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Abstract

A Measurement of Neutral-Current Neutrino Interactions at the Sudbury Neutrino
Observatory with an Array of He Proportional Counters

Noah S. Oblath

Chair of the Supervisory Committee:
Professor R. G. Hamish Robertson
Physics

The Sudbury Neutrino Observatory is a heavy-water Cherenkov detector designed to de-
tect ®B neutrinos from the sun. It is sensitive to neutrino elastic-scattering interactions with
electrons, and neutral-current (NC) and charged-current (CC) interactions with deuterium.
SNO uses its extensive array of photomultiplier tubes (PMTs) to measure both the electron
neutrino flux and the total neutrino flux. In doing so SNO conclusively demonstrated the

existence of solar neutrino flavor change.

For its third phase of operation the detector was enhanced with an array of *He pro-
portional counters called the Neutral Current Detection (NCD) Array. The counters detect
neutrons from the NC interactions and measure the total solar neutrino flux independent
of the PMT measurements. A unique and highly detailed Monte Carlo (MC) simulation of
the NCD array was developed to assist in the understanding of the detector. It has been

and continues to be an essential part of the analysis of NCD Array data.

The NCD MC is used to classify pulses from the NCD Array as either signal or back-
ground events. The data pulses are fit with libraries of simulated pulses composed of signal
neutron-captures and background alphas. The fit results identify a subset of neutron pulses
that are unique from the alphas. This subset is used to determine the total number of
neutrons detected with a simple cut-based analysis. The result of this pulse-shape-based

analysis is a measurement of the NC solar neutrino flux based on one third of the NCD






data: ¢NSP = 5.93 & 0.43 (stat.) 7937 (syst.) v cm™2 s~!. This is in excellent agreement
with the BPS08(GS) Standard Solar Model (SSM) prediction.

This NC neutrino flux measurement is placed in the context of the global set of solar-
neutrino experiments. The experimental results combined with the solar luminosity con-
strain the values of the neutrino mixing angles and the solar neutrino fluxes. The exper-
iments can also neutrino-based measurement of the solar luminosity. The effects of this
NCD-based NC measurement are examined with this global solar-neutrino analysis. The
results show excellent agreement with the SSM expectations, and the new measurement of

NCD

PNEP reduces the uncertainties on the ®B solar-neutrino spectrum and the neutrino mixing

angles 612 and 63.
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GLOSSARY

ADC: Analog-to-Digital Converter

AV:  The Acrylic Vessel, which contains the D2O in SNO

CC: Charged Current interaction of a neutrino with deuterium

CNO CYCLE: The Carbon-Nitrogen-Oxygen cycle; the sub-dominant hydrogen burning

mechanism in the sun.

CVD: Chemical Vapor Deposition, the process used to form the ultra-pure nickel walls

of the NCD counters

DAQ: Data-acquisition hardware and software
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charged particles

ES:  Elastic Scattering interaction of a neutrino with an electron
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trigger conditions and are recorded by the SNO DAQ system

LOGAMP: A logarithmic amplifier in the MUX system. Logarithmic amplification was

used to increase the range of pulse sizes that could be recorded by an 8-bit digitizer

MC: Monte Carlo; a technique for simulating stochastic processes, usually performed

with a software package
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MINUIT: A function minimization and error analysis software package
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NC: Neutral Current interaction of a neutrino with deuterium
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NCD MC: NCD Monte Carlo; the physics-based pulse simulation developed within SNO-
MAN for the NCD phase
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PSUP: The PMT Support Structure
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ROOT: An object-oriented data-analysis software package
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SNO: The Sudbury Neutrino Observatory experiment

SNOMAN: The SNO Monte Carlo and ANalysis software package; the custom software
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Carlo simulations
SNU: Solar-neutrino unit: 10736 interactions s~! per target nucleon
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SSM: The Standard Solar Model, which provides theoretical predictions for the solar-

neutrino fluxes
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PREFACE

If knowledge can create problems, it is not through ignorance that

we can solve them.

Isaac Asimov

To most people the field of neutrino physics seems rather obscure. One of the most
frequent questions I'm asked by non-physicists is: “Why do we care?” The answer is
surprisingly complicated, but all of the reasons to study them can be summed up in one
over-simplified statement: “Because they're there.”

Simply put, neutrinos are fascinating. They are all around us, all the time, but these
elusive “ghost particles” are so hard to detect that they were not even observed until 1956.
About 10! neutrinos pass through a square centimeter every second just from the sun. The
highest density of neutrinos comes from the cosmic neutrino background, left over from the
Big Bang. They fill up space with roughly 100 neutrinos cm ™ of each flavor at very low
energies. Though we’ve learned much about them, a variety of fascinating questions about
the neutrinos remain yet unanswered, such as why their masses are so small, and whether
or not they are their own antiparticles. Neutrinos are some of the fundamental building
blocks of the universe, and when there are open questions about something so foundational
those questions need to be answered.

After fifty-two years of neutrino experiments and almost eighty years of theoretical work
we have actually learned a great deal about neutrinos themselves. Now we are able to
use neutrinos as tools in astrophysical research, such as peering into the core of the sun,
modeling large-scale structure formation in the universe, and understanding how supernovae
take place. Part of my research focuses on using neutrinos to measure the luminosity of the

sun. It has been measured to high accuracy using photons, but the use of solar neutrinos
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allows us to probe into the stellar core and compare the results between the two methods.

Some of the motivation for doing this research is also the challenge of performing the
experiments. Detecting neutrinos is a notoriously difficult task. It requires creative ideas
to overcome the challenges, and the Sudbury Neutrino Observatory (SNO) is no exception.
SNO is an ultra-low-background solar neutrino detector that has been incredibly successful
in achieving its goals. Its large volume and the radioactive purity of its components allow
it to be exceptionally sensitive. SNO is unique among water Cherenkov detectors in that it
uses heavy water (D20) as the neutrino target instead of light water (H2O). This feature
allows it to independently measure the electron-neutrino flux and the total neutrino flux.
SNO operated from 1999 to 2006. With its first publications the SNO Collaboration defini-
tively showed that neutrinos change flavor, solving the 30-year-old mystery of why previous
experiments detected too few solar neutrinos. With all of the measurements made over its

lifetime SNO helped move the field of neutrino physics to an era of precision measurements.

The third and final phase of SNO in particular presented many unique challenges. Ultra-
clean proportional counters were added to the detector. The array of counters is known
as the Neutral Current Detection (NCD) Array. A large portion of my research involves
understanding and modeling the NCD counters. I, along with a number of other members of
the SNO Collaboration, have developed a Monte Carlo simulation of the NCD proportional
counters that accurately simulates current pulses, something that had never previously
been done. Furthermore, I have made use of that simulation to discriminate between signal
and background pulses. This method of pulse-shape analysis can accurately determine the

number of signal pulses from a data set that is dominated by backgrounds.

This dissertation is organized to start and end with solar neutrinos, and discuss the
details of SNO and the NCD Monte Carlo in the middle. The backgrounds for my research
are developed in Chapters 1, 2, and 3, describing the history and physics of solar neutrinos,
the Sudbury Neutrino Observatory, and the third phase of SNO, respectively. In Chapter 4
I describe the Monte Carlo developed for the SNO proportional counters. Chapter 5 details

three analyses performed in the course of refining and verifying the Monte Carlo model.

Xiv



The heart of my analysis work starts in Chapter 6 where libraries of simulated pulses are
fit to the data, and continues in Chapter 7 where the NCD MC is a key element in a unique
pulse-shape analysis and calculation of the NC ®B solar neutrino flux with the NCD Array.

Finally, I have performed a global solar-neutrino analysis that is described in Chapter 8.

Noah Oblath
September 2, 2008
Seattle, WA
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Chapter 1

SOLAR NEUTRINOS

Any discussion of solar neutrinos necessarily involves two components: the sun, and
neutrinos. The properties of neutrinos that make them so difficult to detect are the same
properties that make them the ideal tools for studying otherwise inaccessible things, such
as the interiors of stars. Unlike photons, which have a mean free path of centimeters in the
solar interior, neutrinos freely stream through and out of the core of the sun, reaching the

earth thousands of years before photons created at the same time and place.

The realistic possibility of detecting solar neutrinos has been discussed since the late
1950s [1]. Ray Davis and John Bahcall first collaborated on a realistic proposal to use
neutrinos to verify the hypothesis of solar fusion in the early 1960s [2, 3]. It was eventually
apparent that neutrinos were not as well understood as previously thought, and solar neu-
trinos became an invaluable instrument for discovering the nature of neutrinos themselves.
Now that their properties are better known and continually being studied, the opportunity

exists to use the neutrinos to help understand how the sun, and stars in general, work.

