear decay chains for uranium and thorium are in secular equilibrium. This

assumption is necessary to translate the actual physical measurements of the amount of daughter products in

the detector back to the amount of uranium and thorium present. One could imagine a worst case scenario

where-by one of the intermediate long-lived daughter nuclei is completely removed from the detector. In this

worst case, the secular equilibrium condition is broken and it is then, in principle, possible to have a much

greater amount of uranium or thorium in the water than the monitoring techniques will assert. However, the

secular equilibrium condition provides the only handle on the uranium and thorium content of the detector
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Figure 18.1: The decay chains for 232Th, 25U, and 28U [89].

heavy water volume at the concentration levels desired.

Expected Number of Spontaneous Fissions from *>*Th, >*>U, and >8U

A general equation relates the number of spontaneous fissions in the D,O volume per year to the concentration

of the particular isotope of interest, X:

oo () L

(100 8] (mx 2)(1.66 x 1027 2EX)Y e

B amu eca’
([X] X )[( X )4.174><1032 M} (18.2)
gD,0/ |\ t12Mx gX

Nspx (18.1)
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Figure 18.2: The decay chains for ?*’Cf, °Cf, and 2>Cf [89].

Here [X] is the concentration of nuclei X in the heavy water detector volume in gX/gD-O, t1,; is the half-

life of nuclei X measured in years, Mx in the mass of nuclei X in amu, and By is the spontaneous fission

branching ratio. Note that [X], the concentration of the isotope X, is usually not the reported quantity. Usually

concentrations are reported for an atomic species, thus the isotopic abundance must also be taken into account.

Table 18.3 gives the result of this calculation for 2*>Th, 23U, and 233U. As only 233U will prove a significant

background to the electron antineutrino analysis, only this nuclei is investigated further in the following

sections.

Table 18.3: The number of spontaneous fissions of 232Th, 23U, and ?*®U calculated from (18.2) and

us

ing values from Table 18.1.
Nuclei | Phase [X] gg—xo Ngg/kt - yr
22Th | D,O | (1.61+0.56)x 1075 | (3.71 £1.29) x 10~°
Salt | (1.64+0.84)x 10715 | (3.78 + 1.94) x 10~
35U | DO | (0.13+0.03)x 1075 | (2.29 +0.53) x 1075
Salt | (0.06+0.02)x 10715 | (1.06 +0.35) x 1075
U | DO | (17.7534]) x 10713 (379074
Salt | (8.61%2)) x 10713 (1.8403¢)
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Figure 18.3: The U and Th concentrations in the Pure D,O phase [10].

18.1.2  Potential Cf Contamination from the Neutron Calibration Source

The californium neutron calibration source is required to meet stringent requires regarding potential contam-
ination of the SNO detector due to release of 2*’Cf or 32Cf into the heavy water. The Cf is deposited onto a
wire and then entirely encapsulated in acrylic. However, if 24°Cf or 22Cf were released into the SNO detector,
the spontaneous fission of these nuclei (or their a-decay progeny) would be a background to the CC signal.
Under the assumption that only Cf atoms were deposited on encapsulated wire when the source was created
(i.e. no progeny products present), then only the first few nuclei in the Cf decay chains are important. The
8500 year, 4730 year, and 3.4 x 10° year half-lives of 2**Cm, ?**Cm, and ?*8Cm effectively inhibit significant
production of nuclei lower in the decay chains. For the purposes of the electron antineutrino analysis, it is
assumed that there is zero contamination of Cf in the SNO detector. However, as an example case, the effect

of introduction of 22Cf into the detector volume is investigated further in the following sections.
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18.2 Spontaneous Fission Products

In the process of spontaneous fission the parent nucleus fissions into two nuclear fragments, multiple neutrons
are released, and de-excitation gammas are present. Furthermore the neutron heavy fission fragments will
move toward a stable state via beta decays with half-lives on the order of seconds to days. The greatest
concern for the electron antineutrino analysis are the prompt neutrons and de-excitation gammas as their time

coincidence will mimic the CC signal.

18.2.1 Neutron Multiplicities of Spontaneous Fission

There is a discrete distribution of neutrons produced during the spontaneous fission process. Table 18.4

presents the probability for a particular neutron multiplicity in the spontaneous fission of 2*¥U and 232Cf.

Table 18.4: The neutron multiplicity probabilities for spontaneous fission of 23U and 232Cf.

|| U [176] 220 [211]
Py [ 0.052 + 0.010 | 0.00197 = 0.00003
Py | 0277 + 0.030 | 0.02447 + 0.00025
P, | 0.366 + 0.035 | 0.1229 = 0.0005
Ps | 0.247 + 0.030 | 0.2707 + 0.0008
Py | 0.050 + 0.010 | 0.3058 = 0.0010
Ps | 0.008 + 0.003 | 0.1884 =+ 0.0007
P 0.0677 = 0.0006
P 0.016 =+ 0.0003
Py 0.0021 =+ 0.0002

18.2.2  Prompt Gamma Emission in Spontaneous Fission

Measurements such as those in Figure 18.4 [212], show that a generic exponential can describe the prompt
gamma-ray flux spectrum per fission. The prompt gamma-rays are produced on a time scale of 107! to 10710
seconds after the fission begins [132]. This time scale is short compared to SNO’s event times, thus we can
consider the prompt gamma emission as a cascade of gamma-rays contained within a single SNO event.

To model this prompt fission, cascade gamma-ray flux spectrum per fission, a Monte Carlo was developed
that generated a set of gamma-rays weighed exponentially, Ae™™* with a total energy distributed around the
measured mean values reported [132], as given in Table 18.5. A minimum gamma energy of 0.25 MeV was
required and no gammas were allowed above 8.0 MeV. For any given spontaneous fission event the total
energy in gammas was chosen from a Gaussian distribution around the measured mean value using a sigma
of 0.5 MeV. This assumed sigma width is the most unreasonable estimate made in this calculation, however
a true, measured distribution’s width is strongly anti-correlated with the number of emitted neutrons [132].
This study does not to take into account the correlation between the number of emitted neutrons and the total

energy left available for gamma emission, thus using the mean total energy in gammas is appropriate. The
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Figure 18.4: Prompt gamma-ray spectra for spontaneous fission. Figure taken from [212].

Table 18.5: The average total energy, average number of prompt gamma-rays, and average single
gamma energy in spontaneous fission. All values from Ref. [132]

Isotope | (3} E,) (MeV) (ny) (Ey) (MeV)
B8y 6.06+0.03 | 636047 | 0.95+0.07
B2Cf 6.95+0.3 798 +0.4 | 0.87+0.02

value A in the exponential was set to 10 in all cases to approximate the measured distributions. The value m
in the exponential was adjusted so that using A, m, and (3 E,) as input parameters for a given nucleus, the
resultant Monte Carlo spectra nearly matched the measured values for (n,) and (E,). Figures 18.5 & 18.6
show the results of the Monte Carlo and the show the agreement achieved using the three input parameters to

generate the gamma spectra with the correct characteristics.
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Figure 18.5: Monte Carlo of the prompt gamma-ray spectrum from spontaneous fission of 23%U.
Comparing the number of entries divided by 10000 and the Mean to the expected values, shows the
agreement achieved between the Monte Carlo and the measured spectrum characteristics.

18.2.3 Beta Decays of Spontaneous Fission Fragments

Fission fragments are generally neutron rich and thus are unstable to beta decay. In considering the beta
decay of these fragments begin by noting that fission usually produces two initial fragments. Thus there are
generally only two chains of beta decays to consider. Unlike the prompt gamma-rays, the beta decay half-
lives are on the order of microseconds to days and thus are unlikely to overlap within a single SNO event.
Thus each beta decay can be considered separately in determining the efficiency for creating a detected SNO
event. One caveat is that these beta decays are often accompanied by a gamma-ray which will increase the
produced Cerenkov light and thus increase the probability that SNO will register an event. Refs. [81, 194, 114]
give examples of the beta spectrum, however this is currently not dealt with quantitatively. So long as the
(weighted) majority of fission fragments have beta decay half-lives on the order of seconds, the results of this
chapter will remain largely correct. A review of the most likely 233U fission fragments (A=92 and A=143
with ~39% proton content) show this is a qualitatively correct supposition.

18.3 Efficiency to Detect Spontaneous Fission in SNO

The neutron multiplicity distributions of Section 18.2.1 and the sets of gamma-rays generated in the Monte

Carlo of Section 18.2.2 were combined as inputs to the Monte Carlo of the SNO detector. Figure 18.7 shows
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Figure 18.6: Monte Carlo of the prompt gamma-ray spectrum from spontaneous fission of 2>2Cf.
Comparing the number of entries divided by 10000 and the Mean to the expected values, shows the
agreement achieved between the Monte Carlo and the measured spectrum characteristics.

the Ny response of the detector to the gammas from spontaneous fission of 233U and 232Cf. The results of the
Monte Carlo are the fraction of coincidence events detected within the signal region for spontaneous fissions.
Tables 18.6, 18.7, 18.8, & 18.9 show the expected coincidence detection efficiency for 233U and ?>2Cf in the
Pure D, 0 and Salt phases of the SNO experiment.
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Figure 18.7: Monte Carlo response to prompt gamma-rays from spontaneous fission of 233U & 2>2Cf.

Table 18.6: Monte Carlo detection efficiency for 233U spontaneous fission in the Pure D,O phase.
The top table is for the Standard signal region and the bottom table is for the Enlarged signal region.

-
o
~

Gammas

U-238——, «— Cf-252

IH..I....I....

Entries 6918
Integral 6868

10 20

30

40

50

60

70

80 90

100
Nhit

(M@ ] 0 [ 1 [ 2 | 3 [ 4 |
25 ] 0.5538 | 0.3226 | 0.1021 | 0.0201 | 0.0012
30 | 0.5885 | 0.3099 | 0.0865 | 0.0142 | 0.0007
35 | 0.6197 | 0.2941 | 0.0749 | 0.0110 | 0.0001
40 | 0.6598 | 0.2735 | 0.0596 | 0.0068 | 0.0001
45 | 0.7197 | 0.2360 | 0.0409 | 0.0032 | 0
25 | 05183 | 0.3431 | 0.1151 | 0.0214 | 0.0019
30 | 0.5566 | 0.3280 | 0.0979 | 0.0157 | 0.0016
35 | 0.6005 | 0.3090 | 0.0790 | 0.0107 | 0.0006
40 | 0.6650 | 0.2721 | 0.0566 | 0.0059 | 0.0002
45 | 0.7441 | 0.2219 | 0.0315 | 0.0022 | 0.0001
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Table 18.7: Monte Carlo detection efficiency for 2>Cf spontaneous fission in the Pure D,O phase.
The top table is for the Standard signal region and the bottom table is for the Enlarged signal region.

(M@ ] 0 [ U [ 2 | 3 | 4 [ 5 [ 6 |
25 0.3930 | 0.3347 | 0.1809 | 0.0731 | 0.0152 | 0.0022 | 0.0007
30 0.4155 | 0.3369 | 0.1698 | 0.0630 | 0.0123 | 0.0019 | 0.0004
35 0.4418 | 0.3325 | 0.1619 | 0.0527 | 0.0091 | 0.0015 | 0.0003
40 0.4824 | 0.3277 | 0.1430 | 0.0402 | 0.0058 | 0.0005 | 0.0002
45 0.5466 | 0.3181 | 0.1083 | 0.0241 | 0.0025 | 0.0002 0 0

25 0.3385 | 0.3426 | 0.2048 | 0.0870 | 0.0221 | 0.0039 | 0.0008 | 0.0001
30 0.3682 | 0.3438 | 0.1923 | 0.0749 | 0.0171 | 0.0030 | 0.0005 0

35 0.4135 | 0.3425 | 0.1712 | 0.0591 | 0.0114 | 0.0018 | 0.0003 0
40 0.4815 | 0.3337 | 0.1388 | 0.0386 | 0.0063 | 0.0008 | 0.0001 0
45 0.5884 | 0.2989 | 0.0923 | 0.0181 | 0.0019 | 0.0002 0 0

SO O QO

Table 18.8: Monte Carlo detection efficiency for **U spontaneous fission in the Salt phase. The top
table is for the Standard signal region and the bottom table is for the Enlarged signal region.

(M@ ] 0 [ U [ 2 | 3 | 4 [ 5 [ 6 |
25 0.2763 | 0.3420 | 0.2478 | 0.1071 | 0.0234 | 0.0030 | 0.0002
30 0.2910 | 0.3526 | 0.2415 | 0.0963 | 0.0166 | 0.0017 | 0.0001
35 0.3066 | 0.3618 | 0.2333 | 0.0832 | 0.0137 | 0.0011 | 0.0001
40 0.3305 | 0.3708 | 0.2178 | 0.0690 | 0.0110 | 0.0007 0
45 0.3691 | 0.3794 | 0.1928 | 0.0516 | 0.0066 | 0.0003 0

25 0.1457 | 0.3251 | 0.3126 | 0.1687 | 0.0419 | 0.0056 | 0.0002
30 0.1633 | 0.3446 | 0.3078 | 0.1481 | 0.0325 | 0.0034 | 0.0001
35 0.1923 | 0.3635 | 0.2914 | 0.1253 | 0.0251 | 0.0021 | 0.0001
40 0.2335 | 0.3856 | 0.2656 | 0.0976 | 0.0164 | 0.0011 0
45 0.3086 | 0.3982 | 0.2197 | 0.0643 | 0.0083 | 0.0007 0

Table 18.9: Monte Carlo detection efficiency for >>2Cf spontaneous fission in the Salt phase. The
top table is for the Standard signal region and the bottom table is for the Enlarged signal region.

(M@ ] O | U [ 2 [ 3 | 4 [ 5 | 6 | 7 [ 8 |
25 0.1453 | 0.1852 | 0.2317 | 0.2133 | 0.1468 | 0.0567 | 0.0172 | 0.0030 | 0.0006
30 0.1499 | 0.1954 | 0.2354 | 0.2123 | 0.1384 | 0.0515 | 0.0146 | 0.0019 | 0.0004
35 0.1574 | 0.2082 | 0.2413 | 0.2087 | 0.1270 | 0.0436 | 0.0117 | 0.0017 | 0.0002
40 0.1710 | 0.2262 | 0.2519 | 0.1986 | 0.1060 | 0.0372 | 0.0077 | 0.0010 | 0.0002
45 0.1988 | 0.2511 | 0.2629 | 0.1771 | 0.0811 | 0.0239 | 0.0042 | 0.0005 | 0.0002

25 0.0445 | 0.1078 | 0.2036 | 0.2577 | 0.2211 | 0.1156 | 0.0401 | 0.0082 | 0.0012
30 0.0516 | 0.1227 | 0.2185 | 0.2625 | 0.2036 | 0.1021 | 0.0321 | 0.0062 | 0.0005
35 0.0644 | 0.1439 | 0.2400 | 0.2627 | 0.1784 | 0.0832 | 0.0234 | 0.0036 | 0.0002
40 0.0872 | 0.1809 | 0.2672 | 0.2439 | 0.1477 | 0.0588 | 0.0120 | 0.0019 | 0.0002
45 0.1316 | 0.2359 | 0.2855 | 0.2081 | 0.1002 | 0.0317 | 0.0057 | 0.0010 | 0.0001
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Chapter 19

ATMOSPHERIC NEUTRINO INDUCED BACKGROUNDS

19.1 Introduction and Review of Early Calculations

As presented in Chapter 5, cosmic-ray interactions with the Earth’s atmosphere generate neutrinos of the
electron and muon flavors. Furthermore, Super-Kamiokande’s atmospheric neutrino results imply muon neu-
trinos oscillate into tau neutrinos! [104, 105, 103, 106, 101]. Early studies by SNO Collaborators, suggested
the atmospheric neutrino induced background rate was negligible for the primary solar neutrino analysis.
However, the requirements for the electron antineutrino search are at the level of the estimated interaction
rate. Atmospheric neutrino interactions are particularly troubling for the electron antineutrino analysis be-
cause neutral-current scattering events can break apart nuclei leaving free neutrons in the detector without a
Cerenkov signature that can be used to veto the event. This chapter reviews the early calculations and then

presents a more recent and improved treatment of atmospheric neutrino interactions in the SNO detector.

