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Abstract

The Sudbury Neutrino Observatory (SNO) has provided positive evidence for neu-
trino flavour conversion, by comparing neutrino fluxes measured through charged-current
(CC) and neutral-current (NC) interactions in heavy water. In this thesis, data from the
second phase of the experiment (the salt-phase), in which 2 tonnes of NaCl served to
enhance sensitivity to the NC interaction, have been analysed. The measured ratio of CC

to NC fluxes is:
d(CC)

®(NC)

which was obtained from an energy-unconstrained likelihood fit above an effective kinetic

= 0.310 & 0.021(stat.) = 0.024(sys.),

energy threshold of 5.5 MeV. This ratio measures the fraction of electron-type neutrinos
with respect to the total flux of active neutrino types from the Sun and is consistent
with matter enhanced (MSW) oscillations with a large mixing angle (LMA). This result
is in good agreement with previous measurements by SNO and is also confirmed by the
KamLAND reactor experiment.

MSW oscillations are also expected to distort the energy spectrum of electron neu-
trinos from the Sun and were tested for by measuring the CC energy spectrum. No
significant evidence for modification of the spectrum shape was found, though the ex-
pected distortion for the LMA mixing scenario is small. Separate day and night spectra
were also measured to test for matter effects in the Earth that affect electron-neutrino
fluxes and spectra measured at night. For the LM A scenario, such effects are expected to
be small and no significant asymmetry was detected.

Different techniques have been investigated to improve the sensitivity of SNO mea-
surements. In particular, the technique of varying systematic parameters in the likelihood
fit was found to reduce the magnitude of uncertainties on the CC and NC fluxes by 20—
25%. A method to test against a range of MSW model predictions using likelihood ratios,
has also been developed and tested on the salt data set.
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Foreword

As SNO is a large experiment, much of the data analysis is performed in a collaborative
manner. This thesis details the specific tasks performed by the author, but also draws on
analyses performed by other members of the collaboration.

The main contributions for which the author was solely responsible are the mea-
surement of Rayleigh scattering in the D50, described in chapter 4, and the development
work on, and subsequent implementation of, the MXF maximum likelihood fitting code
which is introduced in chapter 5. This code was used to perform a detailed investigation
of signal extraction biases and to extract the charged-current energy spectrum from the
salt data set (chapter 6). The extensions to this code to treat systematic errors in a
correlated manner (chapter 7) and to perform the fit in terms of electron-neutrino energy
were also developed and tested by the author (chapter 8).

The systematic studies into energy-dependent effects of energy non-linearity (ap-
pendix G), fiducial volume uncertainty (appendix H) and aborted simulation events (ap-
pendix F) were a critical requirement for the spectrum analysis that were performed by
the author.

The code written to aid the task of selecting quality neutrino data for analysis was
designed by the author and developed in collaboration with other members of the run
selection committee.
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Glossary

This glossary defines a number of acronyms, and terms frequently used in this thesis.

AV Acrylic Vessel.

AMB Analogue Measurement Board.

8B neutrino A neutrino produced by the decay of 8B to ®Be in the Sun.
CC Charged-Current (v interaction).

CL Confidence Limit.

Contamination The fraction of instrumental background events in the neutrino data
set.

Concentrator Reflective structure mounted around each PMT to maximise the solid
angle detector coverage.

ECA Electronics CAlibration.

ES Elastic Scattering (v interaction).

EN External Neutron.

ESUM Trigger obtained by an analog sum of the signals from each PMT.

FPS First Pass run Selection.

GTID Global Trigger IDentification number.

hep neutrino A neutrino produced by the capture of a proton on *He in the Sun.
NC Neutral-Current (v interaction).

Laserball The main optical calibration source for the SNO detector.

8Li source A calibration source that produces 3~ s from the decay of 8Li.

Livetime The length of a data set in days, corrected for data removed by data-cleaning
criteria.
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LMA Large Mixing Angle, a scenario for solar neutrino mixing.
MC Monte Carlo
MINUIT A standard minimisation package from the CERN software library.

MNS matrix The Maki-Nakagawa-Sakata unitarity matrix that described mixing be-
tween 3 neutrino flavours.

MSW effect A matter enhancement effect for neutrino oscillations named after Mikheyev,
Smirnov and Wolfenstein who developed the theory.

MXF A maximum likelihood signal extraction package developed by the author.
MTC Master Trigger Card (Digital or Analogue).

1N source A source of 6.13 MeV s produced from the decay of 1®N used for calibration.
NCD Neutral Current Detector.

OWL OutWard Looking PMT.

PCA PMT Calibration.

PDF Probability Density Function.

PMT Photo-Mulitplier Tube.

PSUP PMT SUPport structure.

Pt source Proton tritium source of high energy s used for calibration.
PulseGT Pulsed Global Trigger.

Run Unit of collected data no longer than 24 hours in length.

RMS Root Mean Square.

Sacrifice The fraction of true neutrino events mistaken as instrumental background
events and excluded from the data sample.

SNO Sudbury Neutrino Observatory
SNOMAN SNO Monte Carlo and ANalysis software.
SSM Standard Solar Model.

SPS Second Pass run Selection.
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The following are parameters used to describe events in SNO, which are frequently used
in the text.

B1a A measure of event isotopy.

cos O The cosine of the angle between the reconstructed direction of an event, and the
direction to the Sun.

ITR The in-time-ratio.
N hits The number of PMTs signalling a hit in an event.

R3 A volume weighted measure of reconstructed event position, defined in terms of the
radius of the acrylic vessel of the SNO detector.

Teps The effective electron kinetic energy of an event.
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Chapter 1

Solar Neutrino Theory

In 1930 Wolfgang Pauli postulated the existence of a weakly interacting neutral particle
to explain the continuous 8 decay spectrum [1], sparking the birth of the field of Neutrino
Physics. The neutrino was first detected in 1956 in an experiment by Cowan and Reines [2]
through inverse -decay of the proton by neutrinos from a nuclear reactor.

Since then neutrinos from many sources have been observed, including those created
by cosmic ray interactions in the atmosphere and those created by nuclear fusion reactions
in the Sun. The first indications of unusual neutrino phenomena came from the pioneer-
ing experiment of Davis et al. [3] which detected a smaller flux of solar neutrinos than
expected. These measurements initiated the Solar Neutrino Problem, and were supported
by results from a number of other solar neutrino experiments over the next 30 years.

The Sudbury Neutrino Observatory (SNO) is a second generation solar neutrino
experiment designed to solve the solar neutrino problem, specifically probing the idea
of neutrino flavour change which was first proposed by Pontecorvo and Gribov [4, 5].
Research at SNO and other second generation neutrino experiments has now unearthed
neutrino properties beyond the framework of the Standard Model of Particle Physics.
Indeed, a fuller understanding of the fundamental properties of neutrinos may prove vital
in developing theories which go beyond this model.

In this chapter the neutrino is introduced, and the details of neutrino oscillations

including recent evidence for them from SNO and other experiments are discussed.

1.1 Neutrinos in the Standard Model

The Standard Model provides a consistent theory of the fundamental particles and their
electromagnetic, weak and strong interactions (for a general description see, for example,
Ref. [6]). In this model, massless neutrinos exist only in left-handed doublets, partnering
the charged leptons. Masses for quarks and charged leptons are generated in the Standard
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Model through the Higgs Mechanism, which requires right-handed fields. With no right-
handed neutrino fields, the neutrinos remain massless and their helicity state is fixed: left-
handed for neutrinos and right-handed for anti-neutrinos. The latest fit to measurements
of the Z° Boson width by the LEP experiments results in 2.9841 4 0.0083 flavours of
neutrino with mass below 45 GeV [7].

Neutrinos interact only through the Weak interaction, having neither colour nor
electric charge. Reactions can proceed either through the W=, converting a neutrino to
its charged lepton partner, or though the neutral Z° boson. The large mass of these bosons
makes the Weak force significantly weaker than the other forces* rendering neutrinos very
difficult to detect. All three flavours of neutrino (v, v, and v,) have now been observed
through their interactions with other matter.

The Standard Model has proved extremely successful and has been confirmed by
many rigorous experimental studies that test the theoretical predictions. It is generally
deemed to be an incomplete theory however, as it does not incorporate the fundamental
force of gravity. A number of the model input parameters cannot be explained either,
for example the masses of the fundamental fermions and the fact that there are three
generations. Much work has been carried out developing Grand Unified Theories (GUTs)
which attempt to explain these facts and unify all four fundamental forces. Experiments
probing phenomena that are not predicted by the Standard Model can provide vital inputs
to these new theories.

1.2 Neutrino Mass Measurements

One phenomenon, which is not predicted in the Standard Model of Particle Physics is the
finite mass of a neutrino. A number of approaches can be used to probe neutrino mass as

described in this section.

1.2.1 3 Decay

The lowest direct upper limits on the electron neutrino mass, m,,, are obtainable from
investigations of tritium [ decay. A finite value of m,, reduces the available phase space
for the § decay and changes the shape of the emitted 8 spectrum. Experiments investigate
this effect through measurement of the end point of tritium § decay. The existing limit

on m,, from such experiments [8, 9] is

my, < 2.2eV (95 % C.L.).

*Excluding gravity, which is not incorporated in the Standard Model.



1.2. NEUTRINO MASS MEASUREMENTS 3

Limits on the muon neutrino mass, m,,, come from measurements of the two-body decay

of the pion providing the limit [10]:
m,, < 190keV (90% C.L.).

The best limit on the tau neutrino mass, m,._, obtained from tau decay measurements
is [11]

my, < 18.2 MeV (90% C.L.).

1.2.2 Neutrino-less Double 8 Decay

It is possible to change reference frames such that a massive particle changes helicity
state, therefore, massive neutrinos could have right-handed helicity. Unlike the other
fundamental particles, there is no other quantum number to describe this state, such
as electric charge or colour so the interpretation is ambiguous: either the right-handed
helicity state is the anti-neutrino and the neutrino is its own antiparticle (a Majorana
particle), or the neutrino is a Dirac particle like all other fundamental fermions, with
masses generated through the Standard Higgs mechanism.

It should be noted that tritium decay experiments constrain m,, to be at least
five orders of magnitude below the electron mass, m., which is not explained by this
mechanism. Many GUT theories predict a finite neutrino mass through the see-saw
mechanism [12], which accounts for very small left-handed neutrino masses through a
suitably large Majorana mass for the right-handed neutrino.

One of the most promising ways to probe the nature of neutrinos is to search for the
lepton number violating process of neutrino-less double beta decay, which can only occur
for Majorana neutrinos. The null results of these searches provide limits on the Majorana
neutrino mass, with the most competitive limit being that from "®Ge [13]:

m,, < 0.35eV.

1.2.3 Cosmological Limits

Cosmological data can also provide information on the total mass of the light active
neutrinos. Mass limits are derived from the way non-zero neutrino masses suppress the
amplitude of density fluctuations and effect the shape of the matter power spectrum. Re-
cent measurements from the Wilkinson Microwave Anisotropy Probe (WMAP), combined
with data from the 2dF Galaxy Redshift Survey (2dFGRS), limit the neutrino mass m,,
to be < 0.23 eV assuming three degenerate neutrino species [14].}

t Active neutrinos are those that participate in the weak interaction: v, Vy, Vr.
HInterpretation of these data depend on priors on other cosmological constants and also the neutrino
mass hierarchy (discussed in section 1.9). Most estimates are in the region 0.23-2.5¢V.
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1.3 Neutrino Oscillations

Whilst not a direct measure of neutrino mass, the phenomonenon of neutrino oscillation,
where neutrinos change from one flavour state to another, requires neutrinos to have finite
mass. The idea was first hypothesised by Bruno Pontecorvo in the 1960s [4].

Mixing is a phenomena already observed in the quark sector through flavour-changing
charged current interactions, such as in the K° — K° meson system. The eigenstates of
the weak interaction are rotated with respect to the eigenstates of the strong interaction
by the Cabibbo angle. Leptons do not take part in the strong interaction but there is no
reason why the weak eigenstates should be identical to the mass eigenstates.

If the mass and flavour states for neutrinos are different, there is a finite chance
that neutrinos can oscillate. The simplest oscillation scenario is the mixing of two flavour

states in a vacuum.

1.3.1 Neutrino Oscillations in a Vacuum

The weak eigenstates, v, and v, can be related to the mass eigenstates v; and v, via a

single mixing angle, 6y .

(b )= (el e ) () )

The two states v, and 5 propagate independently, but at different speeds, owing to
their different respective masses, m; and ms. The relative phase increases monotonically,
causing a periodic modification of the interference between the two states and results in
a finite chance that after travelling some distance, a neutrino initially created as v, will
be observed as v,. The vacuum oscillation length, Ly is

2T 4 E
Ly = = 1.2
M Vphase Am2 ( )
where
Am? = (m2 —m?) eV? (1.3)

and E is the energy of the neutrino in MeV. The survival probability for an electron

neutrino in a vacuum is:

= (1.4)

1.27Am?L
P(ve = v,) = 1 — sin?(26y) sin’ <7m) )
where L is the distance travelled in metres.
The allowed ranges for the oscillation parameters, Am? and sin® 26, are limited by

results of neutrino oscillations experiments. A “map” of allowed parameter space can
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be built up by combining the parameter ranges compatible with different experimental
results. The large distance travelled by neutrinos from the Sun, which have relatively low
energies, means that solar experiments are sensitive to oscillations due to small values of
Am?. Experiments detecting higher energy neutrinos produced in the Earth’s atmosphere,
are sensitive to oscillations with larger values of Am?.

1.4 Evidence for Neutrino Oscillation

Over the past five decades many experiments have measured neutrinos from a number of
different sources. The strong evidence for oscillations in solar neutrino data is discussed
in detail in sections 1.5.1 and 1.7, but first, the positive oscillation signatures seen by ex-

periments on short-baseline neutrino beams and atmospheric neutrinos will be discussed.

1.4.1 Short-Baseline

The LSND experiment [15] searched for 7, — 7, oscillations via the reaction 7, +p —
e’ +n in liquid scintillator. The v, beam was created from a source of pions made by
proton collisions on a target. An excess of events, after background subtraction, implied
a neutrino oscillation probability of

0.264 4 0.067 (stat.) = 0.045 (sys.) %,

which can be described by the mixing parameters:
sin?26 > 0.003 and Am?®= (0.2 —2)eV>

This result was checked by the KARMEN experiment, which searched for the same
signature of v, appearance, but did not observe a positive oscillation signal. This null
result excludes most, but not all of the “phase space” for the LSND oscillations. The
MiniBooNE experiment [16] currently collecting data at Fermilab, will test the LSND
result by searching for v, — v, oscillations.S

1.4.2 Atmospheric Neutrinos

Neutrinos produced by cosmic ray interactions in the Earth’s atmosphere are created in

@(vu)
®(ve)

of both v, and v.-type neutrinos through their charged-current interactions on nuclei in

the flavour ratio ~ 2. The Super-Kamiokande experiment (SuperK) measured fluxes

an HyO target:
y+N-—-I1+X (1.5)

$ Assuming CPT invariance.
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where [ represents either an electron or a muon, N is the initial nucleus and X is the
final state nucleus. The flavour of the final state lepton is used to identify the flavour
of the incoming neutrino. The ®(v,) flux was found to be strongly dependent on zenith
angle, with a large deficit of neutrinos travelling vertically upward into the detector. The
observed suppression of ®(v,), but not of ®(v,) [17] is well explained by v, — v, 2 flavour
oscillations with the parameters

sin?20 > 0.88 and 1.6 x 1073 < |Am?| <4 x 103 eV

1.4.3 Reactor Neutrinos

Ve < v, mixing is ruled out as an explanation for the observed atmospheric neutrino
fluxes by the results of experiments which have measured the flux of 7, produced in
nuclear reactors. The earlier experiments of this type were all located a short distance
(less than a few km) from the reactor, and observed no suppression to the expected

neutrino flux.

1.5 Solar Neutrinos

The first solar neutrino experiments, which are described in this section, were established
to study the nuclear fusion process in the Sun, rather than neutrino properties. However,
these experiments yielded results in conflict with theoretical predictions. Efforts to solve
this conflict, which became known as the Solar Neutrino Problem, have led to huge

advances in our understanding of neutrino physics.

1.5.1 First-Generation Solar Neutrino Experiments

A number of experiments endeavoured to measure the flux of solar neutrinos through
either radiochemical or water Cerenkov approaches. The radiochemical experiments look
for new isotopes produced in neutrino-induced reactions on chlorine (equation 1.6) or
gallium (equation 1.7) during a long (1-3 month) exposure period.

ve+ 3Cl = e 4+ *Ar (1.6)
ve+ "Ga—e + "Ge (1.7)

Water Cerenkov experiments detect electrons produced in the elastic scattering re-
action:

v+ e —uy+ e, (18)
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Experiment Medium | Threshold | Predicted flux Measured Flux
(MeV)
Radiochemical Experiments
(SNU) (SNU)
Davis Cl 0.814 8.571% 2.56 4+ 0.16 + 0.16 [3]
GALLEX & GNO | Ga 0.2332 13177 741157 [18]
SAGE Ga 0.2332 131712 709123157 [19]
Water Cerenkov Experiments
(10°cm—2s71) (10°cm2s71)
Kamiokande H,0 7.0 5.82(140.23) | 2.82703% 4+ 0.27 [20]

Table 1.1: A summary of the predicted [21] and measured fluxes from the first-generation
solar neutrino experiments. Where two errors are given, the first is statistical and the
second is systematic. The detecting medium and energy threshold is also given for each
experiment.

where [ can be any active lepton flavour. These experiments make a real-time measure-
ment of the neutrino interactions, giving information on the energy and direction of the
incoming neutrinos. They have a higher energy threshold than the radiochemical experi-
ments.

The main first-generation solar neutrino experiments are summarised in table 1.1.
All these experiments measure v,s. Only the water Cerenkov experiments can detect
v,s and v;s through the elastic scattering reaction (as described in section 2.4.5) with
approximately one sixth of the sensitivity to v.s. The fluxes measured by the radio-
chemical experiments, given in the last column of table 1.1 are expressed in SNU, a
convenient unit for solar neutrino fluxes. One SNU is 10726 neutrino reactions per second
per target atom.

To interpret these flux measurements, an accurate prediction of the expected flux
was required. These predictions are obtained from models of the Sun.

1.5.2 The Standard Solar Model

Only a brief overview of solar modelling is given here, but more detailed information can
be found in Ref.[22]. As the nearest star to Earth, the Sun has been subjected to many
high precision measurements. Precise measurements of the solar mass, radius, luminosity
and chemical composition are available as input parameters to solar models.

The Sun is a typical “main sequence” star powered by nuclear fusion reactions
converting hydrogen into helium inside the solar core:
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4p + 2¢~ — *He + 2v, + E (26.7 MeV). (1.9)

Only a small fraction of the energy produced in this process is imparted as kinetic energy
to the electron neutrinos, with the majority released in the form of gamma rays and
positrons. In the Sun, the fusion proceeds mostly through the pp chain which is detailed
in figure 1.1, though a small amount of energy is released in the CNO cycle.Y There are
five different neutrino-producing interactions in the pp chain, whose individual neutrino
energy spectra are well known from nuclear physics. It is the relative contributions of each
of these interactions that solar models must predict through detailed simulations of the
solar physics. The solar neutrino flux is dominated by the low energy neutrinos produced
in the pp step, most of which are below the energy threshold of existing solar neutrino
experiments. Higher energy neutrinos are produced in the "Be, 8B and hep steps.

Solar models attempt to predict the fluxes from the various neutrino reactions based
upon known physics and measurements of the Sun. The basis of all such models is a
coupled set of differential equations for a spherical body assumed to be in hydrostatic
equilibrium. The initial elemental abundance is set for a star joining the main sequence
and the equations are evolved from that time to the present age of the Sun. Input
parameters are adjusted so that the model reproduces the observed properties of the Sun.

The neutrino fluxes resulting from each interaction, predicted by the current pre-
ferred Standard Solar Model (SSM) referred to as BP2004 [21], are given in table 1.2
and the predicted spectrum is given in figure 1.2. Water Cerenkov experiments are only
sensitive to the ®B and hep neutrinos due to an energy threshold of around 5MeV. The
latest model predicts the total ®B flux to be 5.82 x 1076 cm 25! with a 23% uncertainty
that is dominated by uncertainties in solar composition. This flux is 15% higher than the
8B flux predicted by the previous model of 2001 [23], due to more accurate measurement
of the "Be(p,v)®B cross section [24].

One of the major successes of the Standard Solar Model is its ability to predict
surface vibration modes, which can be measured through helioseismology. The Standard
Model provides predictions for the speed of sound in the Sun, from which it is possible
to predict the frequencies of vibrational modes supported in the various solar regions.
Helioseismological data on “p-modes”, supported between the solar surface and the base
of the Sun’s convective zone, and “g-modes”, which penetrate into the solar core, are
in agreement with model predictions to better than 0.1%. These data limit the solar
density profile required to calculate resonance parameters for the MSW effect (detailed

in section 1.6). They also limit the possible temperature profile and thus constrain the

YCNO neutrinos are difficult to detect and contribute only a minute background to the SNO experi-
ment. They have been omitted from the discussion here.
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Interaction | Predicted Flux (x10*° cm™2s71)
pp 5.94 (1.00+0.01)
pep 1.40%1072 (1.00£0.02)
hep 7.88x10~7 (1.00+0.16)
"Be 4.86x10* (1.00:£0.12)
*B 5.82x 10~ (1.00+£0.23)

Table 1.2: Fluxes for each pp chain interaction in the Sun, as predicted by the BP2004
Solar Model [21]. Uncertainties are given in parentheses as a fraction of the predicted
flux.

ptp>Hie +y, pre+p—>*Htv,
(op) ey il (pep)
‘H+p—>*He+y
85% w
23He—>4H;2/p// - SHe+p—>*He+e™+v,
(hep)
‘He+*He—>"Be+y
Bete—>'Litv, Be+p->iB+y
(B9 !
SB>%Be"+¢t+v,
TLi+p->2*He | ®
Be"—»2'He

Figure 1.1: Nuclear reactions involved in the pp chain.
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Figure 1.2: Predicted neutrino fluxes for the different solar neutrino interactions at the
Earth taken from Ref. [25]. CNO cycle fluxes have been omitted for simplicity. Continuum
source fluxes are given in units of neutrinos cm=2s~' MeV ™" whilst line source fluxes are
given as the number of neutrinos cm=2s~!. The total theoretical errors are indicated for
each source.
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allowed values for neutrino flux.

1.5.3 Interpretation of Results

The results of the first-generation neutrino experiments all indicate that the flux of neutri-
nos from the Sun is significantly lower than expected. However, the observed combination
of results are not consistent with a single set of mixing parameters for vacuum oscillations.

Vacuum oscillations alone do not explain a flux suppression of > 0.5 because the
2 [ 1.27TAm?L

Sin < B

over large distances (i.e. a large range of L) in the Sun. This also averages over the

) term in equation 1.4 takes an average value of 0.5 for neutrinos created

energy dependence, so the same flux suppression would be expected for each experiment,
despite the different energy thresholds.

The observed results could also be explained by matter effects which cause an energy-
dependent suppression of the solar neutrino flux.

1.6 Oscillations in Matter

When propagating through matter, electron neutrinos can experience additional charge-
current interactions. The effect of these interactions on neutrino oscillation was first
proposed by Wolfenstein [26], and the theory was later extended to address the varying
density profile in the Sun by Mikheev and Smirnov [27]. The so-called MSW effect can
cause a large mixing between neutrino mass states to occur without a large vacuum mixing
angle, but with an energy dependence that could explain the different observations of the
various solar neutrino experiments.

As neutrinos travel through matter they can experience coherent forward scattering
off electrons. For v, the scattering can occur either through the W (charged-current)
or Z boson (neutral-current), whereas for v, or v, (referred to together as v,) only the
neutral-current channel is available. This results in an effective potential that increases
the effective mass for v,:

V;z - Vz
2
in which GF is the Fermi coupling constant and N, is the electron density. The above

V=

= 2V2GEN,, (1.10)

term adds to the off-diagonal terms of the Hamiltonian which govern the propagation of
vacuum mass eigenstates through matter. Mixing in matter is determined with respect
to the matter eigenstates, vy, and 14, which depend on matter density and neutrino
energy. If N, were constant throughout the Sun, constant mixing would be observed with
an oscillatory nature, as for the vacuum oscillation. However, the oscillation parameters
would be modified and would depend on the neutrino energy leading to a characteristic
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modification of the v, energy spectra. The new mixing angle, #y;, is related to the vacuum
mixing angle by
tan(26y)
tan(20y) = 1.11
an(20m) = T L T sec@iv)]’ (1.11)

where Ly is the vacuum oscillation length defined in equation 1.2 and L. is the electron-

neutrino scattering length:

_Vh
B GFNe'
) will occur when Ly = L. cos(26v) given by the

Le

(1.12)

If my > m; maximal mixing (O ~ 3

resonance condition:

Am? cos(20y) = 2v/2N,GrE. (1.13)

This constant density situation could be applied to neutrinos crossing the mantle of
the Earth, which can be probed by comparing day and night flux measurements.

In a non-uniform medium such as the Sun, N, will change as the neutrino propa-
gates!l and the Hamiltonian of the system depends on time. The mixing angle, 6y, thus
changes with time, and the states vy, and vy, are only instantaneous eigenstates, not
eigenstates of propagation. The resonance condition of equation 1.13 may never be met
for low energy neutrinos (< 5MeV). Some oscillation scenarios explained the suppression
of neutrino flux at low energies through transitions vy, <> o, but this is disfavoured by
recent data, which are compatible with oscillations with large mixing angles.

LMA Oscillations

The discussion presented here focuses on the Large Mixing Angle (LMA) region of param-
eter space, which is strongly favoured by current data (see section 1.7). The LMA scenario
assumes an adiabatic condition where the change in density is small over the oscillation
length and vy, <+ vy, transitions can be ignored. The composition of the instantaneous
eigenstates depends on the instantaneous density, N,(t), but the admixture of eigenstates
is fixed by the mixing at the production point, 65(0).

Consider a v, created in a high density region at the center of the Sun. If its energy
is greater than that satisfying equation 1.13 (E > 5MeV), then 6y(0) ~ 90° and it will
consist mainly of the higher mass state, vo,. As the neutrino propagates outward, N,
will decrease, causing fy; to decrease, and thus vy, will pick up a significant admixture of

IThe radial profile of electron density in the Sun, N,(r), is a direct prediction of solar models since
the different processes creating solar neutrinos occur at different radii within the core of the Sun. The
instantaneous density, N,(t), is discussed here.
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v,. When the neutrino leaves the Sun, N, = 0, 6y = 0y and the neutrino has converted

almost entirely to v,.

1.7 Evidence for LMA Oscillations

To confirm the neutrino oscillation hypothesis, and determine the exact nature of the
oscillations, new solar neutrino experiments were required. This section details results
obtained from the two solar neutrino experiments built to specifically probe neutrino

mixing phenomena.