1.1 The Sun

1.1.1 Solar Fusion

People have probably speculated on how the sun produces energy ever since they were capa-
ble of asking the question. However, it was not until the late 1930s that the fusion-reaction
chains taking place in the sun were detailed by Carl F. von Weizsécker [4, 5], Hans A. Bethe
and C.L. Critchfield [6] and Bethe [7]. At a basic level, energy is produced by the sun

through the fusing of four protons into a helium nucleus:

4p — He + 2™ + 2v,. (1.1)



There are two primary processes by which this occurs. The “pp-chain” is a set of fusion
reactions and nuclear decays that produces 99% of the sun’s energy. The reactions that
make up the pp-chain are shown in Figure 1.1. The average total energy released for every
transformation is 26.7 MeV. Electron neutrinos are produced in five of the reactions, either
by beta decay or electron capture. The size of the nuclear mass differences in the interactions
that produce solar neutrinos are not high enough to allow for the production of anti-muons

and muon neutrinos instead of positrons and electron neutrinos.
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Figure 1.1: The reactions and branching ratios of the solar pp-chain. The hep branch is not
shown in this diagram. This figure is from [8].



The energy spectra for the neutrinos produced by the pp-chain are shown in Figure 1.2.
The dominant reaction is pp fusion, which occurs the most frequently, resulting in the
highest solar neutrino flux with the lowest energy range, known as “pp neutrinos.” The
“pep neutrinos” are produced when an electron is captured during pp fusion. This produces
neutrinos at a single energy. ““Be neutrinos” are produced at two different energies, as the
decay product 7Li starts out in either of two energy states. The high-energy “®B neutrinos”
are produced during the decay of ®B to ®Be (the ®B electron-capture flux is too small to
appear on this plot). The highest energy neutrinos, known as the “hep neutrinos,” also
have the lowest flux. They are produced by the reaction of a *He nucleus and a proton:

3He + p — “He + e + v, (not shown in Figure 1.1).
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Figure 1.2: The electron neutrino energy spectrum from the pp-chain (black) and CNO
cycle (red). This figure is from [9]. The units for the spectra are cm~2 s~! MeV !, and the
units for the line fluxes are cm=2 s,

The other 1% of the solar energy is produced by the “CNO cycle,” which uses carbon,



nitrogen, and oxygen nuclei as catalysts to fuse fuse protons into helium nuclei. At the cur-
rent solar temperatures the CNO cycle is the subdominant process; at higher temperatures
it would dominate over the pp-chain. The CNO cycle produces neutrinos in seven differ-
ent reactions. The energy spectra (shown in Figure 1.2) differ from those of the pp-chain

because they are produced by different reactions.

1.1.2  The Standard Solar Modelt

The task of modeling the sun is based on a few fundamental assumptions. The first is that
the sun is in hydrostatic equilibrium. That is, that the outwards radiative and mechanical
pressure from inside the sun is exactly balanced by the inward force of gravity. The material
that makes up the sun neither collapses inwards nor is expelled outwards. The second
assumption is that energy is released through nuclear reactions, and that energy propagates
outwards through radiative and convective processes. Furthermore, the sun is assumed to
have been homogeneous before hydrogen burning began. The model is also constrained
by the requirement that it reproduce the sun’s present-day characteristics. The result is a
detailed model known as the Standard Solar Model (SSM).

The SSM requires a few physical inputs to make an accurate model of the sun and
its evolution. An equation of state relates the pressure and density within the sun. The
current abundance of various elements on the surface of the sun is taken to represent the
homogeneous initial conditions of the solar interior. Nuclear reaction rates and energies
determine how the composition of the sun changes and how much energy is released at any
given time in its evolution. Finally, the energy transport must be described. Radiative
processes dominate the energy transport in the solar interior, so the opacity of the solar
plasma to photons must be understood.

With the SSM one can make testable predictions to verify that the theory is accurate.
One of those predictions is the speed of sound in the convective envelope near the surface of
the sun. These can be compared with helioseismology data, which describe the propagation

of pressure waves in the sun. In the past the agreement between helioseismology data and

'See [10, 11] as general references.



the SSM has been good. However, more recent revisions of the SSM have lower heavy-metal
abundances, which affect the opacity of the solar plasma [12, 13]. These revised models
no longer agree with the helioseismology data. Extensive work is being conducted on both
the experimental and theoretical aspects of this conflict to try to find a resolution. The
so-called BPS08 version of the SSM is the most recent update [13]. This reference includes
both versions of the metallicity inputs and clearly illustrates the conflicting results. The
high-metallicity SSM is known as BPS08(GS), and the low-metallicity SSM is BPS08(AGS).

A second important prediction is the set of solar neutrino fluxes described above. Fig-
ure 1.2 shows the energy spectra of the different solar neutrino fluxes predicted by the
SSM. Accurate measurements of these fluxes are an extremely important test of the SSM
in addition to exploring the properties of the neutrinos themselves. As an example, the two
predictions for the B neutrino flux (in units of 106 ecm =2 s1) are 5.9440.65 (BPS08(GS)),
and 4.72 + 0.52 (BPS08(AGS)) They are incompatible, since the uncertainty on each pre-
diction is 11%, while the difference between them is 23%. The other fluxes can be found
in [13].

1.2 The Neutrino

The history of the neutrino starts with the picture of the nucleus that was emerging in the
1910s and 1920s, and two vexing problems associated with that picture and the understand-
ing of nuclear beta decay. At the time the nucleus was thought to consist of protons and
electrons; the neutron had not yet been discovered. For example, a Li nucleus consisted
of six protons (to account for the mass of 6) and three electrons (to cancel out the positive
charges of three of the protons. The problem with this understanding is that for nuclei with
even mass numbers and odd charges, such as 6Li, the spin statistics could not be calculated
correctly. The protons and electrons were known to be fermions, each with a spin of 1/2.
With nine total fermions in the nucleus should therefore have had a half-integer spin. How-
ever, measurements of the spin of the 5Li nucleus showed that it has a spin of 1. Similar
problems were seen with the 14N nucleus as well. While this issue, at the time, was thought
to be suggestive of the existence of an unseen fermion, the problem was actually a result of

the incorrect underlying model of the nucleus.



A more applicable problem arose when nuclear beta decays were carefully measured.
Under the prevailing nuclear models of the time it was thought that the beta decay simply
consisted of the electron being ejected from the nucleus. In such a two-body decay the
electron should always have the same energy (or, in the case of nuclear excitations, one of
several well-defined energies). In careful measurements of beta decays the electron energy
spectrum was observed to be a continuous distribution up to some endpoint, rather than a

discrete distribution at that endpoint.

Instead of giving up on the principles of spin and energy conservation, Wolfgang Pauli
suggested a novel solution that would solve both problems [14, 15]: in an unpublished letter
in 1930 he proposed that a third, neutral, and very light particle must also exist in the
nucleus accompanying each electron, and be ejected with the electron during beta decay.
The even number of particles in the nucleus would account for the spin of the nucleus,
and the three-body decay would account for the continuous electron energy distribution.
Furthermore, since it was neutrally charged and as light as the electron, it would be difficult

to detect.

In 1932 James Chadwick discovered the neutron [16], and it was realized that the pre-
vious model of the nucleus was incorrect. As a result the spin-statistics problem vanished,
but the issue of the electron-energy distribution was still solved by Pauli’s hypothetical
particles. Two years later, in 1934, Enrico Fermi formulated a basic model of beta decay
that would later become the foundation for the entire theory of weak interactions [17]. His
model included the new particles that he named neutrinos, or “little neutral ones.” In this
framework beta decays would occur when a neutron converts to a proton with the emission

of an electron and an antineutrino, all acting at a point:

n—p+e +7. (1.2)

Instead of being components of the nucleus, the electron and neutrino were spontaneously

generated by the decay of the neutron. Fermi’s theory also suggested a method for detecting



neutrinos, via the inverse beta decay:
v+p—on+et. (1.3)

The cross section for this interaction was first calculated by theorists Hans Bethe and Rudolf
Peierls in 1936 to be on the order of 10~#4cm? [18]. With such a small cross section Bethe
and Peierls concluded that the neutrino would never be detected. A typical neutrino would
be capable of passing through a light year of lead before interacting, making detection of

neutrinos from radioactive sources virtually impossible.

The eventual detection of neutrinos would come twenty years later with the invention
of neutrino sources that produced extremely large numbers of neutrinos: nuclear bombs
and nuclear reactors. Frederick Reines and Clyde Cowan decided to use the reaction in
Equation 1.3 to detect antineutrinos. After briefly considering using a nuclear bomb as
the neutrino source they and their collaborators built their first neutrino detector outside
the Hanford nuclear reactor in 1953. They later moved the experiment to the Savannah
River reactor where they were able to make the first detection of antineutrinos in 1956 [19].
Reines was awarded the Nobel Prize for the discovery in 1995.