Table 19.1: The calculated quasi-elastic interaction rate in the SNO detector from various flavors of
atmospheric neutrinos as provided by Ref. [97]. The oscillation calculation uses Am? = 3.2 x 1073
eV?2 and sin® 20,mo = 1.

Neutrino Flux Total CC Rate | CC Rate w/ Osc. | Total NC Rate
(m?’yr') | (kt-yp)! (kt-yn™! (kt-yn™!
Ve 4851.8 47.75 47.75 17.42
Ve 4303.2 14.35 14.35 7.25
Vu 9505.19 76.71 51.31 33.78
Vu 9467.2 26.52 17.78 16.15

For the purposes of publication of the SNO Collaboration’s Pure D,0 phase results, a number of efforts
were mounted to determine the expected rate of neutrons generated by atmospheric neutrinos. This work
culminated in Refs. [99, 97] and was largely supported by earlier work [221, 219, 220, 164]. The atmospheric
neutrino, quasi-elastic, interaction rates were determined in Ref. [99] using Bartol Group [7] atmospheric
neutrino fluxes for energy ranges 50 MeV to 10 GeV during the solar maximum (i.e. minimum cosmic ray
flux). Table 19.1 presents the results of these quasi-elastic interaction rate calculations. The deep-inelastic
scattering rate was considered in Refs. [219, 220], however it was not actually taken into account in the final
neutron production rate estimation presented in [99]. In all cases it was reasonably assumed that only neutral-

current processes would contribute untagged neutrons to the primary solar analysis. The conclusion was an

LCPT is considered a good symmetry in this chapter.
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expectation of 5.4 + 1.0 neutrons / year that will be detected and are thus a background to the SNO solar
neutrino analysis.

The efforts described above, unfortunately, lacked two important pieces, making an extension to a calcula-
tion of the expected background to the electron antineutrino analysis difficult. First, resonant, deep-inelastic,
coherent, diffractive, and elastic scattering processes are ignored. These processes will produce a multiplicity
of particles - the main concern for the electron antineutrino analysis. Second, knowledge of the final out-going
particle states were not known. Knowing the distribution and energies of the product particles produced by
an atmospheric neutrino interaction would allow simulation of the product particles in the SNO Monte Carlo

program.

19.2 NUANCE and SNO’s Monte Carlo Extension

The use of a public neutrino interaction generator called NUANCE [70], allows for the simulation of all
atmospheric neutrino (quasi-elastic, resonance, deep-inelastic, coherent, diffractive, and elastic scattering)
interactions and supplies the final particle states. The final particle states are essential to modeling the SNO
detector’s response and detection efficiencies using the SNO Monte Carlo program. NUANCE will simulate

neutrino interactions from 50 MeV to several TeV.

19.2.1 NUANCE Input Parameters and Output Results

J. Formaggio and N. S. Oblath have been primarily responsible for implementing NUANCE with a SNO
detector geometry. The input parameter information provided in this subsection is presented because future
refinements of the method are expected. Further details on these parameters can be found in Ref. [98].
Table 19.2 provides the values used for the adjustable input parameters and the description of the target
detector in the NUANCE neutrino simulator. The 850 cm radius is the entire region inside the array of
photomultiplier tubes.

Provided with a target detector description, the NUANCE neutrino interaction simulator calculates the
interaction rates and branching fractions for final states. The output consists of a record of all the neutrino
interactions present and, most importantly, a list of all the particles present in the final state including indi-
vidual particles with energies. Figure 19.1 displays the raw NUANCE multiplicities. Figure 19.1 shows that
the vast majority of NUANCE events are best described as an out-going lepton plus other particles. The other
particles are usually a single nucleon, a single gamma, and/or multiple pions. Pions are the reason for large
multiplicities in the raw NUANCE output.

19.2.2  SNO Monte Carlo of NUANCE Events

The particle list generated for each NUANCE event was input into the SNO Monte Carlo. This allowed for
the determination of the efficiency for detecting NUANCE events as either single or coincidence events. The
FLUKA hadron package, implemented in the SNO Monte Carlo, handles free nucleon interactions for neutron
and proton kinetic energies above 20 MeV. Additionally, this Monte Carlo will handle pion propagation, pion
spallation, pion decay, muon propagation, muon spallation, muon decay, and negative muon capture. The

processes specifically high-lighted above are the major processes of concern in a full atmospheric neutrino
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Table 19.2: NUANCE input parameters used for atmospheric neutrino simulation and the description
of the target SNO detector.

| Physics Parameter | Setting |
Vector & Axial Mass 0.84 GeV/c? & 1.03 GeV/c?
Atmospheric Flux < 10 GeV | 1998 Bartol Group at Sudbury
Atmospheric Flux > 10 GeV | 1996 Bartol Group at Sudbury
Energy Range 50 MeV to 200 GeV
Oscillation Parameters
6m%2 6m§2 CcP 5107 3x1073 0
912 923 913 v/ / 4 T / 4 0
| Detector Parameter | Setting |
Size 850 cm radius sphere
Depth Underground 2 km
Materials D, 0, Acrylic (C,03H,), H,O
Fermi Momentum 225 MeV/c (O & C only)
Binding Energy 27 MeV/c (O & C only)

- 5 I . . = - -
é 10 | Raw NUANCE Multiplicity | i |In each integer bin:
: : : : : : : : : : o
2 10 S L T s 2, £
] c =
Sgca ¢
103 - o
P26 3
10° : : :

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Multiplicity

Figure 19.1: Raw NUANCE multiplicities for atmospheric neutrino interactions. The “Total” distri-
bution will always include one out-going lepton and at least one other particle, hence the apparent
+2 shift right.

simulation. Figures 19.2 & 19.3 present the SNO detector’s Ny;; response to the particles produced by the
NUANCE simulations.

Table 19.3 details the SNO Monte Carlo processing. There are five categories of Monte Carlo failure.
To understand the nature of the failures and to account for the failures in the calculation of the electron
antineutrino background each failure mode is reviewed and addressed.

The store full error is a over-flow of the (FORTRAN) Monte Carlo program’s allocated memory. It
is expected that this failure mode is correlated with large numbers of particles and photons needing to be

propagated. Thus store fulls are expected to have a correlation with high-energy neutrinos. There are a
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N.i: response to 1st particle
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Figure 19.2: The Ny response to the first particle from a atmospheric neutrino interaction. The 100
year sample was for atmospheric neutrino interactions inside a radius of 850 cm. The reduced Ny
response for the Salt phase is due to a known reduction from aging equipment and material in the
water.

Table 19.3: Breakdown of Monte Carlo errors and output. The a priori cut eliminates NUANCE
events prior to simulation in the SNO Monte Carlo based upon particular particles and their energies
in the given events. See the detailed text in Section 19.2.2.

| Events | Pure D,O Salt |
Total NUANCE 45628 45628
Store full 183 7 g sp L
Fatal geometry - Point outside region 165—— 0 154 —— 0
Fatal geometry - PMT tracking 472 —— 88 373 —— 86
Fatal geometry - Error in primitive routine 6—— 3 2—— 1
Successful 44802 45047

number of geometry failure modes. Geometry errors are due to particles finding “holes” in the detector
geometry descriptions, causing the event to fail. The exemplar of these failure modes is a single Cerenkov
photon finding a “hole” in the geometry of the photomultiplier tube support structure which is composed

of many (inhomogeneous) parts. For this reason, geometry errors are expected to be independent of the
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Niit response to 2nd, 3rd, ... particles
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Figure 19.3: Ny; response to the second and later particles from a atmospheric neutrino interaction.
See Figure 19.2 for details. Note one can see the effect on the neutron capture from the addition of
salt.

NUANCE event that is input. However, there is a caveat. An event with 6000 Cerenkov photons is less likely
to fail due to a geometry error than an event having 6,000,000 Cerenkov photons simply because the former

has fewer photons that could potentially find a “hole” in the geometry description.

A Priori Elimination of NUANCE Events as Background Contributors

The difficulty in correctly simulating NUANCE events in the SNO Monte Carlo has motivated a set of stud-
ies aimed at circumventing complete reliance on the Monte Carlo program. Specifically, for the electron
antineutrino analysis, a requirement that no event with greater than 150 Ny, appear before an CC candidate
coincidence (Section 14.1). This upper limit on the Ny;; value is based upon knowledge that positrons pro-
duced by CC reactions of electron antineutrinos in the *B energy range (< 15 MeV), will all fall below this
Nhit value. It then becomes obvious that positrons (or electrons) above, say, 50 MeV will always be above
this upper limit on the Npi;. The same is true for gamma-rays. To extend this rational to other particles, two
studies were made. The first study simulated 15,000, negative muons with energies of 500 MeV and produced
inside a radius of 800 cm. This study showed that only 43 negative muons had a Ny;; value less than 150. Of
these 43 negative muons, 2 were generated at a radius ~660 cm while the remaining 41 negative muons were
all generated at a radius greater than 720 cm. Thus, it is concluded that, to good approximation, NUANCE

events containing a charged muon at or above 500 MeV can a priori be eliminated from contributing to any
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background to the electron antineutrino analysis. The second study simulated 6000, neutral pions, 7°, with
energies of 500 MeV and produced inside a radius of 800 cm. This study showed that only 29 neutral pions
had a Ny value less than 150. These 29 pions were all generated at a radius greater than 720 cm. Thus, it
is concluded that, to good approximation, NUANCE events containing a neutral pion at or above 500 MeV
can a priori be eliminated from contributing to any background to the electron antineutrino analysis. In both
studies, the number of simulated particles was chosen to approximately equal the total number of that type
of particle in the 100 year NUANCE event sample. Table 19.4 summarizes particles and energy thresholds
that, if present in a NUANCE event, will eliminate the event as a potential background contributor to the

electron antineutrino analysis. A cautionary note: charged pions do not appear to be candidates for this sort

Table 19.4: A priori elimination of atmospheric neutrino events as background contributors to the
electron antineutrino analysis. A NUANCE event containing one of the following can be assumed
to not contribute to the background of the electron antineutrino analysis.

Particle(s) Energy (MeV)
e e* > 50
0% > 50
wout > 500
a° > 500

of a priori elimination. Small sample studies indicate charged pions can regularly appear below the 150 Np;
upper limit. It is speculated that strong interactions of charged pions with nuclei accounts for this and that the
Nhit signature of neutral pions is due to their decay to gammas. In the future, this a priori elimination may
be used to lessen the Monte Carlo over-head, but in this analysis it is only used to address the Monte Carlo
failure modes. Another a priori way to eliminate failure modes is recognizing that failures increase as the
simulated particles are located close to the photomultiplier tube support structure. Near the support structure,
the events are located in the light water that surrounds the acrylic vessel. Studies have shown that 19 MeV
neutrons produced in the light water travel no further than 10 - 20 cm before capturing on protons. Thus it is
expected that NUANCE events occurring outside a radius of 650 cm will rarely contribute to the background
of an electron antineutrino analysis. This expectation is confirmed by the results presented in Section 19.2.3.
Thus one can consider limiting the fiducial volume simulated in atmospheric neutrino studies. In the present
case, this additional a priori radial requirement eliminates Monte Carlo failures occurring outside a radius
of 650 cm. The affect of these a priori requirements on the NUANCE and SNO Monte Carlo simulations is
presented in Table 19.3.

19.2.3  Results: Backgrounds to the CC Signal

From the fully processed NUANCE events, the Standard and Enlarged analysis cuts developed in Chap-
ters 11 — 14 are applied and coincidences are extracted. The results are presented in Tables 19.5 & 19.6. The
background to the electron antineutrino analysis is given by dividing the entries in the summary tables by 100

years and multiplying by the live fraction of a year for each analysis phase.



Table 19.5: CC backgrounds in the Pure D,O phase from 100 years of atmospheric neutrino
interactions. The particle heading is the primary out-going lepton from the NUANCE interac-
tion. Thus, charged leptons indicate charged-current interactions and neutrinos indicate neutral-
current interactions. All numbers are reported as the number of events inside the acrylic ves-
sel plus the number of events outside the acrylic vessel but within 250 cm of the acrylic vessel,
Ni<600 cm) + N600 cm)<r<850 cmy- The “S” and “E” headings stand for the Standard and Enlarged

analyses. The results are given as a function of the multiplicity, M.