1.7.1 Super Kamiokande

SuperK is a larger and improved version of the Kamiokande H,O Cerenkov experiment
(the results of which are presented in table 1.1), which has made measurements of solar
neutrinos as well as atmospheric neutrinos. The 1496 days of data obtained in the first
phase of SuperK between May 1996 and July 2001 result in the high precision measure-
ment of the 8B flux through an elastic scattering reaction in the HyO target:

OS5 (v,) = 2.32 £ 0.03 (stat.) 7903 (sys.) x 106 em™?s7, (1.14)

which is only 47% of the predicted flux [23].

1.7.2 Sudbury Neutrino Observatory

Sudbury Neutrino Observatory (SNO), which is described in significantly more detail in
chapter 2, was built to specifically test the hypothesis of neutrino flavour change by mea-
suring not only the electron-type neutrino flux (through the charged-current interaction
described in section 2.4.3), but also the flux of all active neutrino flavours from the Sun
(through neutral-current interactions described in section 2.4.4).

The SNO collaboration published two measurements of solar neutrino flux from
the first phase of the experiment in which pure DO was used as a target. In July
2001 the first measurement of the charged-current interaction rate was reported above an
effective kinetic energy threshold of 6.75 MeV [28] under the assumption of the standard
8B spectrum shape [29]:

O (ve) = 1.7540.07 (stat.) 017 (sys.) £ 0.05 (theory) x 10°cm™2s™" (1.15)

This was compared with the high statistics flux measurement for elastic scattering

events in SuperK, given in equation 1.14. The difference of 0.57 & 0.17 x 10%cm=2s7!
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between these fluxes was the first evidence for an active non-electron flavour component
in the solar neutrino flux, at a 3.3¢ confidence level.

In May 2002, the SNO collaboration published the first measurement of the neutral-
current flux above an effective kinetic energy threshold of 5.0 MeV [30]:

®° (Phase I) = 5.09 7543 (stat.) 7345 (sys.) x 106 em™2?s7* (1.16)

This value was in good agreement with the solar model prediction and resulted in a non-v,
flux of

®NO(y,, v,) = 3.41 £ 0.45 (stat.) + 0.43 (sys.) x 10°cm™>s~" (1.17)

which differs from zero at 5.30 significance.

These results were combined with other solar neutrino data to place constraints on
the allowed parameters for MSW oscillations of solar neutrinos. MSW oscillation models
between two active flavours were fit to the data and a x? minimisation was performed for
the mass difference, Am?, the mixing angle, 6, and the total 8B flux. As the contribution
of the hep flux is known to be small, this was fixed to the BP2000 model flux prediction
of 9.3x107 2 cm 2 s~ 1. In figure 1.3 contours for x? confidence levels relating to 90%, 95%,
99% and 99.73% probability (x* = 4.61, 5.99, 9.21 and 11.83 respectively) are shown.

For the left hand plot, only the latest results from the radiochemical experiments
(as given in table 1.1) and the fluxes measured in separate zenith angle bins by SuperK
were analysed. The combination of these data resulted in four distinct regions of allowed
parameter space, with a best fit point at Am? = 4.47x 107%eV? and tan? = 5.62 x 10~*.
Inclusion of the SNO data resulted in a strong preference for the upper right hand region,
known as the LMA mixing scenario. The best fit point for this analysis, which included
separate day and night CC energy spectra, was Am? = 6.31 x 10~ °eV?, tan? 6 = 0.398.

In September 2003, the first results from the second phase of the SNO experiment
(known as the “salt phase”) were released. These were based on data obtained with
enhanced sensitivity to the neutral-current reaction through the introduction of NaCl
to the DoO detecting medium. These data allowed a more precise measurement of the
total active neutrino flux, free from assumptions of the underlying shape of the electron
neutrino energy spectrum [31]:

®P (Phase IT) = 5.21 £ 0.27 (stat.) & 0.38 (sys.) x 106 cm™?s7" (1.18)

The ratio of CC to NC fluxes measured in this phase was:

SNO
q)CC

SNO
q>NC

(Phase II) = 0.306 £ 0.026 (stat.) £ 0.024 (sys.) (1.19)
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Figure 1.3: The allowed parameters for MSW oscillations of solar neutrinos from a global
analysis of solar neutrino data without (left hand plot) and with (right hand plot) the
SNO D;0 results. The contours represent x? confidence levels relating to 90% (blue),
95% (red), 99% (green) and 99.73% (black) probability. Both figures kindly supplied by
Mark Chen.
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This information further reduced the allowed parameter space shown in figure 1.3.
Further results from this Phase II data, including those presented in this thesis may help
to further constrain the parameter space.

1.8 The KamLAND experiment

At an average reactor-detector baseline of ~180km, KamLAND (Kamioka Liquid-
scintillator Anti-Neutrino Detector) is the first reactor experiment able to observe a sup-
pression in reactor anti-neutrino flux. The KamLAND experiment detects anti-neutrinos
from reactors spread across Japan and North Korea which produce an average flux of
1 x 10%cm™2s!. The flux and energy spectrum of incident neutrinos is calculated from
the reactor power records of the reactors. Anti-neutrinos above an energy threshold of
1.8 MeV can be detected via:

Ue+p—e +n, (1.20)

which gives a double coincidence signal in which the neutron is observed 220 us after the
positron through capture on another proton (see equation 1.21) in the 1000 ton liquid
scintillator target.

n+p—d+n. (1.21)

The first results from KamLAND [32] for 162 ton years of reactor anti-neutrino data
taken between March and October 2002, contained 54 events. Above 3.4 MeV the ratio
to the number of expected events is

0.611 £ 0.085 (stat.) 4= 0.04 (sys.).

In the context of two neutrino mixing and CPT conservation, this result excluded
all oscillation solutions but the LMA solution. A maximum likelihood analysis of the
observed anti-neutrino energy spectrum further reduced the allowed regions in Am?2-—
tan? § parameter space.

A global x? analysis, including both solar data and the KamLAND results, further
limited the allowed regions for oscillation parameters with a best fit point of Am? =
7.3 x 107°eV? and tan?6 = 0.41 [33]. The 1o and 30 allowed regions from this fit are
shown in figure 1.4.
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Figure 1.4: 10 and 30 allowed regions in Am? - tan? f parameter space for a combined fit
to solar neutrino data and the KamLAND spectra. Predictions for the ratio of charged-
current and neutral-current fluxes (dashed lines) and for the the Day-Night asymmetry
(dotted lines, numbers given in %) in the SNO experiment are overlaid. Taken from [33].
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1.9 The Three Neutrino Oscillation Scenario.

So far all of the neutrino oscillations discussed have been approximated to the two flavour
scenario. There are, however, three active neutrino flavour states, and therefore three
separate mass states (v1, Vo and v3), whose mixing can be described by a 3x3 unitarity
matrix called the MNS (Maki-Nakagawa-Sakata) matrix:

Ve Uela Ue2a Ue3 141 141
Ve | = | Uut, U2, Ups vy | =Uuxs | 72 (1.22)
Vr Uri,Ur2,Urs V3 V3

The MNS matrix can be parameterised in terms of the three mixing angles and one charge-
parity (CP) phase, d, which, if it takes a non-zero value, would allow for the violation of
CP conservation in the neutrino sector [34]:

UMNS = U23 U13 U12

1 0 0 Ci13 0 813€_i6 C12 S12 0 (123)
= 0 Co3 S93 0 1 0 —S12 C12 0 ,
0 —S93 (a3 —8136+i6 0 C13 0 0 1

where ¢;; = cos0;; and s;; = sin 0;;.
The evidence for oscillations in different systems, which is used to place limits on

the separate mixing angles and mass differences are summarised below.

e 013
The measurement of a 7, flux consistent with expectations by short-baseline nuclear
reactor experiments limits the mixing angle described by the second part of equation
1.23 to be small. The best limits come from the CHOOZ detector in France [35]:

sin®260;3 < 0.10 for Am?2, =2 x 1073 eV2.

o |AmZ,|, 023
The terms in the first part of equation 1.23 dominate the survival probability of
atmospheric v,. The observed suppression of this flux can be explained by mixing
between the mass states, v, and v3.

[} Am%Q, 012
Since #,3 is small, the third part of equation 1.23 dominates the survival probability
for v,, as probed by KamLAND and the solar neutrino experiments.
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The sign of Am3, is unknown, but matter effects determine the sign of Am2, to be
positive.*™ This results in two possible hierarchies for the neutrino mass states:

Normal hierarchy: mi < m3 < mj3
Inverted hierarchy: m3 << m? < mi

The evidence for oscillations measured by the LSND experiment has been omitted
from the above discussion. This is because these results are explained by a further Am?
value that cannot be accommodated in the three flavour mixing scenario. Confirmation
of this result by the MiniBooNE experiment would be indicative of new neutrino mixing

phenomena.

1.10 Other Possible Neutrino Phenomena

Although neutrino oscillations are the favoured explanation of the solar neutrino prob-
lem, other theories have been proposed that predict new neutrino phenomena and could
produce a similar effect. Many of these theories attempt to explain the LSND result as
well. It is possible that such phenomena could exist alongside neutrino oscillations, com-
plicating the interpretation of neutrino mixing experiments. A brief description of some
theories is presented here.

1.10.1 Sterile Neutrinos

Neutrino oscillations also provide the means with which to probe the existence of otherwise
non-observable particles such as sterile neutrinos, which have right-handed helicity and
cannot participate in the Weak interaction. It is, however, possible for sterile neutrinos
to participate in neutrino mixing, resulting in a four (or more) neutrino oscillation sce-
nario. The possibility of sterile neutrinos must be considered when interpreting neutrino
oscillation experiments. Oscillation to a pure sterile state is ruled out for solar neutrinos
as the total measured ®B flux is in agreement with prediction, however, the possibility of
oscillation to an active-sterile mixture:

Ve — €08(N)vg + sin(n)vs, (1.24)

is still possible in the framework of 4-neutrino mixing, where v, is a combination of

active states, and v, is sterile. Global analyses place limits on the allowed active-sterile

**If m1 > mg, as defined in equation 1.11, the matter effects would serve to increase the v, flux with
respect to the vacuum oscillation scenario for #12 < 5, which would be in conflict with the solar neutrino
data.
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admixture [36]:
sin?n < 0.13(0.52) (1(3)o C.L.). (1.25)

1.10.2 Spin Flavour Precession

One proposed theory requires a large neutrino magnetic moment,’ which can interact
with magnetic fields in the Sun causing the neutrino to flip into a right-handed helicity
state [37, 38]:

Ve(L) — Ve(R) (Dirac)

This change in helicity would render Dirac neutrinos sterile to the Weak interaction. Ma-
jorana neutrinos could undergo a simultaneous flip in chirality and flavour, thus changing

to a v, or i, that is still active to neutral-current reactions:

Ve(L) — Vu/7(R) (Majorana)

This spin flavour precession (SFP) can also be resonantly enhanced by matter (res-
onant spin flavour precession, RSFP) resulting in an energy-dependent neutrino deficit.
The observation of neutrino oscillations by KamLAND rules out RSFP as the dominant
mechanism in the Sun [32].

1.10.3 Non-Standard Neutrino Interactions

Non-standard neutrino interactions are predicted by many neutrino mass models. One
non-standard interaction which could possibly explain the LSND result is anomalous decay
of the muon, which violates lepton number conservation by 2 units [39]:

pr v+t et (I=ep,7).

1.10.4 Neutrino Decay

Another possibility for neutrinos with non-vanishing rest mass is the decay of heavier
neutrino species into a light neutrino and various additional decay products, such as a
photon or a lepton-antilepton pair. As it must be mass eigenstates that decay, this is
essentially a two-neutrino mixing scheme. A number of techniques may be used to search
for evidence of neutrino decay, but none have given positive signals to date.

ttSeveral orders of magnitude greater than the electro-weak standard model prediction.
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1.11 Signatures of Matter Effects

An energy-dependent suppression of the electron neutrino flux could cause distinct sig-
natures in solar neutrino data. Observation of the two effects described in this section
would provide strong confirmation for the MSW effect.

1.11.1 Day Night Asymmetry

The MSW effect could occur in the Earth, affecting the flux of neutrinos that are ob-

3 in the mantle to

served at night. The change in density across the Earth (3-5.5gcm™
10-13gem™ in the core [40]) is not sufficient for the full MSW mechanism to occur.
However, for these densities there is a range of Am?2, values for which the resonance con-
dition of equation 1.13 is fulfilled by neutrinos in the energy region probed by Cerenkov
experiments. This resonance can cause oscillations from v, or v, to v, (v, regeneration)
increasing the flux of electron-type neutrinos at night.

Both the SuperK and SNO experiments can search for a day-night asymmetry, Apn:

Apn =
DN Oy + Op

(1.26)

where ®y is the night-time flux and ®p is the day-time flux. The magnitude of Apy
depends on the value of Am?,, as shown by the dotted contours on figure 1.4. For the
allowed region of parameter space the expected asymmetries are small (< 5%) requiring
a high degree of experimental accuracy for a positive result.

The day-night asymmetry for charged-current events measured from Phase I SNO
data is [41]:
ASS(SNO Phase I) = +14.0 + 6.3 (stat.) T (sys.) %

If the total active neutrino flux, as measured by the neutral-current reaction is constrained
to have no asymmetry, the v, asymmetry is found to be:

AY (SNO Phase I) = +7.0 + 4.9 (stat.) 713 (sys.) %
The asymmetry measured for SuperK’s 1496 live-day data set is [42]:
AES (SuperK) = +1.8 4 1.6 (stat.) T13 (sys.) %

None of these results are significantly different from zero, but the statistical uncertainty
alone on Af(SNO Phase I) is comparable to the expected asymmetry.
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1.11.2 Spectrum

Matter enhanced oscillations in the Sun can distort the energy spectrum of electron-type
neutrinos. For some regions of MSW parameter space, these distortions may be visible in
the energy range probed by the SNO experiment. Figure 1.5 shows how the shape of the
charged-current and elastic scattering energy spectra in SNO are expected to change for
an MSW effect with the mixing parameters Am?2, = 7.3 x 107°eV?, tan? ;5 = 0.41.

The predicted spectrum for the favoured LMA solution is higher than the undistorted
spectrum at low energies. The distortion is less pronounced in the elastic scattering
spectrum because the mapping between neutrino energy and Cerenkov electron energy
is smeared out by the kinematics of this interaction. The size of the effect depends on
the exact values of Am?, and 0,. Figure 1.6 shows the ratio of the normalised charged-
current spectra to the non-distorted case for different points in MSW parameter space.
For the mixing parameters shown, matter effects are predicted to increase the flux by
less than 5% at 5.5 MeV. To test for these effects the combined statistical and systematic
uncertainties in the measured spectrum must be less than 5% at low energies.

1.12 Summary

Over recent years, many experiments have contributed to the growing evidence for neu-
trino oscillations. The SNO experiment finally solved the Solar Neutrino Problem with
direct evidence for neutrino flavour mixing. The KamLAND reactor experiment later
provided confirmation of the Large Mixing Angle oscillation solution, which is favoured
by solar data. Following these exciting revelations in neutrino physics, precision measure-
ments are required to obtain a fuller understanding of neutrino mixing phenomena. One
such measurement is that of the solar neutrino energy spectrum, which will be presented
in this thesis.
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Figure 1.5: Predictions for the SNO charge-current and elastic scattering energy spectra
from an undistorted ®B spectrum (black solid lines), and for MSW distortions with the

parameters Am?, = 7.3 x 107°eV? and tan?#;, = 0.41 (red dashed lines).
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Figure 1.6: The ratio of predicted charged-current spectra, for various MSW scenarios, to
the undistorted spectrum. The black solid lines give the ratio for the parameters used to
create figure 1.5. The upper panel shows the effect of changing tan® 6,5 on the ratio and
the lower panel demonstrates the dependence of the ratio on Am2,.



Chapter 2

The Sudbury Neutrino Observatory

The Sudbury Neutrino Observatory (SNO) is a kilo-tonne heavy water Cerenkov detector
located over 2km underground in the INCO Ltd. Creighton mine near Sudbury, Ontario.
The experiment was proposed by Herb Chen [43] to solve the Solar Neutrino Problem.
Although the Sun produces only electron-type neutrinos, the target of heavy water used
in SNO is sensitive to all active flavours of neutrino. With this unique capability, SNO
can make a direct measurement of the non-electron type neutrino flux from the Sun and
directly test the hypothesis of neutrino oscillation.

2.1 The SNO Detector

The SNO detector is located at a depth of 2092 m, which is equivalent to 6010 m of water.
At this depth the number of cosmic-ray muons passing through the detector is limited to
about 100 per day. The detector (shown in figure 2.1) is situated in a large, barrel-shaped
cavity, 22m in diameter and 34m in height. The 1 kilotonne target of ultra-pure DO
is contained within a transparent, acrylic vessel (AV) 12m in diameter and 5.5 cm thick.
For analysis purposes cartesian coordinates are defined with respect to the center of the
AV with a vertical z axis, such that (z,y,z) = (0,0,0). This coordinate system will be
used throughout this thesis.

At the top of the AV is a chimney (Neck) 1.5m in diameter and 6.8 m tall which
allows limited access to the D,O volume. The AV is constructed from 125 acrylic panels
made of special UV-transmitting acrylic, which were bonded together underground. The
acrylic structure is supported from above by 10 vectran ropes, which attach to thicker
panels around its equator. The remaining volume is filled with ultra-pure HoO which acts
as a cosmic ray veto and as a shield from naturally occurring radioactivity from both the
construction materials and the surrounding rock. The rock walls have also been coated
with a urylon plastic coating in order to keep the water in and radon out.

25
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The Cerenkov signals are detected by 9456 20 cm diameter Hamamatsu R1408 pho-
tomultiplier tubes (PMTs), constructed specially for SNO with low radioactivity Shott
glass photocathodes. Each PMT has 9 dynodes and is operated at a positive anode volt-
age of around 2 kV, achieving a nominal gain of 2x107. There are 9438 inward looking
PMTS, 49 of which are operated as low gain channels to extend the dynamic range of
the detector at high light intensities. In addition there are 91 OutWard Looking (OWL)
PMTs which serve as a muon veto. These are all mounted on the PMT Support Structure
(PSUP), a 17.8 m diameter, geodesic sphere supported by 16 steel cables which is located
in the HyO volume surrounding the AV.

4 PMTs have also been mounted in the Neck region of the detector to veto events
caused by a static electric discharge in the gas above the DyO. There are also 23 PMTs
mounted on the Berkley Underwater Tube Test Sled (BUTTS) suspended in the Hy,O
outside and approximately level with the top of the PSUP. These tubes face inward and
are located within easy access for studies of PMT aging. A 27cm diameter reflective
Concentrator is mounted on each inward looking PMT to increase the effective photo-
cathode coverage to ~ 59%. The collection efficiency of each PMT is around 15% and
has a roughly constant acceptance out to an angle of 50° from the central axis. After
this, the PMT angular response drops off sharply so that each PMT sees all of the D,O
volume but little of the H,O.

Fourteen magnetic compensation coils serve to cancel the vertical component of the
Earth’s magnetic field. This correction increases the collection efficiency of the PMTs by
around 10% on average.

2.1.1 Electronics

The SNO electronics system is responsible for generating the event trigger and recording
PMT signals continuously without significant dead time. Although the actual solar neu-
trino event rate is very small, the system must cope with large rates from backgrounds
and calibrations, or in the event of a Supernova. The detector is organised in a modular
fashion with every PMT connected to a separate Channel in the electronics. 32 channels
are grouped together onto a Card, and 16 cards are grouped together into a Crate.

A photon striking a PMT has a certain probability of producing a photo-electron,
which is then accelerated down the dynode chain of the PMT. The resultant pulse is &~12 ns
wide and a few millivolts in amplitude. This pulse then travels down a 75m waterproof
coaxial cable to the PMT Interface Card (PMTIC). The PMTICs provide high voltage to
each channel and interface directly with a Front End Card (FEC). The FEC is responsible
for processing, digitising and storing the charge and timing information from each PMT.

If a PMT pulse is of sufficient amplitude, it will fire a discriminator and initiate
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Figure 2.1: A cross-sectional view of the SNO detector
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the production of two separate pulses: one integrated over a 20ns time window (called
NHIT20) and one integrated over a 100ns time window (called NHIT100). The main
physics analysis hardware trigger is the NHIT100, chosen to accommodate Cerenkov light
reflections off the PSUP which occur over approximately 80ns. The trigger pulses are
summed separately over each card and crate. The Master Trigger Card Analog (MTC/A)
sums the pulses from all 19 crates into a single analog pulse with a height proportional
to the number of PMTs that have fired within 100 ns of each other. A third pulse,
called the ESUM trigger, is obtained by an analog sum of the signals from each PMT,
without the digitisation of the discriminator. SNO uses a number of different triggers,*
not all of which will be detailed here. One important trigger is the “pulsed global trigger”
(PulseGT) which is fired at a rate of 5Hz to sample the nominal activity within the
detector. This provides a measure of the dark-noise rate of the PMTs. There are also
triggers which can be activated by external calibration sources, and triggers designed for
calibration of the electronics which force readout of certain channels.

If the amplitude of any trigger pulse exceeds the threshold set on the relevant dis-
criminator, a pulse is sent to the Master Trigger Card Digital (MTC/D). If the electronics
has been programmed to readout when this trigger fires (the trigger has been “masked
in”), a Global Trigger is sent to all the crates in the system. The timing and charge of
all PMTs that fired is stored along with a 24-bit Global Trigger IDentification number
(GTID) in a 16 cell analog storage array until it can be read out. Additionally, for each
global trigger, the MTC/D creates an event header to store the event time, the GTID and
information on which triggers fired. Two event times are stored based on a 10 MHz clock
which is synchronized with a GPS receiver on surface, and also a 50 MHz clock based on
a local oscillator.

Timing information for a PMT is stored on the capacitor of a Time to Amplitude
Converter (TAC), which starts ramping when the discriminator for a channel is fired and
stops when the global trigger is received. If no trigger is received, the TAC is reset. The
pulse is fed into two separate channels of a charge integrator: one low gain, one high
gain. These charge signals are then integrated over a long and short time window which
cover prompt and delayed light. Only one of the low gain charges is stored depending on
which time window is set in the electronics.” Both the short (QHS) and long (QHL) time
window integrated charges are stored for the high gain signal. The charges are digitised by
Analog to Digital Converters (ADCs) and stored along with the TAC and GTID for each
event in a PMT bundle, which is passed along to the Data AcQuisition (DAQ) system.

*There are 3 adjustable discriminators for the NHIT100, producing 3 separate triggers: LO, MED
and HI. Typically the NHIT MED threshold is set to 16—-18hits equivalent to an event energy of around
2MeV. Likewise there are more than one NHIT20 and ESUM trigger.

tTypically the longer integration period, QLL, is used.



2.1. THE SNO DETECTOR 29

Element | DyO threshold (g/g) | HoO threshold (g/g)
282Th 3.7x 107" 3.7 x 107
28y 4.5 x 1071 4.5 x 10713

Table 2.1: Required upper thresholds for the levels of radioactive contaminants in the
SNO detector

A program called the Builder combines all PMT bundles with the same GTID along
with the relevant run header to assemble events. Occasionally, a PMT bundle will not
be successfully allocated to any event. The builder stores up 80 of these unattached
PMT bundles, known as Orphans, and writes them out together. Another system, called
SHARC (SNO Hardware Acquisition and Readout Control), is used as an interface for
detector control and monitoring. SHARC also stores detector settings such as channel
thresholds and PMT status in DQXX banks which are required for data analysis.

The SNO detector can operate continuously but for organisational purposes the
collected data are separated into units called runs which have a maximum duration of
24 hours. Runs may be divided into sub-runs in order to limit the size of stored data-files.
All neutrino analysis is carried out at “run-level” meaning that only complete runs are
analysed. The selection criteria for neutrino data are described in appendix B.

2.1.2 Water Systems

Low levels of 222Th and 228U can be found naturally in all materials and can contribute
a background to the neutrino signals measured in SNO through their decay to particles
such as fs and ~s. For this reason, the entire SNO detector was built of low radioac-
tivity materials, and stringent clean-room procedures are maintained in the underground
laboratory to prevent radioactivity from mine dust and air entering the experiment. The
purpose of the SNO water systems is to both maintain and measure the low levels of
radioactivity required for neutrino analysis.

There are separate systems to control and measure the content of Th, U and Rn in
the SNO DyO and H5O regions. The target levels for these elements are set so that the
background they produce does not constitute more than 5% of the expected SSM signal.
The required upper limits are summarised in table 2.1.

D,O Systems

The kilotonne target of heavy water, loaned to SNO by Atomic Energy of Canada (AECL),
has an isotopic purity of greater than 99.9% [44]. The D,O systems must maintain this
purity whilst keeping the levels of radioactive contaminants below the required thresholds
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and maintaining the water temperature at a constant 10°C. This low temperature serves
to both reduce the PMT noise rate, and the possibility of biological growth inside the
water volume.! Impurities are removed by periodically circulating the D,O through a
reverse osmosis system and an ultrafiltration unit.

The D,O is assayed regularly for density, pH, conductivity, turbity, anions, cations.
total organic carbon and suspended solids. Two different assay techniques are employed.
In the first type of assay, Ra and Pb are stripped out of the water as it passes through a
polypropylene column of acrylic beads coated in a magnesium oxide compound (MnO,).
This has an extraction efficiency of around 95% for pure D,O and about 81% for salted
D,O for Ra [45, 46, 47]. The Ra daughters in the column are then counted offline using an
electrostatic device in which charged Po ions from Rn decay are deposited on the surface
of a Si alpha counter.

The second type of assay removes Th, Ra and Pb isotopes through a seeded ul-
trafiltration technique (SUF) in which 100 tonnes of water are passed through hydrous
titanium oxide (HTiO) coated micro-filters at a rate of 150 litres per minute [48]. After ex-
posure the columns are eluted with nitric acid, mixed with liquid scintillator and counted
using B-a delayed coincidence counters. ??Rn from the Th chain are seen through the
coincidence of 2'2Bi B-decay and 2'2Po a-decay, whilst the coincidence of 2'*Bi 3-decay
and 2'*Po a-decay indicate isotopes from the U chain. The efficiency of this assay process
was more strongly affected by the addition of salt to the D,O and these measurements

were thus used as a cross-check of the MnO, assay readings for the data obtained with
salted D5O.

There is approximately 20% uncertainty in the assay radioactivity measurements,
but “in-situ” measurements of radioactivity levels have also been carried out using PMT
Cerenkov data. These are in good agreement and indicate that the required goals for

radioactive purity have been achieved or surpassed [49].