In 1937 theorist Ettore Majorana suggested that neutrinos could be their own antipar-
ticles [20], since they lack an electric charge. However, in 1955 [21] Raymond Davis, Jr.,
showed that the antineutrinos released from nuclear reactors were not capable of initiating

the reaction

v+37Cl = 3TAr + e, (1.4)

This conclusion confirmed that neutrinos and antineutrinos were therefore distinct parti-
cles.? Two years later, when parity was shown to be violated in the weak interaction, the
failure of antineutrinos to induce the reaction in Equation 1.4 could be ascribed to the
different handedness of neutrinos and antineutrinos, rather than to an intrinsic quantum

number. Neutrinos were left-handed particles that initiated interactions with neutrons, and

2The distinction between neutrinos and antineutrinos was deduced prior to 1955, when several double
beta-decay experiments showed that double beta-decay lifetimes exceeded what would be expected if
neutrinos were the same as their antiparticles [22].



antineutrinos were right-handed particles that initiated interactions with protons. The dis-
tinction between the neutrinos and antineutrinos is based on their handedness, rather than
any other indication of particle-antiparticle nature such as electric charge. As a result the
question of whether neutrinos and antineutrinos are truly distinct particles remains one of
the actively pursued open questions in neutrino physics.

Further experimental discoveries regarding the nature of neutrinos would slowly be made
as theories were developed and more sensitive experiments were built. In 1961 an exper-
iment at Brookhaven National Laboratory determined that neutrinos associated with the
decays of pions into muons were distinct from neutrinos that initiated interactions with
electrons [23]. This was the first experiment to use neutrinos produced by a particle accel-
erator. It was later assumed that a third flavor of neutrino would be associated with the
tau lepton that was discovered in 1975 [24]. This assumption was experimentally confirmed
by the DONUT collaboration at Fermilab in 2000 [25]. In addition to the artificial neutrino
sources, neutrinos from the sun were first detected by Davis and collaborators in the 1970s
with the famous Homestake experiment [26]. Neutrinos produced as a result of cosmic rays
hitting the atmosphere, so-called atmospheric neutrinos, were first seen by the Kolar Gold
Fields neutrino experiment in 1965 [27]. In 1987 both the Kamiokande and IMB experi-
ments detected neutrinos from supernova SN1987a [28, 29]. Davis and Masatoshi Koshiba
were awarded the 2002 Nobel Prize for the detection of cosmic (solar , atmospheric, and

supernova) neutrinos.

1.3 Neutrinos in the Standard Model?

Up to the 1950s physicists had always assumed that parity was not violated in fundamental
interactions. That is, that the mirror image of an interaction would have the same results
as the interaction itself. In the early 1950s it was observed that the decays of two strange
mesons, then known as the 7 and 6, that were otherwise identical resulted in final states
with opposite parities. This led Tsung-Dao Lee and Chen Ning Yang, in 1956, to question

the assumption of parity invariance [31]. They realized that, while parity had been shown

3See [30] as a general reference.



through experiments to be invariant for electromagnetic and strong nuclear interactions, it
had not been tested for weak interactions. If parity were violated for weak interactions then
a single particle could have decay channels whose final states have different parity. One
year later Chien-Shiung Wu and collaborators showed that parity was indeed violated in
the beta decays of %°Co nuclei [32], and R. L. Garwin and collaborators showed that parity
violation occurs in meson decays [33]. Further experiments with beta decays demonstrated
that the weak interaction violates parity maximally. In the case of the 7 and 6 mesons it

was realized that they were actually the same particle, the K*.

The properties of helicity and chirality were fundamental in the understanding of parity
violation. The helicity of a particle is the particle’s spin projected on its direction of motion.
A left-handed neutrino has a spin that is anti-parallel to its momentum. Helicity is not
Lorentz invariant, since an observer could boost to a reference frame in which any particle
traveling slower than the speed of light reversed its direction of motion. If neutrinos were to
always be in a left-handed helicity state they must travel at the speed of light, and therefore

be massless. For massless particles, helicity states are the eigenstates of the 4° Dirac matrix.

Massive particles, on the other hand, do not have a definite helicity because of the
dependence on the frame of reference. For massive particles helicity must be generalized to
a Lorentz-invariant property known as chirality. The left- and right-handed chiral particle
states, 17, and 1R, are the eigenstates of 4°: the eigenvalue of i is +1, and the eigenvalue

of ¢, is —1. Based on these relationships the chirality projection operators are defined as

PL='Y, Pyr =41, Pryr=0;
5
Pp="Y" Ppip =0, Prip=1r.

(1.5)

For massless particles the states ¢ and g are states of definite helicity. For massive
particles they are states of definite helicity only when viewed from a reference frame in

which the particles are relativistic.

The statement that the weak interaction violates parity implies that such interactions act
differently on left- and right-handed chirality states. The statement that weak interactions

violate parity maximally means that weak interactions act only on either left- or right-
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handed neutrinos (but not both). In 1957 Lee and Yang suggested [31] that the maximal
violation of parity implied that all neutrinos were found in a definite helicity state (they did
not know whether it was left-handed or right-handed at the time). The only way for this to
be true in a Lorentz-invariant theory was if neutrinos were massless and therefore able to
travel at the speed of light. Indeed, one year later, Maurice Goldhaber, Lee Grodzins, and
Andrew Sunyar conducted an experiment to measure the helicity of the neutrino [34]. They
found that neutrinos were in left-handed helicity states. The developing Standard Model
therefore included only left-handed, massless neutrinos (and right-handed antineutrinos).
To satisfy the maximal violation of parity and to match experimental data on neutrino
helicity the Standard Model Lagrangian describing weak interactions must have a “vector

minus axial vector,” or “V-A” form:

Eweak = @7“(1 - ’75)¢ (16)

Since a particle is the sum of its right- and left-chirality components, ¢ = ¥gr + ¥, the
Lagrangian term reduces to v;y*1)1,. In other words, the weak interaction acts only on left-
handed particles (and right-handed antiparticles). Of course, the fact that it is the weak
interactions selecting the handedness of any neutrinos detected leaves open the possibility
of massive neutrinos when interpreting the neutrino-helicity measurements.

In Fermi’s original beta-decay theory the weak interaction was modeled as a current-
current interaction, similar to the theory of electromagnetic interactions. However, whereas
electromagnetic interactions took place over long distances by photon exchange, the weak

interaction was modeled as a point-like contact interaction.

The boson actually responsible for the weak exchange is the W. The range of the weak
interaction is short because of the high mass of the W, but it is not point-like as in Fermi’s
theory. The W exists in two charge states, W' and W™, which explains the existence of
charged-current weak interactions. Charged-current vertices connect a charged lepton to
the uncharged neutrino of the same flavor, as in Figure 1.3a.

In the 1960s the Glashow-Weinberg-Salam (GWS) theory of electroweak interactions

included the idea of neutral-current weak interactions [35]. The theory suggested the exis-
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tence of a heavy neutral boson, called the Z°, which mediated neutral-current interactions
in which the interaction vertex leaves the particle unchanged. After 1971, when the GWS
theory was shown by Gerard ‘t Hooft to be renormalizable [36], the idea gained traction in
the physics community. Such weak neutral currents were finally observed in the Gargamelle
bubble-chamber experiment at CERN in 1973 [37]. The W= and Z° were created at CERN
in 1983, and their masses matched the predictions of the GWS theory [38, 39]. The obser-
vation of neutral-current weak interaction and the creation and measurement of the vector
bosons in accelerator experiments was an outstanding confirmation of the GWS electroweak
theory. For neutrinos, neutral-current vertices connect two neutrinos of the same flavor, as
in Figure 1.3b. Sheldon Glashow, Abdus Salam, and Steven Weinberg were awarded the
1979 Nobel prize for their formulation of the GWS theory. 't Hooft shared the 1999 Nobel

prize with Martinus Veltman for demonstrating that the GWS theory is renormalizable.

1] I v vy
I I
W= \Z
I I
(a) Charged current (b) Neutral current

Figure 1.3: Examples of neutrino (a) charged-current and (b) neutral-current weak interac-
tion vertices. The charged-current interaction couples a neutrino, v;, with a charged lepton
of the same flavor, [T. The neutral-current vertex couples two neutrinos of the same flavor.
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1.4 Neutrinos Beyond the Standard Model*

1.4.1 Adding Neutrino Mass

While the Standard Model Lagrangian does not include a mass term for neutrinos there is
no fundamental argument against the existence of neutrino mass. Left-handed and right-
handed fermion states are treated differently in the Standard Model. The left-handed states
are SU(2) doublets, while the right-handed states are singlets. If, for the sake of argument,
we include right-handed neutrinos that have never actually been observed, then the leptons
are arranged as follows:

Ve vy Vr

: ) . €Rs [Rs TR, VeR, VuRs VrR- (1.7)

e T
L H L L

The left-handed particles are arranged in “isodoublets,” and the right-handed particles are
in singlet states. The W* and Z° bosons act only on the isodoublet states, with the W*
interactions connecting the upper and lower components.

The massive Standard Model particles obtain their masses through terms in the La-

grangian that couples the right- and left-handed states:
Linass = —mipip. (1.8)

One could add such a term for neutrinos as well. v is the sum of the left- and right-handed

components of the fermion field, ¥ = (Pr, + Pr)Y = ¢ + ¥R, so the mass term becomes

= m(PL + Pr)(PL, + Pr)y
= m(Ypr + YLYR).