T

e e Ve Ve
5793+1493 1643+513 2060+3221 815+1226
M S E S E S E S E
1 1+0 1+0 427+2 727440 | 110+2 207+16
2 18+0 82+0 9+0 1940
3 4+0 18+0 2+0 8+0
4 1+0
5
>5
W u Vi Vi
7320+2366 2475+889 2886+4627 1309+2019
M S E S E S E S E
1 61+2 92+5 | 843 1445 | 422+9 713+53 | 197+5 321423
2 3+1 6+1 1+0 25+0 75+0 20+0  46+1
3 2+0 1+0 4+0 14+0 2+0 13+0
4 4+0 1+0
5 0+0 1+0
>5 1+0
T Tt Ve Vr
44+67 22+32 1267+2044 5944903
M S E S E S E S E
1 192+2  318+17 91+2 146+13
2 14+0 4140 6+0 20+1
3 1+0 6+0 2+0 3+0
4 1+0 1+0
5
5>
Charged Currents Neutral Currents Total
17297+5360 8931+14040 26228+19400
M S E S E S E
1 70+5 107+10 1329+22  2225+162 | 1399+27 2332+172
2 3+1 7+1 83+0 264+2 86+1 27143
3 3+0 13+0 54+0 13+0 57+0
4 8+0 8+0
5 1+0 1+0
>5 1+0 1+0

121
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Table 19.6: CC backgrounds in the Salt phase from 100 years of atmospheric neutrino interactions.
See Table 19.5 for the table definitions.

e et Ve Ve
579341493 16434513 2060+3221 815+1226
M S E S E S E S E
1 1+0 1+0 240 240 | 333+14 559+54 | 125+5 206+23
2 1+0 52+1 118+5 19+0 5240
3 1540 36+1 9+0 1940
4 1+0 6+0 1+0 3+1
5 240 440 1+0 0+0
>5 240 1+0
e u Yu Vu
7320+2366 2475+889 2886+4627 1309+2019
M S E S E S E S E
1 83+2 121410 | 22+3 27+6 | 408+11 697+66 | 196+9 293+28
2 16+0 2740 340 11+1 87+0 176+9 54+0  96+3
3 0+0 7+0 1+0 1+0 14+0 63+2 10+0 33+0
4 1+0 5+0 5+0 16+0 2+0 16+0
5 0+0 2+0 1+0 3+0
>5 1+0 440 2+0
T " Vi Ve
44+67 22432 1267+2044 594+903
M S E S E S E S E
1 204+12 325431 | 107+1 159+15
2 38+0 86+3 20+0  50+1
3 13+0 3040 7+0 1840
4 2+0 10+0 1+0 6+0
5 3+0 0+1 1+0
>5 1+0 1+1
Charged Currents Neutral Currents Total
17297+5360 8931+14040 26228+19400
M S E S E S E
1 108+5 151+16 | 1373+52 2239+217 | 1481+57 2390+233
2 19+0  39+1 270+1 578+21 289+1 617+22
3 1+0 8+0 68+0 199+3 69+0 207+3
4 1+0 5+0 1240 57+1 1340 62+1
5 4+1 13+0 4+1 13+0
>5 1+0 11+1 1+0 11+1

Corrections and Systematic Errors

Section 19.2.2 discusses failure modes of the SNO Monte Carlo in simulating NUANCE events. The re-
sults given in Tables 19.5 & 19.6 must be corrected for these simulation related failures. As discussed in

Section 19.2.2, those failures arising from erros in the geometry are not expected to be biased to any class
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of events. Thus the remaining 91 (D,0) and 87 (Salt) Monte Carlo failures are treated as background con-
tributors in the same proportion as the succesful events. The contribution is, however, only in the positive
direction. Thus a one sided (positive) uncertainty is assigned, 0 fii = Npait X Npkgrd /Nsuccessful- 1t Will turn out
this is negligible in comparison to the atmospheric neutrino flux uncertainty.

N. S. Oblath has studied [168] the affect of varying the NUANCE input parameters on the expected in-
teraction rate of atmospheric neutrinos in the SNO detector. The varied input parameters include neutrino
oscillation parameters (6, Am%z, 653, Am§3), the axial mass, Pauli suppression, resonance uncertainty, and
the total atmospheric neutrino flux. The total flux uncertainty dominates the derived systematic uncertainties
of £27% for charged-current (CC) interactions and +30% for neutral-current (NC) interactions. The uncer-
tainties were treated as independent. To determine the overall systematic error on the results obtained, the CC

and NC event rates are individually varied and added together, rather than adding the errors in quadrature:
Ni 1 = (£0.27)Nee + (+0.30)Nne (19.1)
Table 19.7 presents the estimated CC background counts from 100 years of atmospheric neutrino interactions

taking into account the two uncertainties.

Table 19.7: Estimated CC backgrounds from 100 years of atmospheric neutrino interactions in SNO.

Pure D,O Salt
Standard Enlarged | Standard  Enlarged
Background counts X p(= 3 100 331 359 859
Failure mode systematic +0.2 +0.7 +0.7 +1.6
CC Flux uncertainty +1.1 +3.0 +5.4 +13.0
NC Flux uncertainty +28.8 +96.0 +101.7 +240.3
Results 100+£30 331+99 | 359+107 859 +253




124

Chapter 20

BACKGROUNDS FROM (e, n) REACTIONS

During the construction phase of the SNO experiment the acrylic vessel was exposed to air containing
radon. Radon (**’Rn) decaying via @ emission becomes a negatively charged ion of polonium (>'Po). The
polonium can electrostatically plate out on the acrylic vessel. Once situated on the acrylic vessel, the 2'®Po
will implant in the acrylic upon further decays. The *'8Po rapidly (3, (1,2); = 50 minutes) reaches 2'°Pb,
having a 19.4 year half-life. Two further 8 decays transforms 2!°Pb into 2!°Po. The 5.3 MeV a’s produced by
210pg located on the surfaces of the acrylic vessel are a concern due to the possibility of their initiating (a, 1)
reactions on isotopes of carbon and oxygen.

The chemical composition of the acrylic vessel is (CsHgO,), having a molecular weight of 100.1. It is
assumed that the acrylic is made from naturally abundant carbon, hydrogen and oxygen. Table 20.1 gives the

isotopic content of the acrylic based upon this information.

Table 20.1: Elemental and mass fractions of isotopes in the acrylic vessel.

Isotope Natural Abundance Acrylic Mass
(%) [89] Fraction
2c 98.90(3) 0.5932
BC 1.10(3) 0.0066
150 99.762(15) 0.3189
170 0.038(3) 0.0001
80 0.200(12) 0.0006

20.1 3C(a,n) %0

The '3C (a, n) '°O reaction is of particular concern for the electron antineutrino analysis because 15.5% of
the reactions leave the 'O nucleus in an excited state which can decay by either e*e™ pair emission from a
6.049 MeV state or y emission from a 6.130 MeV state [154]. The Q-values to reach these two excited states
are 5.014 and 5.095, respectively, just below the 5.3 MeV a decay energy of 2!°Po. In Ref. [154] a 2*8Pu
a@ source was used induce the '*C (a, n) '°O reaction. The primary « decay energies of **Pu are 5.499 and
5.455. That work determined a 7:1 ratio of e*e™ pair emission to y emission.

For the primary solar neutrino analysis, the ingress of neutrons from regions and processes external to
the heavy water volume was studied as a background to the NC signal. One of these studies [187] reports

the total neutron rate from the acrylic vessel based upon a combined fit to the known solar neutrino induced
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and background signals. Specifically, a probability density function for neutrons generated near the acrylic
vessel was calculated via Monte Carlo. The magnitude of this probability density was allowed to float in
a combined fit to the solar neutrino signals and other known backgrounds. The results from the Pure D,O
and Salt phase are 39.3 + 50.8*354 and 84.5*33 neutrons inside the published energy and fiducial volumes,
Ref. [187] & [12], respectively. The errors reported for the Pure D,O phase are statistical and systematic,
respectively, while the Salt phase errors combine the statistical and systematic errors.

A second, related study determines the number of neutrons generated from deuteron photo-disintegration
induced by gamma-rays from outside the D,O volume (i.e. acrylic vessel, H,O and PSUP). This analysis
determines a neutron rate by looking at the Cerenkov signature of 8 and 7y radiation in the H,O and from the
acrylic vessel [10, 92] (references for Pure D, O and Salt phases, respectively). The results from the Pure D,O
and Salt phase are 27f§ and 5033 neutrons inside the published energy and fiducial volumes. The neutrons
accounted for by the processes in this second study are subtracted from the total neutron rate determined by
the fit giving 12.3*337 and 34.5%35-). These remaining neutrons are attributed to (e, n) reactions on the acrylic
vessel. Clearly the attribution is not well determined and it may be most responsible to study the (e, n) rate
assuming all the fit “external” neutrons come from (a, n) reactions. Either way, to determine the 3C (a,n) '°0
rate a number of efficiencies are determined and used in combination with information on the acrylic vessel

composition and reaction branching ratios.

20.1.1 A BC (a,n) '°0O Monte Carlo

A Monte Carlo of the 6.049 MeV e*e™ pair emission from the '°O state produced in the *C (a,n) '°0
reaction was developed. It is assumed that these reactions take place on the inner and outer surfaces of
the acrylic vessel. The angle, 6,+.-, between the e*e™ pair directions was generated with a weighting 1 +
€08 (fe+¢-). The e*e™ pair and a neutron were generated at time zero and coincidence detection efficiencies
were determined using the Standard and Enlarged analyses’ cuts for both the Pure D,O and Salt Phases.
It has been noticed [187] that Monte Carlo events generated on or very near the acrylic vessel produce a
significantly reduced simulated Ny; signature. To account for this reduction, a second Monte Carlo of just
e*e” pairs produced at a radius of 500 cm was created. The Ny distribution for the e*e™ pairs at Rgen = 500
cm and Ry, = 600 cm are shown in Figures 20.1 & 20.2, for the Pure D,O and Salt phases respectively.
An average scaling factor of 1.24 is used as a multiplier whenever a calculation relies upon the e*e™ pair’s
Nt value (e.g. coincidence efficiencies). The radial fit positions of the e*e™ pairs and the neutrons are the
dominate factor in determining which events will contribute a coincidence inside the Standard and Enlarged
analyses. The radial fit positions of the e*e™ pairs and the neutrons are shown in Figures 20.3 & 20.4. The
neutron capture time, Figure 20.5, is also slightly reduced in comparison to uniformly distributed neutrons
(Chapters 11 & 16) and could be used as another handle on this background.

The physically interesting quantities determined from this Monte Carlo are listed in Table 20.2. This
includes the efficiencies for detecting a e*e™ pair and neutron as a coincidence in the Standard and Enlarged
analyses. The bottom portion of Table 20.2 presents the single neutron detection efficiencies inside the pub-
lished analysis regions. These single neutron detection efficiencies are used to determine the rate of (a, n)
reactions on the acrylic vessel, assuming one knows the fraction of external neutrons inside the published

analysis regions that are due to (a, n) reactions.
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N, Response to e*e” Pairs in the Pure D,O Phase
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Figure 20.1: Ny response to e*e™ pairs in the Pure D, 0O phase.

Table 20.2: Coincidence detection efficiencies for a e*e™ pair and neutron produced at two radial
positions. The number of significant figures on these results should not be taken as an indication of
accuracy. The statistical errors on the efficiencies are given by o; = (g;(1 + &;)/ 10%)!/2. See the text
for an explanation of the “Neutron” portion of the table.

Pure D,O Salt

M | Standard Enlarged | Standard Enlarged
eie‘l‘ff’n 1 0.02924  0.29440 | 0.05904 0.34916
2 0.00030 0.00954 | 0.00077 0.04435
3 0.00002 0.00026
sg‘fzefﬂ 1 0.01969  0.19467 | 0.03947  0.24049
2 0.00010  0.00361 | 0.00037 0.01684
3 0.00006
Neutrons | Pure D,O  Salt
g}f“er 0.015 0.040
gouter 0.009 0.023

n

20.1.2 Estimate of the 3C (a, n) '°0 Electron Antineutrino Background

The number of single neutrons detected, N9, in the published SNO results from (a, 1) reactions occurring

on the inner and outer edges of the acrylic vessel is
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\ N,; Response to €'e" Pairs in the Salt Phase
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Figure 20.2: Ny response to e*e™ pairs in the Salt phase.
N§ = NEPelmmer 4 Nt g (20.1)
= N (M +5) with Ny = NI = NoUer (20.2)

The simplifying second step is an assumption that the rate of (a, n) reactions is the same on the inner and
outer edges of the acrylic vessel because equal quantities of radon daughters would have implanted on either

side. The number of detected e*e™ pair and neutron coincidences, N has a very similar formula

ete ,n’

Ndet

ete ,n

— N(mn)f(einner 4 gouter ) (20.3)

ete ,n ete ,n
where the factor f accounts for:

e Relative fraction of neutrons from "“C («a, n) as opposed to "*O («a, n).
o Relative fraction of neutrons from *C (a, n) '°0 to the total "’C (a, n).

e Branching ratios to the excited states in '°O from '3C (@, n) '°0 reactions.

In Ref. [188] it is reported that neutron yield from @ bombardment of acrylic is Yyeryiic = 0.512Y¢ +0.249Y¢

and that the neutron yields from @ bombardment of naturally abundant carbon and oxygen are 1.0 x 1077
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Radial Position Fit of " e Pairs at r, = 600 cm l
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Figure 20.3: Radial fit position of e*e™ pairs produced at r = 600 cm.

and 6.0 x 1078 in units of neutrons per a. From this one can deduce that for every 100 neutrons that come
from @ bombardment of acrylic, 77.5 come from reactions with natural carbon and the remainder come from
reactions with natural oxygen. Investigation shows @ reactions with '>C and '®O are unlikely in the case

studied here because

..., the fact that the spins of all nuclei concerned are zero and that at alpha-particle energies
below 8 MeV the competing processes of proton and neutron emission are either excluded or

extremely improbable because of the low available energy. [94]

For this reason it is assumed that 100% of the neutrons produced by @ bombardment of naturally abundant
carbon are due to reactions with '3C. Finally, as already stated, only 15.5% of *C (a,n) '°O leave '°0
in an excited state. Of this 15.5%, the e*e™ pair branch accounts for 7/8 of the decays. Thus the factor
f=0.775%x1.0x0.155x (7/8) = 0.1051 is needed to correctly determine the e*e™ pair rate from the total
(a, n) rate. Combining equations (20.2) & (20.3) gives the e ¢~ pair and neutron coincidence detections based

upon the total number of single neutrons detected in SNO’s published results [10, 12]:

Ndet

ete ,n

(20.4)

gmner + 80uter
8}1nner + eguter

_ det ete ,n ete ,n
- Nn f(

Table 20.3 applies equation (20.4) and determines the number of e e~ pair and neutron coincidences that are

a background to the electron antineutrino analysis. Note that the results of Table 20.3 assume that all neutrons
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Radial Position Fit of Neutrons Produced at r 4,= 600 cm
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Figure 20.4: Radial fit position of neutrons produced at r = 600 cm.

Table 20.3: Backgrounds from '*C (a, n) '°0 assuming all “external” neutrons reported in SNO’s
published papers are due to (@, n) reactions.

| Expected e*e” Pair and Neutron Coincidences |

Phase Standard Enlarged
Pure D,O | 0.07 +0.10 23+34
Salt 0.16 £ 0.07 87+35

attributed to the acrylic vessel and H,O in the published results are due to (a, n) reactions. This assumption
is a worst case scenario since it is expected that there are single neutrons generated just inside the acrylic
vessel via photo-disintegration of deuterons. If one were to use the number of neutrons after the “external”
photo-disintegration neutrons have been subtracted off, the results of Table 20.3 become those of Table 20.4.

20.2 'M180 (@,n) *'Ne

This (@, n) reaction should also represent a background to the electron antineutrino analysis in exactly the
same way as the '3C (a,n) '°O reaction, studied in Section 20.1. However only 22.5% of the neutrons
produced by @ bombardment of acrylic are due to naturally abundant oxygen. This fact would reduce equa-
tion’s (20.3) factor f by a factor of 0.225/0.775~0.3 in an analogous calculation. The (mass) ratio of 80
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Neutron Capture Time for Neutrons Produced at r 4, = 600 cm
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Figure 20.5: Capture time for neutrons produced at r = 600 cm.