Before entering the detector, the DO is de-gassed to remove radon. To prevent
radon from the air in the laboratory entering the water, both the DO and H,O are
protected by a nitrogen cover-gas system. The remaining radon content in the water is
measured using a “process de-gasser”. 6 tonne samples taken from a selection of regions
in the DO or HyO are passed through a small vacuum de-gasser at a rate of 20 litres per
minute to remove gases. The ??2Rn in this gas sample is frozen out in a U-shaped trap
cooled with liquid nitrogen and passed to a ZnS coated scintillation cell for counting.

tWithout cooling the water temperature would rise to that of the surrounding rock (~ 41°).
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H,O Systems

The main purpose of the light water is to provide shielding from radioactivity in the
surrounding rock and PMT array, but it must also be low in radioactivity with excellent
optical properties. Ultra-pure HyO can leach elements out of solid surfaces and can also
support biological activity on those surfaces. Thus the HoO in the SNO detector is
continuously recirculated and repeatedly assayed, using the same assay techniques as for
the D5O.8

Before entering the detector the water is filtered through a series of membranes and
a reverse osmosis unit, and cooled to 10°C. It is also passed through a Ultra-Violet unit to
eliminate biological contamination. Oy and Rn are removed, along with other gases, in a
process de-gasser. However, it was found that removing all gases from the HyO resulted in
low pressure in the underwater connections to the PMTs, compromising their breakdown
voltages. Thus, the water is re-gassed with pure nitrogen.

2.2 Calibrations

The energy of a particle detected in SNO is proportional to the amount of light deposited
in the detector, which in turn is proportional to the number of PMTs that fire. The
trajectory of the particle is determined from the relative times that the PMTs fire. In
order to accurately reconstruct the energy, position and direction of an event extensive
calibration of the SNO detector is required. To do this, it is necessary to place a variety
of sources inside the detector. Sources are deployed using a manipulator system (shown
in figure 2.2), which uses a series of ropes and pulleys to move the source in an East-
West and /or North-South plane. Sources can be deployed through the neck into the D,O
volume or through one of 6 “guide tubes” (2 of these are shown in figure 2.2) into the
H50 region inside the PSUP.

Table 2.2 gives a list of calibration sources used in SNO. The following section deals
with the main calibration efforts in SNO, though a large amount of calibration data
from many different sources is used to check detector properties and limit systematic
uncertainties.

2.2.1 Electronics Calibration

There are three components to the electronics calibrations.

e ECAL

This calibrates the fundamental aspects of the channel properties, adjusting the

$Flow rates and exposures differ for the HyO assay measurements.
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Figure 2.2: This figure shows the calibration source manipulator system and also the
guide tubes that allow access to the detector for calibration purposes.
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encapsulated in acrylic.

Source Specifications Purpose
Laserball Multi-wavelength, isotropic PCA and optical
pulsed light source. calibrations.
16N [50] Triggered 6N Primary energy
6.13 MeV ~v-ray source. calibration source.

Acrylic neutron |  Un-triggered 2°2Cf neutron Calibrate the detector

source source encapsulated in acrylic. response to neutrons.
Acrylic U and | Un-triggered U and Th sources | Calibrate detectors response

Th source

to low energy backgrounds.

8Li source [51]

Triggered source of 8Li
giving electrons with a
spectrum similar to B
(end-point ~14 MeV).

Confirmation of energy
response and event

reconstruction.

Pt source [52]

p+*H —*He + 19.8 MeVy

High energy calibration.

AmBe source

AmBe source
producing 4.14 MeV v and

n in coincidence.

Low energy and neutron

calibration.

Radon spike

Controlled injections of Rn
into either the DO or H5O.

Low energy background

calibration.

Table 2.2: Calibration sources used in SNO.

33
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channel timing and discriminator thresholds using special circuitry and software

built into the system.

e ECA - Electronics Calibration
The charge pedestals (the “zero charge” readings from the ADCs) and TAC slopes
(rise-time of the pulse produced by the time to amplitude converter) are calibrated
twice a week, as these tend to change with time. To do this the discriminators are
forced to fire. After a fixed delay the global trigger is also fired. The amplitude
measured for this precise time interval gives an accurate calibration for the TACs.

e PCA - PMT Calibration

The PCA measures the timing response for each PMT. The size of a charge pulse
created by a photo-electron can vary considerably from one PMT to another. As
the discriminators fire at a fixed voltage, larger pulses will fire the discriminators
earlier (referred to as “discriminator walk”). This difference in firing times between
PMTs can be as large as 2ns and is overcome by applying a correction to the PMT
time based on the size of the charge pulse measured. The correction is determined
using data from the Laserball source which provides isotropic light in narrow pulses
compared to the PMT timing distribution.

2.2.2 Optical Calibration

Optical calibration involves the measurement of the properties of the D,O, HyO, AV
and PMTs. These include the attenuation in the water and acrylic as a function of
wavelength, and the relative sensitivity of the PMTs to the direction of incident light.
The laserball is deployed at many different locations in the detector using a number
of different wavelengths. A global optics model is fitted to these data and the optical
properties are extracted. As detector optical properties are known to change with time,
optics scans are repeated at regular intervals. This is discussed in more detail in chapter 4.

2.2.3 Energy Calibration

The amount of light produced by the laserball is not constant and, therefore, this source
is unsuitable for calibrating the quantum efficiency of the PMTs (the probability that
a tube produces a hit signal when struck by a photon). Instead, the '®N source, which
produces 6.13 MeV ~-rays is used. The s undergo Compton Scattering in the detector
to produce detectable energetic electrons. These energy response calibrations are also
repeated on a regular basis. The Pt source provides a high energy calibration point to
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test the energy calibration at high energies,¥ whilst the 8Li source is also used to check
the energy calibration across the region of interest. Chapter 3 describes an analytical
calculation carried out by the author to verify this extrapolation.

2.3 Software

Interactions in the SNO detector are simulated in the Fortran based SNO Monte Carlo and
ANalysis software (SNOMAN), which is also the collaboration’s principle analysis package.
SNOMAN contains a number of separate “processors” which communicate through a
central data structure managed by the CERNLIB package ZEBRA [53].

2.3.1 Analysis Tools

Data is written to tape in the form of packed ZEBRA banks. The analysis procedure
starts with SNOMAN processors that unpack this data and calibrate it using stored
electronic calibration constants to produce PMT hits with corrected times and charges.
A similar set of processors prepare simulated data but, after the calibration processor,
analysis procedures are identical for data and Monte Carlo.

There are a number of different “fitter” processors which derive the event position
and direction using the relative timing and angular information of the PMT hits. Unless
otherwise stated all reconstructed event positions (given in terms of (x,y, z) or R) referred
to in this thesis were obtained using the QPDF fitter [54].

A number of other processors exist to obtain additional information from the PMT
hits, for example the RSP processor which is described in more detail in section 2.4.2.

2.3.2 Monte Carlo Particle Propagation.

In SNOMAN the simulation of the propagation of electrons and gammas is handled by
EGS4 (electron gamma shower) code [55], which includes effects of

e Collision energy loss of electrons

e Bremsstrahlung radiation

e Multiple Coulomb scattering from atomic nuclei using Moliére theory
e Bhabha and Mgller scattering

e Coherent Rayleigh scattering

YUnfortunately it was not possible to operate the Pt source in the Salt phase due to the amount of
neutrons also produced by this source.
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Compton Scattering

Pair production

The photo-electric effect

Positron annihilation

Correct modelling of an electron’s scattering is vital to extract the correct angular
distribution of Cerenkov photons. Electrons undergo multiple Coulomb scattering as they
propagate, which EGS4 simulates using Moliere theory. The electron path is broken into
steps, each associated with a fractional change in the kinetic energy.

EGS4 treats energy loss in a continuous manner below a given cut-off point. This
cut-off is an input parameter of the code. Any interaction giving a secondary particle
(6-ray or ) of energy above this cut-off is considered discrete and these particles are
then propagated as part of the shower. Otherwise, the interaction just contributes to a
continuous energy loss and is assumed not to affect the direction of propagation.

If each track segment is straight, then all the Cerenkov photons emitted from that
segment will be in the same cone, defined by the Cerenkov angle. Thus, it is apparent
that the number of photons depends on the number of cones, which is directly related to
the step size. To remove this artefact, the local direction cosines of the track are linearly
interpolated between successive tracks giving a curved track segment instead of a straight
one. Using this interpolation, a step size of 0.01 was found to be applicable [56].

Analysis of the salt data makes use of event topology and was found to be extremely
sensitive to the angular distribution of Cerenkov photons. An initial discrepancy between
calibration data and Monte Carlo simulation was found to be due to the omission of
Mott terms in the electron scattering cross section in EGS4. The angular distribution of
electron scattering in the Monte Carlo was corrected to first order to account for this [57].

2.3.3 SNOMAN Generation of Cerenkov Light

The Cerenkov radiation from each segment of an electron path is determined from the
asymptotic formula for light yield [58, 56] which can be divided by photon energy, fiw, to
give the equivalent photon yield:

dI  we’Lsin’ 6,
dw c?

where I, is given per unit angular frequency, w, and is proportional to path length, L.

(2.1)

This formula is valid for a straight section of track using classical radiation theory. The
number of photons emitted is then sampled from a Poissonian distribution and the creation
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points of these photons are positioned randomly along the track segment. All photons are
emitted at an angle 6. to the electron track direction, which is interpolated as described
in section 2.3.2.

2.3.4 Neutron Transport

Neutron transport code is required to calculate the mean free path of a neutron in a
medium and to simulate any interactions that might occur. SNOMAN makes use of
the MCNP neutron transport code, developed at Los Alamos for this purpose [59]. The
main elements of the MCNP code were incorporated into SNOMAN to transport s, e*s,
pts, and neutrons. Other particles generated by neutron collisions such as as are not
propagated, but interaction vertices indicate which particles were generated.

Data tables are used to provide information on partial and total interaction cross sec-
tions as a function of neutron energy, the energy-angle spectrum of the emergent neutrons,
and other interaction data. Details of the verification of SNOMAN neutron transport code
through comparison with MCPN can be found in [60].

2.3.5 Monte Carlo Data Acquisition

The purpose of the Monte Carlo Data Acquisition (MCDAQ) is to extract the data that
would be available for a real event from the vast amount of information in the ZEBRA
banks after event simulation. The idea is that when processors act on the new banks, they
cannot distinguish between data and Monte Carlo. MCDAQ calls routines to simulate

the electronics effects including:

e PMT noise - A routine separates generated hits in the event into groups separated
by more than the width of the trigger window. Noise hits are then added on random
PMTs at random times distributed between an input offset before the first hit in
the group and a different offset after the last hit in the group.

e Multiple hits - PMT hits on the same tube are combined into single charge (Q)
measurements if the hits occur within the discriminator pulse width.

e Triggering - A routine looks through a time ordered list of the PMT times after
walk effects have been added. The trigger generation is a simulation of the analog
sum actually used in the detector. The code then steps through time in 0.25ns
increments, adding up the amplitudes of all the trigger pulses currently active. If
the summed signal exceeds the hardware threshold, it creates a global trigger which
is latched by the 50 MHz clock. If no triggers are found, the event is discarded.
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e Discriminator walk - To replicate this effect, a charge-correlated delay is applied to
the simulated firing time of each PM'T when simulating the trigger.

2.3.6 Database

MCDAQ also makes use of calibration constants and parameters describing detector
conditions stored in the database, SNODB, which is based on the CERNLIB package
HEPDB [61]. SNODB contains zebra banks called titles that encode information about
detector status and configuration, and information derived from calibrations required to
accurately interpret the SNO data. Each bank has an effective time validity to ensure
that the relevant constants are applied to the data.

2.4 Interactions in SNO

In this section the three different types of neutrino-interaction observed in SNO are dis-
cussed along with other types of event that act as backgrounds to these neutrino signals.
The majority of interactions! are observed through Cerenkov light.

2.4.1 Cerenkov Light

When a charged particle has a velocity greater than the local phase velocity of light in
the medium through which it is travelling, Cerenkov light will be produced. The charged
particle detected from neutrino interactions is an electron. The mean number of photons,
N, produced per unit path length, dz, per unit energy, dE, for an electron with velocity
v = fc is given by:

d’N 2 1
e L. (2.2)
dEdzx A? (Bn(N))?
where A is the wavelength of photons emitted, « is the fine structure constant and n is
the refractive index of the medium, which is a function of wavelength and hence, photon
energy.

Cerenkov light is emitted in a cone around the charged particle direction with a half
angle given by:

6. = cos™! (%) (2.3)

IWith the exception of neutron interactions in the Neutral Current Detectors used in phase III of the
experiment.
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for DoO n &~ 1.34, which results in a minimum electron energy threshold of 0.767 MeV
though, in practice, analysis thresholds are set much higher due to low energy backgrounds
from radioactive decays.

2.4.2 Event Energy

A number different variables that describe event energy are used in this thesis and are
defined in this section.

The number of PMTs hit in the 100 ns time window defining an event, Nhits, is
directly related to the energy deposited in the SNO detector. However, this observable is
correlated to a number of other factors, such as the vertex position and direction of the
event. The quantity is also sensitive to the number and location of PMTs that have been
disabled during a given run, and the dark noise rate of the PMTs.

The RSP processor [54] was developed to provide improved mapping to energy. It
calculates an equivalent electron total energy in MeV for each event using the number of
“in-time” hits, arriving within +10ns of the prompt time of the event.* The number of
hits due to dark current in the PMTs is subtracted from this number, based on predictions
using measurements from the PulseGT. The equivalent number of hits for an event at the
center of the detector, Neg, is then calculated by accounting for the PMT optical response,
the number of PMTs online and the attenuation of photons in the various detector media.
A mapping from N to effective energy, Egrsp is then carried out using Monte Carlo
simulations of electrons at the center of the detector. The mapped energy is convolved
with a response function making EFrsp a more continuous variable than Nhits, which is
an integer.

For the data set discussed in this thesis, a correction was required in order to give
a good agreement between FERrsp and the interaction energy expected from calibration
sources. T.rs was calibrated to represent the kinetic energy of an electron created at the
center of the detector via a small correction to Eggp [62]:

0.09693
T.;; = Ensp (0.9850 + ) 0,511 (2.4)
Ersp

Throughout this thesis, an analysis kinetic energy threshold of T,;; >5.5 MeV has been
used.

Another energy variable referred to in this thesis it Ege,, the generated total energy
of a simulated electron. Finally, E, defines neutrino energy.

**This window relates to the time for a photon to travel directly to the PMT.
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Figure 2.3: Diagrams of the neutrino interactions in SNO.
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2.4.3 The Charged-Current Interaction

Charged-Current (CC) neutrino reactions in SNO result from W boson exchange between

electron neutrinos and deuterons:

ve+d—p+p+e (2.5)

This interaction is shown in figure 2.3 (a) and is only sensitive to electron-type neutrinos.
Due to the mass difference between the protons and electrons, the protons produced
remain essentially stationary, and the electron carries off the initial neutrino energy minus
a “Q value” of 1.44 MeV. The CC reaction therefore, also provides a measurement of the
incoming neutrino energy spectrum. The reaction has a weak directional dependence with
the distribution of the angle between the incoming neutrino and outgoing electron, 6,
given by [63]:

f(cosby) =1— %cos 0o (2.6)

2.4.4 The Neutral-Current Interaction

The Neutral-Current (NC) reaction (shown in figure 2.3 (b)) is the neutrino disintegration
of the deuteron:

vp+d—p+n+u, (2.7)

This interaction has equal sensitivity to all active neutrino types and, therefore, can be
used to measure the total neutrino flux from the Sun down to the reaction threshold of
2.22 MeV. The rate of this reaction will be unaffected by oscillations, unless oscillation to
a sterile neutrino component occurs. The reaction can thus be used in conjunction with
the CC flux measurement to provide a clear signature of neutrino oscillations.

The NC interaction is detected through the neutron produced. The SNO experiment
was designed to run in three different phases, each with a different method for neutron
detection. No information is obtained on the incoming neutrino energy in any of these
phases as the signal arises solely from the energy released following neutron capture and
bears no relation to the kinetic energy of the incoming neutrino.

In the first phase of the SNO experiment, which ran from November 1999 to June
2001, the detecting medium was pure D,O. In this phase, neutrons were captured on
deuteron nuclei, producing a 6.25MeV . These subsequently Compton scattered elec-
trons to energies sufficient to produce Cerenkov radiation.

In Phase II of the SNO experiment (the “salt phase”), 2 tonnes of NaCl were added
to the D,O volume. The salt provided CI nuclei on which neutrons could capture with
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a significantly larger cross-section. The capture efficiency was approximately 83% as
compared with ~30% corresponding to Phase I.

n+ *¥Cl— %*Cl+ Xy (2.8)

Neutron capture on deuteron releases a single vy, whereas capture on Cl typically
releases a number of s with a total energy of 8.6 MeV, each producing Compton scattered
electrons observable through Cerenkov light. The increased energy release shifts the NC
signal further away from low energy backgrounds, whilst the multiple v production results
in a more isotropic Cerenkov distribution which may be used to statistically distinguish
neutron events from those which result in Cerenkov light produced by a single electron.

Following the removal of the salt via reverse osmosis, the third phase of the SNO
experiment which will employ a method of neutron detection free from Cerenkov light, is
currently being commissioned. Neutrons will be captured by *He proportional counters
deployed throughout the DyO volume. These Neutral Current Detectors (NCDs) will
provide an independent measurement of the NC flux on an event-by-event basis. The
neutron capture mechanism of these 3He proportional counters is as follows:

n+ *He - p+t-+7 (2.9)

Data from these three phases will supply independent checks of the total flux of ac-
tive neutrinos produced in the Sun. The third phase will be subject to different systematic
uncertainties to Phase I and II, which rely on statistical techniques to separate the CC
and NC events. Combination of the data from these separate phases should substantially
reduce uncertainties in the measured NC flux.

2.4.5 The Elastic Scattering Interaction

The elastic scattering (ES) reaction, given by equation 2.10, involves the scattering of
neutrinos off electrons in both the D,O and surrounding HyO regions of the SNO detector.

Up+e —u;+e (2.10)

The reaction is sensitive to all three neutrino flavours, but has enhanced sensitivity to v,
for which both W (figure 2.3 (c¢)) and Z (figure 2.3 (d)) boson exchange is allowed. For v,
and v, neutrinos the reaction can only proceed through Z exchange and is approximately
6.5 times less sensitive than for v,. Due to conservation of momentum in the ES reaction,
the distribution of electrons is strongly peaked in the direction away from the Sun.
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2.4.6 Background Interactions

Radioactive backgrounds can mimic neutrino signals in SNO in a number of ways. These
are briefly described in this section. Whilst every effort is made to reduce the levels
of radioactivity in the SNO detector, the remaining backgrounds must be thoroughly
characterised and either excluded from the data sample through analysis cuts, or taken
into account in the signal extraction process. There are also backgrounds due to non-
radioactive sources which are included here. The following discussion assumes the energy
threshold (T¢f;> 5.5MeV) and fiducial volume (defined within a radius of 550 cm) that
are used throughout this thesis.

Internal Photodisintegration Backgrounds

Neutrons can be produced from photodisintegration of deuterium nuclei by gammas of
energy greater than 2.2 MeV, produced by products in the 28U and ?32Th decay chains.
These decay schemes are shown in appendix A. The numbers of 2'4Bi and 2%TI events
were obtained from a maximum likelihood fit to isotropy distributions [49].

Neutrons can capture on **Na to produce an excited state of ?*Na, which has a
half life of 14.96 hours and decays to produce (s and ~s of sufficient energy to photo-
disintegrate deuterium. Sodium, activated by calibration source neutrons, can decay in
subsequent neutrino runs after the source has been removed from the detector. Neutrons
entering into the D,O from outside the detector can also produce 2*Na, especially in the
neck region, and the DyO recirculation systems, which have less shielding. ?*Na created
in these regions and circulated into the fiducial volume must also be taken into account.
Neutrons produced by muon spallation are removed from the data using a timing cut
following muon signals (see appendix C), but their contribution to sodium activation is
also included in the number of internal photo-disintegration backgrounds. ?*Na events
have a similar distribution to 2°®T1 events and are constrained in the fit described above.

A small number of neutrons may be produced by reactions of CNO cycle neutrinos,
reactor neutrinos, terrestrial neutrinos and atmospheric neutrinos in the D,O. Also (a,n)
capture reactions on deuterium and “O or O produce a small contribution to the neutron
background.

Above the 5.5 MeV energy threshold the photodisintegration events are indistin-
guishable from neutral-current events and, therefore, must be subtracted from the fitted
number of NC events.
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Internal Cerenkov Backgrounds

B and v radiation emitted from the ?**U and ?*?Th decay chains and from ?*Na can also
produce Cerenkov radiation. The SNO detector has limited energy resolution and upward
fluctuations in the reconstructed energy can place these low energy events above the
analysis threshold. This effect is small though, and the contribution of internal Cerenkov
events is treated as a systematic uncertainty on the fit results. If the energy threshold
is reduced in future spectral analyses, a more rigorous treatment of these background
contributions will be required.

External §-y Backgrounds

Radioactivity in the HyO, AV, and PMT array will also produce s and s, which can be
mis-reconstructed into the neutrino data set. The estimated contribution of these events
is obtained from a fit between 1.1 and 2.5 cubed AV radii [64]. The contribution of these
events to the neutrino data set is very small due to the selected energy threshold, fiducial
volume and isotropy cuts.

External Neutrons

Photodisintegration neutrons can also be created in regions outside the D;O. (a,n) re-
actions on 2H, 170, and '*C, which are abundant elements in the acrylic vessel, produce
neutrons that can enter into the D,O. Events due to these neutrons show similar trends
to NC events in all observables except radius. The characteristic radial distribution for
these events is determined from Monte Carlo simulation of neutrons in the AV.

High Energy v Backgrounds

The highest energy of v produced by the U and Th decay chains is 2.6 MeV, but s
of higher energy can be created in regions outside the D,O. One mechanism is thermal
neutron capture on high density materials, such as steel in the PSUP and cavity rock.
The free neutrons originate from (a,n) reactions initiated by « emissions from the U and
Th decay chains. s can also be produced through reactions of the type:

a+p X = GHIY+p+y, (2.11)
where X are light nuclei such as Al, which is found in the PMT concentrators, and Y are
the daughter products. These external s can be produced with energies up to 10 MeV and
therefore are not excluded by the energy threshold applied. However, since these events
originate in the vicinity of the PSUP and cavity, they have a similar radial distribution to
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external (-7 background events originating from the PSUP and, therefore, are included
in the external S-v background limit.

Other sources of 7 background events include atmospheric neutrino interactions
and the spontaneous fission of 22*U. The ~ spectrum produced by atmospheric neutrino
reactions, was estimated to contribute 7.3+£2.2 v events to the salt data set [65]. The
spontaneous fission half life of 228U is 8.2 x 10'° years, resulting in an estimated 12.72+£1.7
decays per year in SNO, of which only about 1 event enters into the salt data set [65].
As the number of events due to these background is small, they are simply included
with a separate distribution of fixed amplitude in the signal extraction process. Such
events are assumed to be evenly distributed throughout the D,O volume and their energy

distribution is approximated by simulated '®N calibration events, i.e. s of 6.13 MeV.

hep Events

Although SNO is predominantly sensitive to solar neutrinos produced by the B reaction,

it can also detect neutrinos from the rarer hep reactions.
*He+p — "He+e' + v, (2.12)

The branching ratio for this reaction is < 1% (see figure 1.1). These neutrinos have a
different energy spectrum from those produced by the 8B reaction and could be considered
as a background to the ®B flux and spectrum measurements. A separate analysis is being
developed by the SNO collaboration to measure the flux of hep neutrinos but, for the
analyses presented in this thesis, the results presented contain combined contributions
from neutrinos produced by both hep and 8B reactions.

Figure 2.4 shows the predicted spectrum of CC events due to hep neutrinos. This
spectrum was created from events simulated using the hep neutrino spectrum specified
in [29], and has been normalised to the BP2004 [21] predicted flux of 7.88 x 103 cm™2s™!
for the data set analysed in this thesis. This can be compared to the predicted undistorted
spectrum for 8B CC events in the upper panel of figure 1.5 (which has been normalised

to unity).

2.4.7 Other Background Events

The average data rate of the SNO detector is around 18 Hz, 5 Hz of which is due to the
PulseGT. The majority of the events recorded are due to “instrumental backgrounds”
defined as any trigger not associated with particle interactions in the detector [66]. For
example, electronic pickup that can cause correlated discriminator firings. A series of
data selection criteria, or “cuts” were developed based on information such as the average
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Figure 2.4: The predicted hep CC spectrum normalised to the number of events predicted
by BP2004 to contribute to the data set analysed in this thesis.

event charge, clustering of hit PMTs, time correlations and raw time spectra. These cuts
were applied in the first stage of data processing.

AV Events

One class of background events exhibits very isotropic hit patterns and appears to recon-
struct at the AV. The exact cause of these events is unknown, but they may be associated
with small regions of stress in the acrylic. These “AV events” were efficiently removed
from the D,O data set by an isotropy cut. This cut was relaxed for salt data analysis to
avoid removing the more isotropic NC events from the data, but the contribution of AV
events is still small enough to simply treat as a minor systematic uncertainty.

2.5 Summary

In this chapter the various subsystems which comprise the SNO detector have been dis-
cussed in some detail. A complete understanding of the detector response is required in
order to obtain precise physics measurements from the SNO data. This is achieved through
detailed simulations based on the findings of the rigorous detector calibration program.
The next two chapters discuss details of the optical and energy calibration of SNO.



Chapter 3

Energy Scaling in SNO

A good understanding of the mapping between the observed energy deposited in the
SNO detector and the true energy of the interacting particle is vital for the extraction of
any meaningful spectrum. Uncertainties in this mapping will contribute to the systematic
uncertainty of the spectral measurement. This chapter deals with an analytical calculation
of the scaling between “true” energy and the number of PMTs hit (Nhits) in the SNO
detector during the D,O phase of the experiment.

3.1 Energy Calibration

Calibration source data are used to characterise the detector energy response, but only
provide such calibrations at a number of fixed energy points. It is necessary to interpolate
between these measurements in order to map from Nhits to energy across the range
of interest for neutrino interactions. Figure 3.1 shows the data and simulated Nhits
distributions for three different calibration sources: '®N, ®Li and Pt, which are described
in table 2.2. The '°N source of 6.13 MeV +s is the primary energy calibration source, whilst
Pt provides another mono-energetic calibration point, producing 19.8 MeV ~vs. The 8Li
source produces s with an energy spectrum extending up to about 14 MeV, similar to
that expected for the CC signal (black stars), but the continuous spectrum does not
constrain the energy scale as well as the mono-energetic calibration data.

3.2 Analytical Calculation of Energy Scaling

In order to calculate the energy deposited in SNO that will be observed, it is necessary
to account for the following factors:

e Electron energy losses (including Bremsstrahlung emission and delta-ray produc-
tion).

47
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Figure 3.1: Calibration data and simulated events for *N, 8Li and Pt data obtained during
the DO phase. The expected CC distribution is also shown (black stars) to indicate the
energy range of interest.
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e Cerenkov light production

e Multiple hits - PMTs that are hit by more than one photon in the same event.
e Noise hits - Additional random hits due to PMT dark currents.

e Cross-talk - Electronic pick-up effects between adjacent electronic channels.

e Energy drift - Effects of time variation in detector response.

e Detector Configuration - The number and position of non-operational PMTs
which changes over time.