- ﬁ mass

(1.9)

If there is no right-handed neutrino state then the mass term disappears. If there is a
right-handed neutrino, even if it cannot be detected, then neutrinos can have mass. This

type of mass term in the Lagrangian is known as a Dirac mass, and particles with this type

“See [30, 40, 41] as general references.
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of mass, including all of the charged fermions, are known as Dirac particles.

Due to the unique nature of neutrinos, being fermions with no electrical charge, they
have the potential to be “Majorana” particles, with some very special properties. Both v
and 7 satisfy the same Dirac equation, (iy*0d, —m)1, = 0, where 9, is either the neutrino or
antineutrino field. There is nothing in the Standard Model preventing one from describing

the neutrino field as [30]
1
V2

where 1 is the neutrino field and ¢ is the the conjugate of the neutrino field under the

Yu = —= (¥ +4¢°), (1.10)

particle-antiparticle conjugation operator, C'. C also has the effect of reversing the chirality
of the particle. Equation 1.10 allows one to write a Lagrangian that, in addition to the

Dirac mass, also includes terms that couple neutrinos and antineutrinos:
—LM-mass = 7(¢L¢f + i) + T(Qﬂmﬁ% + YRYR). (1.11)

The Majorana mass term changes U(1) charges by two units. The conservation of electric
charge precludes the existence of such a term for any fermion other than the neutrino. For
neutrinos, however, it requires that the conservation of lepton number is broken. Lepton
number conservation is not based on any fundamental symmetry in the Standard Model,?

so the existence of a Majorana mass term for neutrinos is considered a possibility.

1.4.2 Neutrino Flavor Oscillations

In the Standard Model the three quark states that participate in weak interactions are lin-
ear combinations of the states that participate in strong interactions. One could imagine
applying a similar “mixing” to massive neutrinos. If the neutrino eigenstates of the weak
interaction are not exactly the same as the mass eigenstates, then it is possible for the neu-
trinos to effectively change flavor, or “oscillate.” Neutrino oscillations were first suggested
in 1958 by Bruno Pontecorvo, who was considering neutrino-antineutrino oscillations [42].

Four years later Ziro Maki, Masami Nakagawa, and Shoichi Sakata presented the idea of

SWhile this is true, Majorana masses were not included in the Standard Model because such terms are
non-renormalizable.
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oscillations between neutrino flavors [43]. A matrix relating the mass eigenstates to the
flavor eigenstates was developed based on the work of the Maki, Nakagawa, Sakata, and

Pontecorvo, known as the MNSP matrix. It is the lepton analogue of the CKM quark-mixing

matrix:
Uel Ue2 Ue3
Unnse = | U Uue Uus |- (1.12)
UTl U‘r2 UT3

Each flavor eigenstate is made up of a linear combination of the mass eigenstates. For
instance, the relative contributions of the mass 1, 2, and 3 eigenstates in an electron neutrino

are given by the parameters, U1, U, and U.s, respectively.

If neutrinos are oscillating between the flavor eigenstates the results should be observable
by sensitive neutrino-detection experiments. Given a known source of neutrinos, where
both the total flux and the relative contribution of each flavor are understood to some
precision, neutrino oscillations can be observed either by seeing an increase or decrease in
the contribution of one or more flavors. If a neutrino source produces only v, for example,
then the detection of v, or v, would be evidence of neutrino oscillations. If a different source
produced equal numbers of v, and v, but a v,:v, ratio of 4:1 was detected, that too would

be evidence of neutrino oscillations.

One can simplify the picture of oscillations by considering the situation given two flavor
states and two mass states. We can characterize the relationship between the mass states
and the flavor states by a rotation angle, 612:

v cosfio  sinfqo 1
‘] = . (1.13)
i —sin 912 COS 912 V9
Neutrinos are created in definite flavor eigenstates since the process occurs via a weak
interaction. We can write the flavor states as

Ve) = cosbBia|v1) + sinb1a|v
|Ve) 12|v1) 12|v2) (1.14)

lvu) = —sinbia|vy) + cosOi2|va).
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As is true for any other massive particle, neutrinos propagate in definite mass eigenstates.
Equation 1.14 can be inverted to determine the flavor contribution to each mass state. For

a generic neutrino, |v) = ac|ve) + a,|v,), the propagation equation in a vacuum is [41]

d Qe 1 —Am%l cos 2012 Am%l sin 2619 Qe

dt ay iE Am32,sin2612  Am3, cos 2612 a,

(1.15)

The neutrino is also detected via a weak interaction, and therefore the act of detecting
it will collapse the wavefunction into a definite flavor state. Under the assumption that the
neutrino is relativistic, one can write the oscillation probability, the probability that the

neutrino will be detected as a v, as
_ 2 .2 . 2 o L
P, = P(ve — v,) = [(Vu|ve(L))|* = sin®(2612) sin (1.27Am21E> , (1.16)

where Am2; = m3 — m? in eV?, E is the energy of the neutrino in MeV, and L is the
distance traveled in meters. The factor of 1.27 accounts for the units and the factors of 4,
h, and c. Am3; and 615 are properties of the neutrinos, while L and E are properties of the
experiment. P, = 1 — P, is called the “survival probability.” The flavor of the neutrino
oscillates as the probability of detecting it in the original flavor varies up and down. For
a neutrino source with a given energy, the amplitude of the oscillation is determined by
the mixing angle, #12, and the oscillation length is determined by Am3,. The oscillation
probability approaches a limit for very large L, P, — % sin?(2612), after the oscillations are

averaged out to 1/2 due to separation of the wavepackets into distinct mass eigenstates.

Generalizing to the three-flavor oscillation model, a special case applies:
|Am3, | < |Am,| ~ [Am3,|. (1.17)

With this condition, and the condition that, for solar neutrinos Am%Q% > 1, the electron-

neutrino survival probability is

P~ COS4 013Ps, + Sin4 O3, (1.18)
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where P, is P for two neutrinos. For small values of 813, depending on the precision of

the calculation, the two-neutrino approximation is often sufficient.

1.4.8 Neutrinos in Matter

In 1985 Mikheyev and Smirnov [44], building on ideas by Wolfenstein from 1978 [45], sug-
gested that neutrino oscillations might be enhanced as neutrinos passed through matter.
This outcome and the theory predicting it became known as the “MSW?” effect.

Since normal matter is composed in part of electrons, but contains no muons or taus,
the electron neutrino states feel an additional interaction potential. v, can interact via
the charged and neutral weak bosons, while v, and v, can interact only via the Z%. The

interaction potential experienced by the v, is density dependent:
Ve = V2GEpN,, (1.19)

where N, is the electron density, and G is the Fermi coupling constant. The propagation

equation is modified in the presence of the matter potential:

d [ ae 1 —Am32, cos20 + V2GpN, AmZ sin 20 e (1.20)
i— =— .
dt a, 4k Am32, sin 20 Am3, cos 20 a,
The states that diagonalize this Hamiltonian are the neutrino eigenstates in matter:
[Vim) = €08 Om|ve) + sinbp,|v,) (1.21)
lvom) = —sinbpy|ve) + cosb,|v,),
where 6,,,, the effective mixing angle, is defined by
Am? _;
S sin 20
tan 26,, = 2E 2 (1.22)

AQ—TEZ cos 26015 — \/ﬁGFNel

The effective mixing angle is a function of the density of the matter through which the
neutrino is propagating. Recalling Equation 1.16, with the vacuum mixing angle replaced

by 6., it is the mixing angle that sets the amplitude of the oscillations between the flavor
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states. Therefore the oscillation amplitude is a function of the matter density:

Am2\2 . 2
( 2E21) Sin 2912

sin? 26,, = o 3 2 .
(855 cos2010 = VIGEN, ) + (552 ) sin® 2615

(1.23)

There is a critical density where the first term in the denominator goes to zero: v2GpN, =
AQ—’}_%Q cos26015. At this density the mixing between the states is maximal, with 6,, = 45°,
independent of the vacuum mixing angle. The mass eigenstates are equal combinations of
the flavor eigenstates. For a wide range of Am? and neutrino energies the critical density

exists in the sun. Therefore, when determining the survival probability for solar neutrinos

the density gradient of the sun must be taken into account.

Since the mass eigenstates are density dependent, as a neutrino travels through matter
with a changing density, the mass eigenstates themselves change. If the density changes
slowly enough the neutrino will remain in the same mass eigenstate. If it changes more
rapidly, then there is a non-zero probability, P, of jumping one mass-eigenstate trajectory

to the other. The survival probability can be written in terms of P, [46]:

—_

1
P, = 3 + —(1— P.)cos 29& cos 2019, (1.24)

[\

where 0, is the local mixing angle where the neutrino was created, and 615 is the vacuum
mixing angle. In the adiabatic limit [47], P. goes to zero, and the neutrino stays in the

same mass eigenstate.