Table 20.4: Backgrounds from '3C (a@,n) 'O after subtraction of neutron attributed to photo-
disintegration of deuterons by acrylic vessel activity.

| Expected e*e™ Pair and Neutron Coincidences |

Phase Standard Enlarged
Pure D,O | 0.02 £0.10 0.71 £3.40
Salt 0.07 £ 0.07 3.54 +£4.00

to 70 is 5.3 and the product state of the '*O (@, n) > Ne reaction is a lower energy state. One reason these
reactions may not contribute is that the excited states of 2’Ne & 2'Ne are closer to the ground state than in
160. This may imply the de-excitation gammas are below SNO’s detection threshold. Clearly, this reaction
has not been studied closely in the context of the electron antineutrino analysis, though it could contribute to

the background.
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Chapter 21

SECONDARY NEUTRONS

21.1 Secondary Neutrons

Free neutrons in the SNO detector are measured in the Pure D,O and Salt phases by their capture on nuclei
which de-excite by gamma emission. The emitted gammas predominately Compton scatter atomic electrons
producing the Cerenkov photons detected by the photomultiplier tubes. However, the de-excitation gammas
may also photo-disintegrate deuterons (2.2 MeV binding energy). The secondary neutron produced by the
photo-disintegration can capture creating a second Cerenkov signal in the photomultiplier tubes. In the Pure

D, 0 phase, this process is represented schematically (reactants are placed in square brackets):

—> Cerenkov radiation

[n + d] - y + 1 eéomplon
) T
['}’ + 6‘;tomic] - '}’/ + eéomplon
)
ly + d — n + d
8
[n + d] — Yy +

I

The gamma-ray produced by neutron capture on deuterons has 6.25 MeV of energy. In the Salt phase, the
primary neutron capture target is >>Cl. Thus the sequence of secondary neutron production is the same as
above with the replacement of deuteron’s by **Cl. Neutron capture on **Cl produces a 8.6 MeV cascade of de-
excitation gamma-rays. The higher energy and multiplicity of photons increases the frequency of secondary
neutron production in the Salt phase. One important point, relevant to both phases of the experiment, is that in
the cases where a gamma photo-disintegrates a deuteron, 2.2 MeV is absorbed and is not available to generate
the full Cerenkov signal otherwise expected. Thus, it is expected that the first Cerenkov event will have a

significantly reduced detector response. This reduced response is presented in Figures 21.1 & 21.2.

21.1.1 Secondary Neutrons in the Pure D,0O Phase

For the Pure D,0, 10% gammas of 6.25 MeV were simulated uniformly throughout the heavy water region.
There were 4294 secondary neutrons generated by photo-disintegration. Table 21.1 shows the efficiency for
detecting these 4294 neutrons in coincidence with the initial gamma-ray.

To calculate the number of coincidences in the data set used, the total neutron generation rate inside the

D,0 volume is needed. This neutron generation rate is dominated by the solar neutrino NC reaction, v, +d —
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Figure 21.1: Monte Carlo of the Ny; response to 6.25 MeV gamma-rays from neutron capture on
deuterons. The smaller curve is cases where a deuteron is photo-disintegrated by the gamma-ray.

Table 21.1: Secondary neutrons in the Pure D,O phase and Salt phases. The efficiency, €,,, for
detecting a coincidence from secondary neutron production is given as a function of Ny;(0). N, , is
the number of coincidences in the Pure D, O data set due to secondary neutron production.

D,0 Standard Region Enlarged Region
Niit(0) | €, X 100 N, , in Data Set | €,, X 100 N, , in Data Set
25 82 0.37 +£0.03 68 0.31 +0.02
30 43 0.20+0.02 34 0.12+0.01
35 19 0.086 = 0.007 10 0.045 = 0.004

40 6 0.027 +£0.002 0 -

45 0 - 0 -
Salt Standard Region Enlarged Region

Niit(0) | €, X 10° N, , in Data Set | €,, X 10° N, , in Data Set

25 146 52+04 132 47+0.3

30 97 35+03 78 2.8+0.2

35 56 2.0+0.1 39 1.4+0.1

40 27 0.97 +0.07 16 0.57 +£0.04
45 12 0.43 +0.03 6 0.21 +£0.02
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Figure 21.2: Monte Carlo of the Ny; response to the 8.6 MeV gamma cascade from neutron capture
on ¥CI. The smaller curve is cases where a deuteron is photo-disintegrated by the cascade.

n + p, with additional neutrons coming from radioactive elements in the detector materials. To estimate the

+49.5
-48.9

NC events (from a statistical separation) and 78 + 12 background neutrons. The neutron detection efficiency

neutron generation rate, the results from the SNO solar neutrino analysis are used [10]. SNO reports 576.5

quoted is g, = 0.144. Combining these results, the estimated number of neutrons generated inside the D,O
volume is N, = 4545323. The number of coincidences expected is then given by N, , = ¢,,N, and is

presented in Table 21.1.

21.1.2 Secondary Neutrons in the Salt Phase

For the salt phase, 10° gamma cascades from neutron capture on *>Cl were simulated uniformly throughout
the heavy water region. There were 717 secondary neutrons generated by photo-disintegration. Table 21.1
shows the efficiency for detecting these 717 neutrons in coincidence with the initial gamma cascade. The
estimated total neutron rate is once again calculated from SNO’s published results [12]. SNO reports, from
a statistical separation, 1345.1fgg:g NC events and 84.55“33_46'5 background neutrons. The neutron detection
efficiency quoted is £, = 0.399+0.0198. Combining these results, the estimated number of neutrons generated
inside the D,O volume is N,, = 358332‘2‘. The number of coincidences expected is then given by N, ,, = €,,N,,
and is presented in Table 21.1. Note there were 3 cases of (y,y,n) (i.e. tertiary neutrons) in the 10° Monte

Carlo.
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Chapter 22

OTHER BACKGROUNDS

22.1 “Sacrifice and Contamination”

The terminology of “sacrifice and contamination” has a particular meaning in SNO analyses. Sacrifice is the
loss of signal events due to the application of the instrumental background cuts described in Appendix B.
Contamination is the appearance of instrumental events in the data sample due the an inefficiency of the same
instrumental cuts. This discussion of sacrifice and contamination is implicitly referring to single SNO events.
The signal in the electron antineutrino analysis is coincidences of single SNO events. This is an important
distinction in what follows.

Sacrifice of single SNO events is as much of a concern for the electron antineutrino analysis as it is for the
primary solar neutrino analysis. To this end sacrifice of single events was studied and shown to be less than
1% for instrumental cuts [157]. Since the CC interaction produces three detectable particles, the sacrifice of
coincidences will be even less than this 1%. In the same study, the contamination was also found to be less
than 1%. Contamination of single events is not a problem for the electron antineutrino analysis because these
contaminating events contribute to the accidental coincidence rate which was measured in Chapter 13. The
remaining category is instrumental contaminating coincidences. For this sort of contamination to occur the

less than 1% of contaminating single events must also be correlated in time so as mimic the CC time structure.

22.2 Yet More Minor Backgrounds

The SNO Antineutrino Unified Document [139], addresses a number of minor backgrounds which this anal-
ysis will rely upon as demonstrating they are not a concern. These backgrounds are specific U and Th chain

decays.

214Bj: B — vy where the S gives a prompt Cerenkov signal and the y photo-disintegrates a deuteron.
210T1: B — n where the 8 gives a prompt Cerenkov signal followed by neutron capture.

203T]: 8- where the 3 gives a prompt Cerenkov signal and the y photo-disintegrates a deuteron.

Table 22.1 presents the expected number of coincidences as determined in the Antineutrino Unified Document
for a energy and fiducial volume analysis equivalent to the Standard analysis of this dissertation in the Pure
D, 0 phase. Each of these backgrounds is intrinsic to the heavy water volume and thus scales with the volume.

These processes are primarily dependent on rates rather than on energy threshold.
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Table 22.1: Other backgrounds taken from the Antineutrino Unified Document [139]. The number

of coincidences is determine for a energy and fiducial volume analysis equivalent to the Standard
analysis of this dissertation in the Pure D,0O phase.

Process Number of Coincidences
Pure D,0O (Standard)

24Bi: -y 7.6x 1073

20T: B—n ~1078

28T g—y 8.7x 107

22.3 A List of Other Potential Backgrounds Not Yet Addressed

The following is a list of backgrounds that have never been addressed, as far as the author knows.

e 1~ +d — v, +n+nin Reference [202]. Only possible for a small class muons that enter or are produced
in the detector below Cerenkov threshold.

o i +%0 - Vyt+n+ ISN* where the '’N* de-excites via a gamma-ray of approximately what energy?
This would be in the same small class of below Cerenkov threshold muons as the previous item.
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Part IV

Electron Antineutrino Analysis
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Chapter 23

CANDIDATE CC EVENT SELECTION

23.1 Data Sets Used

A data set is defined as those data taking runs which were selected for solar neutrino analysis. Such runs are
deemed to be of the highest quality and thus acceptable for physics analysis. The data sets used in this electron
antineutrino analysis correspond to the same data as presented in the Pure D,O phase result of Ref. [10] and
the initial Salt phase result of Ref. [12]. The analysis cuts developed in Chapters 11 — 14 are applied to
these data sets to extract the candidate coincidences. In fact, all coincidences are extracted and presented
in this chapter. Based upon the Monte Carlo of Chapter 19 it is expected that coincidences of greater than
three events will be found in the data sets. The technical details of how the data was processed, composed,

manipulated, etc. is presented in Appendix A along with complete lists of runs used.

23.2 Extracting Candidate CC Coincidences

It is worth noting that up until this point, the raw data need not have been inspected for candidate CC co-
incidences. This shows that ~90% of the effort put forth for an electron antineutrino analysis is developing
sensible analysis cuts and understanding the backgrounds.

23.2.1 Candidate CC Coincidences in the Pure DO Phase

Table 23.1 presents the candidate coincidences for the Pure D, 0 phase. There are eight distinct coincidences
found. Upon visually inspecting these coincidences and the events occurring before them, it was determined
that two coincidences were caused by processes other than a possible CC interaction. The first of these is part
of a “Flat TAC” episode. Flat TAC (time-to-analog converter) refers to a uniform distribution of PMT pulses
in time. Real Cerenkov events have sharply peaked PMT time distributions in the tens of nanoseconds rather
than spread out (flat) across the entire event’s 480 nanoseconds. The appearance of this coincidence in the
candidate set demonstrates the selection criterion do not eliminate all instrumental backgrounds. The second
visually rejected coincidence is assumed to be trailing events from a high energy muon passing through the
detector 1.3 seconds prior to the coincidence. Of the remaining six coincidences there are three 2-fold, two
3-fold, and one 4-fold coincidences. The atmospheric neutrino studies of Chapter 19 predict 4-fold and higher
coincidences to be detected. Thus the single 4-fold coincidence is dropped from consideration in the electron
antineutrino analysis (CC interactions only make three detectable particles). This leaves five (5) candidate
CC coincidences in the Pure D,O data set for the Enlarged analysis. Upon careful examination of Table 23.1,
one will determine there are three (3) candidate coincidences in the Standard analysis. Those coincidences

satisfying the Standard analysis criterion are listed in short in Table 23.2.
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Table 23.1: Pure D,O phase, Enlarged region electron antineutrino candidate coincidences.
UTC Date Run GTID | Myt Rse ITR 0;; At Ar Artolast...

& Time (cm) (ms) | (cm) (s)
1999/11/16 | 101421161995 | 37 276 | 0.71 1.10 0 0 Npic > 100 -130
09:16:59 1161996 | 35 403 | 0.76 1.10 | 67.3 | 130 | OWL trig. -85
1999/11/16 | 10142 1406278 | 103 106 | 0.73 0.65 0 0 -

13:02:23 1406296 | 147 231 | 0.64 0.81 1.6 | 330 | -

The above events are part of a Flat TAC episode.

2000/01/28 | 10946 299486 | 70 596 | 0.78 1.12 0 0 -

05:59:22 299491 | 48 536 | 0.78 1.10 | 184.2 | 447 | -

The above events follow a highly energetic muon at Ar = —1.3 s. Many, multiple rings seen.

2000/06/30 | 12167 806727 | 83 283 | 0.64 1.35 0 0 Npi > 100 -86
14:43:02 806729 | 49 472 | 0.73 1.11 16.7 | 206 | OWL trig. -802
806730 | 49 349 | 076 1.10 | 203 | 118
2000/07/06 | 121833084974 | 46 167 | 0.70 1.13 0 0 Npi > 100 -51
12:49:41 3084977 | 40 499 | 0.67 0.89 | 74.6 | 522 | OWL trig. -977
2000/07/20 | 122332648588 | 51 458 | 0.73 1.20 0 0 Npit > 100 -179
10:54:13 2648590 | 47 245 | 0.70 1.23 | 32.6 | 340 | OWL trig. -336
2000/11/24 | 14177 299927 | 54 430 | 0.70 1.27 0 0 Npit > 100 -148
09:19:39 299928 | 37 422 | 0.82 1.13 | 84.1 | 236 | OWL trig. -161
299929 | 59 506 | 0.81 096 | 889 | 8l
2001/04/30 | 157991133443 | 41 364 | 0.79 1.08 0 0 Npit > 100 -852
06:40:25 1133444 | 39 376 | 0.70 1.21 6.4 | 193 | OWL trig. -3959
1133446 | 63 194 | 0.73 098 | 269 | 414
1133450 | 53 520 | 0.73 1.25| 127.9 | 293

Table 23.2: Short list of Pure D,O phase, Standard region CC candidate coincidences.

Run GTID Run GTID Run GTID
12167 806727 || 12233 2648588 || 14177 299927
806729 2648590 299929

806730

23.2.2 Candidate CC Events in the Salt Phase

Tables 23.3 & 23.4 present the twenty-five (25) candidate coincidences found in the Salt phase. Of these, one
coincidence (run 26551) is rejected as a result of visual inspection showing it is composed of instrumental
background events. The other commented coincidence (run 26066) is retained as it is unlikely a coincidence
is produced by a high-energy event (of any sort) 27 seconds prior. Upon visual inspection two coincidences
were found to have additional events. In both cases (runs 26609 and 26857) the additional event failed a

cut criterion but appeared, visually, as a true Cerenkov physics event. In both cases these additional events
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Table 23.3: Salt phase, Enlarged region CC candidate coincidences — 1.