Analytical calculation of these factors should give the correct relationship between
energy and Nhits. A single data point from the N source is then required to fix the
parameterisation to account for the actual light detection efficiency of the detector.

A SNOMAN simulation of mono-energetic electrons indicated a linear scaling of
Nhits with energy in the region of 5-10 MeV.* A similar result was obtained from a
calculation of the expected light yield of Cerenkov events as a function of electron energy
on an arbitrary scale using a numerical integration:

Yield = K/ [1 - (ﬁinﬂ dx (3.1)

where K is an undetermined constant which involves the detector response, 3, which is
a function of z, is the electron velocity in units of ¢, and n is the refractive index of
D,0O. Electron track length dz can be expressed in terms of kinetic energy 7, with a

parameterisation for the tabulated stopping powers of electrons in water, % obtained
from [67].f
dx
dr = —dT 3.2
T = (3.2)

The parameterisation used is given in equation 3.3 and the fit to data is included in
figure 3.2. The parameterisation is accurate to 0.5% in the region 0.25-20 MeV.

ar _ 1
dr (2

The calculation was improved with a correction for §-rays (high energy electrons

(1.649 +0.181n 7 + 0.0032(In 7)) (3.3)

which are periodically produced as the initial electron collides with matter). They cause

secondary ionisation and produce their own Cerenkov light. An approximation was made

*The main region of interest for the observation of 8B solar neutrinos in SNO.
tThe tabulated numbers are for H,O, not D, O, but the difference in stopping power due to the higher
density of D20 is negligible.
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parameterisation of energy losses of electron in water
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Figure 3.2: The parameterisation of equation (3.3) for the stopping power of electrons in
water fitted to data taken from Ref. [67]

for the d-ray path length, allowing for losses of 2MeV g~! cm™2 with a 0.5 MeV energy
offset. The offset is due to the fact that the electrons slow down from speeds of 5 = 1 to
the threshold for Cerenkov radiation.

- 0.5
2

where T" is the d-ray kinetic energy. In principle, one could use equation 3.3 to parame-

(T") = (3.4)

terise the further subsequent energy loss at this stage, but this significantly increases the
complexity of the computation with relatively little gain in accuracy.

The probability of d-ray production was approximated using the Rutherford cross-
section (equation 3.5). Values for Z and A, the charge and mass numbers of the material,
Avagadro’s number, Ny, the classical electron radius, 7., and mass, m. have been inserted.

2rNaZr? m.dT'  0.075dT"
_ 2TYALTe M Bl (3.5)

P((5) A ETIQ - ﬁQ T2

The resultant yield from d-rays,

_ 1 T2 (05 0.075 )
Yield(8) = K (1 - ﬁ) /0 ) < A ) < T ﬁQ) ar", (3.6)
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must be added to the initial light yield before the integration of equation 3.1. The
maximum value of 7" is half that of the initial electron, which provides the limits for this
integration.

A correction was also made for Bremsstrahlung emission, which decreases the light
yield at higher initial electron energies. To calculate this effect, Bremsstrahlung photons
of energy Fp were approximated as contributing the Cerenkov radiation of an electron
with initial speed, 8 = 1, and energy Eg — 1.5 MeV. 1 MeV is subtracted to account for
the difference in the amount of Cerenkov light obtained from an electron and a 7, and
0.5 MeV is subtracted because the electron slows down (as for d-rays).

With the Bremsstrahlung and d-ray corrections, both of which have roughly 5%
effect at 20 MeV, the result is surprisingly linear, taking the form of equation 3.7.

Yield o (T — 0.45) (3.7)

This is also in good agreement with past calculations made using the EGS4 electron
and gamma transport package [68]. The result is plotted in figure 3.3.
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Figure 3.3: A plot showing the linear scaling of light yield with electron kinetic energy
when both d-rays and Bremsstrahlung emission are taken into account. An uncertainty of
1% is assumed for each point, due to the assumptions made within the calculation. The
fit takes the form of equation 3.7.
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3.3 Fixing the Scale

The scale was then fixed using data from the '®N calibration source deployed at a variety
of positions inside the detector. A volume-weighted average of the Nhits value for this
source was obtained over a number of runs and found to be 47 hits, accurate to 1% [69]. A
SNOMAN simulation of 6.1 MeV gamma rays was found to produce the same mean N hits
as an electron of kinetic energy 5.03 4+ 0.02 MeV. The error quoted here is the statistical
uncertainty derived from the spread of the distribution. This result was verified by an
analytical calculation of the light radiated in multiple Compton Scattering [70]. This
calculation showed an electron of energy 5.1 MeV produced the equivalent light of the N
v, which is in agreement at the 1% level.

The mean Nhits value from '°N accounts for the detector response efficiency in the
calculated scale. However, it is also necessary to consider other effects which may not

have a linear contribution over the energy range in question.

3.4 Multiple Hits

A PMT can only fire once for any event, so any secondary photons which also create
photo-electrons in that PMT will not contribute to Nhits.t The relevance of this effect
will be greater for events with higher light yields and hence, a larger overall value of
Nhits. The effect is also dependent on the position and direction of an event.

The most probable number of multiple hits for an event of given Nhits was deter-
mined from the average number of photons impinging on each PMT, y, which depends
on the detector geometry and angular distribution of Cerenkov light. The distribution of
Cerenkov light from N, 8Li and neutrino data was obtained by considering the angle of
each struck PMT with respect to the reconstructed event direction. These data are in-
cluded in figure 3.4, along with a theoretical calculation of the Cerenkov light distribution
from electrons with a kinetic energy of 5 MeV [71]. The theoretical calculation averaged
the angle of emitted photons relative to the true electron direction over many electrons.
The increased peak in the data with respect to the theoretical calculation is thought to
be partly due to the way the angle is effectively quantised by the finite size of the PMTs.
A slight reconstruction bias may also contribute to this effect as the reconstruction al-
gorithm?® used determines track direction by maximising the symmetry of the Cerenkov

ring.

tAs photon detection efficiency is significantly less than 100%, multiple hits are defined as photons
that would have fired the PMT if it had not already fired.

5The PATH fitter [72] which uses both timing and angular PMT information was used to reconstruct
all the data discussed in this chapter.
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Figure 3.4: Angular distribution of Cerenkov light in the SNO detector as measured with
various calibration sources. A theoretical distribution cvalculated for 5MeV electrons is
also shown. The peak is at ~ 42°, the half angle of the Cerenkov cone in D5O.
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To calculate u, the angle between each PMT and the track direction was determined
using geometry information recorded in SNOMAN. The relative fraction of Cerenkov light
observed at this angle, fqen, was extracted from an array containing the data in figure 3.4
and weighted by the solid angle subtended by the PMT at the event vertex.Y The value
was then approximately normalised by the number of hits observed:

QPMT

47

In this scenario, 100% coverage of PMTsll was assumed since the detector response

U= Nhits X fgen X

(3.8)

was taken into account by normalising to the observed number of hits. This was signifi-
cantly easier than normalising to the number of photons produced, which would require a
knowledge of the photon detection efficiency. For events at non-zero radii, the solid angle
was calculated separately for each PMT.

For a given event position and direction, Poissonian statistics were used to calculate
the probability of a PMT firing multiple times for a given p. The probability that a PMT
will fire was obtained from a series summation for any number of PMT hits:

o0

> P(n/u)=1-P0/u)=1—e* (3.9)
n=1
where P(n/u) is the probability that n photo-electrons are produced in a PMT that is
hit by p photons.
The measured Nhits for an event was equated to the sum of equation 3.9 over all
PMTs in the detector, Npyr, as a single PMT hit is recorded for each PMT in which > 1
photo-electron has been produced.

Npmr
Nhits = ) (1 —e @) (3.10)
i=1
The summation of y over all PMTs in the detector approximates the total light
deposited in the detector. The total number of multiple hits, Nyg, for any event is
obtained from equation 3.11.

Ny =Y () = (1 —e D)) (3.11)

=1

TRather than take the physical radius of a concentrator to obtain the solid angle, the total PSUP
surface area was divided by the number of PMTs to obtain the area covered by each PMT assuming no
gaps between them. The radius this area would have if it were circular was then used for the calculation
of solid angles. This effectively gives 100% coverage of PMTs.

IThe actual PMT coverage is ~58%.
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The measured Nhits value for each event was corrected by the factor Cyg (equation
3.12) to obtain the effective amount of light in the detector.

Ny
Nhaits

Cyu =1+ (3.12)

An overall correction factor applicable to isotropic neutrino data, Cyg was obtained
by averaging over events distributed out to an assumed fiducial radius of 5.5m and over
all track directions. The resultant percentage correction for a range of measured Nhits
values is included in figure 3.5 and is well fitted by the polynomial:

Cie (%) = 0.011 4 0.0206 N hits 4+ 0.000022N hits® (3.13)
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Figure 3.5: Percentage correction for isotropic data to account for multiple hits, fitted
with a second order polynomial.

This correction was used to translate the predicted effective light level from the
analytical calculation to Nhits. A similar technique was used to determine the apparent
reduction in observed energy due to multiple hits from calibration data by considering
localised events at a given point in the detector.
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3.5 Other Effects

The effect of multiple hits is, in part, counteracted by the phenomenon of cross-talk. A
high charge output from a PMT (which is more likely if the PMT is hit multiple times)
increases the chance of inducing hits in neighbouring electronic channels that result in an
additional “hit”. An empirical parameterisation of cross-talk as given in equation 3.14 was
used to include this effect, where Nx; is the number of hits gained through cross-talk [73]:

Nxi = 0.94 4 0.013 x (Nhits — Nx,) (3.14)

The measured Nhits for an event was multiplied by the factor C'x; to remove the contri-
bution from cross-talk hits. N
Cxy=1— 3.15

X Nhits (3.15)

Random noise hits were taken into account by subtracting 2 hits per event. This

is the average number of random noise hits occurring in the event trigger window, as
established from data obtained from the Pulse GT.

During the D,O phase, a change in the detector response was observed over time.
This “energy drift” was quantified by a reduction in Nhits of 2% per year[74].

3.6 Tests of the Scaling Calculation

This theoretical model was tested by extrapolating from the ®N energy to the energy of
the Pt source. A SNOMAN simulation was used to infer that the light produced by the
Pt v is on average, equivalent to an electron with kinetic energy 18.6 + 0.5 MeV. This
was also verified by numerical calculation which gave the equivalent mean electron energy
to be 18.5 + 0.2MeV [70]. The average energy loss in creating electrons is larger for the
Pt « than for N ~s due to the higher probability of electron pair production at these
energies, which results in the loss of visible light to the electron rest mass energy.

Finally, the angular distribution of events from calibration sources was considered.
The N source emits events nearly isotropically but the Pt source emits vs equatorially
into a sin? # distribution [75]. This can be seen in the angular distribution of hit PMTs in
the Pt data. Separate multiple hit corrections were calculated for each source run, taking
into account the source position and the angular distribution.

Figure 3.6 shows the results of extrapolation from the average Nhits obtained from
data taken with both the !N and the Pt source run at the centre of the detector. The
procedure for the prediction of Pt source Nhits was as follows.

1. First, the measured Nhits value obtained from N data was reduced by a factor
that accounted for both the energy drift between the time of °N and Pt data taking
and the change in the number of operational PMTs.
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2. This scaled 1N Nhits value was then multiplied by Cyig, the multiple-hits correction
and Cx;, the cross-talk correction.

3. The linear parameterisation given in equation 3.7 was fixed to this “corrected” *N
Nhits value and extrapolated to Pt energies.

4. Finally, the predicted value at the Pt energy was divided by Cyg and Cx; in order
to compare it to the measured Pt Nhits value.

In figure 3.6 the Pt point is the true data measurement but the *N value was scaled
by 1.0488 to account for energy drift and the reduction in operational PMTs. The line
gives the number of hits predicted for a given energy at the time of the Pt data taking.
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Figure 3.6: Theoretical energy scaling of Nhits for sources at the centre of the detector.
The error bars on the 2 source data points are too small to be visible. The 4.88% energy
drift includes a correction for the number of tubes online at the time of data taking and
has been applied to the N Nhits value.

Further tests were made on off-axis data, with the calibration sources situated at
positions 2.5m, and 5m below the centre of the detector. The results of these tests are
shown in figures 3.7 and 3.8 respectively.

The error on the average Nhits was & 0.05 for 1N and 4 0.5 for Pt data. Table 3.1
summarises the values for the average measured Nhits for Pt and those predicted by the
extrapolation.
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Figure 3.7: Theoretical energy scaling of Nhits with the Pt source at z = —250cm. The
average Nhits for runs at z = —300cm and z = —200 cm are taken for N source. The
4.88% energy drift includes a correction for the number of working PMTs at the time of
data taking and is applied to the 1N Nhits value as in figure 3.6.
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Figure 3.8: Theoretical energy scaling of Nhits for calibration sources deployed at z =
—500 cm. There is no energy drift in this plot as the N run used was taken close to the
Pt run in time.
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Position | Pt average Nhits | Predicted Nhits | percentage discrepancy
centre 161.0 + 0.5 159.7 0.81% (Nov 1999 6N)
-250cm 165.0 £+ 0.5 164.5 0.30% (Nov 1999 N)
-500cm 158.6 £ 0.5 165.4 4.27% (Nov 1999 1°N)
-500cm 158.6 +£ 0.5 160.6 1.26% (Jan 2001 '°N)

Table 3.1: Summary of the agreement between calculated (predicted) Nhits at 18.6 MeV,
and the average value measured for the Pt source.

It should be noted that although the number of non-operational PMTs was taken
into account, the position of these PMTs was not considered. For runs at larger radius,
this appears to have more impact. Two N runs at z = —500cm were available for
comparison to Pt data, one in November 1999 and one from January 2001. Results of
scaling from both are included in table 3.1. The difference between the Pt data and the
November 1999 '®N run at z = —500 cm is significantly greater at 4.27%, reflecting that
changes in the detector configuration over time have more effect at larger radii.

3.7 Summary

As has been shown, it is possible to analytically extrapolate from a single measured value
from the N source, across a range of 13.7MeV, to predict the Nhits value of the Pt
source to an accuracy of better than 1%. This is good evidence that all appreciable
detector effects, which may not scale in a linear fashion with energy, have been included.
This independent check demonstrates a good understanding of the energy scaling in the
SNO detector, and provides confidence in the simulations used to model events which also
predict a linear relationship between generated energy and Nhits (see figure 3.9). The
analyses described in the following chapters rely heavily on the ability of these simulations
to accurately model the response to neutrino signals.
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Figure 3.9: Measured Nhits for simulated electron events with a range of generated
energies, modelled by the SNOMAN Monte Carlo package.



Chapter 4

Measurement of Rayleigh Scattering

To analyse SNO data a full understanding of the detector’s optical response is required.
One aspect of the optical calibration program for the salt phase was the measurement
of the level of scattering in the heavy water. Scattering of photons in the detector can
impact on the determination of many observable parameters. A poor understanding of
the observable parameters used to separate the different event classes will lead to a bias
in measured fluxes. In this chapter the first direct measurement of DO scattering will be

presented.

4.1 The Effect of Scattering on SNO Measurements

One observable that can be affected by scattering is the measured event energy, T.s¢, as
photons that undergo scattering are delayed, and may cause PMT hits outside the time
window used for analysis. Figure 4.1 shows the change in the T,;; distribution for CC
events when the amount of Rayleigh scattering in the D,O is changed by a factor of two.
The predicted change in this distribution is comparable in magnitude to that caused by
MSW distortions (see figure 1.5).

The timing of PMT hits in an event is also used to reconstruct the interaction
position within the DoO volume. Incorrect measurements of the amount of light delayed
by Rayleigh scattering could bias the mapping of event position.

The angular distribution of observed light can also be affected by scattering. This
is of particular importance in the salt phase as a parameterisation of event isotropy, (314
(discussed in more detail in appendix D) was one of the observables used to separate CC
and NC events. Figure 4.2 shows the change in the ;4 distribution for CC events when
the level of Rayleigh scattering in the D5O is changed by a factor of two. Events become
more isotropic (lower [314) as scattering is increased.

61



62

0.07

0.06

0.05

0.04

0.03

0.02

0.01

CHAPTER 4.

MEASUREMENT OF RAYLEIGH SCATTERING

L L L

Default D,O scattering

2 X D,O scattering

L " 1 [

18 20

16
energy (MeV)

TR il
12 14

Effective

Figure 4.1: The effective energy distribution for simulated CC events with theoretical
levels of Rayleigh scattering (black solid) and double Rayleigh scattering (red dashed) in

the DQO

0.07

0.06

0.05

0.04

0.03

0.02

0.01

L L O O B B B

Default D,O scattering

2 X D,0O scattering

B

Figure 4.2: The isotropy distribution for simulated CC events with theoretical levels of
Rayleigh scattering (black solid) and double Rayleigh scattering (red dashed) in the D5O.



4.2. TYPES OF SCATTERING 63

4.1.1 Possible Causes of Increased Scattering

A number of factors could increase the levels of scattering in the SNO detector. If not
controlled, a variation in the temperature levels in the D,O region could result in a change
in the true Rayleigh scattering. Contaminants in the water can also cause Rayleigh-like
scattering. One possible candidate is organic matter which could enter the detector from
the water purification systems [76]. Alternatively, other materials could have been intro-
duced to the detector along with NaCl, or perhaps in the process of deploying calibration

sources.

4.2 Types of Scattering

There are three modes of scattering to consider in the SNO detector. The first is Rayleigh
scattering, a phenomenon that occurs for particles of sizes < % [77], (where A is the wave-
length of incident light) such as atoms and molecules which have diameters of a few tens
of nm. Incident photons induce vibrations in the electron cloud of such particles, setting
up an electric dipole moment that immediately re-emits radiation at the same wavelength.
In a gas the molecules are randomly distributed and there is no sustained pattern of co-
herence between the secondary wavelets produced so scattering can be observed at large
angles. Rayleigh scattering, averaged over all possible polarisations, has an angular dis-
tribution of the form (1 + cos?#), where 6 is the angle between the initial and scattered
photon. In liquids, the molecules are in a more ordered state so the amount of scatter-
ing per molecule is suppressed with respect to gases, although density fluctuations on a
local scale serve to increase the scattering effect. As molecules have more electronic reso-
nance states in the UV, the amplitude of vibration increases with frequency, and Rayleigh
scattering scales with A=

The level of true Rayleigh scattering in the water of the SNO detector has been
theoretically calculated [78, 79, 80] based on precise measurements of the temperature of
the different regions. The water regions of the SNO detector are kept at 11 £ 2°C. The
scattering lengths calculated for the D,O region which were used as default input values
for optical simulations are given in table 4.1.

Mie scattering, which occurs off spherical bodies, is generally independent of wave-
length for particle diameters > A. It could be caused by foreign impurities such as bacteria
in the water of the SNO detector. Rayleigh scattering can be considered as the small-size
limiting case of Mie Scattering.

The last type of scattering is specular scattering which could be caused by large
particulate contaminants in the SNO detector.

Previous investigations indicate that the SNO detector is only sensitive to wide
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Wavelength (nm) | Rayleigh scattering length (m)
337 75.69
365 107.36
421 198.50
500 410.71

Table 4.1: The theoretical Rayleigh scattering lengths for DO in SNOMAN.

angle scattering, including both Rayleigh scattering and specular scattering. This can be
parameterised by a single effective scattering length [81]. Thus a calibration source and
analysis were developed for the purpose of measuring the effective Rayleigh scattering in
the DO region of the SNO detector.

4.3 Existing Optical Calibrations

The main tool for optical calibration of the SNO detector is the laserball: a pulsed laser
source that provides monochromatic light at one of six different wavelengths (337, 365,
386, 421, 500 and 620nm). The laser light is fed down a fibre optic cable to the source.
The light is diffused in a ball containing a mixture of silicone gel and small glass beads
(with average diameter 50 um) to try to produce an isotropic source of light.* The rate of
laser pulses is variable, as is the intensity, which is adjusted using neutral density filters
placed in the laser beam. The source can be deployed at a range of positions in the D;O
and H5O volumes of the detector.

Optical parameters are extracted from calibration scans in which the laserball source
is placed at many different positions in the detector. The photon path length and an-
gle of incidence of photons on each PMT changes with source position and thus allows
various optical parameters to be fit. The required parameters are the angular response
of the PMTs (and concentrators), scattering and attenuation in the AV, reflections, and
attenuation in both the DO and H5O regions.

The fitted attenuation, o, is the combined effect of absorption and scattering in
the water. However, to simulate events in the SNO detector, these phenomena must be
treated separately, and both absorption and scattering lengths are required as inputs to
the Monte Carlo. Equation 4.1 parameterises the relative contribution of absorption and
scattering, which also depends on the amount of scattered light arriving in the prompt

time window, k.

Qipet = Qlabs + kascat (41)

*A slight anisotropy which remains in the source is modelled in the SNOMAN Monte Carlo.
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The factor k is determined by geometric effects and should be independent of wavelength
for true Rayleigh scattering. If all scattered light were removed from the time window
used for the optical analysis then & = 1, but this is not the case due to the forward
scattering.

4.4 Hardware Design

To directly measure Rayleigh scattering in SNO, a directional source was created. This
confined prompt light to a limited region of the detector establishing an analysis region
predominantly sensitive to scattered photons. The fraction of scattered light was deter-
mined from the amount of light initially deposited in the detector, and the number of
photons scattered into this selected region.

Since the properties of the laserball (such as the pulse time structure) are generally
well understood, a mask was constructed to produce a beamed source of light from the
existing laserball rather than designing a completely new directional source. The mask
was designed so that the beam pointed vertically downward due to the symmetry of the
SNO detector about the central axis and the nature of the source deployment system.

4.4.1 Beam Width

The choice of beam width was influenced by two factors: a narrow beam was preferable
to allow tight cuts on the prompt beam light and reflections, but the beam had to be
wide enough to illuminate enough PMTs to measure the amount of light deposited in the
detector.

The frequency of hits on the PMTs directly illuminated by the source (PMTs in the
beamline) was limited to avoid the phenomenon of multiple hits (described in 3.4). The
fraction of PMTs in the beamline that are hit in any given event, Fiy, was limited to
< 10%, which also prevented saturation of the small number of PMTs at the bottom of
the SNO detector.

To probe the scattering phenomena thoroughly, data were required for several wave-
lengths over a number of path lengths.! To obtain enough data in two 8 hour shifts, each
run was limited to 15-30 minutes in duration.

A suitable beam width was determined by a rough calculation of the minimum
number of PMTs in the beamline, Ny, using the formula:

P
Nscat = NminRthhnX (42)

tThe path length in question is the distance travelled through the DO by photons detected in the
beamline.
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Part Material
Can Stainless steel
Upper sliding plate Stainless steel

Lower sliding plate Black polypropylene

Shielding cone piece 1 | White polypropylene

Shielding cone piece 2 | White polypropylene

Main collimator piece | Black polypropylene

Collimator end piece | Black polypropylene

Collimator baffling Black polypropylene

Collimator insert disk | Black polypropylene

2 collimating washers Stainless steel

Table 4.2: Table of the mask components and materials.

in which R is the pulse rate, taken as 45 Hz (the maximum rate for the laserball source),
P is the path length, A is the Rayleigh-like scattering length, 7 is the fraction of scattered
light in the analysis region (estimated to be 50%), ¢ is the run duration and Ny, is the
number of hits in the analysis region. Ng.y is subject to statistical uncertainty, which
limits the precision of measurements. A value of Ny > 2500 has < 2% uncertainty,
considered a suitable limit for this measurement. The calculation was carried out for
an 8.5m path length and a run duration of 30 minutes where Fi, was taken to be 10%.
For wavelengths of 400 nm a value of Ny, = 30 was obtained.} For this path length, it
was determined that a beam subtending a half angle of 7.0° would directly illuminate 32
PMTs. This is therefore a suitable value for the half-angle of collimation for data collected
over path lengths of >8.5m.

4.4.2 Mechanical Issues

Figure 4.3 shows the general assembly of the laserball mask. The material used for each
part of the mask is given in table 4.2. Figure 4.5 is a photograph of the fully assembled
mask, whilst figure 4.4 shows the separate pieces of the mask.

The design consisted of a number of sections and was developed by the author to
satisfy the following criteria.

e Size: Dimensions of the mask were tightly constrained by the diameter of the
laserball and the 12.7cm diameter of the guide-tube through which the sources

tAs Rayleigh scattering scales with A\™*, a long wavelength with respect to the mean wavelength of
Cerenkov light was used for the calculation in order to obtain a lower limit on Ngcay-
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Figure 4.3: Diagram of the laserball mask, assembled around the laserball.



68 CHAPTER 4. MEASUREMENT OF RAYLEIGH SCATTERING

Figure 4.4: Photograph of the laserball mask parts taken at the University of Oxford.
The main can piece, upper and lower sliding plates and neck shield are shown here.
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Figure 4.5: Photograph of the assembled laserball mask taken at Queen’s University.
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Beam Direction

11

Figure 4.6: Design of the collimator for the laserball mask. As drawn, the bottom screws
onto the base of the “can” and the collimated beam emerges from the top. The black
polypropylene parts are shown in white, whilst the stainless steel collimating disks are
shown in black. (The screws are shown in navy blue.)

enter the SNO detector.

Collimator design: Figure 4.6 shows the design for the collimator, developed to
give a sharp beam. Black polypropylene, roughened on the inside, and sharp edged
metal disks prevent large angle reflections from the aperture.

Light seals: All the seals were designed to be light-tight to the single photon level.

Deployment: A white polypropylene cone was incorporated in the design to pre-
vent sharp edges hampering deployment of the source. Drainage holes allow water
to enter and leave the mask in a timely fashion, without compromising the light
seals.

Attachment to the laserball: The mask was designed to attach to the laserball
when in position on the deployment mechanism.’ Figure 4.4 shows sections of the
mask prior to attachment around the laserball.

Structural stability: There must be no danger of any piece of the mask falling
off inside the detector or getting stuck on the laserball. In figure 4.4, the lower
sliding plate is made of stainless steel. In the ultra-clean environment of the SNO
laboratory, stainless steel screws binding into a drilled hole in stainless steel are easily

$This minimises the amount of neutrino data loss, due to activity above the detector.
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Separation (cm) | Diameter illuminated (mm) | calculated opening angle(°)
13.5 £ 0.2 31 +£1 115+ 04
15.0 £ 0.2 36 £ 1 121+ 04
86 =1 175 £ 10 11.4 £ 0.7

Table 4.3: Results of measurements of beam dispersion using photographic paper. Sepa-
ration is stated from the base of the collimating nozzle

jammed. For this reason a new lower plate was produced out of black polypropylene.
Calculations were made to ensure that the four horizontal screws binding into this
material would be strong enough to support the weight of the whole can full of

water.