At high densities, 80 approaches the limit of 7/2, and |ve) ~ |vam). The v, survival
probability simplifies to
P.. = sin” 0. (1.25)

Electron neutrinos are created in the core of the sun where they are almost entirely in the vo,,
state. The change in density as the neutrino travels towards the surface of the sun is close
to adiabatic, so P, is small and most of the neutrinos remain in the vo, state. By the time
the neutrinos reach the surface of the sun, 6, ~ 0, and |va,) ~ 0.6|v) + 0.6|v,) + 0.6|v,).

The MSW effect changes the relative contributions of the different flavors to the neutrinos
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as they exit the sun, which affects the measurements of the neutrino flux made at the earth.

The MSW effect differentiates between the hierarchy options for vy and ve: m; < mo
or mi > meo. The scenario in which the MSW effect enhances v, oscillations assumes the
former. In Equation 1.23 the parameter Am2, appears in the denominator such that flipping
its sign will change sin? 6,,. In the case where Am2,=m2 —m? > 0 (assuming 12 < 45°, as
has been measured), at high densities the electron neutrino has a large overlap with |v»), the
heavier of the two mass eigenstates. This is different than the situation in vacuum, where
the electron neutrino is primarily composed of v1. In the opposite case, where Am3,< 0,
the oscillations are suppressed by the matter effects. The former case is found to be true.
Solar neutrino experiments have been able to determine that Am3,> 0 by observing the
enhancement of the oscillation probability.

To generalize to the three-neutrino case P, in Equation 1.18 is replaced by the ap-

propriate MSW survival probability, such as Equation 1.24. The effective potential, V,, is
replaced by cos? 013V, [48].

1.5 The Discovery of Neutrino Mass

While the possibilities of neutrino mass and flavor oscillations were theoretically established
starting in the 1950s, their discovery would take several decades and a wide variety of
experiments. In the neutrino-oscillation model the sensitivity of an experiment in #-Am?
space depends on the energy of the neutrinos and the distance between the source and the
detector. The limited variety of strong neutrino sources and the various ways in which one
can build a detector determine how one searches that parameter space.

Typical neutrino sources that have been used in experiments include nuclear reactors,
accelerators, cosmic-ray showers in the atmosphere, and the sun. Reactor-neutrino exper-
iment baselines range from a few meters from the reactor core to hundreds of kilometers.
The baseline for atmospheric neutrino experiments is the distance from the upper atmo-
sphere to the experiment on or in the surface of the earth (possibly traveling through part
or all of the earth as well). The baseline for an accelerator experiment is somewhat flexible
since the neutrinos are steered in a beam, though there can be geographical and geological

limitations, and the flux still decreases proportional to 1/L?. The baseline for solar neutrino
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experiments is set by the orbit of the earth around the sun.

Each source also has a typical energy or energy range. The combination of the base-
line and the neutrino energy determine the sensitivity of the experiment in Am3,. The
approximate baselines, energies, and Am? sensitivities for the four typical types of neutrino

experiments are shown in Table 1.1.

Table 1.1: Typical baselines, energies, and Am? sensitivities for accelerator, reactor, atmo-
spheric, and solar neutrino experiments.

Source L (m) E (MeV) Am? sensitivity (eV?)
Accelerator 102 — 10° 103 1072 —-10
Reactor 10" —10° 1 1075 —-10"1
Atmospheric 107 104 1073
Solar 101t 1 10~

Raymond Davis, Jr., and John Bahcall detailed an experiment to detect solar neutrinos
via capture on 37Cl (Equation 1.4) in 1964 [2, 3], an idea that had been proposed by
Bruno Pontecorvo [49] and studied by Luis W. Alvarez [50]. Their purpose was to test
the hypothesis of fusion burning in the sun and, specifically, the calculations of the solar-
neutrino fluxes performed by Bahcall, Fowler, Iben, and Sears [51] a year earlier. Neutrinos
were ideal for this goal since, assuming they were being produced in the pp-chain and CNO
cycle, they would travel unimpeded out of the sun, retaining their original energies. The
photons emitted from the sun, on the other hand, have a short scattering length in the stellar
material and therefore lose information about their production. They could also potentially
be produced by other (non-fusion) energy-generating mechanisms. Davis and collaborators
built the experiment in the following years in the Homestake gold mine in South Dakota.
It was primarily sensitive to 8B solar neutrinos, which are produced in the core of the sun
with a flux that is extremely sensitive to the core temperature (¢sg ~ T'8 [10]). That
dependence on the temperature makes it an excellent probe of the conditions in the solar
core.

In 1968 Davis, Harmer, and Hoffman reported the first results from the Homestake
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experiment [26], though no neutrinos were detected and a limit was placed on the flux.
With an improvement to the electronics in 1970, Davis and his collaborators were able
to make the first measurements of the solar neutrino flux [1]. They found the first hint
that either something was wrong with the solar model, or something was wrong with the
Standard Model description of neutrinos. They measured only one third of the expected flux.
The mysterious discrepancy between theory and experiment became known as the “Solar
Neutrino Problem.” The Homestake experiment continued to record the solar-neutrino flux
for thirty years, with a final cumulative measurement of 2.56 4= 0.23 SNU® [52], whereas
the expected value from the SSM is 8.46f8:§g SNU [13]. Without verification by other
experiments a third possibility remained, that the experimental results were wrong. That
possibility was essentially eliminated with evidence from the Kamiokande experiment in
1987 [53]. The results of the Homestake experiment, along with the other solar-neutrino
experiments mentioned below, are compared to the theoretical expectations in Figure 1.4.
The question of whether the SSM was wrong or the understanding of neutrinos from the

Standard Model was wrong remained unanswered for some time.

The solar-neutrino mystery was confirmed by two other radiochemical experiments that

used neutrino capture on “'Ga:
ve+ tGa — "Ge+e” (1.26)

The gallium reaction has an energy threshold of 233 keV, so it is able to detect the pp neu-
trinos. The two experiments, SAGE (1990-present)and GALLEX (1991-2003; later renamed
GNO), resulted in a combined measurement of 68.1+3.75 SNU [55]. The expectation from
the SSM was 127.9753 SNU [13].

The Kamiokande experiment was a water-Cherenkov detector built in Japan for the
original purpose of looking for proton decay. It was eventually realized that, with improved
electronics, the detector could be a sensitive method for observing neutrinos in real time.

Unlike the radiochemical experiments, which periodically removed the products of the neu-

5A Solar Neutrino Unit, or “SNU”, is defined as 10~3% neutrino capture reactions per second per absorber
nucleus.



21

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2004

m
2|
131212
1038 10588 1088 —
0.90 +£0.08
*B
675 6915
sg 0.48+0.07 5 g
0.41+0.01
2.56+0.23
pp 0.28 +£0.02
ep|
SAGE GALLEX
SNO SNO
Superk - GNO sNo
amiokande
Ga D,0
Theory M8 "Be P—P. PEP Experlments =
°B I CNO

Figure 1.4: A comparison of six solar-neutrino experimental results with the corresponding
theoretical predictions from the SSM. The different types of experiments, Cl, Ga, HoO and
D20, have different energy thresholds. As a result they are sensitive to different fluxes of
solar neutrinos. The fluxes for the radiochemical experiments are given in units of SNU,
where 1 SNU = 10736 neutrino captures per target nucleus per second. The fluxes for
the HoO and D2O experiments are given relative to the SSM predictions. This figure is
from [54], so the SSM flux predictions differ slightly from [13].
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trino interactions (3”Ar and "' Ge) to count the number of interactions that had occurred,
Cherenkov detectors would see each interaction. The tradeoff is a higher energy threshold;
water-Cherenkov detectors are only able to see the B and hep solar neutrinos. Kamiokande,
operating from 1987 to 1996 as a neutrino detector, detected neutrinos via elastic scattering
in a 3-kton volume of water. The struck electron, traveling faster than the speed of light
in the water, created a cone of Cherenkov radiation that was detected with photomultiplier
tubes (PMTs). The total detected flux of neutrinos” was (2.80 4 0.38) x 105 cm=2 s~! [56].
The expected flux from the SSM was 5.28 x 10% cm=2 57! [54]. The successor to Kamiokande,
Super-Kamiokande, began operation in 1996 with a 50-kton volume of water. It measured
a 8B solar-neutrino flux of (2.35 4 0.08) x 10 cm~2 s~!; the results were consistent with
the Kamiokande measurement and approximately half of the expected flux.

In addition to detecting solar neutrinos, Kamiokande [57] and another experiment,
IMB [58], measured atmospheric neutrinos coming from cosmic-ray showers. The char-
acteristic decays of the secondary and tertiary particles in the showers result in a v,:v.
ratio of 2:1. Both experiments, however, detected too few muon neutrinos; this discrepancy
became known as the “atmospheric neutrino anomaly.”