UTC Date Run GTID | Ny Ri | ITR B At Ar Attolast ...
& Time (cm) (ms) | (cm) (s)
2001/09/28 | 21651 781020 | 50 294 | 0.69 0.26 0 0 Npie > 100 -151.1
06:47:17 781021 | 60 311 | 0.75 0.15 0.8 | 21 OWL trig. -4055.4

781022 | 32 429 | 0.69 052 | 28| 172
781023 | 49 396 | 0.69 032 | 9.6 | 105

2001/09/28 | 216511213289 | 53 275 | 0.72 0.41 0 0 Npic > 100 -64.2

13:47:55 1213290 | 56 335 | 0.70 0.74 | 9.0 | 132 | OWL trig. -3967.2
2001/09/29 | 216522249450 | 30 429 | 0.86 0.32 0 0 Npi > 100 -194
06:21:10 2249451 | 50 583 | 0.83 043 | 4.0 | 178 | OWL trig. -882.6
2001/12/03 | 22444 579916 | 44 554 | 0.79 0.39 0 0 Npit > 100 -150.3
01:20:46 579919 | 46 494 | 0.69 034 | 74| 173 | OWL trig. -586.0
2002/01/09 | 22878 1028179 | 35 429 | 0.71 0.51 0 0 Npit > 100 -416.1
12:00:32 1028180 | 56 338 | 0.75 023 | 3.6 | 115 | OWL trig. -770.6
2002/01/18 | 22997 595774 | 59 513 | 0.75 0.11 0 0 Npit > 100 -136.6
05:00:43 595775 | 52 578 | 082 032 | 22| 81 | OWL trig. -1987.9

595776 | 44 461 | 090 0.31 34| 75
2002/01/26 | 23163 711142 | 59 543 | 0.72 0.46 0 0 Npi > 100 -19.5

11:33:33 711143 | 55 567 | 071 037 | 59| 118 | OWL trig. -1680.5
2002/02/21 | 23646 706423 | 45 567 | 0.82 1.22 0 0 Npit > 100 -133.3
14:11:55 706425 | 44 484 | 075 039 | 2.1 | 104 | OWL trig. -335.8
2002/03/07 | 23780 426986 | 51 260 | 0.80 0.50 0 0 Npit > 100 -569.4
07:57:58 426987 | 54 411 | 0.80 0.29 1.8 | 220 | OWL trig. -2584.7
2002/03/09 | 23826 1244632 | 55 579 | 0.85 0.56 0 0 Npit > 100 -104.4
14:13:56 1244633 | 44 528 | 0.81 0.28 8.1 | 160 | OWL trig. -2153.8
2002/03/22 | 239323093065 | 29 262 | 0.67 0.72 0 0 Npit > 100 -226.1
11:33:41 3093066 | 38 331 | 0.73 032 | 23| 461 | OWL trig. -8696.6
2002/03/25 | 23965 1059906 | 51 507 | 0.71 0.38 0 0 Npit > 100 -224.2
17:49:04 1059907 | 38 545 | 075 0.62 | 6.1 | 81 | OWL trig. -2512.0
2002/04/28 | 24520 742402 | 36 350 | 0.82 0.40 0 0 Npit > 100 -183.5
00:53:10 742403 | 57 378 [ 078 0.18 | 42| 93 | OWL trig. -1851.1
2002/05/04 | 24583 1310960 | 65 502 | 0.82 0.00 0 0 Npit > 100 -127.0
14:51:00 1310964 | 47 380 | 0.72 0.71 7.5 | 167 | OWL trig. -1138.1

1310965 | 37 481 | 0.80 0.60 | 8.4 | 42
1310966 | 49 505 | 0.73 0.32 | 155 | 185
2002/05/05 | 24590 870220 | 43 304 | 0.88 0.27 0 0 Npit > 100 -186.1
16:44:16 870221 | 32 220 | 0.76 020 | 5.7 | 117 | OWL trig. -7220.8

are noted in the coincidence tables, but are otherwise not included in further analysis. That is to say, these
coincidences are retained for further consideration but the additional events are ignored.

Of these twenty-four (24) remaining coincidences, four coincidences were 4-fold or higher (runs 21651,
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Table 23.4: Salt phase, Enlarged region CC candidate coincidences — II.

UTC Date Run GTID | Ny Rg | ITR By At Ar Attolast...
& Time (cm) (ms) | (cm) (s)
2002/05/21 | 24888 2086896 | 53 469 | 0.80 0.24 0 0 Nuie > 100 -10928
22:50:43 2086898 | 42 509 | 0.74 0.06 | 152 | 128 | OWL trig. -1456
2002/06/30 | 25965 102996 | 72 509 | 0.81 0.17 0 0 Npie > 100 -185
15:28:21 102997 | 51 534 | 0.71 041 | 13.2 | 75 | OWL trig. -2007
2002/07/09 | 26066 38045 | 48 479 | 0.86 0.47 0 0 Nhie > 100 =27
20:33:05 38046 | 44 494 | 0.75 0.33 3.7 51 OWL trig. < —1641

The preceding Npiy > 100 event was a high-energy ring w/ followers.

2002/08/23 | 26551 105317 | 45 587 | 0.71 0.29 0 0
21:46:13 105319 | 39 492 | 0.79 0.14 | 33.6 | 571

These are instrumental background events.

2002/09/01 | 26609 1777848 | 53 588 | 0.78 0.53 0 0 Nhit > 100 -374

16:44:53 1777849 | 61 OWL trig. -92
1777850 | 52 550 | 0.84 0.48 6.3 | 189

2002/09/13 | 26726 339783 | 34 280 | 0.67 0.42 0 0 Nhpit > 100 -13

09:11:02 339784 | 46 141 | 0.75 039 | 3.1 | 198 | OWL trig. -999

339785 | 41 263 | 0.84 057 | 43| 69
339786 | 59 224 | 074 033 | 53| 210
339787 | 53 154 | 0.72 0.41 8.1 | 214
339788 | 73 474 | 0.77 048 | 11.3 | 241

169243 | 122 -2.8
2002/09/24 | 26857 169244 | 49 566 | 0.79 0.18 0 0 Nhit > 100 -699
01:31:45 169245 | 63 550 [ 0.79 037 | 7.5 | 263 | OWL trig. -19

169246 | 40 518 | 0.72 0.24 | 13.3 | 164
2002/09/24 | 26866 169338 | 61 319 | 0.82 0.36 0 0 Nhpit > 100 -150

22:02:51 169339 | 26 285 | 090 0.15 | 28.9 | 439 | OWL trig. -3088
2002/09/26 | 26881 31944 | 89 567 | 0.71 0.18 0 0 Nhit > 100 -76
02:01:07 31946 | 64 374 | 0.81 048 | 02 | 213 | OWL trig. -1025

31947 | 65 317 | 078 023 | 04 | 256
31948 | 46 535 | 0.77 0.05| 0.8 | 36
31949 | 32 356 | 0.80 0.26 | 2.7 | 272
31950 | 59 318 | 0.84 0.27 | 3.6 | 328
31952 | 56 201 | 0.74 022 | 6.5 | 370
31953 | 50 352 | 0.73 0.16 | 89 | 237
31954 | 50 223 | 0.83 0.21 | 154 | 448
31955 | 57 367 | 0.71 034 | 23.3 | 386

2002/09/26 | 26881 153629 | 51 590 | 0.81 0.28 0 0 Nhpit > 100 -499
04:03:26 153630 | 45 490 | 0.76 0.39 1.3 | 164 | OWL trig. -254

24583, 26726, and 26881). Again it is assumed these high multiplicity coincidences are due to atmospheric

neutrino interactions. Note that these four rejected high multiplicity coincidences do not include the coinci-
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dence in run 26857 which may provide a concrete example of the sort of background that is addressed by the
atmospheric neutrino calculations of Chapter 19. Thus it is finally determined that there are twenty (20) CC
candidate coincidences in the Enlarged analysis of the Salt phase. Careful examination of Tables 23.3 & 23.4
will reveal there are seven (7) CC candidate coincidences for a Standard analysis of the Salt phase. Those

coincidences satisfying the Standard analysis are listed in short in Table 23.5.

Table 23.5: Short list of Salt phase, Standard region CC candidate coincidences.

Run GTID Run GTID Run GTID Run GTID
21651 1213289 || 23780 426986 || 25965 102996 || 26857 169245

1213290 426987 102997 169246
22997 595774 || 24888 2086896 || 26066 38045
595776 2086898 38046

A particularly interesting result is the distribution of radial fit positions of the first event in 2-fold coin-
cidences found in the Salt phase. Recall from Section 20.1 the discussion of the '*C (a, n) 'O background
located at the acrylic vessel. The e*e™ pair emitted from the 6.049 MeV state of '°0 should have a recon-
structed position near the acrylic vessel. Figure 23.1 shows that the initial event of the 2-fold coincidences

are uniformly distributed throughout the detector volume.

R, Position of Initial Event in 2-Fold Salt Coincidences

2 -
Red: Ar > 400 cm

Number
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Figure 23.1: The radial fit position of the first event in 2-fold coincidences during the Salt phase.
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Chapter 24

STATISTICAL TREATMENT AND PHYSICS RESULTS

24.1 The Feldman & Cousins Method

The Feldman & Cousins method of classical (Neyman) confidence belt construction [93], has been adopted
by the Particle Data Group [113] as the recommended method for presenting the results of experiments that
measure small, Poisson event rates with known backgrounds. The results of the electron antineutrino analysis
will rely on this method. It is worth noting that the Feldman & Cousins method presented in [93] does not
incorporate systematic or statistical uncertainties on the estimation of the background. Imagine an example
experiment that reports ng = 0.0 recorded events with an expected background of b = 3.2*152 events. The
Feldman & Cousins method fails to account for the +152.3 error bar and gives the same confidence interval as
a second experiment reporting ny = 0.0 recorded events with an expected background of b = 3.2f8f events.
There are recent attempts [77, 121] to address this and other issues with the Feldman & Cousins method. A
SNO Collaborator, N. McCauley, has developed a stand-alone code [155] implementing the ideas of Feldman
& Cousins with the extensions presented in Refs. [77, 121]. This stand-alone code is used throughout to

determine the confidence intervals reported in this electron antineutrino analysis.

24.1.1 A Lesson on Adhering to Confidence Intervals

In discussing a Poisson process with a known background, Feldman & Cousins make the following point

regarding construction of confidence belt upper limits and confidence intervals:

Although the word “conservative” in this context may be viewed by some as desirable, in fact it
is an undesirable property of a set of confidence intervals. Ideal intervals cover the unknown true
value at exactly the stated confidence: 90% C.L. intervals should fail to contain the true value
10% of the time. If one desires intervals which cover more than 90% of the time, the solution is

not to add conservatism to the intervals, but rather to choose a higher confidence level.

This quotation specifically addresses the integral nature of Poisson statistics. Feldman & Cousins then go on
to note that it is the practicing physicist’s choice whether to construct either the confidence belt upper limit or
a confidence interval. The Feldman & Cousins method provides both the correct coverage and eliminates the
physicist’s choice to use either a confidence belt upper limit or a confidence interval. The physicist’s choice
is eliminated by the Feldman & Cousins method since a confidence belt upper limit or a confidence interval
is now merely a matter of the specific measured count rate and the known background count rate.

There is a broader lesson to learn from this. Strict adherence to the confidence intervals determined by the

method, is crucial to maintaining the meaningfulness of the quoted confidence level. Practically speaking, in
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using the Feldman & Cousins method, one is obligated to quote either a confidence interval or an upper limit

in the case when the lower bound on the confidence interval is identically zero.

24.2 Background Counts

Table 24.1 collects the estimated number of background counts to the electron antineutrino analysis in both
Pure D,O and Salt phases for the Standard and Enlarged analyses this dissertation developed. The results

Table 24.1: Summary of expected background counts in the Pure D,0O and Salt phases.

Source Pure D,O Salt Note
Standard Enlarged | Standard Enlarged

Background Sources of Electron Antineutrinos
Atmospheric < 0.001 < 0.0008 4 < E;, (MeV) <20
Reactor 0.019 0.069 0.148 0.371
Diffuse Supernova Neutrinos 0.005 0.010 0.011 0.019 4 < E5,(MeV) < 23
Total 0.024 0.070 0.159 0.390

Non-Electron Antineutrino Backgrounds
Accidentals 0.057 1.08 0.012 0.608
Spontaneous Fission 0.143 0.367 0.374 0.627
Atmospheric v’s 0.85 2.82 2.54 6.08 E,, > 50 MeV
Secondary neutrons < 0.027 0.12 0.97 4.7
BC(a, (n,e*e)) !0 0.02 0.71 0.07 3.54 | d(y,n)p subtracted
Total 1.07 5.10 3.97 15.56
| Grand Total | 1.09 5.17 | 4.13 15.95 | |

presented in Table 24.1 are correctly adjusted to account for the livetime of the two phases of the experiment:

l‘DZO

live

= 311.41 days and tlsljle‘ = 258.624 days. The upper limits on the number of atmospheric electron
antineutrino induced CC interactions merely accounts for detector livetime and does not include detection
efficiencies.

24.3 Limits on the Solar Electron Antineutrino Flux

A limit is derived as follows. The number of measured coincidences is taken from Section 23.2. Using the
90% confidence level tables in Feldman & Cousins [93]! match the number of measured coincidences (1
rows) and find the range under the appropriate background (b columns). When the lower value is 0.00, the
upper value is then an upper limit. If both values are non-zero, then one is obligated to report a measured
signal in the specific interval. This upper limit or signal range value, L, is the number of events to convert to

a flux value. For example, an upper limit is divided by the total CC detection efficiency, &gc» determined in

I'Since the background does not happen to have integer or half-integer values, a Feldman & Cousins implementation with extensions
was provided by a SNO Collaborator, N. McCauley [155].
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Table 24.2: Uncertainties on the CC background estimates.

Source Pure D,0 Salt Note
Standard Enlarged | Standard Enlarged
Uncertainties on Background Sources of Electron Antineutrinos
Atmospheric < 0.0003 < 0.0002 Ignored
Reactor 0.002 0.007 0.015 0.037 10%
Diffuse Supernova Neutrinos 0.001 0.002 0.002 0.004 Assumed 20%
Uncertainties on Non-Electron Antineutrino Backgrounds
Accidentals 0.006 0.148 0.001 0.018
Spontaneous Fission 0.031 0.080 0.114 0.182
Atmospheric v’s 0.26 0.84 0.76 1.79
Secondary neutrons 0 0.01 0.4 0.3
BC(a, (n,e*e))'°0 0.10 3.40 0.07 4.00
| Total Uncertainty in Quadrature |  0.28 351 | 0.87 440 |

Chapter 16, see Tables 16.1 & 16.2. The value is converted into an equivalent value for one kt - yr using each
phase’s livetime. Finally, this CC per kt - yr value is scaled to a flux using Table 4.4. This is mathematically

]{105 (‘“2)] (24.1)
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where L is the limit or value from the Feldman & Cousins method to be converted to an equivalent electron

antineutrino flux assuming a 3B spectrum, CD??. The application of equation (24.1) is presented in Table 24.3.

Table 24.3: Limits on the flux of solar electron antineutrinos, CD;B.