4.4.3 Pre-Deployment Tests
Beam Width and Structure in Air

The actual collimating length of the nozzle is 34.9 mm. With a 4 mm inner diameter, the
half-angle of the beam should be 6.6° for perfect operation. This requires the source to
be vertical, with the two steel disks in good alignment. The diameter of the beam image
was measured using a 60 W light bulb inside the mask with a disk of white tissue paper
to diffuse the source of light. The image was created on photographic paper for different
path lengths in air. The measured widths of these images are given in table 4.3.

Figure 4.7 shows the measurements from a densitometry scan across the image of
the beam obtained at 85cm separation in both horizontal and vertical directions. The
beam appeared sharply collimated and the beam width measured was used as input for
the first Monte Carlo simulations of masked laserball data.

Drainage

Approximately one litre of air is contained in the volume between the laserball and the
mask, which is replaced by D,O as the source is deployed in the detector. Water can
enter through the hole in the collimator and air can escape through “bleeding holes” in
the upper plate and shield of the mask. The reverse occurs when the source is removed
from the detector.

The drainage rate was measured using a spare manipulator motor system at Queen’s
University. The tension in the manipulator rope increased steadily over a period of
25 minutes before reaching a maximum of 36.8 N. Based on this, a 30 minute pause was
required after deployment in the D,O to ensure complete evacuation of air from the cham-
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Figure 4.7: Results of a densitometry scan of the image of the collimated beam at 85cm
separation.

ber. Complete drainage of water from the mask volume took 1.5 hours after removal from
the water.

4.4.4 Cleanliness

The mask was constructed from three materials, all of which were tested for impurities
that could leach into the D,O. The bulk of the mask, including all screws, was made
of low-carbon stainless-steel, which has been previously tested and approved for use in
many of the calibration sources used in SNO. Black polypropylene was used only for the
collimator and lower sliding plate, as tests indicated that low levels of radium may leach
out of this material. The shield was made of white polypropylene, as reflections from this
part of the mask were less critical and leach-test results were more favourable for this
material.

All pieces of the source were cleaned ultrasonically and handled only when wearing
gloves. To avoid the introduction of Radon gas into the detector, the mask was flushed
with nitrogen gas prior to deployment.
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4.5 Monte Carlo Simulation of the Masked Laserball

The analysis was carried out on both data and simulated events for each run. Intensity
fluctuations of the laserball were not modelled, and a consistent light level of 65 photons
per laser pulse was assumed. The laser ball geometry was included in the simulation but
the mask geometry was not.Y The simulated pulses of photons were emitted into a cone
of half-angle 7.25° with the measured timing distribution of the laserball source.! The
angular distribution of light within the cone was modelled with a Gaussian distribution of
o = 7.25°. The optical parameters used for these simulations were based on preliminary
optical fits to laserball data, which best represented the understanding of the detector at
the time of analysis.

4.6 Comparisons of Data and Simulations

Table 4.4 contains information on the masked laserball data obtained for this analysis in
April 2002. The main scattering analysis was carried out using the “z position scans”. A
series of runs with different laserball intensity were taken for systematic and noise studies,
whilst a horizontal scan was carried out to to check against unusual geometric effects.

Comparisons were made of the timing and angular distribution of the data and
simulated events. The left hand plot of figure 4.8 shows the data and Monte Carlo timing
distributions for run 24438 (A =337nm, z =500 cm). The general timing structure of the
beam is replicated by the simulation but small differences are expected due to the effects
of the mask geometry, which was omitted from the simulation.

The right hand plot of figure 4.8 shows the data and Monte Carlo angular distri-
butions for the same run. The angle is taken relative to the —z axis from the source
position. Agreement of the angular distribution in the beam-line is not perfect, indicat-
ing that there is some leakage of light at the edges of the beam. However, the level of light
immediately outside the “theoretical beam” is two orders of magnitude below the beam
intensity and scattering of this leaked light should have a negligible effect on the number
of hits observed in the analysis region. As explained in the following section, all PMT hits
were used to determine the amount of light deposited in the detector, and the analysis
criteria were defined to exclude the region close to the beam edges where data-simulation

discrepancies were observed.

YInclusion of the mask geometry would improve the accuracy of simulations, but is beyond the scope
of this thesis.
IThe angle was based on the pre-deployment tests and preliminary data.



74 CHAPTER 4. MEASUREMENT OF RAYLEIGH SCATTERING

Run Number Source position A(nm) | ND | ¢ (minutes)
z(cm) | y(cm) | z(cm)
z position scans
24438 -2.6 | -10.3 206 337 1.5 15
24440 -0.14 | -1.0 | 309.6 337 1.5 15
24442 0.0 -1.0 9.87 337 1.6 20
24473 -2.5 | -10.3 | 506.2 365 1.5 15
24478 -2.5 -10.3 | 506.2 421 1.2 15
24480 -2.5 | -10.3 | 506.2 365 1.5 15
24486 -0.1 -0.5 | 309.8 500 1.5 15
24488 -0.1 -0.5 | 309.8 421 1.2 15
24492 -0.1 -0.5 | 309.8 | 365 | 1.5 15
24494 -0.1 -0.9 9.8 365 1.6 15
24496 -0.1 -0.9 9.8 365 1.6 )
24501 -0.1 -0.9 9.8 421 1.2 20
24503 -0.1 -0.9 9.8 500 1.6 20
Intensity scan
24432 -2.6 | -10.3 | 505.8 365 1.6 15
24434 -2.6 | -10.3 | 505.8 365 1.2 15
24436 -2.6 | -10.3 | 505.8 365 1.0 15
z position scans
24444 100 0 10 337 1.2 10
24446 210 0 10 337 1.0 10
24448 300 0 10 337 1.0 10
24450 387 0 10 337 1.0 10
24452 457 0 9 337 1.0 10
24454 486 0 12 337 1.0 10
24456 486 0 12 365 1.5 10
24458 458 -1 10 365 1.5 10

Table 4.4: A summary of data taken with the laserball and mask used for this analysis.
The table gives the run number, the laserball source position in detector coordinates (the
point of collimation is 10 cm directly below the laserball centre), the wavelength, A, the
value of neutral density filter used, ND, and the run duration, ¢, in minutes.
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Figure 4.8: Comparison of the beam timing (left) and the total angular distribution (right)
for data and simulations of run 24438.

4.7 Analysis Procedure

The basic analysis involved counting up the number of hits, V,, in a selected analysis
region over the entire run. This was divided by the total number of hits, Ny, to obtain
the fraction of light scattered into that region, Fyc,s.
J— Na‘
cat Ntotal

The same analysis was applied to both data and Monte Carlo simulated events and the two

Fy

(4.3)

fractions were compared. R(Fy.) thus gives the factor by which the simulated scattering
should be scaled to reproduce the data.

Ficat(data)

R(Fscat) = Fscat (MC)

(4.4)

Only data events triggered by the EXTA trigger** were considered, and no Nhits threshold

was applied.

4.7.1 A Note on Timing Distributions

PMT firing times were one of the main observables used in this analysis. By correcting
the firing time for different flight paths, different features of the data could be selected,
as illustrated schematically in figure 4.9.

**The External Asynchronous (EXTA) trigger is received directly from the laser, and is not linked to
either the 10 MHz or 50 MHz clock.
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FPMTcor

Figure 4.9: A schematic cross-section of the SNO detector with lines to illustrate the
different light paths selected by the timing distributions PMTcor (direct light - equa-
tion 4.5), PMTpsup (reflections from the PSUP - equation 4.6) and PMTav (reflections
from the AV - equation 4.7). The dashed horizontal lines indicate the spatial constraints
placed on the analysis region. This diagram is not to scale.
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The first timing distribution used, PMTcor, was a simple correction for the time of

flight from the source position to the PMT:

SP
PMTcor = PMTT — — — Oy (4.5)
c

where PMTT is the PMT firing time, SP is the distance between the source and the
tube hit, c¢ is the speed of light in D;O at that wavelength, and Oy is the timing offset
of the laser pulse in the trigger window. O; was fitted to the peak in the beam timing

distribution separately for data and Monte Carlo for each run.
PMTpsup was defined to select light reflected off the PSUP:

SP+B?D_

C

PMTpsup = PMTT — O (4.6)
where SB is the path length from the source to the PSUP directly below, at 2 = —850 cm,
and BP is the path length from that point on the PSUP to the PMT that was hit.

Finally, PMTav was defined to select light that had reflected, or scattered, off the
AV: . .

PMTav=PMTT — % — Oy. (4.7)
This is similar to the definition for PMTpsup, but with a path length defined by the
vectors Sjél, the path from the source to the acrylic vessel at z = —600 cm, and A?, the
path from the AV at that point to the PMT that was hit.

Figure 4.10 shows the timing distribution of data and simulated events for a single
masked laserball run. Noise hits, which have not been simulated, can be clearly seen at
early firing times, as well as contributing across the time window. The sharp, central peak
is due to prompt light in the beamline. The two smaller peaks between 225 ns and 250 ns,
seen most clearly in the zero scattering distribution, are due to reflections off the PSUP
and AV. Comparison of the simulated distributions with and without Rayleigh scattering
shows that scattering hits should appear across a wide range of the timing distribution.

The PMT timing distribution for any given PMT has an intrinsic shape which has
been extensively studied with isotropic laserball data [81]. Whilst the majority of incident
photons produce a prompt electronic signal at the PMT, there are mechanisms which
result in a small fraction arriving earlier or later in time to produce three identifiable
peaks. Firstly the phenomenon of “pre-pulsing” can lead to a PMT signal 15ns before
the prompt peak. This occurs when an incident photon passes through the PMT envelope
and photocathode without producing a photoelectron and strikes the first dynode directly.
Secondly, “late-pulsing” occurs if photons escape from the first dynode and return to the
photo-cathode, sending another photoelectron down the dynode stack and resulting in
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Figure 4.10: The distribution of PMT hits plotted against PMT firing time for data
(black), simulated events with theoretical Rayleigh scattering (red) and with zero Rayleigh
scattering (blue). Noise hits were not included in the simulation.
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a signal delayed by 15ns. Finally, “after-pulsing” is thought to be due to collisions of
photo-electrons on residual gas molecules in the PMT. The ionized gas molecules then
drift slowly up to the cathode, resulting in a delayed PMT signal. The diffuse timing
distribution of these after-pulses is dependent on the mass of the gas molecules and can
extend to us after the prompt peak.

4.7.2 Noise

The PulseGT was used to determine the total number of noise hits in each run, Ny, and
also the number of noise hits falling inside analysis cuts, V,,. In each case the value was
normalised to the number of EXTA triggered events in the run.ff

The noise hits at early times in the trigger window (PMTcor < 0ns) were compared
between runs to test for changes in noise levels associated with source intensity, position or
wavelength. The timing distributions for the intensity run scans are shown in figure 4.11.
Despite the change in intensity, there is no evidence for a change in noise levels, as seen
by the agreement of the three distributions in the region —150 < PMTcor < —20ns in
this figure.

4.7.3 Total Hits

To determine the total amount of observable light* deposited in the detector, it was
necessary to account for the effect of multiple hits which was introduced in section 3.4.
Due to the high photon intensities, there is a higher probability for PMTs in the beamline
to be struck by more that one photon, even though only one hit is ever registered. Whilst
the charge measured on a given PMT is generally higher in the event of multiple photo-
electrons, the charge resolution is relatively poor and therefore charge information was
not used for analysis purposes.

The expected number of hits missed due to multiple hit effects, Ny, for PMTs in
the beamline was calculated using equation 3.11. The value of (i) was obtained from:

() Nhits(i) + Nmissed(i) Nh’its(i)
1) = ~

Iu N events N events
where Nhits(i) is the number of hits registered by PMT ¢ over the entire run, Npyssea (%)

(4.8)

is the number of secondary photons which go undetected, and Neyepns is the number of
events in the whole run. Npigseda(?) is unknown but a leading order approximation was
made for ;(7) which was applicable for the low intensity regime considered here.

' This was approximately a factor of nine as the laserball was pulsed at a rate of 45Hz whilst the
PulseGT has a rate of 5Hz. However, exact event numbers were used to account for fluctuations in the
laser pulsing rate.

#The total light convolved with the detector efficiency.
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Figure 4.11: Data timing distribution of three different intensity runs. Despite the change
in laserball intensity there is no evidence for a change in the noise levels, as seen by the
agreement of the three distributions in the region —150 < PMTcor < —20ns.
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Equation 4.9 shows how these additional hits were combined with the number of
hits in the beamline, Npeam, the number of hits in the rest of the detector, Ny, and also
the total noise hits for the run to obtain the total amount of light:

Npp

Niotal = Noeam + (; ]\]]Vi;‘;itiz()l) X Nevents) + Nous — Nug (4.9)
where Npp is the number of PMTs in the beamline. The multiple hit correction, which
required separate treatment of each PMT, was only applied to PMTs in the beam line.
Outside the beamline, the correction was negligible since each PMT was typically hit in
less than 0.02% of triggers, with no PMT contributing to more than 1% of the triggers in
a typical run. In the beamline, the average PMT contributed to 2.9% of triggers, whilst
the most frequently hit PMT was involved in 12.5% of the triggers. The uncertainty in
the multiple hit correction was conservatively estimated at 5%, based on the spread of
the correction values for different runs.

4.7.4 The Analysis Region

An analysis region, free from prompt beamline hits and dominant reflections, was defined
by spatial and timing criteria. The number of hits in this region, Ny,, also included a
number of hits due to PMT dark noise, N,,, which was subtracted to obtain the number
of hits due to scattering, N,:

Na = Npa — Nia (4.10)

The spatial selection criterion was defined in detector coordinates such that only
PMTs hits in the region —0.75 < cos(6) < 0.75 were selected, where 6 is the vertical angle
of the PMT with respect to the centre of the detector. These cuts were chosen to minimise
contamination by leakage of light around the beam edges. Also, differences between data
and simulation were not well understood at high cos(f) as the source geometry was not
simulated and the neck region of the detector has more complex geometry.

The timing selection criterion was defined in terms of the flight time for light reflected
off the AV, PMTav, as given in equation 4.7. Only hits with firing times satisfying
PMTav < —5ns, which arrive before reflections off the acrylic, were included in the
scattered data set.

These criteria are illustrated in figure 4.12, in which each point represents a single
PMT hit. The blue points (at the bottom) indicate hits on PMTs falling directly in the
beam line, whilst red indicates hits that satisfy the analysis criteria. The green lines show
the spatial cuts to select the analysis region. The contribution of scattered photons is
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seen in the dark red band starting at PM T cor = 0ns. To the right of the analysis region,
two diagonal features due to reflection off the AV and PSUP can be seen.

g 000
il

Q800

UL LA

600

400

200

=200

—400

=]
jrrrprrerrrrperre gyt grnre .

=600

—800

BN AR

_1000 I.J.I.I.Il..lIl..l.I.J.l.LJ.LJLLI.J.J.J.JI..I..I.J.J.].J.J.LJ.J.JJlI

=200 =150 =100 =50 L] S0 100 1850 200
pmtcor (ns)

Figure 4.12: Time (PMTcor as defined in equation 4.5) and spatial coordinates of PMT
hits in a masked laserball run. PMTz is the vertical position of the PMT relative to the
centre of the AV.

4.8 Results

The extracted values of R(Fg.,;) are given in table 4.5 and plotted against wavelength
and source z position in figure 4.13. The weighted mean over all source positions and
wavelengths is

(R(Fyat)) = 1.303 + 0.027. (4.11)

This value is larger than unity, indicating that there is slightly more scattering than
predicted by simulations of pure Rayleigh scattering. However, the magnitude of this
additional scattering is small, suggesting that the level of particulate contamination in
the D50 is very low.
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Run Source z Position (cm) R(Fcat)
A = 337Tnm
24438 500 1.312 £ 0.054
24440 300 1.159 + 0.062
24442 0 1.309 4+ 0.077
A = 365 nm
24473 500 1.142 £ 0.073
24492 300 1.168 + 0.135
24494/96 0 1.293 £ 0.259
A =421 nm
24478 500 1.589 + 0.089
24488 300 1.532 £ 0.096
24501 0 1.561 £ 0.134
A =500nm
24480 500 1.668 + 0.246
24486 300 1.191 £ 0.134
24503 0 0.355 + 0.438

Table 4.5: R(Fy,) for each masked laserball run. (Approximate source positions are
given here - see table 4.4 for the precise locations.

There is no strong evidence for a trend in R(F,;) with either source position or
wavelength so the approximation to a single Rayleigh-like scattering length appears rea-
sonable. If the scattering mechanism occurred with a grossly different angular distribu-
tion, the ratio of scattering seen in the analysis region would change with source position.
Equally, a change with wavelength, )\, would indicate a deviation from the expected A~
dependence of Rayleigh scattering

4.9 Sensitivity to H,O Scattering

The analysis discussed in this chapter was developed to be sensitive to scattering in the
D50 volume, but was expected to be relatively insensitive to scattering in the HyO due to
the spatial selection criterion. The path length through the HyO is only 2.5m and a high
proportion of light scattered in this region region will hit PMTs close to the beamline
rather than in the analysis region.

To check this hypothesis, the analysis was repeated with two different simulated
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Figure 4.13: The ratio of data to Monte Carlo scattering fractions, R(Fy.,;) for each run
plotted against wavelength on the left, and source z position on the right. The weighted
mean with associated error is given by the pink hashed band.

data sets. In one set, both the DoO and H,O Rayleigh scattering lengths were scaled by
a factor of 1.3 whilst, in the second set, only the D,O scattering length was modified.
The mean values of R(Fy,;) were in good agreement for the two different Monte Carlo
scenarios, indicating that the analysis is, indeed, insensitive to H,O scattering.

4.10 Verification of the Analysis Technique

To verify the sensitivity of this analysis to scattered light, the calculation was extended
to extract the Rayleigh-like scattering length from the Monte Carlo data sets. To do this
a number of approximations were made. For example, the contribution of attenuation in
the H,O and AV was assumed to be negligible.

The first step of this calculation was to estimate the amount of scattered light
excluded from the analysis region.

4.10.1 Hits Excluded by the Timing Criterion

To correct for the amount of scattered light excluded by the timing criterion, a second
simulated data set was created for each run with no contribution from Rayleigh scattering.
For this second simulation, the hits excluded by the timing criteria were assumed to all
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Source z position (cm) | Fiample
500 0.5641

300 0.5639

0 0.5338

Table 4.6: The calculated fraction of the Rayleigh distribution sampled inside analysis
cuts for different source positions along the central axis of the detector.

be due to reflections. The number of scattered hits omitted from the analysis region was
estimated by subtracting the hits failing the timing criterion in this second simulation,
MCpB(Neyt), from those failing the same criterion for the original simulation, M C4(Neyt)-

The two simulations were first normalised by the total number of hits, Ny, as
calculated with equation 4.9. The number of simulated scattering hits excluded from the

analysis region was:

MCB (Ncut)

Nscatlost = MCA(Ncut) - (m
O

) x MCs(Nigr)- (4.12)

4.10.2 Fraction of Rayleigh Distribution Sampled

The applied spatial criterion selected only a fraction of the total scattered light. For each
source position, a numerical integration of the theoretical Rayleigh distribution (equa-
tion. 4.13) was carried out over the path length through the D,O to obtain the fraction
of the distribution sampled.

3 c0s(Omax)
Foample = = / (1+ cos*6) dcosb (4.13)
C

0S(Omin)
The fractions evaluated for each source position are summarised in table 4.6. The
uncertainty on this value was estimated to be +5%.

4.10.3 Scattering Length Calculation

The scattering length was determined from the corrected fraction of light scattered, Fs:

Na + Nscatlost

Fs = 4.14
i Ntotal X Fsample ( )

The scattering length, Ag, is related to the fraction of scattering, Fy by:
Fom1—e (&) (4.15)

where x is the photon path length through the D-O.
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Wavelength (nm) | Rayleigh Scattering Length (m)
Extracted Expected
337 68.3 + 4.8 75.3
365 98.8 £ 6.9 106.8
421 176.5 + 12.5 197.5
500 420.6 £+ 31.8 408.8

Table 4.7: Comparison of the extracted and expected Scattering lengths for Monte Carlo
data sets.

Wavelength (nm) | New Rayleigh Scattering Length (m)
337 58.72
365 83.20
421 154.00
500 318.62

Table 4.8: New Rayleigh scattering lengths as used in the salt optics simulation.

Table 4.7 gives the scattering lengths extracted from the Monte Carlo data sets. In
all but the 500 nm case, the extracted lengths were shorter than those expected, which
is probably due to optical effects in the AV and HsO regions that were not considered
in this analysis. The dominant effect is the absorption of light in AV which increases
exponentially at short wavelengths. (At 500nm the absorption coefficient is < 1% but
at 300nm it is &~ 50%.) Nonetheless, the scattering lengths are of the correct order of
magnitude, indicating that the analysis is sensitive to the scattering phenomena expected.

4.11 Improved Optical Model

The results measured with the masked laserball were used to update the optical model
of the SNO detector. The magnitude of Rayleigh scattering was increased by the factor
(R(Fyat)) and the contribution of this scattering was subtracted from the attenuation
determined by the optical fit to obtain the magnitude of absorption in the DyO. The
scattering lengths determined (in SNOMAN) by scaling the amount of Rayleigh scattering
in the D,O by a factor of 1.289* are given in table 4.8.

*This scale factor was obtained from an earlier analysis of the masked data. A small error was later
found in the analysis and has been corrected in the results presented here. However, as the effect of this
error on R(Fyeat) was small (< 1o) the value used to update the model was not changed.
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Figure 4.14: The ratio of scattering fractions, R(Fy.) between data and events simulated
with Rayleigh scattering increased by a factor of 1.289. R(Fi.;) is plotted against wave-
length on the left, and source z position on the right. The weighted mean with associated
error is given by the blue hashed band.

The analysis was repeated, comparing the scattering fraction obtained from data to
that obtained from simulations with the updated scattering levels. The values of R(Fycat)
obtained are presented in figure 4.14. In the left-hand plot, the weighted mean over the
three source positions is plotted against wavelength, whilst the weighted mean over the
four wavelengths is plotted against source position in the right hand plot. The weighted
mean over all positions and wavelengths is slightly greater than one, as shown by the
hashed band in these plots.

4.12 Summary

In this chapter, the first direct measurement of large-angle, Rayleigh-like scattering in
the SNO D50 volume has been presented. The equivalent scattering observed is a factor
of 1.3 greater than the calculated amount of nominal Rayleigh scattering. Therefore, the
level of particulate contamination in the DoO must be very low.

Detector simulations have been corrected by scaling the amount of Rayleigh-like
scattering in the model. This improved knowledge of scattering phenomena in the DO
helps to limit the magnitude of possible systematic differences between observed and sim-
ulated observable parameters, which are used to separate events due to different neutrino
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interactions in the salt data set as discussed in the next chapter.

Data obtained using the masked laserball may be used to study other optical phe-
nomena in the SNO detector and to improve on detector simulations. For example, the
directional source allows better separation of reflections off the AV and PSUP.

A directional source may also prove extremely useful for optical calibration of the
SNO detector in the third phase of the experiment when the presence of neutral-current
detectors in the D,O volume will cause shadowing effects that must also be accurately
modelled.



Chapter 5

Signal Extraction Using Maximum
Likelihood

The maximum likelihood technique is the universally most powerful method of parameter
estimation. It endeavours to find the “most likely” values of the parameters that describe
a set of data, by maximising a product of probabilities known as a likelihood function.
The likelihood function is parameterised to make efficient use of the information available
and is ideally suited to the problem of separating the different event classes detected by
the SNO experiment. This chapter introduces the maximum likelihood technique and its
application to the SNO data analysis, along with the analysis tools developed for this
thesis project.

5.1 Maximum Likelihood Technique

The maximum likelihood technique requires a data set whose individual components have
distinct observables that can be used to distinguish them. An example of such an observ-
able is cos 6, the cosine of the angle between the fitted event direction and the direction
to the Sun. The distribution in cos 6 is strongly peaked at 1.0 for the ES signal, shows
a (1 — 3 cosfy) distribution for the CC signal and is flat for the NC signal. The overall
distribution of cosf; for the data can thus be fit to a linear superposition of the three
individual signal distributions. The weighting factors for each signal in the best fit yield
the best estimate for the relative proportions of each component of the data sample.
The likelihood function calculated for each event is L:

Ns

L= 3 (P(i/ 1, idnn) (5.1)

i=1
where P(i/ji,...jn,,) is the probability that an event is of signal type ¢ given the data
values for the set of N,, observable parameters, j and N is the number of signals fitted
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for. For the case Ny, = 1, this probability is given by equation 5.2:

P(i/) = —— x F(i/j) (5.2)

where F'(i/j) is a Probability Density Function (PDF), that describes the probability for
a given variable, 7, to be drawn from a particular event class 7. Ngata is the total number
of events in the data set and n; is the number of events of class 7. The set of n; values are
varied to maximise the likelihood function. Ng.:. adopts a Poisson distribution about the
true mean, po. Thus, the probability of obtaining Ng,:. events should also be included

in the total likelihood, L;, which is calculated from the product of the individual event
likelihoods, Ly4:

/,LNdata Ndata, — o Naata
L, =20 o Lg(ng, . La(n, . 5.3
t= N H d nu nNS) Ndata H Ho~od sz, nNS) ( )

This is known as the extended likelihood function.

Due to the large values obtained for L, it is usually more precise and convenient to
compute and maximise the log likelihood, L., which is obtained by summing the logarithm
of the likelihood over all data events:

Nyata

L = —po — log(Ngata!) + Z log(poLa(ni, ..nn,)) (5.4)
d=1

The expected number of events of type ¢ can be defined as:

e 5.5
i = Hoqr— (5.5)
such that
Ns
o= pi (5:6)
=1

As o and Ngguen are both constant, the second term in 5.4 can be omitted from the function
to be maximised, and the number of events, n; can be used instead of y;. Therefore, the
log likelihood can be written:

Nda.ta

L= Z log (Z niF(i/51(d --jNob(d))) - anz (5.7)

Maximisation of this function provides the best estimate for the set of parameters
n; that describe the data set.
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5.1.1 Constraining Parameters in the Fit

The likelihood function can be modified to incorporate additional constraints on the fit
which might be obtained by independent means. For example, calibration source data
may determine that a certain background will contribute n; = X events, where a and b
are one sigma errors. This additional information can be included in the fit through the

probability C};, based on an asymmetric Gaussian with mean X.

L 3 g (Z 0 F (i) 41(d), vy (d))> _ Z ni + ilog(Ci) (5.8)

i=1
When n; deviates by one sigma from X, L will decrease by 0.5. As shown, in
section 5.2, (L. — 0.5) is the value of the log-likelihood for the 1o confidence interval.

For unconstrained fit parameters, C; is set to unity.

5.1.2 Incorporating Additional Parameters in the Fit

In addition to the flux of each signal type, there may be other parameters of interest
in the likelihood fit, such as systematic variations in the observable parameters. For ex-
ample, suppose that the mean value of observable j is not precisely known so that the
nominal PDF in j may not match the data correctly. A shift in the mean could be in-
cluded as an additional fit parameter and the additional systematic uncertainty involved
contributes to the errors returned by the fit through the extra degree of freedom allowed.
This approach will naturally deal with the correlations between multiple systematic un-
certainties. Chapter 7 describes the inclusion of systematic uncertainties by this technique
in an energy-constrained fit to the salt data set.