In 1998 the Super-Kamiokande collaboration reported the first unambiguous evidence
for neutrino-flavor disappearance, using the flux of atmospheric neutrinos [59]. This high-
statistics experiment was able to determine the zenith-angle dependence of the observed
neutrino flux ratio, and map out its behavior as a function of L/FE. They found that the
ratio of atmospheric v, to v, depended on the distance the neutrinos traveled; neutrinos
created on the far side of the earth had a significantly longer distance to travel to reach
the detector than neutrinos created directly above it. The data could be explained by the
neutrino oscillation model with v, oscillating into v, that were not observed. The data
suggested a “maximal” mixing angle of fy3= 45°, and Am§2~ 3 x 1073 eV2. This result
has been supported more recently by further atmospheric neutrino measurements, as well
as the accelerator neutrino experiments K2K [60] and MINOS [61].

The resolution of the Solar Neutrino Problem finally came in 2001 and 2002 with mea-

"A light-water (H20) detector is primarily sensitive to ve, with limited sensitivity to v, and v,. However,
it is unable to distinguish between neutrino flavors.
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surements by the Sudbury Neutrino Observatory (SNO) [62, 63, 64]. SNO was also a water
Cherenkov detector, but it used heavy water, D20, instead of light water as the neutrino
target. As a result SNO was able to measure both the v.-only and the total solar-neutrino
fluxes. The SNO results showed that v, created in the sun were being detected as v, and v,
the first detection of neutrino flavor appearance. Results from the third phase of SNO mea-
sured the appearance of v, and v, in the solar neutrino flux at the 8.2-0 level® [65]. When
these data are combined with previous solar-neutrino results, as well as the reactor-neutrino
experiment KamLAND [66], and interpreted within the neutrino-oscillation framework, the
best-fit mixing angle is Ogo1ar ~ 34°, and the mass splitting is Amgolar ~ 7.9 x 1073 eV2.

By decisively solving the Solar Neutrino Problem SNO started the transition to an era of

precision neutrino measurements.

8énc — boc = dur = 3.877539 (total), which is 8.2 & from zero.
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Chapter 2

THE SUDBURY NEUTRINO OBSERVATORY

2.1 Overview of the SNO Detector

The SNO detector is a neutrino detector located 2092 m underground in the Vale-INCO
Creighton nickel mine near Sudbury, Ontario, Canada. A diagram of the detector is shown
in Figure 2.1. The primary neutrino target consists of 1000 tonnes of heavy water (D20).
That target differentiates SNO from previous water Cherenkov detectors which used HoO
as the neutrino target. Like the Kamiokande [56] and Super-Kamiokande [67] experiments
SNO can detect neutrinos via the elastic scattering interaction of a neutrino with an electron.
In addition, however, SNO takes advantage of the neutral- and charged-current interactions
of a neutrino with a deuteron. These are discussed below. The experiment was conducted
in three phases, each of which corresponds to a different method for detecting the neutral-

current interaction.

The DO target is contained within a 12-m diameter acrylic sphere. Surrounding the
acrylic, at a radius of 8.9 m, is an array of approximately 9500 inward-looking photomulti-
plier tubes (PMTs). The PMT array is used to detect Cherenkov light from the neutrino
interactions. Ultra-pure HoO fills the space between the acrylic sphere and the PMT array
as well as the space outside the PMT array. This light water provides physical support for
the detector and shielding from background radiation. A detailed description of the entire

detector can be found in [68].

For the third phase of the experiment an array of 3He proportional counters was installed
within the acrylic sphere. Forty “strings” of proportional counters were anchored to the
bottom of the sphere. Thirty-six of them contained 3He and were used to detect the neutral-

current interaction, while four contained *He and were used to measure the background.
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Figure 2.1: The SNO Detector. This figure is from [68].

2.2 Using D20 to Detect Neutrinos

SNO primarily detects solar neutrinos coming from the beta decay of ®B in the pp chain. The
experiment was designed to determine definitively whether or not there is a non-electron-
neutrino component to the ®B solar neutrino flux. To accomplish this goal SNO takes
advantage of the different flavor sensitivities of the three neutrino interactions: elastic scat-

tering (ES), charged current (CC), and neutral current(NC).
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2.2.1 FElastic Scattering

Like previous water Cherenkov detectors SNO is sensitive to the elastic scattering of a
neutrino from an electron:

Upt+e —up+e . (2.1)

This interaction can take place by the exchange of either a W or a Z boson, as is shown
in Figures 2.2 and 2.3, respectively. Any flavor of neutrino, z = e, u, 7, can scatter by Z
exchange, but only electron neutrinos can scatter through W exchange. As a result of the
large cross section for v, elastic scattering via W exchange the ES interaction is primarily
sensitive to electron neutrinos, but has a limited sensitivity to p and 7 neutrinos as well.
The two types of ES interactions are completely indistinguishable to SNO, s-channel and
t-channel. Both are detected by observing the cone of Cherenkov light emitted by the

scattered electron.

Ve e
W I
_%_ : W
e Ve /\\
e v,

(a) (b)

Figure 2.2: Feynman diagrams of the (a) s-channel and (b) t-channel elastic scattering
interactions via the W bosons. Only electron neutrinos can participate in these interactions.

One of the most important features of the ES interaction is its directional sensitivity.
The scattered electrons are highly forward peaked in the direction of the incoming neutrino.
This can be used to show that the neutrinos detected by SNO are actually coming from the

sun. Additionally, this feature can be used to differentiate ES events from other neutrino
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Figure 2.3: Feynman diagram of the elastic scattering interaction via the Z boson. Any
flavor of neutrino can participate in this interaction.

interactions detected with the PMTs.

2.2.2 Charged Current

Neutrinos also interact with the deuterons in the heavy water. The CC interaction is
mediated by a W boson. The neutrino is absorbed and the neutron is converted to a proton
and an electron:

Ve+?H —»p+pte . (2.2)

The Feynman diagram is shown in Figure 2.4. For 8B neutrinos this reaction is only energet-
ically allowed for electron neutrinos. As a result the CC interaction provides a measurement
of the electron neutrino flux.

The electron carries away most of the energy of the interaction, minus the 1.44 MeV
threshold and the recoil energies of the protons. Therefore the energy spectrum of the
CC interaction is a reliable measure of the neutrino energy spectrum. Since that energy
spectrum is altered by neutrino oscillations (or any other exotic effect present) it provides
a valuable tool for learning about neutrino oscillations.

The CC interaction has some directional sensitivity which can help differentiate it from

the ES and NC interactions. The electrons are emitted preferentially in the backwards
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Figure 2.4: Feynman diagram of the charged-current interaction with a neutron. Only
electron neutrinos can participate in this interaction.

direction. The directional distribution is approximately described by 1 — 1/3 cos s, where

O is the angle between the direction of the incoming neutrino and that of the recoil electron.

2.2.8 Neutral Current

If a neutrino interacts with a deuteron via a Z boson then the deuteron can be dissociated
into a proton and a neutron:

Ve +d—p+n+uv,. (2.3)

The Feynman diagram is shown in Figure 2.5. The NC interaction is equally sensitive to all
flavors of neutrinos, x = e, u, 7, as long as the energy of the neutrino exceeds the binding
energy of the deuteron, 2.2 MeV. It provides a measurement of the total neutrino flux
above the threshold, weighted by the cross section. If the fluxes measured by the CC and
NC interaction are different, then the solar neutrinos definitely have a non-electron-flavor
component.

Of the reaction products only the neutron can be detected. SNO has utilized three
different methods for detecting the NC neutron, all of which are described in the next
section. The neutron thermalizes in the surrounding medium and, in the process, it loses

all directional and energy information.
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Figure 2.5: Feynman diagram of the neutral-current interaction with deuterium. Any flavor
of neutrino can participate in this interaction.

2.3 Detection of the Neutral Current Signal

The three phases of SNO correspond to three independent methods for detecting the NC
neutron: capture on a deuteron, capture on °Cl, and capture on *He. The different phases
involved different backgrounds, systematic uncertainties, and analysis techniques. To a
certain extent they can be considered separate, though related, experiments that provide

three different measurements of the ®B neutrino flux.

2.3.1 Phase 1: Pure DyO

The first phase of SNO lasted from November 1999 to May 2001. Neutral-Current neutrons
thermalized in the D2O and were detected by their capture on a deuteron. That capture
releases a 6.25 MeV gamma ray which then would Compton scatter an electron in the
water. The electron then produces a detectable cone of Cherenkov radiation. In the process
of thermalizing in the D20 the neutron undergoes a random walk, and in some cases it
would reach the acrylic sphere. Neutrons that captured in the acrylic or in the surrounding
H>0O would be undetectable. The probability of this occurring increases for NC neutrons
produced at higher radii, so the detected NC events had a radial dependence that was used

to separate the NC signal from the CC and ES signals.
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2.3.2 Phase 2: Salt

The second phase of SNO lasted from July 2001 to September 2003. Two tonnes of NaCl
were dissolved in the DsO to enhance the NC signal. Since the neutron-capture cross-section
of 33Cl is much higher than that of deuterium (44 barns versus 0.0005 barns) neutrons are
more likely to capture close to their point of origin, so fewer were lost to the acrylic or H2O.
The increase in capture efficiency increased the statistical accuracy of the measurement,
though it made the radial distribution of neutron captures less useful for separating the
neutrino signals. However, instead of a single gamma ray, the capture of a neutron on
35(C1 releases a shower of gammas totaling 8.6 MeV as the nucleus de-excites. These result
in multiple Cherenkov cones, so the isotropy of the light from such an interaction was

significantly different than that seen in the ES or CC interactions.