Pure D,O
Standard Analysis Background | 1.09+0.0 1.09 +£0.28
3 Coincidences | Flux (10*/cm?s) at 90% C.L. <58 <538
Enlarged Analysis Background | 5.17+0.0 5.17+3.51
5 Coincidences | Flux (10*/cm?s) at 90% C.L. <1.8 <24
Salt
Standard Analysis Background | 4.13+0.0 4.13+0.87
7 Coincidences | Flux (10*/cm?s) at 90% C.L. <2.6 < 2.7
Enlarged Analysis Background | 1595+ 0.0 15.95+4.40
20 Coincidences | Flux (10*/cm?s) at 90% C.L. <23 <2.8
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Part V

Conclusion
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Chapter 25

CONCLUDING REMARKS

The results of the search for an electron antineutrino signal in the Sudbury Neutrino Observatory are
presented in Chapter 24, specifically Table 24.3. The present, concluding chapter, has three topics. First, it is
useful to reflect more globally on the strengths and weaknesses of the analysis presented in this dissertation.
Second, I wish to highlight some of the more important original work I have contributed to the Sudbury
Neutrino Observatory experiment. This also provides an opportunity to point out work done not directly
associated with the thesis of this dissertation. Third, I mention the Career Development Organization for
Physicists and Astronomers, an activity I am particularly proud of and do believe is a valuable part of this

process of becoming a practicing, professional physicist.

25.1 Strengths and Weaknesses of the Analysis Presented

The primary thrust of the analysis presented in this dissertation is to show that for a coincidence analysis, such
as the electron antineutrino analysis, SNO can increase the fiducial volume beyond that defined by a Rg; < 550
cm cut. Increasing the fiducial volume to include the entire heavy water volume contained within a radius of
600 cm provides nearly a 30% increase in the target size and volume. Furthermore, this dissertation shows
it is possible to reduce the analysis energy threshold below the level used in SNO’s solar neutrino analyses.
The increased detection efficiency and target exposure gained by these methods is the primary strength of the
analysis presented in this dissertation.

There are additional methodological strengths. Chapters 10, 12, & 13 are effectively presenting a generic
prescription for how to choose a set of energy and fiducial volume cuts. These choices are independent of any
specific reconstruction algorithms or energy estimators. Another strength of this prescription for determining
the energy and fiducial volume selection is that the choices are derived from real detector data. Moreover,
these choices are made in such a way as to avoid allowing the analyzer to become biased by the results of
a search for real coincidence events in the data sample. In other words, by using muon follower data and
averages over the entire data set, one can develop the cuts and criterion for a coincidence search without ever
performing such a search.

This section, however, is really meant to address what is lacking in the analysis presented. The reconstruc-
tion and energy estimators are all well studied inside the R4 < 550 cm cut. One of the reasons why (besides
elevated background counts) the Rg; < 550 cm cut was chosen is that it is known that the reconstruction and
energy estimators behave poorly near the acrylic vessel (i.e. at a radius of 600 cm). This behavior is easy to
understand. Cerenkov light produced very close to the acrylic vessel will have large angles of incidence on
the acrylic. These large angles increase the reflection and refraction of the Cerenkov light thus changing the

mean topology of the PMTs fired in a given event. It is for these reasons that one may be reluctant to accept
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that the large fiducial volume analysis argued for in this dissertation is really an improvement. There are two

responsible replies to this assertion:

1. Yes, the SNO Collaboration needs to show the extent to which the reconstruction and energy estimators

are usable at high radius.

2. In analyses where only a “Yes, it was a Cerenkov event.” or “No, it was not.” distinction is needed, the
requirements for precision and accuracy in event reconstruction and energy estimation are reduced.

Both of these points are open questions which could afford real a quantitative investigation that was not
supplied by this dissertation.

Chapter 10 presented an investigation of muons and muon followers. One area not addressed in Chap-
ter 10 is the sacrifice imposed by the use of Section 10.2.3’s muon cut based upon finding high energy events
appearing in the following 11 microseconds. A high rate of sacrifice of muons (and their followers) is not a
concern for the work presented in Chapter 10 because all that was needed was a high purity sample of spal-
lation neutrons. However, if the cut detailed in Section 10.2.3 is used for further muon studies in particular,
then such a study is necessary. For example, one may wish to use this cut to try to categorize muons into
a “spallation” set and a “DIS+” set. This is an excellent goal requiring a more detailed study and perhaps
tuning of the muon decay window cut of Section 10.2.3.

Another potential problem not addressed is the increased detection of neutron capture on the acrylic vessel
as the fiducial volume is increased and the analysis energy threshold is reduced. It is an open question how far
the energy threshold can be lowered before these neutron captures on protons become a significant fraction

of the event rate.

25.2 My Contributions to the SNO Experiment

25.2.1 Electron Antineutrino Publication

The SNO Collaboration is preparing a report on an electron antineutrino analysis of the SNO detector
data [13]. This publication in preparation is roughly equivalent to the Standard analysis of the Pure D,O
phase presented in this dissertation. The work presented here is an independent check and confirmation of
the work that will be presented in the published report. More importantly however, the background studies
done for this dissertation were used to determine the backgrounds for the coming publication. It is worth
emphasizing that the original plan for the electron antineutrino publication was to assume a “conservative”
background of 0.0 events. I worked to provide a set of reliable background estimates so that a true Feldman-
Cousins unified calculation of the limit on the flux of solar electron antineutrinos could be presented in the

publication.

25.2.2 Large Volume, Low Energy v, Analysis

As already stated many times, SNO results published thus far [9, 10, 11, 12] have used a fiducial volume
defined by Rg; < 550 cm and an energy threshold of 5.0 MeV kinetic or above. The 550 cm fiducial volume
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leaves nearly 30% of the D, O volume unanalyzed. The 5.0 MeV kinetic energy threshold is set just below the
d(n,y)t peak at 6.25 MeV. In the electron antineutrino analysis presented here, I believe I have demonstrated
that it is possible to increase the acceptance in both volume and energy.

The coincidence signature of the CC signal helps to reduce the background but I believe it is also important
to recognize that making the analysis energy threshold dependent on the event reconstruction position also
reduces the background contamination. In effect, the large volume and low energy analysis I have developed
for studying electron antineutrino signals says “The closer the event is to the center of the acrylic vessel, the
more likely it really is a real physics event of interest.” I have shown how to select this energy (in this case
Mhit) as a function of reconstructed position and, there-by, increase the over all neutron detection efficiency.
This type of analysis is an original contribution on my part to the SNO experiment.

25.2.3 Reactor Antineutrino Flux Calculation

I have developed a calculation of the nuclear power reactor induced electron antineutrino flux at SNO from
spectra and historical reactor power output data. This calculation is of primary importance for any electron
antineutrino analysis that SNO attempts. Additionally, this calculation’s result will factor into every solar
neutrino analysis SNO produces as a small but known background. All previous calculations have used the
rated power output for the reactors. This calculation takes into account the actual reactor power output and
reactor shutdown periods. This calculation also factors in the effect of neutrino oscillations. I believe this
calculation is the most principled, precise, and accurate calculation of the reactor v, flux at SNO that has ever

been presented in literature or otherwise.

25.2.4  Separation of Muon Spallation into Photo-Dissociative and “Other” Classes

The neutrino physics community as well as other scientific disciplines who conduct research underground
will continue to need to account for cosmic-ray muons and more importantly the spallation products that
these muons create. SNO can and should provide a detailed report of the cosmogenic activity that is detected.
These results will assist those in the community [222] who are actively trying to develop Monte Carlo methods
for estimating and addressing cosmic-ray induced activity at underground research sites. In this dissertation
I have demonstrated a means by which the spallation products in SNO can be subdivided for comparison to
the models used in Monte Carlo schemes. This is a new analysis avenue that I have opened the door to and
that I hope the SNO Collaboration will pursue.

25.2.5 Electron Antineutrino Monte Carlo Work-Around

One technical detail not covered in the body of this dissertation was the difficulty posed by the multi-particle
Monte Carlo needed for the electron antineutrino analysis. The Monte Carlo program used by the SNO Col-
laboration can generate multiple particle events. However, the program design is such that it is not possible to
simultaneously record the Monte Carlo generation information (i.e. “known” position, momentum, interac-
tions, Cerenkov production, etc.) and the simulated detection information (i.e. “measured” Ny;,, PMTs fired,
etc). This separation of “known” verses “measured” information in the Monte Carlo allows for the Monte

Carlo data and the real data to appear identical and can, thus, be analyzable with the same suite of analysis
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tools. This is good in general, but has repeatedly proved a major obstacle in SNO analyses requiring the study
of multi-particle events.

In the case of single particle physics events, it is unambiguous as to which Monte Carlo information
corresponds to which simulated detection information. The problem in the multiple particle physics event
case is the correspondence is lost. I developed a scheme where the Monte Carlo information of multiple
particles is saved to one set of files and the simulated detection information is saved to a different set of
files. I then used timing information and a couple other “identifying parameters” to resolve the ambiguity
of which Monte Carlo information corresponds to which simulated detection information. Re-establishing
this correspondence is critical for any multi-particle Monte Carlo study the SNO Collaboration under takes. I
developed this method for the electron antineutrino analysis presented here, but the method is entirely general

and is necessary and usable in any multi-particle physics analysis in the SNO experiment.

25.2.6  Chairperson of the Salt Phase Run Selection Committee

The Salt phase of the SNO experiment began in May of 2001 and continued until September of 2003. During
this period I was the Chairperson of the Run Selection Committee. The Run Selection Committee is charged
with determining the list of runs chosen for neutrino analysis and ensuring the data quality and integrity of
the selected runs. As Chairperson I organized the Run Selection Committee’s actives and ensured that we
provided timely information to the Collaboration regarding what runs should be used in SNO’s primary solar
neutrino analysis.

The Run Selection Committee was composed of 4 graduate students from 4 different institutions. Assis-
tance from other graduate students was greatly appreciated. A major time consuming job of the Run Selection
Committee members was to read through all shift reports (3 per day) detailing the activity at the experiment.
To make the fullest of this reading, it was necessary to hold conference calls every two weeks. This allowed
us to contact detector operators and inquire further when we had difficulty understanding the state and/or

configuration of the detector.

25.2.7 Qualified On-site Scientist-In-Charge

During the period of January of 2001 to the summer of 2002, I spent every other month on-site at the SNO
detector in Sudbury, Ontario. During this period I not only operated the detector as detector operator, I gained
enough experience with the daily and weekly operating activities to qualify as a Scientist-In-Charge (SIC).
The SIC is on-call to respond to any unforeseen difficulties with the detector which operates 24 hours per
day. The SIC is responsible for determining the data taking configuration of the SNO detector and must be

capable of performing complete shut-down and start-up procedures of this multi-million dollar experiment.

25.3 The Career Development Organization for Physicists and Astronomers

The Career Development Organization (CDO) for Physicists and Astronomers is a Registered Student Orga-
nization (RSO) at the University of Washington. The CDO’s mission is:
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...to assist physics and astronomy students in their career advancement by organizing career
seminars, compiling relevant employment data and preparatory information, and offering net-
working opportunities. To remain competitive in the job market, physicists and astronomers need
to augment their analytical and problem-solving skills with flexibility, leadership, and cross-
disciplinary aptitude. The activities and services of the CDO are intended to inform students
about these challenges, and to help them prepare for a successful transition to their next en-

deavor.

The CDO was founded in the Summer of 2000 by Hans Vija and other physics and astronomy graduate
students, including myself. Initially we focused on developing a seminar series and gaining the support of
the Department of Physics. In the second year, Theresa Bullard pioneered the UW Physics Networking Day,
a one day event where employers are invited to visit our campus for the express purpose of interacting with
physics and astronomy students. As the 2002-2003 CDO President, I continued the work started by Hans
and Theresa, with a major focus on expanding and simplifying the process of running the Networking Day. I
will be continuing these career oriented activities after graduation as an appointed member of the American
Physical Society’s Committee on Careers and Professional Development. I believe this work, while not
research related, is a valuable addition to my Ph.D. because much of being a practicing physicist includes the
ability to organize and work with one’s peers toward a goal, scientific or otherwise.
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Appendix A

DEFINING THE DATA SETS USED

A.1 The Pure D, O Phase and Salt Phase Data Sets

The data sets used in this electron antineutrino analysis correspond to the same data as presented in the Pure
D,0 phase result of Ref. [10] and the initial Salt phase result of Ref. [12]. A data set is defined as those data
taking runs which were selected for solar neutrino analysis. This Appendix details exactly how those data
sets were composed and prepared for the electron antineutrino analysis. Unfortunately, this composition was
not as simple as copying the data files to a disk and then applying the analysis cuts, hence the necessity of

this Appendix.

A.1.1 The Pure D,0O Phase Data Set

As part of the main solar neutrino analysis, the raw Pure D,O data was reduced by requiring events to pass

the following tests:

e For run numbers > 9999.5 and < 11479.5, each event must have Np; > 27.5.
e For run numbers > 11479.5 and < 14008.5, each event must have Ny;; > 26.5.

e For run numbers > 14008.5 and < 16013.5,, each event must have Ny > 25.5.

Below these Ny; values the data is dominated by two kinds of events. The first is Pulse Global Trigger events
(i.e. forced global triggers) with mean Np;; values of 2-3. The second is just above the self-generating global
trigger threshold of approximately 20 Npi. The reduced data was then split into two categories, one referred
as the “clean” set and the other referred to as the “dirty” set'. This division was defined by

o (DAMN A 15822821) ==

for an event to be considered clean. This set of instrumental cuts (i.e. DAMN mask 15822821) is not ap-
propriate for an electron antineutrino analysis because it includes the Burst Cut and the Ny;; Burst Cut (See
Appendix B). These cuts remove a window of data defined by events in a time coincidence. This time coinci-
dence is precisely the sort signal of interest in an electron antineutrino analysis, thus the “clean” and “dirty”
data sets must be recombined for the electron antineutrino analysis. During the recombining of the data, it
was checked that only events below the run number dependent Ny;; values were missing and that the data was
recombined in a time ordered fashion to facilitate finding electron antineutrino candidate coincidences. Thus,

confidence is insured that the complete and correct data is used in this electron antineutrino analysis.

I (surf)/bi gdisk/analysis/sas/ver_oct01/pass_1/ntuples/clean/snocr_clean_00000xxxxX_yyy.ntp
(surf)/bigdisk/analysis/sas/ver_octO1/dirty/ntuples/snocr_dirty_00000xxxxx_yyy.ntp
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A.1.2 The Salt Phase Data Set

During the Salt phase the raw Salt data was reduced in size by applying a global Ny; threshold of greater than
or equal to 20 Ny;. No division of “clean” and “dirty” data was made in this phase of the experiment. Thus
in the Salt phase the electron antineutrino analysis was able to proceed directly on these reduced data sets.
Precisely, the data analyzed were the Root trees of (primarily) MCPROD pass 2. The runs in the range 26xxx
were part of MCPROD pass 3. All of these runs were processed before the run number bug was discovered
in the QEvent class. This bug does not affect the analysis in anyway, but serves as a mental mile-marker for
those intimate with SNO analysis.

A.2 Runs Used in the Pure D, O Phase and Salt Phase

Tables A.2 & A.2 list all runs used in the electron antineutrino analysis presented in this dissertation.