5.2 Statistical Uncertainties on Fit Parameters

A number of methods can be used to determine the uncertainties on parameters fit with
the Maximum Likelihood technique. The most “brute force” approach is a Monte Carlo
method, which involves performing the fit on a large number of simulated experiments.
The distribution of values for each fit parameter can, in principle, then be used to deter-
mine the error. However, this method is computationally slow and could be complicated
by systematic differences between the real data set and the Monte Carlo simulations. This
technique has been used when carrying out bias tests, to verify errors obtained by other
methods.

The Rao-Cramer-Frechet (RCF) inequality [82], which can be determined analyti-
cally, gives a lower bound on the variance of a given likelihood fit parameter, f. For a
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sufficiently large data sample, the variance can be estimated from the second derivative
of the log-likelihood function, I, with respect to f, as given in equation 5.9:

-1
~2
572

This technique is employed by the MINUIT [83] package, which numerically deter-

(5.9)

r=f

mines the matrix of second derivatives for the best fit point and inverts it to find the
covariance matrix.

A third technique is a graphical method, which has been added to the analysis code
used in this thesis and provides an excellent check of errors returned by MINUIT. As
a simple example, consider the log-likelihood function, L, for a single fit parameter, f.
Expanding that function as a Taylor series about f, gives equation 5.10.

L(f) =L(f) + {%} o (f—f)+ % [%}H (f =) +.... (5.10)

However, we know that when f takes the best fit value f, L(f) takes its maximum
value, L .x, so the first differential is zero. Ignoring higher order terms, equation 5.10
reduces to equation 5.11:

A2
L(f) = Luwe () - U (.11
f
Setting f to f +oy yields
L(f +0) = Lnax (1) — 5 (5.12)

Errors can, thus, be determined graphically on parameter f by stepping away from
the best fit point, f , until the likelihood has reduced by 0.5.

5.3 The Likelihood Ratio

It is sometimes useful to compare the likelihood for two different situations. Comparisons
can be made using a likelihood ratio:

A = 2(IL(A) — L(B)) (5.13)

where IL(A) and L(B) are the maximum log-likelihood for two different models A and B
respectively. The likelihood ratio statistic, A, is expected to follow a x? distribution.
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5.4 Probability Density Functions

PDFs can be created either from binned events, or from analytical functions. Binned
PDFs are easily formed from simulated events or calibration data, and can be trivially
created in multiple dimensions to account for correlations between observable parame-
ters. The Monte Carlo used to simulate SNO events is well-calibrated and should provide
a good estimate of what each event distribution looks like. However, if an insufficient
number of events is used to create a binned PDF, statistical fluctuations may distort the
predicted distribution and lead to biases in the likelihood fit. Therefore, an appropri-
ate division of bins is required: if the PDF bins are too wide, useful information could
be excluded from the fit, but if they are too narrow, these statistical effects come into
play. Multi-dimensional PDF's are much more sensitive to such statistical limitation. The
discrete nature of binned PDFs also complicates procedures when fitting for systematic
parameters, as described in chapter 7.

Analytical parameterisations for the observable distributions in SNO are less com-
putationally intensive to use in the likelihood fit, but uncertainty in these approximate
parameterisations can introduce additional systematic uncertainty. The analysis code de-
scribed in section 5.5 was developed to use either type of PDF, or a combination of the
two but binned PDF's were selected for the analysis presented in this thesis.

Each PDF must be normalised to unity over the exact data range for a given ob-
servable so that the information from each PDF has equal relevance.

5.4.1 Correlated Observables

Ideally, multi-dimensional PDFs would be used to return the probability, F'(i/j1, j2, j3, ---)
that an event belongs to signal, 4, given the values of each observable, j, used in the fit.
However, when a number of observables are used this can result in large, multi-dimensional
distributions which can be computationally impractical to produce with sufficient statis-
tical sampling of the distribution. If the distributions in the different observables are not
correlated, the PDFs can be factorised into separate, one-dimensional PDFs as shown in
equation 5.14.

F(i/g1, 52, J3) = A(i/1) x B(i/32) x C(i/]s) (5.14)

However, if observables are correlated, this factorisation can lead to biases. This is
illustrated in figure 5.1, which shows the 2-dimensional contour plot and 1-dimensional
projections in x and y for two Gaussian observables. For the uncorrelated observables
on the right of this figure, the projection onto the y axis gives a fair representation of
the probability for any value on the x axis. This is not the case when observables are
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correlated as shown on the left of the figure. For example, given the marked z-position,
the projection onto the y-axis does not give the correct probability density distribution,
and thus incorrectly estimates the probability at the given position.

Figure 5.1: Illustration of correlated (left) and uncorrelated (right) observables with their
1-dimensional projections onto the z and y axes.

5.4.2 Conditional PDFs

For the purpose of factorisation, conditional PDFs may sometimes be used. For example,
if observable j; is correlated with both j, and j3, and observable 74 is correlated with only
j1, the probability for an event to belong to signal 7 can be factorised as given in equation
5.15.

P(i/jlaj% j3aj4) = P(Z/jla j2: .73)P(7’/.74/.71) (515)
in which P(i/j1, j2, j3) is obtained from a 3 dimensional PDF, and P(i/j4/j1) is obtained

from a 2 dimensional conditional PDF. This conditional PDF is normalised separately for

each bin in j;.

5.5 The MXF Code

All signal extraction discussed in this manuscript was carried out using the MXF [84]
processor: a Fortran based signal extraction code, which was developed over the course
of this thesis project. This processor, which was built into the existing framework of
the SNOMAN analysis code, determines the set of fit parameters (and their respective
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uncertainties) which maximise the likelihood function for a given data set. The following
chapters introduce different approaches to fitting the salt data, each requiring different
functionality. A high level of flexibility was incorporated into the MXF code so that it
can be readily applied to different fit scenarios and to different data sets. This section
details some of these features and others will be introduced in subsequent chapters.

5.5.1 Cross-Checks

A number of cross-checks were built into the MXF code. A range of different minimisation
algorithms, which operate on the negative likelihood value are available. The fastest
algorithm is the MINUIT [83] fitter, which can be used to provide both errors on the
fit parameters and a correlation matrix. However, other algorithms [85, 86] provide a
valuable cross-check of the validity of the fit and uncertainty estimates.

Another useful feature is the ability to explicitly extract likelihood values at defined
points in the multi-dimensional parameter space around the best fit to check that the
likelihood space behaves smoothly. To scan the likelihood space in dimension X, fit
parameter z is moved away from the original fit values in fixed steps and the maximum
log-likelihood, IL(x), is obtained by varying all other fit parameters at each step.

It is necessary to provide the fitter with initial values for each fit parameter. Al-
though, in principle, the starting point should not affect the outcome of the fit, for some
cases the likelihood space does not follow the smooth distribution expected and fit algo-
rithms can be fooled by local minima. Repetition of the MXF fit for a range of different
starting points guards against this.

5.5.2 PDF Weighting Factors

Nominally, each simulated event assigned to a PDF is given a weight, W = 1. However,
W can be modified based on the observable values of an event. One particular application
of this feature is the creation of PDFs for different MSW oscillation scenarios.

MSW Weighted PDF's

Some models for flavour conversion predict a distortion in the energy spectrum of electron-
type neutrinos arriving at Earth, which would affect the shape of the energy PDFs. The
distortion due to the MSW effect depends on the values of the mixing parameters Am?
and tan?. If an energy PDF is used in signal extraction, an explicit assumption must
be made about the model. Different models can be tested by performing the maximum
likelihood fit with the relevant energy PDF's. The relative probability of these models is
then obtained from a likelihood ratio as given in section 5.3.
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The MXF code uses tabulated MSW suppression factors for a range of mixing pa-
rameters (Am? and tan? ) and neutrino energies. These factors were calculated by the
QPhysics processor, which is a C++ MSW analysis package developed at Queen’s Univer-
sity that has been incorporated into SNOMAN. For a given MSW model, W is multiplied
by the survival probability relating to the generated neutrino energy of each simulated
event. Section 8.6 shows how this approach can be used to scan MSW parameter space.

The survival probability weighting can also be used to distort simulated data sets
for verification purposes.

5.6 Application to SNO Data

5.6.1 The Salt Data Set

The salt data discussed in this thesis was collected between July 2001 and August 2003.
To ensure neutrino data quality, each selected run must satisfy a number of requirements
as detailed in appendix B. The selected data set consisted of 1212 runs, with a livetime
of 391.43 days [87]. This livetime, and all livetimes discussed in this thesis, have been
corrected for the fraction of data removed by the muon-follower cut, which is described
in appendix C. These data were subjected to a number of event selection criteria, which
were designed to remove background events, both instrumental and radioactive, from the
data sample, as detailed in appendix C. The resulting number of candidate neutrino
events in the salt data set was 4750.

5.6.2 Backgrounds Included in the Likelihood Fit

Not all background events can be removed by selection criteria and must be taken into
account either during or after the signal extraction procedure. A complete discussion
of the treatment of different background classes is given in 6.4. In addition to the three
neutrino signals, CC, ES and NC, two classes of background were included in the likelihood
fit.

The first was External Neutrons (EN events), created outside the DO volume by
mechanisms such as (o, n) reactions in the acrylic vessel which can nonetheless enter the
fiducial volume. The number of external neutron events was a parameter of the fit.

The second class of background with a characteristic observable distribution was
internal v events. Such s can be created inside the D,O by spontaneous fission of 233U,
or atmospheric neutrino interactions and have a characteristic distribution in energy. As
the contribution of this background is small it is sufficient to fix the magnitude of this
signal in the likelihood fit to the predicted value.
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5.6.3 PDFs

Neutrino events generated by the SNOMAN Monte Carlo simulation package were used
to create binned PDFs for the salt data analysis. The simulated detector configuration
was appropriately modified for each run according to the number of operational channels
and the stored calibration constants. The number of events generated for each signal
corresponded to 200 times the Standard Solar Model prediction [23] over the livetime of
the salt data set.* The selection criteria applied to the simulated events are also detailed
in appendix C.

To create PDF's for EN events, Monte Carlo simulations for neutrons at the acrylic
vessel were generated, whilst PDFs for internal v events were created from simulations of
16N events, which have a +y energy of 6.13 MeV.

Figure 5.2 shows one dimensional projections of the PDFs used for signal separation
of the salt data. The observable parameters chosen for the PDFs were cos 0, T.;r, R®

and Bi4. R3, is defined as:
Ry \°
R? = (600 Cm) (5.16)

where Ry was the reconstructed radius of the event vertex, and 600 cm is the radius of

the AV. The parameter, 314, measures the isotropy of an event and is described further
in appendix D. The cosf distribution is required for separation of the ES distribution;
R? information gives little separation between the three signals from neutrino events but
was required for separation of EN events.

The effective electron kinetic energy distribution, 7.y, can separate signals, al-
though the shape of this distribution may change for the CC and ES signals under different
v mixing scenarios. Therefore, using this distribution in the fit makes explicit assumptions
about the oscillation model and the fit performed is “energy-constrained”. An alternative
is to perform an “energy-unconstrained” fit in which the number of CC and ES events
in each energy bin is treated as a separate fit parameter as discussed in section 6.6. The
distributions shown in figure 5.2 correspond to an undistorted 8B spectrum [29].

5.6.4 Correlations Between Observable Parameters

The isotropy distribution is energy-dependent as higher energy electrons have straighter
tracks, which produce better defined Cerenkov cones. In addition, events resulting from
neutron captures that produce more ~s, yield less Cerenkov light because more energy is
lost in Compton scattering. Therefore, the correlation is stronger for NC and EN signals

*For 8B neutrinos the scale factor was 200, for hep neutrinos the scale factor used was 2000.
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Figure 5.2: The observable distributions used for signal separation in the salt phase of
SNO. These distributions were obtained from high statistics Monte Carlo simulations and
are shown with an arbitrary normalisation. As EN events only differ appreciably from the
NC signal in R3, distributions in the other observables have been omitted for this signal.
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than for the CC and ES signals. To account for this correlation, the observables T, ¢ and
(14 were combined in the same multi-dimensional PDF.

The distribution of cos# also exhibits some energy dependence as higher energy
electrons produce more light and also scatter less, so their direction can be reconstructed
more accurately. For ES events, electrons travelling in the forward direction (cosf, = 1)
carry away the most energy from the incoming neutrino and therefore, the width of the
cos 0 peak is narrower for events with higher energy.

There is also some indication of a correlation between (14 and radial position [57].
This is not entirely surprising as the isotropy of an event is calculated using the fitted
event vertex position. Similarly, calculation of cosf requires the fitted event direction.

Correlations between these reconstruction parameters have been omitted from previ-
ous analyses [28, 30, 41] as the effects are small. However, these effects are still noticeable
and statistically significant biases were observed in tests of the MXF code when only the
correlation of Tes; and 3,4 was taken into account. Section 5.7.1 details an investigation
of the biases introduced into signal extraction by these correlations.

5.6.5 Bin Sizes

Table 5.1 details the selected bin divisions used for each of the four observables. These
selections were based on the detector resolution in each variable, and the number of events
expected across the parameter range. For example, the SNO detector energy resolution,
given by [88]:

o = —0.131 + 0.383/Tyen + 0.03731Tpen,, (5.17)

where T, is the generated kinetic energy, is 1-2 MeV in the selected energy range. Based
on this knowledge, 0.5 MeV wide bins were selected for the T,;; PDF. However, above
13.5 MeV, very few neutrino events are expected. Therefore, to prevent statistical fluctu-
ations influencing the fit in this high energy region, a single 6.5 MeV wide bin was used.
An investigation into the effect of changing bin sizes for all the selected observables is
described in appendix E.

5.7 Verification of the Signal Extraction Code

In order to test the signal extraction technique against possible biases, tests were carried
out on 100 artificial data sets, created from half of the simulated events. The remaining
simulated events were reserved to create the PDFs. As simulated events are generated on
a run-by-run basis to model detector conditions as closely as possible, it was necessary to
sample evenly over time when creating the artificial data sets. Initially, these data sets
were created with a fixed number of each type of event and more parameters were fitted
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Observable | Minimum | Maximum | Detector Resolution Bin sizes
cos B -1.0 1.0 ~ 10° in 6 100 x 0.02
R 0.0 (350)° ~ 20 cm in R 10x 0.077
T.ff 5.5 MeV | 20.0 MeV 1-2 MeV 16 x 0.5, 1 x 6.5 MeV
B 0.12 0.95 - 50 x 0.0214

Table 5.1: Parameter ranges and binning used for each observable in the salt PDFs. The
approximate values for the detector resolution should be viewed only as a rough guide.

Signal | Mean Generated Events
CcC 2027 £ 5.02
ES 309 £ 1.73
NC 2189 + 4.56
EN 149 4+ 1.30

Table 5.2: Mean numbers of events generated for the 100 artificial data sets used for
verification of the signal extraction procedure.

within 1o of their true values than expected. This is because the extended likelihood
approach assumes Poissonian fluctuations in the number of events in the data set. To
approximate a Poissonian distribution for the simulated data sets, data selection criteria
were not applied until after events had been assigned to a data set, to randomly adjust
the number of “good” events. The mean generated number of each signal type is given
in table 5.2.

For the energy-constrained fit considered here, there were four variable parameters
in the likelihood function and each fit was completed in a few minutes, but as the number
of parameters is increased the fitting procedure becomes more time consuming. For this
reason, tools were established in order to run the fits on the simulated data sets simulta-
neously on a large CPU farm. A series of Perl scripts were written to initiate each fit and
combine the results for each scenario tested.

The total fitted number of CC, ES, NC and EN events in each case was compared
to the expected number of events. For each data set, the bias for fit parameter X was
defined by:

F(X) - E(X)
o(X)

where o(X) is the statistical uncertainty on the fitted parameter, F'(X), from the maxi-

Bias(X) = (5.18)

mum likelihood fit and E(X) is the expected number of events of type X. The fractional
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deviation for fit parameter X, is similarly defined by:

(5.19)

The standard likelihood function used for the verification tests described in this

section was:

Ndata
L:Zlog( > niP(i/Teff,ﬁM,R3,0050®)>— >ooom (520)
d=1

1=CC,ES,NC,EN 1=CC,ES,NC,EN

where P(i/T.sy, f14, R?, cosfg), is the combined probability for signal type ¢, which can
be factorised in a number of ways as described below. Since the data and PDFs were
simulated with the same energy distributions, the energy shape was constrained in the fit
through the use of 7,y information for the purposes of this study.

5.7.1 Sensitivity to Correlations of Observable Parameters

Factorisation of the probability allows the used of PDF's with lower dimensionality, which
are less susceptible to statistical fluctuations. Different factorisations of the probability
function were tested against bias. In all these tests, PDFs were created using the binning
specified in table 5.1. The first factorisation for probability was:

P(i/Tust, Bra, B2, cos00) = F(i/Tuss, Bra)-F (i) R*).F(i/ cos ) (5.21)

Here only the strongest correlation between energy and isotropy distributions was
taken into account with a two dimensional PDF. Both the R® and cos 0 probabilities
were obtained from one dimensional PDFs. The results of fits to the artificial data sets
using this function are given in table 5.3. In this scenario, the bias seen for all the fitted
signals differs from zero with at least 3¢ significance. Whilst this contributes less than
1% fractional uncertainty to the CC and NC fitted values, the effect is more significant
in the ES signal and substantial for the EN events.

As the EN signal only differs significantly from the NC signal in the radial distri-
bution, the biases seen in the above test were attributed, at least partly, to correlations
with R? which are not taken into account with the one dimensional R* PDF. To test this
hypothesis, a second test was carried out with probabilities factorised as given in equation
5.22, using a three dimensional PDF:

P(i/T.st, Bra, R?,cos0p) = F(i/Tesy, Bra, R?).F (i cos6p) (5.22)
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X F(X) Mean Bias(X) A(X) a(X)
CC | 2010.6 £ 6.9 | -0.23 &+ 0.06 |-0.008 £ 0.002 | 68.584 + 0.096
ES | 3171 £ 29 0.30 £ 0.07 0.030 £ 0.007 | 29.354 £ 0.067
NC | 21684 £ 79| -0.26 £ 0.08 |-0.009 = 0.003 | 78.594 £ 0.092
EN | 173.7 &£ 4.5 0.56 £ 0.09 0.171 + 0.026 | 45.217 £ 0.073

Table 5.3: Results for fits to 100 artificial data sets using probabilities factorised as given

in 5.21, and the likelihood function given in 5.20.

X F(X) Mean Bias(X) A(X) a(X)

CC | 2030.4 + 6.8 0.06 £ 0.06 0.002 £ 0.002 | 68.467 £ 0.094
ES | 310.5 £ 29 0.07 £ 0.07 0.008 £ 0.007 | 29.133 £ 0.067
NC | 2168.0 £ 7.7 | -0.27 £ 0.08 |-0.009 = 0.003 | 77.012 £ 0.096
EN | 159.8 +44 0.26 £+ 0.09 0.079 £+ 0.027 | 44.150 £ 0.082

Table 5.4: Results for fits to 100 artificial data sets using probabilities factorised as given
in 5.22, and the likelihood function given in 5.20.

Correlations with cosf; were not accommodated in this scenario as a one-
The results of fits to 100 artificial
data sets using this function are given in table 5.4. The biases on the CC and ES signals

dimensional PDF was still used for this observable.

are dramatically reduced by the use of the three dimensional PDF, and the bias in the
EN signal has less than 3o significance. The events incorrectly assigned to the EN signal
appear to be drawn mostly from the NC signal, causing a 0.9% bias. This bias is small
compared to other possible systematic effects on the fitted NC signal, which are discussed
in chapter 6.

To study correlations with the cosfg distribution, two more factorisations of the
likelihood function were tested. Firstly correlations of cosf; with reconstructed vertex
position were taken into account by the factorisation given in 5.23.

P(i/Tysy, Bra, R?,cos0) = F(i/T.s5, Bra, R?).F(i] cos 0/ R?) (5.23)

Whilst the same three-dimensional PDFs were used to provide F'(i/Te;y, B14, R?),
the probability that an event with a given cosf value is drawn from distribution i was
obtained from a PDF that is conditional on that event’s R*® value. The results of fits to
the artificial data sets using this function are given in table 5.5. The observed biases are
reduced slightly by accounting for this additional correlation.

It should be noted that the energy-unconstrained likelihood fit carried out in chap-



5.8. SUMMARY 103
X F(X) Mean Bias(X) A(X) a(X)
CC | 2027.9 £+ 6.8 0.03 £+ 0.06 0.001 £ 0.002 | 68.468 £ 0.094
ES | 3103 £ 29 0.07 £ 0.07 0.008 £ 0.007 | 29.141 £ 0.067
NC | 21727+ 7.7 | -0.21 £0.08 |-0.007 & 0.003 | 77.221 £ 0.095
EN | 1579+ 44 0.22 £ 0.09 0.066 + 0.026 | 44.376 £ 0.080

Table 5.5: Results for fits to 100 artificial data sets using probabilities factorised as given
in 5.23, and the likelihood function given in 5.20.

X F(X) Mean Bias(X) A(X) a(X)

CC | 2038.2 + 6.8 0.18 &= 0.06 0.006 £ 0.002 | 68.188 £ 0.094
ES | 307.1 £ 2.9 -0.04 £ 0.08 | -0.003 £ 0.007 | 29.058 £ 0.068
NC | 2166.8 = 7.7 | -0.28 £ 0.08 | -0.010 = 0.003 | 77.000 £ 0.095
EN | 155.7 £ 4.4 0.17 = 0.09 0.052 £ 0.026 | 43.986 £ 0.079

Table 5.6: Results for fits to 100 artificial data sets using probabilities factorised as given
in 5.24, and the likelihood function given in 5.20.

ter 6 naturally accounts for correlations between cosf and T.sf, as separate PDFs for
cos O are constructed for each T.s; bin. However, the energy-constrained fits tested in
this chapter were still susceptible to bias due to this correlation. The effects were studied
by factorising the probability distributions as given in 5.24.

P(i/Tys, Bra, R?,cos0q) = F(i/Tuss, Bra, R?).F(if cos0q /Tess)

This scenario was similar to the previous one, but with the cos 6, PDF conditional

(5.24)

on the event energy, 7., rather than R3. Results from this set of fits are given in table
5.6. As expected, this approach reduces the bias in the fitted ES signal to an insignificant
level. However, the biases in the CC and NC signals are larger than in the previous

scenario, possibly due to the correlation between cos f and R® that was not treated here.

5.8 Summary

This chapter introduced extended maximum likelihood, a powerful statistical technique
that is ideally suited to separation of the different types of event seen in SNO. The
likelihood function can be parameterised to include information obtained from a number of
characteristic observable distributions and additional constraints on the parameters of the
fit. The method has been shown to be extremely sensitive to low-level correlations between
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the observable distributions. The MXF code has been developed with a high degree of
flexibility and such correlations can be accounted for through multi-dimensional PDFs.
The tools introduced in this chapter have been extensively tested on simulated data
sets and perform well for energy-constrained fits. In the next chapter, the MXF code will
be used to perform an energy-unconstrained fit to the salt data set in order to measure

the charged-current energy spectrum for solar neutrinos.



Chapter 6

The Charged-Current Energy
Spectrum

MSW mixing can lead to a distortion of the electron neutrino energy spectrum which, in
turn, affects the shape of the T,;; distribution for the CC and ES signals (see figure 1.5).
Thus, a direct measurement of the CC energy spectrum can be used to test MSW os-
cillation models directly. To interpret such a measurement, a full understanding of the
uncertainties contributed to the measured spectrum by systematic effects is required. In
this chapter, these systematic effects are discussed and a measurement of the CC energy

spectrum in 7T,y is presented.

6.1 Systematic Effects

Systematic differences between data and the simulated events used to create PDF's will
affect the results of a likelihood fit. Whilst every effort is made to model the detector
response as precisely as possible, small differences in the predicted event characteristics
cannot be ruled out. However, possible systematic effects can be characterised through
detailed comparison of calibration data and simulated events.

The results of these studies can be used to make corrections to the predicted dis-
tributions of observables and to place bounds on the systematic uncertainty associated
with them. A number of the systematic effects could be energy-dependent and, therefore,
must be treated differentially in the context of a spectral analysis.

The systematic effects considered for the purpose of this thesis can be divided into
two types: those that modify the predicted values of observable parameters (namely T,
B4, cos Oz and R? as defined in section 5.6.3) on an event-by-event basis and those which
are not associated with a specific observable, but still affect the differential amplitude of
probability distributions. The former were treated by adjusting the observable parameter
values of simulated events, whilst the latter were taken into account with PDF weighting

105
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factors (as introduced in section 5.5.2). These two types of systematic are discussed in
sections 6.2 and 6.3, respectively.

6.2 Observable Parameter Systematics

For the spectral analysis, a range of calibration data was used to characterise systematic
effects at different energies. As there is only limited calibration data sampling the range
9 < Ter S 20MeV, the detector model is less well constrained in this region, which is
reflected by larger systematic uncertainties. This section details the evaluation and treat-
ment of the systematic effects on observable parameters that contribute to uncertainties
in the CC spectrum.

6.2.1 Uncertainty in T,

A number of factors contribute to uncertainty in predictions of the observable effective
kinetic energy parameter, T,;; (defined in section 2.4.2). For example, systematic differ-
ences in the modelled energy response of the detector could arise due to a drift in the
energy response with time, poor modelling of PMT gain and threshold effects or incorrect
treatment of non-operational PMTs.

These effects were studied in detail using the N calibration source. Possible biases
in the energy response with detector radial position were also studied using N data ob-
tained at a range of positions in the D;O volume. As N data was collected at a higher
event rate (=~ 200 Hz) than neutrino data (= 20Hz), there is an additional uncertainty
associated with the detector response because the calibration constants for each channel
are dependent on the rate at which it is read out [89]. There is also an additional un-
certainty in the evaluated systematic effects due to uncertainty in modelling of the 6N
source.

A difference in the energy-mapping between data and simulated events was param-
eterised by a scale factor o that maps the T,;; value for simulated events to

in order to replicate the data distribution in 7,;;. Comparisons of the N data with
simulated events resulted in a value of « consistent with zero with an uncertainty of org. =
+1.13% [88]. Resolution was defined as the spread of the 7., distribution for events
of fixed energy. Similar studies of N indicated that the simulation under-estimated the
resolution in T¢ss by dmes =1.8%. In order to correct the simulated T¢; distribution, the
following expression was used to modify the value of T¢; for each simulated event

Telff = Terr(1+ 9(O1ves)) (6.2)
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where g(dtyes) is a value randomly selected from a Gaussian distribution with width dryes
and zero mean. The 1o uncertainty on this systematic was parameterised by

Ofres = 1.6 + 0.478(T,s; — 5.5MeV)% for T,z > 5.5MeV. (6.3)

In addition to these systematic effects, the difference between the observed and simulated
T. s values for N were observed to change with the radial position of the '®N source. This
additional radial-dependent systematic in the simulated T,f; distribution was corrected
for with a further modification to the 7, value of each simulated event:

R
T . =T. 1.0 —0.01 6.4
eff eff( 0 0.0 (5500m>) ( )

where R is the reconstructed event vertex. The uncertainty on this systematic was negli-

gible.