2.3.8 Phase 3: Neutral Current Detection Array

The third phase of SNO lasted from November 2004 to November 2006. The work presented
in this dissertation primarily concerns this phase of the experiment. An array of thirty-six
strings of 3He proportional counters was used to detect the NC neutrons after the salt
from the previous phase was removed. Because the cross section for neutron capture on
3He is higher than that of deuterium by a factor of 107, a sparse array of counters still
achieved a ~30% neutron capture efficiency. The Neutral-Current Detection (NCD) Array
provided a measurement of the NC neutrons that was almost completely independent of the
measurement by the PMT array. Whereas, in previous phases, the ES, CC, and NC fluxes
were separated statistically and therefore highly correlated, the NCD Array measurement
breaks the correlations between the NC flux and the other two fluxes. The details of the

operation of the NCD Array will be discussed in Chapter 3.

2.4 Results from Phases 1 and 2

The SNO Collaboration published the first results from the D2O phase in 2001, includ-
ing measurements of the CC and ES fluxes [62]. By combining the CC and NC flux

measurements from SNO and the ES flux measurement with higher statistics from Super-
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Kamiokande the v, flux was determined to be ¢, = 3.69 £ 1.13, in the units that will

2 571, This measurement demonstrated

be used for fluxes throughout this section, 106 cm™
that there is a non-v, flux at a 3.3-0 level.

In 2002 the SNO Collaboration published results from the full DoO phase, with mea-
surements of all three fluxes, and definitely showed that neutrinos change flavor [63]. The
non-v, component of the 8B solar-neutrino flux was measured by SNO alone at a 5.3-0
level (¢pur = 3.41f8:gg), and at a 5.5-0 level when combined with the Super-Kamiokande ES
measurement (¢, = 3.4570:0%). Figure 2.6 shows the measurements of the CC, ES, and
NC fluxes by SNO, along with the SSM prediction. The intersection of the three fluxes in-

dicates that some of the solar neutrinos are detected as v, or v; neutrinos. The existence of

a non-v, component of the 8B solar-neutrino flux proves that neutrino flavor change occurs.
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Figure 2.6: The flux of v,,+v; versus the flux of v, as measured by the CC, NC, and ES fluxes
during the D2O phase. The bands represent the 1-o errors on each flux, and the dashed
lines are the SSM prediction. The intersection between the fluxes shows that approximately
2/3 of the B solar-neutrino flux measured by SNO consisted of j or 7 neutrinos.

The total neutrino flux, as measured by the NC reaction, was 5.09f8j§(stat.)f8:ig (syst.),

in good agreement with the 2001 SSM prediction of 5.05'_%:2%. These are represented by
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the blue band and the dashed lines in Figure 2.6, respectively. Despite having a limited
sensitivity to v, and v, the ES measurement was a critical factor in determining the total
flux because of its sensitivity to the neutrino energy spectrum. The energy spectrum is
constrained to the SSM prediction of the 8B spectrum. The fit can also be performed
without including the energy spectrum constraint, though the NC flux is only determined
at the 24% level (6.42 + 1.57(stat.)f8:gg(syst.)) in this case.

The salt phase improved upon the results from the DoO phase [69]. By using neutron
capture on chlorine instead of deuterium to detect the NC events, a precision measurement
of the fluxes could be made without relying on the event energy, and therefore independent
of the predicted ®B spectrum. The isotropy of the light (“814”) resulting from neutron
capture on chlorine is different from that of the CC and ES signals; it replaces the energy
spectrum in the fit to separate the fluxes. The total flux was determined by the energy-
unconstrained fit to be 4.81 £ 0.21(stat.)f8§i(syst.), while the energy-constrained fit was
only slightly more precise, 4.81 + 0.19(stat.)f8:§§(syst.). ¢ur was determined to be non-zero
at a 7.2-0 level by the unconstrained, model-independent, fit (3.2610.25(stat.)f8:§(5] (syst.)).

The raw fluxes measured by SNO are interpreted within the two-flavor neutrino-oscil-
lation framework to determine the values of Am3; and 6;2. The two-flavor model is an
approximation of the three-flavor model that is valid within the precision of the existing
measurements under certain circumstances. The mixing-matrix element Ugo can be written
as cos fq3sin b9 [70], which is approximately sin 612 when 613 is small. The measurement
of ¢cc/dnc is a direct measure of P, and therefore, using approximations discussed in
Section 1.4.3, P.. ~ sin® o ~ \Uea|?.

Within the two-flavor oscillation model the SNO salt results can be combined with other
solar-neutrino measurements, including the Homestake, SAGE, Gallex/GNO and Super-
Kamiokande experiments, and the KamLAND reactor-neutrino experiment. Figure 2.7a
shows the fit with only the solar-neutrino measurements in the Am3; /tan%f;5 parameter
space, and Figure 2.7b includes the KamLAND results in the fit. With a high degree of preci-
sion the best-fit point is determined to be #195 = 33.93:;‘ degrees, Am%l = 8.0f8:2 x107° eVZ2.
SNO provides a strong constraint on the mixing angle, while KamLAND constrains the mass

splitting.
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Figure 2.7: The SNO results from the salt phase are combined with the Cl, Ga, and Super-
Kamiokande solar-neutrino measurements in (a) to determine the best-fit two-neutrino flavor
oscillation parameters, Am3; and 612. (b) includes the reactor-neutrino measurements by
KamLAND as well, significantly constraining the best-fit region in Am3,. This figure is
from [69].

2.5 DMonte Carlo Simulation

Having an accurate understanding of an experimental apparatus is an absolute necessity
for a successful experiment. For the SNO experiment this goal is achieved in the form of a
detailed model of the detector and the physics events involved, and the use of the Monte
Carlo method of simulation. These tools, along with the primary data processing functions,
are provided by the SNO Monte Carlo and ANalysis (SNOMAN) package, which has been

developed by the SNO Collaboration over the lifetime of the experiment.

SNOMAN is written in FORTRAN77 and uses the ZEBRA database manager for both
the event data structure and the database of software and detector parameters. SNOMAN is
responsible for processing the raw data and applying calibration constants for every channel
of the PMT and NCD arrays. It also includes processors to perform data cleaning, as well
as the fitting of PMT events to estimate the event vertex location, direction, and energy.
A set of C++ classes, known as QSNO, is used in conjunction with SNOMAN to produce
ROOT |[71] files from the raw data that are used in further analyses. Some components

of SNOMAN, including many of the NCD-related elements, are classes in QSNO that are
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used by SNOMAN. The data are typically output in a QSNO-based data structure known
as a QTree. For Monte Carlo production the information about the particle and interaction
simulations is contained in a separate structure known as an MCTree.

The SNO Monte Carlo is a highly detailed simulation of the SNO detector and the phys-
ical processes that are involved. Some of the physics simulations are performed by existing
packages, such as EGS4 [72], MCNP [73], FLUKA [74], and, more recently, NUANCE [75].
The rest, however, is custom-built, including the detector geometry and data acquisition.
The NCD simulation, in particular, will be discussed in greater detail in Chapter 4. Monte
Carlo simulations are used to build Probability Distribution Functions (PDF's) of the various
observables associated with SNO for the different classes of signal and background events.
Furthermore, by comparison with calibration data we can better understand and quantify

the systematic effects in the data.
2.6 Calibrations

Along with Monte Carlo the other method of understanding the SNO detector is through
calibrations. One can look at the detector response from known sources placed inside the
detector to determine, for instance, the neutron detection efficiency, or the PMT angular
response. The results from these calibrations are used as inputs to the Monte Carlo to
guarantee an accurate model of the detector.

Calibrations have been a major focus of the SNO experiment throughout its lifetime.
In each phase approximately one-third of the detector livetime was devoted to calibrations.
The accuracy of SNO’s results is limited by the systematic errors, so it was reasonable to
use a considerable amount of time calibrating the detector and thereby reducing systematic
errors, instead of detecting more solar neutrinos.

The various calibrations fall into three categories depending on how they are deployed
in the detector. The first category includes encapsulated sources that are deployed using a
manipulator system, as shown in Figure 2.8. The source is passed through the neck of the
acrylic vessel and into the main volume of D20O. The position of the source can be controlled
in two ways. In the one-dimensional mode it can be dropped vertically along the z axis

with a single rope. For three-dimensional control of the source position two ropes control
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the source position in the z — z and y — z planes. Typically the source is moved in one
plane or the other, using only one rope at a time. The second category of calibrations is
dissolved sources. For these calibrations the source is dissolved in the D2O (usually through
the use of the manipulator system) with the goal of forming a uniformly-distributed source.
Eventually the introduced activity decays away. The third category of calibrations includes
the various electronics calibrations. In this case no sources are deployed. The electronics

parameters are measured by injecting signals into either the NCD or PMT systems.