Table A.1: The canonical 559 runs used in the Pure D,O analysis.

10000 10189 10710 10811 10938 11347 11490 11655 11976 12237 13401 14190 14425 14970 15272 15657 15826
10002 10190 10714 10813 10939 11366 11493 11657 11977 12238 13405 14196 14429 15005 15276 15662 15828
10003 10197 10734 10815 10942 11368 11498 11676 11978 12240 13408 14252 14431 15012 15279 15669 15829
10005 10219 10735 10821 10943 11371 11502 11679 11985 12243 13415 14255 14438 15014 15309 15670 15830
10008 10221 10736 10826 10944 11377 11504 11681 11988 12257 13418 14264 14450 15018 15340 15671 15842
10015 10224 10737 10828 10946 11381 11506 11682 11990 12289 13421 14287 14451 15020 15352 15672 15843
10020 10236 10738 10836 10948 11383 11508 11730 11991 12290 13423 14291 14464 15021 15370 15673 15844
10023 10237 10739 10841 10949 11384 11510 11732 12038 12329 13428 14292 14466 15022 15538 15679 15862
10025 10534 10740 10843 10950 11389 11512 11733 12054 12330 13431 14293 14493 15025 15563 15684 15865
10030 10536 10741 10869 10951 11390 11525 11764 12059 12506 13432 14301 14495 15027 15567 15696 15869
10031 10549 10742 10871 10953 11393 11528 11783 12082 12568 13434 14304 14496 15028 15595 15698 15870
10034 10551 10743 10873 10954 11397 11530 11802 12150 12571 13441 14308 14677 15029 15598 15724 15871
10035 10554 10744 10876 10955 11399 11531 11805 12157 12575 13444 14311 14680 15034 15600 15745 15872
10036 10555 10747 10878 10956 11400 11532 11816 12159 12576 13446 14315 14684 15065 15601 15746 15873
10038 10638 10748 10879 10959 11402 11533 11819 12162 12577 13451 14316 14685 15067 15604 15747 15874
10040 10649 10749 10881 10961 11406 11537 11820 12167 12590 13746 14377 14757 15078 15610 15748 15877
10124 10650 10756 10882 10962 11407 11539 11824 12168 12598 13811 14378 14762 15083 15611 15750 15884
10125 10651 10762 10883 10963 11415 11541 11828 12172 12614 13874 14386 14768 15105 15612 15752 15905
10129 10655 10770 10884 10970 11417 11543 11829 12173 12615 13880 14388 14770 15111 15615 15755 15907
10130 10659 10773 10885 10972 11429 11544 11831 12178 12618 13882 14389 14773 15112 15617 15762 15941
10133 10675 10775 10886 10975 11431 11550 11859 12181 13121 13886 14390 14775 15117 15618 15767 15943
10141 10677 10776 10887 10976 11433 11553 11864 12183 13292 13895 14393 14777 15119 15620 15789 15947
10142 10678 10779 10891 11269 11436 11554 11867 12187 13294 14006 14394 14781 15120 15624 15791 15948
10149 10680 10781 10894 11271 11437 11561 11875 12190 13302 14008 14398 14782 15129 15640 15792 15949
10161 10686 10782 10922 11272 11443 11568 11890 12197 13331 14031 14404 14787 15132 15641 15794 15958
10162 10687 10783 10923 11281 11444 11570 11899 12207 13334 14033 14405 14807 15147 15643 15799 15978
10163 10700 10784 10924 11286 11446 11575 11901 12222 13338 14077 14409 14814 15165 15647 15802 15997
10169 10701 10797 10925 11289 11462 11579 11903 12224 13340 14078 14410 14878 15214 15651 15806 15998
10170 10704 10801 10927 11291 11466 11582 11911 12226 13341 14080 14411 14883 15228 15652 15808 16002
10171 10705 10803 10932 11303 11474 11591 11915 12227 13351 14083 14413 14958 15268 15653 15810 16003
10172 10706 10804 10933 11310 11479 11621 11919 12229 13389 14177 14415 14961 15269 15654 15819 16013
10174 10708 10805 10935 11312 11481 11650 11924 12233 13392 14185 14417 14962 15270 15655 15820

10177 10709 10806 10936 11313 11489 11652 11925 12234 13396 14186 14422 14969 15271 15656 15821



170

Table A.2: The canonical 697 runs used in the Salt analysis.

20684 21541 21793 22092 22622 22878 23214 23751 24018 24526 24885 25638 26066 26514 26706
20691 21562 21794 22126 22624 22880 23215 23780 24019 24527 24887 25639 26067 26516 26722
20694 21566 21795 22331 22625 22881 23219 23807 24049 24528 24888 25644 26068 26517 26724
20697 21594 21796 22397 22626 22882 23221 23826 24053 24530 24890 25646 26069 26518 26726
20699 21598 21797 22399 22630 22886 23222 23827 24054 24531 24896 25650 26071 26519 26750
20700 21604 21798 22400 22631 22890 23226 23828 24298 24535 24897 25651 26077 26521 26753
20704 21609 21807 22401 22634 22893 23230 23853 24299 24538 24898 25680 26079 26522 26755
20705 21610 21808 22402 22645 22896 23232 23870 24302 24539 25460 25684 26080 26524 26756
20706 21611 21809 22405 22655 22900 23237 23874 24305 24546 25463 25685 26082 26530 26758
20773 21612 21810 22406 22658 22901 23249 23877 24307 24551 25465 25686 26083 26533 26762
20776 21615 21828 22414 22661 22903 23263 23887 24311 24552 25468 25687 26086 26534 26765
20777 21616 21835 22417 22712 22904 23265 23893 24318 24566 25470 25692 26098 26551 26772
20779 21617 21836 22418 22729 22907 23294 23897 24319 24567 25488 25698 26099 26553 26778
20781 21620 21838 22419 22731 22912 23316 23899 24321 24572 25490 25700 26101 26554 26779
20785 21628 21846 22420 22732 22933 23318 23900 24322 24573 25492 25701 26104 26558 26782
20786 21629 21854 22422 22733 22936 23581 23901 24323 24574 25494 25703 26105 26583 26784
20787 21643 21863 22423 22734 22981 23582 23902 24324 24576 25497 25953 26108 26586 26785
20789 21647 21864 22426 22735 22997 23634 23903 24325 24580 25502 25954 26110 26587 26786
20796 21651 21865 22430 22736 23007 23645 23904 24326 24581 25506 25955 26122 26591 26788
20800 21652 21870 22434 22737 23015 23646 23917 24329 24583 25508 25956 26123 26593 26789
20807 21654 21871 22435 22738 23017 23651 23920 24333 24584 25509 25958 26124 26597 26792
20808 21659 21873 22440 22742 23021 23653 23925 24347 24590 25510 25960 26126 26598 26797
20809 21660 21880 22441 22745 23031 23654 23928 24349 24591 25511 25965 26343 26608 26810
20852 21667 21884 22444 22751 23036 23655 23930 24366 24593 25520 25966 26344 26609 26813
20854 21668 21898 22491 22759 23037 23657 23932 24367 24604 25527 25969 26346 26610 26814
20865 21672 21901 22498 22761 23080 23663 23933 24372 24768 25528 25974 26349 26616 26816
20866 21674 21903 22500 22762 23097 23664 23948 24374 24776 25551 25976 26351 26618 26818
20870 21681 21911 22502 22769 23098 23689 23949 24378 24777 25555 25979 26356 26622 26819
20873 21682 21912 22509 22770 23163 23693 23950 24379 24778 25557 25983 26374 26623 26826
20874 21693 21913 22511 22771 23164 23695 23961 24381 24779 25558 25987 26377 26628 26831
20877 21697 21922 22515 22776 23165 23701 23963 24384 24781 25559 25988 26379 26631 26833
20906 21705 22001 22519 22777 23169 23702 23965 24387 24782 25560 25990 26383 26632 26836
20911 21706 22006 22520 22779 23178 23710 23966 24388 24783 25561 25994 26384 26636 26844
20930 21707 22009 22521 22780 23179 23714 23970 24389 24787 25569 25996 26385 26640 26857
20934 21708 22011 22526 22781 23180 23715 23972 24396 24788 25583 25997 26387 26641 26860
20936 21711 22013 22527 22782 23181 23717 23974 24399 24795 25585 26012 26389 26647 26861
20937 21713 22023 22531 22783 23182 23718 23978 24407 24799 25609 26022 26390 26648 26863
20947 21715 22027 22532 22801 23193 23726 23988 24411 24811 25610 26023 26391 26649 26864
20955 21717 22029 22538 22807 23194 23727 23992 24414 24812 25611 26025 26392 26650 26866
20964 21727 22030 22555 22809 23198 23728 24005 24460 24827 25612 26026 26393 26654 26881
20965 21730 22031 22557 22817 23200 23730 24006 24465 24836 25617 26032 26394 26665 26882
20967 21736 22063 22558 22819 23201 23731 24007 24507 24857 25618 26040 26395 26669 26883
20968 21740 22065 22561 22820 23202 23734 24011 24516 24861 25624 26041 26401 26671 26991
20969 21781 22066 22563 22858 23205 23745 24014 24520 24862 25630 26043 26416 26674 26992
20978 21784 22078 22606 22860 23208 23748 24016 24521 24877 25631 26050 26510 26675 26994
20979 21785 22088 22607 22863 23212 23749 24017 24525 24879 25632 26057 26512 26696 26997
20980 21786 22090 22609 22866 23213 23750
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Appendix B

INSTRUMENTAL NOISE AND CUTS

B.1 Instrumental Noise and Cuts

Cuts are algorithms designed to identify (and thus remove) events which are produced by features of the
electronics and PMTs that are not indicative of true Cerenkov light inside the detector volume. These cuts

are:

o Retrigger - This cut flags any event occurring within 5 us of the previous event. When this happens it
indicates the detector electronics are spontaneously retriggering, usually due to large charge depositions
in a preceding event.

e Q vs. T - The charge (Q) verse time (T) cut is designed to flag noise events where a single PMT
produces a pulse of light which is then detected by PMTs across the detector - called “flasher” events.
The charge verse time cut flags any event where the highest charge tube in the event occurs much earlier

than the mean time of the other PMTSs in the event.

o Q/Npit - The charge divided by Ny, cut flags events with low charge to Ny, ratios. These events contain
many PMTs with charge values less than one photo-electron and are thus not produced by true Cerenkov

light inside the detector volume.

o Crate Isotropy - This cut flags events where more than 70% of the hit PMTs are located in a single
electronics crate and localized to two adjacent electronics boards. This localization in electronics space

is not repeated in PMT location in detector coordinates.

e AMB - The analog measurement board cut uses the peak and integral of a summation of Gaussian
pulses from all fired PMTs. Each fired PMT contributes a Gaussian pulse normalized to it’s total
charge. This cut discriminates real Cerenkov light producing events from noise events which have

exceedingly high or low charge [131].

o FTS - The fitterless time spread cut is designed to remove “blind flashers” - flashers events where the
flashing tube is missing. This situation is possible if a PMT has high voltage on, but is not set to be
read out, a likely operator induced configuration error. This cut flags events that have large average

time separations for pairs of PMTs within 3 m of each other.

e OWL - The outward looking PMT cut flags events when more than three PMTs on the outside of the
PSUP fire. This acts like a standard cosmic-ray veto shield.
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o Junk - The junk cut removes events where either the same PMT is included more than once, the event
contains electronics calibration flags, or the PMTs are “orphaned”. Orphaned PMTs do not have an
assigned global trigger ID number that corresponds to any global trigger ID numbers produced by the

master trigger card, thus the PMT is not identified as belonging to a particular event.

e Neck - The neck cut flags events that include PMTs located in the neck of the acrylic vessel. It is
observed that light produced in the neck of the acrylic vessel will trigger the neck tubes and fire PMTs

at the bottom of the detector. This light is not associated with physics events of interest.

o E Sum - Whereas the Q/Ny;; cut flags events with low charge and high Ny, the energy summation cut
flags events with high charge and low Ny;. The proto-typical E Sum flagged event contains only a few

PMTs of which one or two have very high charge.

o Q Cluster - Is yet another cut designed to flag flasher events. The Q Cluster cut searches for a cluster

(within 1 m) of fired PMTs which contain at least one PMT with extremely high charge.

o In-Time Channel - The in-time channel cut flags events where fewer than 60% of the PMTs are within
a 93 ns coincidence. True physics events produce a prompt Cerenkov signal with all PMTs well within

the coincidence window.

o Flasher Geometry - This flasher cut searches for a cluster of fired PMTs like the Q Cluster cut. The
average distance from all the PMTs inside the cluster to all the PMTs outside the cluster is calculated.

For flasher events, this calculated distance is large because the majority of the light is projected across
the 17 m diameter PSUP.

e OWL Trigger - Similar to the OWL cut, the OWL trigger cut flags events where outward looking tubes
have caused a global trigger of the detector. This trigger identifies high energy external events.

e Zero Zero - The zero zero cut is similar in purpose to the junk cut. The zero zero cut flags events with

global trigger ID numbers that have the lowest 8 bits set to zero. These events can potentially “adopt”
orphaned PMT information which would have otherwise appeared in an orphan event.

Muon and Muon Spallation Cuts

As discussed in detail in Chapter 10, muons passing through the SNO detector can generate spallation neu-

trons or short-lived radioactive nuclei. To eliminate these muons and their spallation products from the data

set there is one muon identification algorithm and four cuts designed to provide different levels of protection

against muon spallation products. The “Missed Muon” cuts are an extra level of protection that flag any

potential low energy muons.

e Muon Cut - This identifies muons by the presence of OWL tubes in the event and over 150 total Ny;.
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Muon Follower Short - Flags all events following 20 s after an event flagged by the Muon Cut.

Muon Follower Long - Flags all events following 60 s after an event flagged by the Muon Cut.

\%

150.

Missed Muon Follower Short - Flags all events 250 ms after any event with Nfifo > 60 or N}?f:“

v

Missed Muon Follower Long - Flags all events 500 ms after any event with Nk?ifo > 60 or N}?f:“ 150.

B.3 Blindness “Cuts”

For the Salt phase of the SNO experiment a blindness scheme was implemented where a fraction of the
events that would normally be flagged by the Muon Follower Cuts are allowed to slip through, unflagged.
This introduces an unknown number of neutrons into the solar neutrino analysis thus making preliminary
results “blind” to the actual neutral-current flux. The events which are allowed to slip through the Muon

Follower Cuts are flagged by the Blindness “Cut”.
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Appendix C

REACTOR THERMAL TO ELECTRICAL EFFICIENCY DETERMINATION

C.1 Reactor Thermal to Electrical Efficiency

Approximately one-third of US nuclear reactors reported both thermal and electrical energy outputs to the
NRC. This information is used to determine an average thermal to electrical conversion efficiency for all
reactors. Table C.1 lists the details of this estimation. The number of reports that give both the thermal and
electrical energy outputs is listed in the right most columns of Table C.1. Note, however, that each reactor is

given equal weight in the final determination of the average of all reactors’ thermal to electrical efficiency.