These three systematic estimates were based solely on comparisons of the ®N data
and simulations. For the spectrum analysis, an additional non-linearity uncertainty was
assigned to account for an energy-dependent change in the difference between simulated
and observed Ty:

Onl = 0.09(Teff —5.05 MGV)% (65)

The value of 5.05 MeV corresponds to the kinetic energy of an electron that produces the
same mean T,;; value as °N events. The study carried out to determine the magnitude
of this systematic uncertainty is described in detail in appendix G.

6.2.2 Uncertainty in 84

The systematic effects associated with the isotropy parameter, /314, (defined in section D.1)
were determined from the fractional differences measured between (314 distributions for
calibration data and simulated events. These systematics were parameterised in terms of
changes in the mean and width of the 514 distribution. For reference, the mean and width
of the (14 distribution for each signal is given in table 6.1. These values were obtained
from Gaussian fits to the (14 distribution of simulated events. Whilst the CC and ES
distributions fit well to a Gaussian, the NC and EN distributions are slightly skewed, and
the Gaussian approximation is not perfect.

As the inherent event isotropy is broader for events observed due to neutron capture
interactions (i.e. NC and EN events) than for events observed by Cerenkov light emitted
directly by electrons produced in the interaction (i.e. CC and ES events) systematics are
likely to have a different effect on the (14 distributions. It is also conceivable that the
“neutron-type” events are sensitive to different systematic effects to the “electron-type”
events. For example, uncertainties in the modelling of the v cascade produced by neutron
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Signal | 814 mean | 814 width
cC 0.483 0.133
ES 0.479 0.135
NC 0.335 0.157
EN 0.346 0.153

Table 6.1: Mean and width of the S, distribution for each type of neutrino signal inte-
grated over the energy range used for analysis.

capture on chlorine, or in the angular distribution for Compton scattering, would only
affect the former type of event. Therefore, the systematic differences in 814 between data
and simulated events were characterised separately for electron-type and neutron-type
events.

Incorrect simulation of the energy-dependence of the isotropy distribution could also
have a significant effect on the results of the likelihood fit. Characterisation of energy-
dependent systematic effects is especially important in the energy-unconstrained fit for
the CC spectrum. In the absence of T¢;; information, the 3,4 distribution dominates the
separation of CC and NC-type events.

Studies of N and ®Li data [57, 90, 91, 92] to characterise systematic effects on the
(14 distribution of electron-type events indicated a difference between the observed and
predicted mean value of 814 which could be parameterised by:

Ope = Qe + be(Teff —5.05 MeV) (66)

where the parameters a, and b, take the values given in table 6.2. a, was derived from
differences between data and simulation observed for the N source. Since calibration
data was only collected at a set of fixed points in detector space the main uncertainty
on this parameter was due to possible variations in measured ;4 with position. This
uncertainty was determined from the RMS of the mean ;4 values obtained from all source
positions. b, was derived from linear fits to data-simulation differences for 8Li. These fits
were constrained by values obtained for *N data for the same detector locations.

To correct for this systematic effect, the 514 value for each simulated CC or ES event
was modified by

Bla = Bra + Brabpe (6.7)

where (4 is the mean value of the (3,4 distribution for the simulated event-type. The
uncertainty on dp, was taken to be:

1/2

ove = (da? + (dbe(Tess — 5.05 MeV))?) (6.8)
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Parameter | Value | Uncertainty
e 0.00186 | =+ 0.00852
be 0.00085 | =+ 0.00077
Ce 0.00929 | =+ 0.00657
ay -0.003 | + 0.00852
b 0.0037 | 4+ 0.00047
Cn 0.00555 | =+ 0.00657

Table 6.2: Parameters describing systematic effects on (314 parameters for both electron-
type and neutron-type events.

where da. and db, are the uncertainties on the parameters a. and b, also given in table 6.2.

The systematic effect on the width of the 4 distribution for electron-type events
was determined from a similar study of N. To correct for differences between data and
simulation, the value of 14 for each simulated CC or ES event was further modified by:

By = Ba+ (Bra — Bua)ce (6.9)

where the value of c., and the associated uncertainty, dc. are also given in table 6.2.
The systematic effect on the mean (314 value for neutrons was obtained from a linear
fit to the difference between 2*?Cf data and simulations:

Son = an + ba(Tusp — 5.05 MeV) (6.10)

Again, the parameters derived from this fit are given in table 6.2. As ?*2Cf calibration
data samples the detector even more sparsely than ®N data, the uncertainty on a, was
taken to be the uncertainty due to spatial variations obtained from the '°N data. Sim-
ulated NC and EN events were corrected by 6y, as described for electron-type events in
equation 6.7. Similarly, systematic differences between the width of data and simulated
B4 distributions were corrected for by modifying the £;4 value of NC and EN events by
¢y (also given in table 6.2) as described in equation 6.9. This systematic was also as-
signed a spatial sampling uncertainty obtained from '®N. The uncertainties on these two
corrections, op, and dc,, were parameterised in the same way as the electron-type (14
systematic uncertainties.

6.2.3 Uncertainty in cosf

The direction of each observed event is reconstructed based on the timing and angular
distribution of PMT hits with respect to the fitted vertex position. Systematic effects
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on the reconstructed direction could result from a systematic change in the fitted vertex
position or an error in the angular distribution assumed for the PMT hits, and would
affect the parameter cos s, the cosine of the angle between reconstructed event direction
and the direction to the Sun.

Details of studies of the angular response of the SNO detector can be found in
Ref. [93]. The uncertainty in the parameters characterising the angular response was
evaluated through comparison of the angular distributions for N data and simulated
events. A change in the cosfg distribution, comparable to the magnitude of this un-
certainty, was replicated by adjusting the direction of each event by an angle #r. This
energy-dependent angle was selected from a Gaussian distribution in cosfg with width,
W

W(COS QR) — e—2.935—0.145><Teff (6.11)

The smeared event direction was selected randomly from a cone of angle g around the

original event direction, resulting in a new value of cos 6.

6.2.4 Uncertainty in R3

The position of each observed event is reconstructed based on the timing distribution of
PMT hits, and is described by the parameter R3, specified in terms of cubic AV radii
(see equation 5.16). For CC, ES and NC signals the distribution in this parameter is
nearly flat, so uncertainties in event position are only expected to affect the shape of
the EN PDF. Offsets in the reconstructed z, y or z position are linear effects, which
will not alter the overall fiducial volume and are therefore likely to have little affect on
signal extraction. Such offsets could result from a poor knowledge of the calibration
source position, or anisotropy in the source event distribution. A difference in the radial
scale between data and simulation is a more serious effect that would change the number
of events in the fiducial volume. Differences in radial scale could result from errors in
the simulated refractive index, or optical features of the detector that are not precisely
modelled and would be apparent through a radial dependence of the difference between
reconstructed and expected vertex position.

Studies of vertex reconstruction indicated a movement of the acrylic vessel in the
salt phase of the experiment, presumably due to the addition of an extra 2tonnes of
mass to the AV in the form of NaCl. Fits for the acrylic vessel position indicated that
it was 5.5cm lower than the DyO phase of the experiment [94]. To account for this the
reconstructed z coordinate for all data events was modified by:

Zhata = Zdata + 5.5 CIn, (6.12)
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Parameter | Systematic Value
X offset dr = +2cm
Y offset dy = £2cm
Z offset dz = £6cm
R scale op = £1.0%
R resolution | wrg = 0.015x16 cm

Table 6.3: Uncertainties in reconstructed event position obtained from [95].

and the reconstructed radius for all simulated events was modified by:

! = 0.995 Ryc. (6.13)

Systematic differences between data and simulated events were then studied using
these corrected reconstructed event positions for N [95]. The uncertainties determined
for the reconstructed x, y and z positions and radial accuracy are given in table 6.3.
The resolution uncertainty also given in this table accounts for a possible increase in the
width of the reconstructed radius distribution for events simulated at a given detector
position. The factor wg gives the width of the Gaussian function, g(wg), used to modify
the reconstructed radius (as for the T, s resolution given in equation 6.2). This function
assumes a nominal vertex resolution of 16cm, with a 1.5% uncertainty.

A change in the accuracy of the reconstructed event position with energy would cause
an energy-dependence in the fraction of events inside the fiducial volume. As higher energy
events produce more PMT hits and, therefore, more information for event reconstruction,
such effects are expected. However, if the energy-dependence modelled differs to that
observed, the spectrum measured is subject to an additional energy-dependent systematic,
which is discussed in detail in appendix H and included as a PDF weighting factor (see

section 6.3).

6.2.5 Corrections to Observable Parameters

Some of the studies described above produced evidence for a systematic difference between
data and simulation. For the analysis presented in this chapter, corrections were made
to the observable distributions to account for these systematic effects. The corrections
applied to the observable parameters of simulated events are summarised in table 6.4.
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Observable Parameter Corrections
Teyy resolution (6.2) and radial bias (6.4)
(R?) AV shift (6.13)
B4 mean (6.7) and width (6.9)

Table 6.4: The corrections applied to observable parameters for simulated events to ac-
count for systematic differences between data and simulations. Note that the correction
for R? is applied to R and the parameters for the 3,4 corrections are different for electron-
type and neutron-type events. The numbers in parentheses indicate the equations that
describe each correction.

6.2.6 Uncertainties in Observable Parameters

All the systematic effects measured were subject to uncertainties, which in turn contribute
to an uncertainty on the parameters of a likelihood fit. The effect of systematic uncer-
tainties on observable parameters was estimated by repeating the likelihood fit multiple
times with PDFs created from simulated events with their observable values individually
shifted to the 1o systematic limits. The 1o limits for all observable parameter system-
atics are given in table 6.5 along with the modification applied to simulated events. For
resolution parameters g(X) is a value sampled randomly from a Gaussian distribution of
width X and zero mean. (See section 6.2.3 for the specific application to event direction
that modifies the cos 6, distribution). Note that only positive resolutions are sampled, as
it is not possible to make a distribution narrower in this manner.

Each systematic uncertainty was estimated separately and different fits were per-
formed for positive and negative uncertainties on each parameter. For systematically
corrected observables, the uncertainties were considered with respect to the corrected
value.

6.3 PDF Weighting Systematics

Some systematic differences between data and simulations were taken into account using
the PDF weighting factors that were introduced in section 5.5.2. This accounts for a
change in PDF shape and also a change in the PDF normalisation. The energy-dependent
effects detailed in this section were treated in this way.

Radiative corrections
Bremsstrahlung radiation effects which were omitted from the Monte Carlo simu-
lation, were corrected by a factor wJRC. For the CC and ES signals, this correction
was energy-dependent as given by equations I.1 and 1.2 in appendix I.
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Observable | Systematic Modification Value(s)
T.ts Scale Tl = Tepr(1 £ omge) 1.13%
Tesy Resolution | T, = Tors(1+ g(d1ves)) | equation 6.3
Tesy Non-linearity T =T r(1 £ orm) equation 6.5
Bia Mean P14 = Pra £ P140ps equation 6.8
Bia Width B, = Bia £ (Bra — Bra)des table 6.2

(cosB) Resolution W (cos 6R) equation 6.11
(R?) X Offset ¥ =z+dx table 6.3
(R?) Y Offset v =y+dy table 6.3
(R?) Z Offset 2 =z+dz table 6.3
(R?) R Scale R' = R(1+6R) table 6.3
(R?) R Resolution R' = R(1 + g(wg)) table 6.3

Table 6.5: Systematic uncertainties applied to simulated observable parameters. Paren-
thesis are used when the systematic is not applied directly to the observable. For the
B14 systematics x=e for electron-type events, and x=n for neutron-type events. See sec-
tion 6.2.3 for the parameter modification required for cos 6.

Aborted simulation events
The factor, M C.r, was used to correct for aborted simulated events and is discussed

in appendix F.

Energy-dependent fiducial volume uncertainty
A factor Vo (see equation H.4) was used to correct for an energy-dependent differ-
ence between the number of data and simulated events that reconstruct inside the
fiducial volume (discussed in appendix H).

Sacrifice
S.c 1s a correction for the number of true neutrino events that fail the event selection
criteria applied to the data set (discussed in appendix I).

All these corrections were applied in the MXF signal extraction code with a combined

weighting factor:

w;?lC (1 - SaCj) ‘/;orr
M C’corr

W(Tesp) = (6.14)
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Note that all these factors are dependent on event energy, T s;* the factors wRC and S,
are also dependent on the type of interaction, j.

The effects of uncertainty in the S,. and V.. factors were evaluated through ad-
ditional likelihood fits carried out with these factors set to their £1¢ limits. The effect
of small uncertainty in the MC,,, factor was assumed to be negligible in the analysis
presented here and uncertainties in the radiative corrections are included separately (see
section 6.7.1).

6.4 Background Events

The presence of background events (see section 2.4.6 for a discussion of different back-
ground types) in the salt data set will also have a systematic effect on the number of
events of each signal type. The uncertainty in backgrounds that are included as parame-
ters of the fit (i.e. EN events), is naturally incorporated in the statistical uncertainties on
the fitted parameters. Neutron events caused by backgrounds internal to the D,O (INB
events) are indistinguishable from NC events and, thus, are subtracted from the fitted
number of NC events. The number of INB events in the salt data sample was calculated
to be [49]

Nixg = 138730 events. (6.15)

The number of events due to the internal v background, N,,, was calculated to be [65]
Niny = 8.5 & 2.2 events

and was fixed in the likelihood fit. To determine the effect of the uncertainty in this
calculation, the likelihood fit was repeated with the number of internal v events fixed to
Niny = 10.

Upper limits were determined for the contribution of all other backgrounds to the
salt data set. These limits, which are summarised in table 6.8, were treated as systematic
uncertainties on the fitted numbers of signal events.

The limit on the number of internal Cerenkov events was calculated using:
Nic(z) = Nup(z).t'.€n. Reer () (6.16)

where, z is the isotope which decays, Ny, is the production rate of neutrons from that
isotope, t' = 391.43 days is the livetime of the salt data set [87], e, = 0.398 is the neutron
detection efficiency inside all data cuts [96], and R is the evaluated ratio of Cerenkov

events to observed neutron events due to that particular isotope. The three isotopes which

*With the exception of w®S which was defined in terms of Egern and M Ceorr which was applied to
(Tes+0.511MeV).
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Isotope | Ny, (events/day) Reer Nic (events)
208T] 0.293+0.182 | 0.01173:9% 0.53
214Bj 0.27715:078 0.05370:013 2.29
24Na, 0.0640.016 | 0.090+5-924 0.90

Table 6.6: Production rate of neutrons and the ratio of Cerenkov type-events, Reer, for
different radioactive isotopes. These values were used to calculate the number of internal
Cerenkov backgrounds, /V;, from each isotope, given in the final column.

Source | NX (events)
PMT Bvs | <110
Hy0 Bs <3.0
AV Brs <70

Table 6.7: Upper limits on the number of external Cerenkov background events from
different sources in the salt data set.

can contribute to backgrounds in this way are 2°8T1, 21*Bi and ?*Na. The values of Ny,
obtained from [49] and R obtained from [97, 98]' are given in table 6.6, along with the
calculated values of N, for each isotope. The total number of internal Cerenkov events
was calculated to be

Nie = 3.55 £ 0.797351 events.

Without full knowledge of the observable distributions for these background events it was
not possible to determine whether these events would likely contribute to the extracted
value of CC or NC type events, although their contribution to the fitted ES flux was
assumed to be negligible due to the characteristic distribution in cosf that separates
this signal. Given that the overall number is small, the 1o upper limit of 4.6 events was
conservatively taken as a systematic uncertainty on both the number of events in the
lowest CC energy bin, and the fitted number of NC events.

The limits on external Cerenkov backgrounds are given in table 6.7 and were ob-
tained from Ref. [99]. Like the internal Cerenkov backgrounds, these events were assumed
to contribute only to the lowest CC energy bin (5.5-6.0 MeV)* and the fitted NC flux.

tFor T1 and Na a Monte Carlo method was used whilst R, for Bi events was obtained from analysis
of Radon spike data.

!This assumption may not be entirely valid as the fit for PMT [+ events was also sensitive to higher
energy vy events created by captures in the PSUP. However, this is a second order correction which was
assumed to be negligible for this analysis.
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Background type Systematic Effect (events) Contribution
EN events Parameter of the Likelihood Fit
Internal Neutron events 1387300 Subtract from F(NC)
Internal ~ events 8.5£2.2 Fixed in the Likelihood Fit
Internal Cerenkov events < 4.6 F(CC) and F(NC)
External Cerenkov events <185 F(CC) and F(NC)
< 6.55 F(NC)
AV events < 3.28 F(CC)
<0.24 F;(CC) j>1
Instrumental backgrounds < 3.0 F(NQC)
<0.21 F;(CQ)

Table 6.8: This table summarises the contributions of different types of background events
to the salt data set. The final column indicates which fit parameter is affected by each
systematic. F;(CC) are the fitted number of events in each 0.5 MeV CC T,; bin.

The combined uncertainty due to external Cerenkov events was obtained by treating the
individual contributions as 1o upper limits on a Poissonian distribution [99]:

Ng. < 18.5 events.
The number of AV events [100] was found to be
Nav < 6.55 events.

The energy distribution of these events is not well known, though the contribution is
expected to be larger at low energies. For this reason, the systematic uncertainty assigned
to the first CC T,;; bin due to these events was %, whilst the uncertainty for the other

0.5 MeV bins was 25@’ =. Nay also contributed to the systematic uncertainty on the fitted

number of NC events.
Ninst < 3.0 events

is the upper limit on the number of instrumental background events in the salt data

set [100]. These events were assumed to have a flat distribution in energy and their

Ninst
14.5 °

systematic uncertainty contribution for each 0.5 MeV CC bin was determined to be

6.5 Systematic Uncertainty on Fitted Parameters

Systematic shifts in the PDFs can affect the measured spectrum in two ways. Firstly,
systematic changes in the shape of the PDFs influence the number of events of each
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class that maximises the likelihood function. This effect was taken into account when
the likelihood fit was repeated with the systematically shifted PDFs. The uncertainty,
5}@ (X), on a given fit parameter, F'(X), due to systematic shift, 1), is taken as the difference
between the fit parameter obtained with the shifted PDF, F¥(X), and that obtained with
the nominal fit F"(X):

§4(X) = F¥(X) - F(X). (6.17)

Uncertainties due to the separate systematics were added in quadrature, which implicitly
assumes no correlation between the separate systematics.

The flux of neutrinos causing a given reaction type in SNO was calculated by mul-
tiplying the number of events detected by a normalisation factor:

B(X) = N(X)F(X), (6.18)

Appendix I explains how the factor N(X) was obtained. This factor was also affected by
systematic shifts that change the number of simulated events, F(X), passing event selec-
tion criteria. The normalisation of the PDFs used in the MXF code gives the predicted
number of events, explicitly accounting for corrections due to sacrifice, aborted simula-
tion events, energy-dependent fiducial volume uncertainty and radiative corrections.’ The
uncertainty, (5%()( ) on the normalisation factor for signal X due to systematic shift, 1, is:

EY(X) — E”(X)) 6.19)

g0 =) (UL

There is an additional contribution to 6%(NC) due to uncertainty in the neutron cap-
ture efficiency. The uncertainties on N(X) due to separate systematics were added in
quadrature.

6.6 Maximum Likelihood Formalism

To allow for distortions of the electron neutrino energy spectrum, the flux in each T,y
bin for the CC and ES signals was treated as a separate fit parameter. The NC flux was
treated as a single variable since the energy distribution for NC bears no information on
neutrino energy and is simply the energy measured from neutron capture. The number
of EN events was also treated as a single fit parameter, whilst the number of internal y
events was fixed in the fit. For the analysis presented in this chapter, the likelihood for
each event was:

$Some energy-independent corrections were also required as detailed in Appendix I.
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L= > (ZS:(nik.P(z’k/Teff,ﬁ14,R3).P(ik/cosﬂ®/R3)))

i=CC,ES \k=1
+ > (naP(i/T.sp, Bu, B?).P(i] cos 05/ R?)) (6.20)
1=NC,EN,intvy

where n;, is the flux of signal 4 in spectral bin k, IV; is the number of spectral bins for the
CC and ES distributions, and P(ix/X) is the probability that an event belongs to signal
i, bin k, given its value for observable X.

For each spectral bin, separate PDFs were created for all observables, composed
only from simulated events in the given range of 7T,f;. Correlations with T,¢; for the
CC and ES signals, such as that of cosf; are preserved in this way. Other correlations
between observable distributions were taken into account with three dimensional PDF's
in T, B1a and R? and PDFs for cos f which were conditional on the value of R? (this
factorisation of the probability distributions was expressed in equation 5.23).

The validity and impact of the neutron energy information was tested through a
separate fit to the salt data in which the number of NC and EN events in each separate
T.sr bin was also treated as a separate fit parameter. The results of this fit are presented
in appendix J and were found to be in very good agreement with the predicted neutron

distributions.

6.6.1 Fitting for Total Event Numbers

The total number of CC events obtained from an energy-unconstrained fit is also of great
interest as this allows the calculation of a model independent value for the CC to NC
flux ratio. Whilst the total number of CC events can be easily obtained by summing
the contributions from all spectral bins, it is not trivial to calculate the statistical error
on this value as correlations between the fitted fluxes in separate energy bins must be
taken into account. This can be calculated using information from the covariance matrix
between the fitted event parameters, but the required information can also be obtained
from the likelihood fit through a simple change of variables as explained below.
Additional functionality was introduced into the MXF code, such that the total
number of CC events replaced the number in the final energy bin, ncc,, as a fit parameter.
A simple conversion was then performed inside the likelihood function to obtain ncc,:

Ng—1

nccf = N(CC) - Z neg; (621)
i=1

where N(CC) is the total number of CC events, which is now a parameter of the fit
and Nj is the number of spectrum bins. The fitted uncertainty on N(CC) will naturally
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include the effects of correlations between the spectrum bins. The parameter N(ES) was
also treated as a fit parameter, using the same method. Systematic uncertainties on these
parameters were then obtained following the procedure described in section 6.5. Note
that this change in fitted variables did not affect the fitted values and uncertainties for
the NC and EN signals.

6.7 Results

Figure 6.1 shows the results of the energy unconstrained fit with statistical uncertainties
only on the CC and ES spectral bins. The predicted T, s distribution for each signal type
is shown scaled by the total fitted flux for that signal. The sum of the fit is shown by a
black dashed line which is in good agreement with the data (black stars).
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Number of events per 0.5 Me

200

Figure 6.1: Results of the energy unconstrained fit. Only statistical uncertainties are
plotted here. The predicted T,;; distribution for each signal type is shown scaled by the
total fitted flux for that signal. The black dashed line gives the sum of the fit which is in
good agreement with the data distribution shown by the black stars. The last energy bin
extends to 20.0 MeV.

The total number of events for each type of neutrino interaction (obtained using
the method explained in section 6.6.1) are given in table 6.9 with both statistical and
systematic uncertainties. The internal neutron background was subtracted from the fitted
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Interaction Type Fitted Number of Events
CC 2094.6 TT07 (stat.) T207 (sys.)
ES 284.0 T259 (stat.) T3%> (sys.)
NC 2088.4 Tois (stat.) T527 (sys.)

Table 6.9: The total number of events obtained for each signal type from an energy-
unconstrained fit to the salt data set. Full statistical and systematic uncertainties are
given.

number of neutrons to give the number of NC events, and the additional uncertainty
contribution was included in the NC statistical uncertainty.

The CC spectrum is shown in more detail in figure 6.2, with both statistical and
systematic uncertainties. The fitted values along with the statistical and combined sys-
tematic uncertainties are given in table 6.10. Figure 6.3 shows the contributions of the
separate systematic uncertainties to the CC spectrum as a fraction of the CC flux in each
energy bin. The dominant systematic uncertainties are associated with T,;; and Si4.

The combined uncertainties on the measured CC spectrum are > 15% in the first
two spectrum bins, where the predicted MSW distortion is approximately 5%. Since
statistical uncertainty dominates this measurement, it will not be possible to achieve the
precision required to make a definitive statement about LMA spectral shape distortions
using the salt data alone, even if the systematic uncertainties are dramatically reduced

because all the available phase II data was analysed here.

6.7.1 Conversion to Fluxes

The normalisation factors calculated for the three measured signals are given in table 6.11,
along with the predicted number of events due to 8B and hep solar neutrinos for each
interaction type from the flux predictions of [21].

There is also an uncertainty on each interaction due to uncertainties in the cross-
section values used in the simulation [101]. This is because of a 0.5% uncertainty in the
weak axial coupling parameter, g, [102], and uncertainty in the radiative corrections [103].
The combined contribution of these uncertainties to each flux are also given in table 6.11.