MOTOR MOUNTS
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Figure 2.8: The SNO encapsulated-source deployment and manipulator system. This figure
is from [68].

In each phase the set of calibrations used depended on the characteristics of the particular

phase. For the NCD phase the suite of calibrations included the following:

e 2*Na Spike: At two times during the NCD phase the DyO was spiked with ?*Na.
The beta decay of *Na releases a 2.74 MeV gamma ray that photodisintegrates 2H,
releasing neutrons into the water. The goal is to produce a uniformly-distributed
neutron source, mimicking the distribution of the neutral-current events. This can be

used to determine the neutron capture efficiency for a uniform source. The data are
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also used to produce a data set consisting almost entirely of neutron-capture pulses in
the NCD array (see Chapter 3 for more details on this process). The 24Na data sets
are used to study data-cleaning sacrifices, to train pulse-shape analysis algorithms,

and to validate the NCD Monte Carlo.

AmBe: Extensive point-source neutron calibrations were conducted with two 24 Am-
9Be neutron sources. 24! Am decays via the release of an alpha particle. Alphas that
hit the “Be target produce neutrons via the “Be(a,n)?C reaction. The two-component
source is enclosed in acrylic. The neutron-production rate of the “medium rate” source
is 23.6 Hz, while the rate of the “high rate” source is 68.7 Hz (the “low rate” source,
at approximately 7 Hz, was not used). Neutron detection efficiency and dead times
were studied with the AmBe sources. An AmBe source was also used during the
deployment and undeployment of the NCD strings to measure each counter’s gain

and to verify that they were working correctly.

22Cf: During the DoO and salt phases the 22Cf source was the primary means of
determining the neutron-capture efficiency. During the NCD phase it was also used
for that purpose. A small amount of 22Cf is encapsulated in an acrylic source that is
lowered into the DO volume. Neutrons are produced by fission decays. The average
multiplicity for a single decay is 3.77 neutrons [69]. This multi-neutron characteristic
allows the neutron-capture efficiency measured by the other two neutron sources to
be verified with an alternate analysis, the Time Series Analysis, which is independent
of the source strength. Furthermore, with a source producing bursts of neutrons, one

can also study the deadtimes of the NCD system.

16N: A D-T generator was used to create N, which was then carried into a cylindrical
stainless-steel decay chamber that was suspended inside the detector. The beta decay
of N releases a 6.13 MeV gamma 66% of the time and a 7.12 MeV gamma 4.8% of
the time. The gamma passes through the stainless steel wall and showers in the water
to produce Cherenkov light. The beta is stopped by the stainless steel. A sleeve of
scintillator and a 5-cm PMT inside the decay chamber were used to trigger the SNO
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detector. In this way gammas from external sources and from beta decays of '°N
that had not yet reached the chamber could be vetoed. This source was used as the
primary method for determining the energy scale of the detector and for examining
the energy systematics. The vertex reconstruction accuracy, detector stability, and

data-cleaning sacrifice could also be studied.

Rn Spike: Low-energy backgrounds were examined by dissolving ??2Rn in the D5O.
Its decay provided a uniform source of background events and could be used to un-

derstand the radial profile of the real background events.

Th: This source consisted of Th encased in multiple layers of acrylic. It was used
to study the low-energy backgrounds from radioactive contaminants in the detector
components. It was also deployed in the light-water region of the detector to study

the detector response to background events originating outside of the D2O.

8Li: The energy response at the high end of the neutrino energy spectrum is studied
with a ®Li beta-decay source. The endpoint for the decay is 13.5 MeV. This source is

also used to study the data-cleaning sacrifice at high energies.

Laserball: A gaseous nitrogen laser was used to determine the optical properties of
the detector. The laser light, at one of a number of different frequencies, was passed
into the detector via a fiber optic cable that terminated in an acrylic diffuser ball.
Light pulses 8-ns wide were used to make a number of measurements of the PMT
system. High-occupancy runs were used to determine timing and gain constants (see
Appendix C for details on performing this calibration during the NCD phase). Lower-
occupancy runs were used to make other measurements, such as of the angular and

frequency responses of the PMTs, and to measure the NCD positions and tilts.

Electronics: Electronics calibrations for both the PMT and NCD systems were per-
formed by injecting pulses into the electronics systems and measuring various prop-

erties of the output signals. For the NCD system the properties measured included
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the thresholds for both the shaper and multiplexer systems, the linearity and gains
of the shapers, and the parameters that defined the logarithmic amplification in the
multiplexer system.! For the PMT system the electronics calibrations included the

number of ADC counts corresponding to zero charge, and the timing of the signals.

!Chapter 3 includes a brief description of the NCD data acquisition, and a more detailed description is
found in [76]
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Chapter 3

THE NCD PHASE

The goal of the third and final phase of the SNO experiment was to complement the
previous two phases and improve the measurement of the CC and NC fluxes. Unlike the
previous two phases, in the NCD phase the NC flux was measured by two independent sets
of detectors. Previously the ES, CC, and NC fluxes were all measured by the PMTs and the
events had to be separated statistically through an extended Maximum Likelihood fit. This
type of analysis led to measured fluxes that were naturally correlated to various extents.
The use of the NCD array to detect only the NC flux breaks the statistical correlations
between the ES and CC fluxes and the NC flux. Most of the systematic effects that apply
to the NCDs were also different from those that applied to the PMTs.

3.1 Motivation for the NCD Phase

The ability to make an independent measurement of the NC flux was crucial to improving the
accuracy of SNO’s solar-neutrino measurement. The correlations from the salt and NCD
phases are compared in Table 3.1. By reducing two of the correlations significantly the
expected uncertainties on the NC and CC fluxes, as well as the expected uncertainty on the
day-night asymmetry, are also reduced. The measured and expected uncertainties are shown
in Table 3.2. As of the initial publication of the NCD-phase data [65], the uncertainties
are comparable to the salt-phase results. With future analysis developments, including the
analysis described in Chapters 6 and 7, leading to further reductions of the uncertainties
SNO has the opportunity to make the best possible measurement of the CC/NC flux ratio
and the total 8B solar neutrino flux.

The uncertainties on the measurement of the CC/NC flux ratio determine how well we
can measure the oscillation parameters. That ratio is most sensitive to the value of 812, and

no other experiment currently planned will have the same sensitivity. Therefore the best
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Table 3.1: Correlations between the measured fluxes for the salt phase and the NCD phase.
The salt-phase numbers are from [69]. The NCD-phase numbers are from [77].

Correlation Salt Phase NCD Phase

NC:CC -0.521 -0.192
CC:ES -0.156 0.238
ES:NC -0.064 0.017

Table 3.2: Uncertainties on the NC and CC fluxes, and the day-night asymmetry. The
actual NCD-phase numbers are from [65], and the others are from [78]. SNO is undertaking
further analysis of the NCD-phase data to lower the uncertainties from that data.

Uncertainty D30 Salt NCD (expected) NCD
NC (ono/NC)  12% 8% ~ 6% 8.7
CC (occ/CQ) 6% 6% ~ 4% 5.5
Day-Night (04) 5% 7% ~ 5% N/A

measurement that SNO can make of CC/NC ratio will produce the best value for 615 in
the foreseeable future. Figure 3.1 shows the allowed region of Am3,-612 space including the
first NCD-phase results from SNO and the best-available results from other solar-neutrino
experiments and KamLAND. The solar-neutrino experiments are more sensitive to 615 than

Am3;, while KamLAND narrows the allowed region along the Am3, axis significantly.
3.2 The NCD Array

The NCD Array, which was deployed between December 2003 and April 2004, consists of
thirty-six strings of 3He proportional counters and four strings of He proportional counters.
The *He strings are not sensitive to neutrons and are used to characterize the non-neutron
backgrounds in the array.

The strings are arranged on a grid with 1-meter spacing, as shown in Figure 3.2. Each
string is labeled with an alphanumeric name. The letter corresponds to the ring, with the N
strings being the innermost four, and the I strings being the outermost eight. The number

roughly corresponds to the location around each ring. They are also numbered, 0-39, though
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Figure 3.1: The global fit of (a) solar-neutrino experiments and (b) solar-neutrino experi-
ments plus KamLAND from SNO’s first NCD-phase results [65]. KamLAND is extremely
sensitive to Am3, relative to the combined solar-neutrino experiments, while the latter are
more sensitive to 61s.

the numbers are not shown in the figure.

The sparse array is sufficient because the thermal neutron-capture cross-section of *He is
5330 barns, seven orders of magnitude larger than that of deuterium. For neutrons created
uniformly throughout the D2O volume the NCD Array capture efficiency is approximately
21%, and the D3O capture efficiency is approximately 17%. Reducing light loss due to
shadowing was the main motivation for implementing a sparse grid of counters. The loss is
approximately 9% [79].

Each string is 9-11 meters in length and is