Table C.1: The average thermal to electric conversion efficiencies for select US nuclear reactors.

Unit ‘ € ‘ Reports ‘ ‘ Unit ‘ € ‘ Reports ‘
Arkansas Nuclear One | 0.327 + (3-107%) 5 Monticello 0.33 £ (2:107%) 29
Callaway 0.324 + (1-1073) 3 North Anna 0.320 + (5-107%) 59
Catawba 0.340 + (5-107%) 52 Oconee 0.332 + (6:107%) 69
Clinton 0.318 + (1-107%) 34 Palisades 0.313 £ (9-10™%) 25
Comanche Peak 0.325 + (3-1079) 59 Pilgrim 0.335 £ (6:107%) 23
Donald C. Cook 0.308 + (1-1073) 26 Point Beach 0.332 + (4-107%) 55
Duane Arnold 0.319 + (2-1073) 24 Prairie Island | 0.326 + (8-1079) 65
Fitz Patrick 0.328 + (6:107%) 27 Quad Cities 0.31 £ (6:107%) 42
Grand Gulf 0.325 + (5-10™%) 10 Sequoyah 0.333 + (1-107%) 23
Indian Point 0.322 + (2-107%) 65 Surry 0.325 + (6:107%) 70
Kewaunee 0.317 £ (1-107%) 24 Vermont Yankee | 0.326 + (3:1073) 27
McGuire 0.333 £ (1-107%) 44 Waterford 0.323 + (1-107%) 35
Millstone 0.33 +(2-107%) 31 Watts Bar 0.333 + (1-107%) 14

| Overall (unweighted) ¢ | 0.325+(8-107) |
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Appendix D

MORE ON MUON FOLLOWERS

Physics research located in underground laboratories has been an important component of neutrino sci-
ence. The discovery of neutrino mass has enticed the physics community to propose and request new funding
for neutrino research. The underground facilities used by neutrino experiments are also used for dark matter
searches, can be used for astro-particle physics, and are required for implementation of any ultra low back-
ground experiment. For these reasons it is expected that underground science will continue to grow in the
early part of the 21% century. To take full advantage of the low background underground facilities it is im-
portant to measure and understand any remaining cosmic-ray interactions that take place deep underground.
Articles such as Ref. [222] begin the process of providing an understanding of the atmospheric muon induced
backgrounds. The Sudbury Neutrino Observatory can give a detailed example of the muon rate at depth as
well as an analysis of the muon induced background. This appendix provides an incomplete analysis of the
muons and their induced backgrounds. As the muon induced background has been studied in a number of
other documents [8, 152, 153, 190], this appendix merely reports values derivable from the muon and muon
follower study of Chapter 10. These values were not studied in-depth, but serve as a comparison to techniques

used in other SNO documents.

D.1 Measured Neutron Production Rate

For the Pure D,O phase, DAMN + FTM muon sample, there were 973 “neutrons” found in the En-
larged Region (g, = 0.2614) in 307.1 live-days. This measured muon-induced neutron rate is RY 20 =
(973/0.2614) x (365/307.1) = 4424 neutrons / kt - yr. If the decay ring test is applied the number is reduced
to 546 neutrons. This gives a rate of RP2© = 2482 neutrons / kt - yr. Q. R. Ahmad presents similar results
in his dissertation [8]. While similar, the results are not directly comparable. Ahmad removes his so-called
DAG events from consideration of the total neutron rate. The muon sample presented in this dissertation
(DAMN + FTM + decay ring test) was also shown to not use the DAG events. However, this dissertation
went further and systematically removed muons with DAG like characteristics (See Section 10.2.3). Thus
Ahmad’s measured value is expected to lie between the two muon-induced neutron rates reported above. The
experimentally measured value presented by Ahmad is RP2© =365 x (10.03 + 0.64) n/day/kt = 3650 + 234
neutrons / kt - yr. For a comparison to the literature, Ahmad gives an expected muon-induced neutron rate of
RD© = 3920 + 405 neutrons / kt - yr.

For the Salt phase, DAMN + FTM muon sample, there were 1828 “neutrons” found in the Enlarged Re-
gion (g, = 0.7583) in 257.8 live-days. This measured muon-induced neutron rate is Ri“h = (1828.0/0.7583)x
(365/257.8) = 3413 neutrons / kt - yr. If the decay ring test is applied the number is reduced to 1495 neu-
trons. This gives a rate of R33! = 2791 neutrons / kt - yr. There have not been any other calculations of the
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muon-induced neutron rate during the Salt phase, even though these events have been studied and used by at

least a half-dozen students.

D.2 Muon Follower Multiplicities

Figures D.1 & D.2 present the Pure D,O phase muon follower multiplicities for the Standard and Enlarged
analyses, respectively. The comparable Salt phase plots are presented in Figures D.3 & D.4. The highest,
black histograms show only the simple muon selection and removal of instrumental events. The lower, red
histograms show the result of applying energy and fiducial volume requirements to the muon followers. The
lowest, blue histogram applies the muon fitter and the decay ring finder test. Reminder, the multiplicities
determined here and those presented in V. Rusu’s Doctoral dissertation [191] are not drawn from the same
data sample. Rusu’s analysis uses a much less restrictive definition of a muon such that muons which stop
inside the detector are included in his sample. The result is the higher multiplicities seen in his presentation.

D.3 Muons Followed by High-Energy Cerenkov Rings
Table D.1 presents a list of those muon events which are:

o Flagged as a muon by the DAMN muon test.
e Have a FTM, corrected impact parameter of less than 750 cm.

o Fail the muon decay ring test.

These tests are presented in Chapter 10. The events are listed here because they should provide a sample of

muon decay and muon deep-inelastic scattering candidates.
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Figure D.1: Muon follower multiplicities in a Pure D,O phase Standard analysis.
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Figure D.2: Muon follower multiplicities in a Pure D,O phase Enlarged analysis.
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Figure D.3: Muon follower multiplicities in a Salt phase Standard analysis.
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Figure D.4: Muon follower multiplicities in a Salt phase Enlarged analysis.
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Table D.1: Muons (DAMN + FTM) that fail the muon decay ring test in the Pure D,O & Salt phases.

Run GTID Run GTID Run GTID Run GTID Run GTID
10133 56628 || 10948 1798194 || 11681 4413472 || 13302 1257787 || 14969 1547366
10162 848126 || 10948 2525941 || 11802 216324 || 13338 77695 || 15028 13847
10174 2761489 || 10975 2877852 || 11802 319479 || 13341 700347 || 15028 277589
10177 628792 || 10975 3363076 || 11802 892384 || 13351 850612 || 15112 1359116
10189 583712 || 11291 456887 || 11819 2695868 || 13351 1178838 || 15147 124259
10237 1565889 || 11291 1015858 || 11911 1245260 || 13389 149046 || 15165 983592
10551 3972171 || 11291 1099105 || 11911 3915658 || 13392 1724733 || 15269 2003845
10659 1016917 || 11310 356563 || 11925 1964774 || 13401 2674171 || 15279 6970143
10659 1626688 || 11312 2913329 || 12157 54709 || 13401 3088287 || 15352 773174
10687 1611648 || 11313 98663 || 12167 409767 || 13408 238470 || 15612 2156030
10687 1641713 || 11347 59917 || 12172 1030853 || 13423 2466735 || 15618 5346812
10687 3150544 || 11399 2401545 || 12181 1382093 || 13431 11218827 || 15752 1206447
10706 3940359 || 11399 3471122 || 12181 1510146 || 14008 7909159 || 15792 4218051
10706 4306002 || 11400 8117725 || 12183 2489402 || 14185 1272688 || 15802 340477
10738 4627499 || 11436 4690580 || 12183 2550562 || 14186 1992547 || 15820 1508391
10743 7619905 || 11437 6003975 || 12187 3777721 || 14255 566088 || 15830 8009057
10747 453575 || 11437 6369795 || 12187 5083127 || 14304 5068952 || 15862 780389
10748 725324 || 11437 8321589 || 12187 5704538 || 14311 6568638 || 15873 1585176
10784 8461768 || 11474 627902 || 12229 110759 || 14315 7337079 || 15877 324841
10815 1718581 || 11510 2236810 || 12229 661893 || 14316 8474135 || 15907 2649232
10815 2237201 || 11539 197292 || 12233 4905999 || 14393 38881 || 15941 2935644
10871 1360263 || 11539 1087343 || 12257 1088642 || 14394 3713035 || 15948 1830106
10885 463367 || 11561 3710664 || 12257 1172646 || 14417 6477675 || 15948 2841051
10885 2069647 || 11650 519748 || 12576 317499 || 14431 3733547
10886 2225325 || 11679 8198 || 12577 1124049 || 14464 577886
10886 2618291 || 11681 261068 || 12590 438262 || 14495 5178864
10887 4617318 || 11681 1950713 || 12615 499707 || 14496 7971468

Run GTID Run GTID Run GTID Run GTID Run GTID
20773 56603 || 22527 2446600 || 23726 182426 || 24776 897924 || 26384 3479418
20807 886422 || 22538 1511985 || 23726 488804 || 24778 2784725 || 26385 5007710
20911 979765 || 22625 1735638 || 23734 1246895 || 24782 398374 || 26416 1283435
20937 298652 || 22736 5245691 || 23900 1393123 || 25555 928644 || 26583 3224072
20967 198435 || 22783 434373 || 23901 1647197 || 25555 1488593 || 26591 626071
20967 890640 || 22817 432566 || 23948 1361828 || 25569 580316 || 26609 1748595
21707 4288125 || 22901 131029 || 23950 273958 || 25569 673513 || 26623 845412
21711 5339455 || 22901 534227 || 24005 1162065 || 25646 963906 || 26628 7618
21740 1076607 || 23037 1159118 || 24018 4654574 || 25692 5479243 || 26649 4053241
21807 1025061 || 23164 2873736 || 24053 4651425 || 25701 372518 || 26753 258928
21809 152226 || 23164 3231189 || 24329 1042205 || 25954 1175641 || 26779 713339
21911 558975 || 23178 355509 || 24367 237805 || 25983 311000 || 26814 1252454
22030 2408193 || 23200 763517 || 24379 196558 || 25997 1054860 || 26818 2228585
22030 3406739 || 23208 275027 || 24399 367035 || 26022 379073 || 26882 1521431
22078 135297 || 23221 14536 || 24414 598550 || 26026 263680 || 26994 445392
22418 290758 || 23646 633044 || 24530 732489 || 26068 2044954
22521 5340728 || 23664 2655057 || 24538 215972 || 26110 386837
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Team Work

o Worked in the CLAS, HERMES, and SNO international physics collaborations.

o Maintained the SNO detector in conjunction with the on-site staff members and scientists.

o Worked with graduate student peers to achieve the CDO’s career advancement oriented goals.
o Integrated the CDO’s goals and activities with those of the UW Department of Physics.



Honors and Awards

Appointed to the APS Committee on Careers and Professional Development (2004-2007).
Two Best Graduate Student Talk awards at annual meetings of the NW Section of APS:
¢ 2002 - High Energy Physics Session, May 17 - 18, Banff, Alberta.
© 2001 - Nuclear Physics Session, May 25 - 26, Seattle, WA.
Initiate of the National Order of Omega, the Greek Leadership Honor Society.
Dean’s List all 8 semesters while attending Rensselaer Polytechnic Institute.

Experience

Research Assistant University of Washington, Seattle, WA
e Preformed data analysis for the Sudbury Neutrino Observatory (SNO).
¢ Qualified for on-site, Scientist-In-Charge duties at SNO.
o Chairperson of the Run Selection Committee during the salt phase of SNO.
o Trained operator of UW’s Tandem Van de Graaff, particle accelerator.

Teaching Assistant University of Washington, Seattle, WA
o TA for two sections of the introductory classical mechanics laboratory.
o Assistant TA for two sections of the introductory classical mechanics tutorial.

Research Intern Argonne National Laboratory, Chicago, IL

o Studied electron response of the HERMES Cerenkov for electron/pion separation.
e Wrote report on the response of the HERMES Cerenkov for ANL.

Research Intern Argonne National Laboratory, Chicago, IL

o Authored programs to analyze and correct the HERMES Cerenkov counter’s response
to electrons as a function of track position and time.

e Wrote simulation of the PMT light acceptance efficiency for a proposed HERMES
Ring Imaging Cerenkov counter.

Lab Developer Advanced Undergraduate Laboratory, RPL, Troy, NY
o Built and tested a “Hall Effect in Bi” experiment for use in undergraduate physics labs.

o Work used in-part in Section 2.3 of ”Experiments in Modern Physics”, 3rd Ed. by
A. Melissonos and J. Napolitano.

Lab Technician T. J. National Accelerator Facility, Newport News, VA
o Installed and aligned mirrors in the CLAS Collaboration Cerenkov detectors.

o Tested for and repaired gas & light leaks in completed Cerenkov detectors.

Lab Technician Photomultiplier Test Lab, RPI, Troy, NY
e Tested 5” photomultiplier tubes for the CLAS Collaboration Cerenkov detectors.
o Analyzed test results to obtain relative efficiency and dark noise at a specified gain.
o Trained other students in testing procedures.

Professional Affiliations

American Physical Society

APS Division of Nuclear Physics
APS Northwest Section Member
Philosophy of Science Association
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1/99 - 1/04

10/98 - 1/99

5/98 - 8/98

5/97 - 8/97

1/97 - 5/97

7/96 - 8/96

9/95 -7/96
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Publications
S. N. Ahmed et al., Electron Antineutrino Search at the Sudbury Neutrino Observatory, (2004) In preparation.

S. N. Ahmed et al., Measurement of the Total Active ® B Solar Neutrino Flux at the Sudbury Neutrino Observatory
with Enhanced Neutral Current Sensitivity, (2004) Accepted by Physical Review Letters.

S. N. Ahmed et al., Constraints on Nucleon Decay via Invisible Modes from the Sudbury Neutrino Observatory,
Physical Review Letters 92 (2004) 102004.

J. L. Orrell for the SNO Collaboration, “v, and the Sudbury Neutrino Observatory”, In Z. Parsa, editor, Eighth
Conference on the Intersections of Particle and Nuclear Physics: CIPANP2003, AIP Conf. Proc. 698, pg 275,
AIP New York 2003.

Q. R. Ahmad et al., Measurement of Day and Night Neutrino Energy Spectra at SNO and Constraints on Neutrino
Mixing Parameters, Physical Review Letters 89 (2002) 011302.

Q. R. Ahmad et al., Direct Evidence for Neutrino Flavor Transformation from Neutral-Current Interactions in the
Sudbury Neutrino Observatory, Physical Review Letters 89 (2002) 011301.

Q. R. Ahmad et al., Measurement of the Rate of v, +d — p + p + e~ Interactions Produced by 3B Solar Neutrinos
at the Sudbury Neutrino Observatory, Physical Review Letters 87 (2001) 071301.