Using equation 6.18, the fluxes for neutrinos causing CC, ES and NC events were
calculated to be:

B(CC) = 1.62+0.06(stat.) = 0.07(sys.) = 0.02(theory) (6.22)
®(ES) = 2.43 +0.23(stat.) £ 0.12(sys.) & 0.01(theory) (6.23)
B(NC) = 5.23+0.23(stat.) = 0.27(sys.) = 0.06(theory) (6.24)



6.7. RESULTS 121

~. 300
O L
= r
LO L
O 250 — Statistical errors
_ TR,
& r Systematic errors
O |
B F Combined errors
C 200 |-
© r Undistorted ®°B Shape
> L
G') |-
(- L
O 150

100 —

50 — Lo % ... I

O L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L = \- L L
§) 7 8 9 10 11 12 13 14
T (MeV)

Figure 6.2: CC spectrum obtained from the full salt data set with both statistical and
systematic uncertainties. The predicted CC distribution for an undistorted ®B spectrum
scaled by the total fitted CC flux is also shown.
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Parameter Fit Stat. | Sys. Total
F(CC); | 192.978 | *55:0%% | T355% | 36608
F(CC); | 205.007 | *55583 | T155a6 | 5083
F(CC)s | 203.936 | 50650 | “117s6 | 27505
F(CC), | 246.846 | 735070 | 2955 | Toasio
F(CC)s | 232.298 | *506zs | 6307 | " ar6o8
F(CC)s | 224515 | 118557 | Tos00 | 2109
F(CC)7 | 150.033 | "8 | 5731 | T1o400
F(CC)s | 147.864 | 5o | To%os | Tiioes
F(CC)y | 151412 | 13850 | 5607 | T13%00
F(CC)w | 84.483 | T35 | T1ois | Tode
F(CC)n | 93.328 | F552%* | Totis | Tioome
F(CC)iz | 58.723 | *%3s | To0es | 835
F(CC)is | 44.965 | T30 | To%s | *feis
F(CC)a | 19.004 | *4857 | *008 | 560
F(CC)ys | 17142 | 2580 | T30 | 39%
F(CC)s | 5148 | *250 | 197 | *34a
F(CC)iz | 17.002 | F578 | D08 | Ta7s
F(ES); | 57.508 | ©155% | *555% | Tlots
F(ES), | 42373 | "lodn | Miie | Tlooo
F(BES)s | 41797 | Mot | Fos | Tloces
F(BES); | 25248 | 70008 | D970 | Faem
F(BES)s | 23750 | 300 | 55502 | %
F(BES)s | 20.897 | *55 | Tides | T30%
F(BES); | 27971 | Yo | Baid | hen
F(ES)s | 16654 | 507 | F0080 | T8I
F(ES)q 6.072 | 5o | Tleae | Fasi
F(ES)w | 9538 | Fi75% | Toom | Siow
FES)u | 3845 | F307 | 0w | T5ier
F(ES)1n | 2652 | D540 | Todes | 5508
F(ES)s | 0939 | Tlaee | Moss | 506
F(ES)s | 0.000 [ 7503 | Tode | Tooom
F(BS)s | 2860 | Tlar | Toih | Tode
F(BS)e | 1.855 [ F1700 | Tiees | 200
F(ES);z | 0.000 [ %5003 | Todo | Foooo
F(neutron) | 2226.396 | 50057 | 0% i0s | T1l9 360
F(EN) | 133.461 | Mi789 | T10060 | Tiai0s
F(iny) 8.500 | *0:000 | T3300 | F5500

Table 6.10: Fitted fluxes with their statistical, systematic and combined errors. Separate
results for each of the 17 CC and ES bins are given with bin 1 being the lowest in energy
(5.5-6.0MeV). The fitted neutron flux contains a contribution from the internal neutron
background as well as the NC flux. The internal gamma background was fixed to 8.5
events in the fit.
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Figure 6.3: Contributions of systematic uncertainties to the CC energy spectrum given
as a fraction of the flux in each energy bin. The separate panels show T,;; systematics,
reconstruction systematics, 14 systematics, and PDF weighting or background system-

atics.
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Interaction Type E(X) N(X) A(o)
8B hep
CcC 75061550 | 29.857 505 | 773.3158% | £ 1.2%
ES 67872 | 2.20700% | 8564.373122 | £+ 0.5%
NC 2330192 2501.71 5560 | £ 1.1%

Table 6.11: Expected numbers of events, E(X), and normalisation factors, N(X), for
conversion to fluxes (as specified in equation 6.18) including systematic uncertainties (see
equation 6.19). Cross-section uncertainties, A(c) are also given for each interaction type
(taken from Ref. [31])

CC ES NC+INB EN
CC 5648.7427 | -243.3250 | -3199.7639 | -276.1071
ES -243.3250 | 724.1163 | -174.6347 | -20.3017
NC+INB | -3199.7639 | -174.6347 | 7088.7314 | -1363.0956
EN -276.1071 | -20.3017 | -1363.0956 | 1795.7030

Table 6.12: Parameters of the covariance matrix between the fitted total fluxes.

all in units of 10°cm 2s!. The NC flux is in good agreement with the solar model

prediction of
dgsyv = 5.83 £ 1.34(theory)

(which includes the hep contribution), whilst there is a significant reduction for the CC
and ES fluxes.
The ratio of the CC to NC fluxes was calculated to be:
o(C0)
o(NC)

= 0.310 = 0.021(stat.) = 0.024(sys.) (6.25)

which is in good agreement with predictions for this ratio for the LMA MSW scenario.
This measurement is also very close to the previously published ratio [31] given in equa-
tion 1.19 which was obtained from a sub-set of the data analysed here.

The covariance matrix between the fitted CC, ES, (NC+INB) and EN parameters
is given in table 6.12. This covariance matrix was assumed to described the correlations
for both statistical and systematic uncertainties. All reconstruction uncertainties, with
the exception of the energy-dependent fiducial volume uncertainty were assumed to have
the same effect on both CC and NC events, which would therefore cancel in the ratio.
Theoretical cross-section uncertainties were also assumed to cancel.
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Data Set | Livetime (days) | Candidate Neutrino Events
Day 176.511 2147
Night 214.921 2603
Total 391.432 4750

Table 6.13: Corrected livetimes and numbers of candidate neutrino events for the day,
night and total salt data sets.

6.8 Day and Night CC Spectra

To specifically test for the “day-night effect” (described in section 1.11.1) the MXF code
was also used to extract separate day and night spectra.

Day was defined as any time when the Sun was < 90° from the zenith at the location
of the SNO experiment, whilst night was defined as any time when the Sun was > 90°
from the zenith. This information was stored in the data stream so that events could be
easily assigned to the day or night data set. As more work was carried out on the detector
in the day time, for both calibrations and repairs, the amount of neutrino data collected
at night was greater. The separate day and night livetimes and the number of candidate
neutrino events in each data set are given in table 6.13.

For the purposes of this thesis, no constraint was placed on the day-night asym-
metry of the NC flux¥ and the spectrum analysis described in this chapter was simply
repeated for two separate data sets consisting only of events arriving in the day and
night respectively. A separate day-night analysis, in which the asymmetry in the NC flux
was constrained to be zero was performed by the SNO collaboration and an asymmetry
of [104]:

ASS = —0.034 4 0.069 (6.26)

was measured for the CC flux. An asymmetry of:
AES. = —0.160 4 0.199 (6.27)

was obtained for the ES flux. Both of these measurements are consistent with zero
asymmetry.

The CC spectra obtained from fits with MXF, presented as the number of events
in each energy bin for day and night, are shown in figure 6.4. A chi-squared test was
conducted for the two extracted CC spectra, weighted by their respective livetimes. For

TRegeneration effects in the Earth would only affect the measured CC and ES fluxes as the NC flux
is sensitive to all active flavours. The functionality to constrain asymmetries had not been incorporated
in the MXF code at the time of writing.
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17 degrees of freedom, the calculated chi-squared between the two spectra was:
x? = 20.455. (6.28)

This relates to 1.2 per degree of freedom which has a probability of roughly 25% [86].
Therefore, there is no evidence for a day-night effect in the shape of the CC energy

spectra.

Day and Night CC spectra
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Figure 6.4: Extracted day and night CC energy spectra. The dashed lines show the
undistorted 8B CC shape prediction, scaled by the total number of fitted CC events for
day and night separately.

These separate day and night CC spectra, were used in a global x? minimisation
fit similar to that described in section 1.7.2. The systematic uncertainties evaluated in
the total CC spectrum were used to provide uncertainties on the separate day and night
spectra in this fit, but the asymmetry in these systematic contributions was obtained from
the asymmetry-constrained analysis [104]. The global fit also included results from the
radiochemical experiments, SuperK, KamLAND! and the SNO D,O phase. The contours

IOnly the first published KamLAND data [32] was used in these fits. New results were released in
June 2004 [105] after this analysis was performed, which further reduce the contour space.
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Figure 6.5: Results of a global fit combining day and night CC spectra and ES and NC
fluxes from the salt phase with SNO D,O data, results from radiochemical experiments
and the SuperK zenith angle spectra. In the right hand figure KamLAND data [32] has
also been included. These are preliminary plots obtained from [106].

for x? confidence levels relating to 90%, 95%, 99% and 99.73% probability (x* = 4.61,
5.99, 9.21 and 11.83 respectively) from this analysis are shown in figure 6.5. In order to
make comparisons to the plots shown in figure 1.3, separate plots are shown with and
without data from the KamLAND experiment.

6.9 Summary

In this chapter systematic effects on observable parameter distributions have been dis-
cussed in detail and included in an energy-unconstrained likelihood fit to the salt data
set. The charged-current spectrum measured is consistent with the predicted spectrum
shape for no MSW distortions. However, the statistically dominated uncertainties in the
measured spectrum are too large to directly distinguish between different MSW mixing
scenarios.

Total fluxes for the three types of neutrino interaction obtained from this fit were
also presented. The NC flux measurement, which is independent of assumptions of the
electron neutrino energy spectrum, is in good agreement with the predicted flux of solar
neutrinos, and the CC/NC ratio is in good agreement with the LMA MSW solution.

Spectra were also obtained separately for day and night, which were found to be
consistent at the 25% level. These spectra were combined with the flux measurements
and other available solar and reactor data to improve the limits on allowed parameter
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space for oscillations between the v; and v, mass states.

6.10 Addendum

For completeness, a few improvements on the analysis presented in this chapter are de-
tailed below. These details arose after the analysis presented in this chapter was com-
pleted and the effect of these corrections on the obtained CC energy spectrum is small
with respect to the magnitude of statistical uncertainty.

The function used to correct for resolution systematics, given in equation 6.2, does
not correctly account for the existing detector resolution. The effect of this error is small
but for completeness the correct function is:

Te’ff = Teff + g(w'I‘res) (629)

where g(dtyes) is a value randomly selected from a Gaussian distribution with zero mean
and width

Wres = OBV ((1 + O1pes)2 — 1) (6.30)

where og is the nominal detector resolution which was given previously in equation 5.17.
Similarly, the vertex resolution uncertainty given in section 6.2.4 should be defined with
the function

wr =/ ((1+0.015)2 — 1) x 16cm (6.31)

which assumes a nominal vertex resolution of 16 cm, with a 1.5% uncertainty.

The effect of the radial bias in energy is actually accounted for by the RSP processor,
and therefore should not be applied as a correction. Instead, the magnitude of this
correction should be taken as a systematic uncertainty to account for possible inaccuracies
in the RSP calculation of this effect. Again, the effect of this correction on the fitted
central values is small with respect to the statistical uncertainty in the spectrum.

An additional improvement to the analysis presented here would be the use of
energy-dependent mean values for 4 for each signal. Parameterisations of the mean
P14 value for electron and neutron-type events are provided in [57].



Chapter 7

A Different Approach to Systematic
Uncertainties

7.1 Motivation

The analysis presented in the previous chapter allowed for a number of systematic un-
certainties in the fitted CC spectrum. The dominant systematic uncertainties were those
associated with energy and isotropy. The effect of these uncertainties was previously
estimated by performing multiple fits to the data with different PDFs. This approach
assumed that all the systematics were uncorrelated and that the likelihood function was
normally distributed for each systematic parameter; only the +10 deviations were tested.

A more rigorous smearing integration method tests many values for each system-
atic. For a series of fits to the same data set, shifts are applied to all PDF observables
simultaneously. The magnitude of each systematic shift is randomly selected from an as-
sumed probability distribution. The width of the distribution of fitted values, then gives
the uncertainty on each variable. This technique is extremely computationally intensive
and correlations between the separate systematic uncertainties could only be included if

determined externally to the fitting procedure.

An alternative approach is to treat systematic changes in observable distributions
as parameters of the likelihood fit. This allows for the best estimate of these systematic
parameters based on the maximum likelihood and a formal treatment of correlations
between the uncertainties. Estimates for the magnitude of these systematics, obtained
from studies of calibration data, can also be input to the likelihood fit as constraints on
the fitted systematic parameters. A simple example of the benefits of this approach is
given in the following section.

129
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7.1.1 Why Treat Systematics as Fit Parameters?

This section details a simple example which demonstrates how treating systematic un-
certainties on observable distributions as fit parameters can result in an overall reduction
of uncertainties on the fitted fluxes. Treating systematic uncertainties as extra degrees
of freedom in likelihood space essentially accounts for correlations between all the fit
parameters and produces combined statistical and systematic uncertainties.

A simulated data set was generated consisting of 1000 events sampled in equal
proportions from two Gaussian distributions, A and B, in z (figure 7.1). Binned PDFs
were created from a million generated events for each distribution. MXF was used to
extract the number of events of type A and type B from the data set,” minimising over a

2 dimensional likelihood space. The result was:

A = 491+£28
B = 507+28

Now assume there was a 5% systematic uncertainty in the scale of parameter z
between the data set and the PDF used. In other words, the predicted distribution might
incorrectly be scaled by 5% in either direction with respect to the data.! Adopting the
approach used in the previous chapter, the effect of this uncertainty was determined by
recreating the PDFs, scaling observable z up (down) by 5% as shown by the red (blue)
plots in figure 7.1. The fit was repeated with the 10 PDF's to give the following fit results,
with the difference from the original fit given in brackets. The fit with PDFs scaled up
by 1o gave:

A = 413(-78)

B = 586(+79).
The fit with PDFs scaled down by 1o gave:

A = 574(+83)

B = 425(-82).

These systematic uncertainties were then combined in quadrature with the statistical
uncertainties on the original fit to give the following total uncertainties on the fitted

fluxes:

A = 491788
B = 507+

*The fit was performed for values x > 0.0, which excluded two events from the data sample.
tHere a large uncertainty is used for illustration.
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Figure 7.1: PDFs (upper panel) and data set (lower panel) for the simple example de-
scribed in section 7.1.1. The top panel shows the default PDFs in black solid lines and
PDF's scaled by + 5% in red and blue dashed lines.
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For the alternative approach, the maximum likelihood value was obtained by varying the
systematic scale as well as the magnitude of signal A and B. The same 1o uncertainty of
5% was used to constrain the systematic parameter in the fit (see 5.1.1 for details). The
result from minimisation over three dimensional likelihood space was:}

A = 4878
B = 511%%
scale = 0.0025%00%5.

These results are in good agreement with the original fit. The scale fitted on observ-
able z is consistent with zero, as expected, but the combined statistical and systematic
uncertainties are noticeably smaller.

7.2 Dominant Systematic Uncertainties

Additional fit parameters increase the complexity of the likelihood fit and hence the time
required to perform the fit. The analysis presented in the previous chapter showed that
only a few of the systematics on observable parameters made a significant contribution
to the uncertainties on the fitted fluxes. Therefore, for the purpose of this thesis, only
these dominant systematics were varied in the likelihood fit. This section summarises the
dominant observable systematic uncertainties in the context of an energy-constrained fit.

7.2.1 Energy Uncertainties

As discussed in 6.2.1, there are three components to systematic uncertainty in the T,z
distributions. Potential non-linear effects were assumed to modify the T¢;; distribution
in a similar manner to the energy scale systematic. These uncertainties were accommo-
dated with two additional variables in the likelihood fit: a scale parameter allowed the
predicted T¢s; distribution to scale with respect to the data Tes; value, whilst an off-
set parameter essentially changed the point at which the effect of this scale was zero.
The scale parameter was constrained in the likelihood fit by + 1.15% [88], which in-
cluded 0.25% due to possible non-linear effects,’ whilst the offset was constrained by
1.15% x 5.0 MeV = £ 0.0575 MeV.

The treatment of energy resolution uncertainty in chapter 6 showed that the effect
of this systematic was considerably smaller than that of energy scale, and therefore, was
not included as a fit parameter.

IPDF smoothing as described in 7.4.1 was employed to obtain these results.
$This value of 0.25% was adopted for previous analyses of both DO and salt data.
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7.2.2 Reconstruction Uncertainties

Uncertainties in reconstructed vertex position were discussed in section 6.2.4. The domi-
nant reconstruction uncertainty is due to a possible systematic in the reconstructed event
position that scales with radius from the center of the detector, R. This systematic was
included in the likelihood fit as a scale applied to R and not R3, constrained with a limit
of 0 = £1.0% [95].

7.2.3 Uncertainties in Isotropy Parameters

Instead of using the energy-dependent limits on f14 systematics discussed in the previous
chapter, a single value was used to limit the size of a systematic error in the mean
and width of the predicted isotropy distributions. Above the detector energy threshold,
integral values of 0.85% uncertainty on the mean and 0.94% uncertainty on the width of
the 314 distribution were estimated based on studies of '®N and ?*2Cf calibration data [57].
The proposed systematic limits for mean and width were translated into approximate
limits on a scale and offset of the 314 values as follows:

Equation 7.1 shows how an observable, x, would be shifted given a fractional sys-
tematic shift of dZ on the mean, Z, whilst equation 7.2 shows how the observable would
be shifted given a systematic dw on the width w of the distribution.

¥ =x+71.dx (7.1)

=7+ (x—7) x (1 +dw) (7.2)

Applying both systematics simultaneously to z in the positive direction results in a new
value, x’ given in equation 7.3

=7+ (z+7.dz—1) X (1+dw) (7.3)

Assuming no correlation between the two systematic effects, this can be approximated as
a scale, o and offset (:

= z.a+p
a = 1+dw
g = Z.(dT + dzdw — dw) (7.4)

These values for o and [ were used as 1o Gaussian constraints on the systematic uncer-
tainty.

To test that this formalism was sufficient, 100 simulated data sets of 10° events each
were generated from a Gaussian distribution in z with z = 0.48 and w = 0.133, the mean



134CHAPTER 7. A DIFFERENT APPROACH TO SYSTEMATIC UNCERTAINTIES

Observable | Systematic Parameter | Constraint
Tery Scale +1.15%
Teyy Offset +0.0575 MeV

R Scale +1.0%
B4 Scale +0.94%
Bia Offset +0.00039

Table 7.1: The dominant uncertainties on observable distributions that are treated as
parameters of the likelihood fit. Constraints applied to each parameter in the fit are also
given.

and width for the CC fy4 distribution. For each of the 100 data sets, each event was
shifted by a value of dz selected from a Gaussian distribution with zero mean and width
0.0085, and a value of dw selected from a Gaussian with zero mean and width 0.0095,
following the prescription of equation 7.3.

These values of dz and dw were translated into @ = 1.0094 and S = —0.0008201 x
0.48. A second set of 100 data sets were generated with the same statistics but, this
time, each event was shifted by a value of « selected from a Gaussian distribution with
width 1.0094 and 8 with a value selected from a Gaussian distribution of width -0.00039,
following the prescription given in equation 7.4.

The distribution of Z for the simulated data sets was found to be slightly broader
than expected in both cases, which could be due to correlations between the two sys-
tematic uncertainties. The prescription of equation 7.4 resulted in only slightly broader
distributions of z and w.

The limits on « and (8 derived in this manner were used as 1o constraints on a
variable scale and offset of B4 in the likelihood fit. The mean and width of the (4
distribution is different for each signal (see table 6.1), resulting in a larger change in (4
value for electron-type events than neutron-type events. However, for the purposes of this
thesis, the uncertainty on the CC (14 distribution was used, which is more conservative
and slightly overestimates the uncertainty on the NC distribution. The scale on (4
was constrained by ¢ = =+ 0.0094, whilst the width parameter was constrained by
o = =+ 0.00039.

7.2.4 Observable Systematics as Fit Parameters - Summary

Table 7.1 summarises the 1o limits on the dominant uncertainties on observable parame-
ters that were treated as parameters of the likelihood fit.



7.3. INCORPORATING SYSTEMATICS IN MXF 135

7.3 Incorporating Systematics in MXF

This section details the method used to include parameters describing a scale or offset
between data and simulation for a given observable in the likelihood fit. These systematic
parameters were also constrained in the fit by incorporating the best estimates from
independent studies as a Gaussian constraint within the likelihood function.

7.3.1 Systematic Scale

A difference in scale, a;, on an observable parameter can be included in the fit by scaling
that observable for each event contributing to the PDF by (1 + «). However, scaling each
Monte Carlo value and recreating the PDF “on the fly” is extremely time consuming.

Instead, the systematic scale was included by scaling each data value by a factor ().

1
This effectively changes the data range for the scaled observable, x from (Z40 — xm,-,:L)ato
(1 + @)Zmaz — (1 + @)Zpmin). As mentioned earlier, PDFs must be normalised over the
same range as the data so the PDF must be renormalised over the new data range. This
is described in more detail in 7.4.2. As the data maximum can increase (or the minimum
can decrease), it is necessary to store information on an observable over a greater range
than the data. For this purpose, additional bins were stored at each end of a PDF called
overflow bins, that only contributed to the normalisation when systematics were non-zero
in the fit. If a data value was shifted beyond this range, the log likelihood was set to zero
for that event.
An additional correction to the normalisation was required because the systematic
scale also changes the width of each bin (or the numerical integration step for analytic
PDFs). Consider the binned PDF case: the normalised amplitude, A(7), for each bin, i,

is given by equation 7.5:

AGG) = T”i’)w (7.5)

where n(7) is the number of Monte Carlo events falling in that bin, 7" is the total number of
events in the data range for that PDF and w is the bin width. Renormalisation accounts

for the change in 7" but, to account for the change in bin width the probability obtained
1

from a scaled PDF was multiplied by the factor Tra)”

7.3.2 Systematic Offset

Similarly, a systematic offset, 3, between data and simulation in a given observable was
taken into account by shifting each data value by —f3 in that observable. The correction
for bin width was not necessary in this case but renormalisation of the PDF's was required.
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7.4 Working with Discrete PDFs

Applying systematic variables in the fit can cause discrete changes in the likelihood func-
tion when binned PDFs are used. The blue triangles in figure 7.2 show how the likelihood
space looks for the simple scenario described in section 7.1.1. The bumps are caused by
the way data events are moved across bin boundaries as the value of the systematic scale
is changed.

Uneven likelihood functions were found to be problematic to minimise. In many
cases, parameters at local minima instead of the true maximum likelihood were fitted¥

and the estimated uncertainties on systematic parameters were unreasonably small.
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Figure 7.2: Likelihood space in the scale parameter for the simple example described in
7.1.1. Blue triangles are for a fit with discrete binned PDFs, and red circles are for a fit
with PDFs smoothed by a linear interpolation.

7.4.1 Smoothing PDFs

To overcome the problems associated with bumpy likelihood space, the binned PDF's were
smoothed to provide continuous probability distributions. Care was taken to ensure that
the smoothing procedure did not introduce additional systematics to the PDF shape.

TMinimisation routines work on the negative of the likelihood
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A polynomial smoothing algorithm was implemented in the MXF code to smooth
PDFs “on the fly”. A linear interpolation between adjacent bins effectively smoothed the
likelihood space, but this first order smoothing distorted the shapes of some observable
distributions and was found to cause biases in the results of the fit. Higher orders of
polynomial smoothing were found to improve the shape of the smoothed distribution.

For nth order polynomial smoothing, the function is fit to the n 4+ 1 central bin
values lying closest to x. However, even this can still lead to small discontinuities in the
smoothed PDFs at bin boundaries. For example, if n = 2, then 3 bin values are used for
the smoothing. If the data value lies in bin « near the lower bin boundary, then the bins
(—1), @ and (a+1) will be used by the smoothing algorithm. However if the data value
lies in bin (o — 1) near the upper bin boundary, bins (o — 2), (o — 1) and « will be used.
To avoid such discontinuities, odd values of n were used for smoothing.

Multi-dimensional PDF's can be smoothed in two dimensions through two successive,
one-dimensional interpolations. For nth order smoothing in both dimensions (z and y),
an (n + 1) x (n+ 1) grid centered about the desired point (x1,y;) was selected. (n+ 1)
1-dimensional interpolations were carried out in the y direction to obtain probabilities
at the points (z(j),y1) for j = 1,...(n + 1), followed by a single interpolation in the x
direction.

If the central values of PDF bins are not equally spaced, the smoothing procedure
can bias the PDF shape. Therefore, equal sized bins were chosen for all observable

distributions that required smoothing.

n+1
2

can lead to problems when X is close to the data limit for z, as it may be necessary to

nth order smoothing in x requires central bin values on either side of X. This
extrapolate beyond the last bin in a PDF. Overflow bins solve this problem, providing
information on the distribution of the observable beyond the data limits. A number of
equally sized overflow bins were created for interpolation beyond the regions of a PDF
sampled by the likelihood function.

Smoothing will naturally change the normalisation of a binned PDF so smoothed
PDF's were renormalised within the MXF code.

7.4.2 Renormalisation of PDF's

The normalisation of binned PDFs was calculated at the time of creation by summing
the weighting of events contributing to each PDF. For analytic PDF's, the normalisation
was determined vie numerical integration. For smoothed PDF's the normalisation over
the specified data range was also determined via numerical integration.

If a systematic shift is applied to observable x, the data range will change and the
normalisation must be recalculated for each different systematic value tested by the likeli-
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hood function. A complete numerical integration over the whole PDFis time consuming,
especially for multi-dimensional PDFs. Instead, the approach of MXF was to numerical
integrate over the range that is either added or subtracted at the end of the PDF. This
is illustrated in figure 7.3.

70000

60000 :,o\d rr'wirwé émew min old moxé Emew max
50000 }
40000 :—
30000 ;

20000

10000 —

Figure 7.3: Tlustration of PDF renormalisation when systematics are replied. The nu-
merical integral over A is subtracted from the original normalisation and the numerical
integral over B is added to obtain the new normalisation consistent with systematics which
shift the data and minimum as shown.

A similar procedure was adopted for PDF's with systematics applied in 2 dimensions,
with the upper and lower ends of the PDF in each observable treated separately.

7.5 Further Complications to the Fitting Procedure

The PDF smoothing and renormalisation procedure becomes more complicated for multi-
dimensional PDFs, and to date, has only been applied to one and two-dimensional distri-
butions. To achieve the desired level of accuracy, a large number of steps must be used
for the numerical integration, which makes this process much slower for distributions in
more than two dimensions, even when the approach described in section 7.4.2 is used.

A more serious problem arises for conditional PDFs, which are normalised separately
for each bin in the conditional parameter. Thus, discrete steps remain in the distribution
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Signal A B Correction factor
CC | 2233.367535 | 2209.66155 7 +1.07%
ES | 279.16%5%5 | 283.4713% -1.52%
NC | 2105.49775% | 2111.98778:3 -0.31%
EN | 120.71333% | 135.67359 -10.99%

Table 7.2: Results for fits to salt data using different PDF factorisations (A = bias-free
factorisation of equation 5.22, B = factorisation adopted for the analysis presented in this
chapter), and the correction factors derived from them.

of the conditional parameter that cannot be removed by smoothing algorithms. Because
these discrete steps are intrinsic to the distribution, it is difficult to treat systematics on
the conditional parameter as variables in the likelihood fit.

To overcome these problems, the factorisation of probabilities given in equation
5.21 was adopted for the analysis presented in this chapter. This required only one multi-
dimensional PDF to account for the correlation between T,¢; and 4. The results from
such a fit are subject to a small bias of around 1% on the fitted fluxes. This was corrected
after the fit as described in section 7.6.

For the energy-unconstrained fit described in the previous chapter, the number
of events in each T,f; bin was treated as a separate fit parameter. For such a fit the
distribution in 7,y is naturally discrete and varying systematics on this observable will
also result in uneven likelihood space. This is not a problem for the energy-constrained fit
described in this chapter or for fits for fluxes in separate neutrino energy bins as described

in chapter 8.

7.6 Correcting Biases Due to PDF Factorisation

For the purpose of this thesis, a data-based correction was derived to correct the fitted
fluxes for biases introduced by the PDF factorisation used. The energy-constrained fit
was performed on the salt data using the PDF factorisation specified in equation 5.22.
The results of this fit, which did not include any systematic parameters, are given in
column ‘A’ of table 7.2. The results of a fit using the chosen PDF factorisation, again
without any systematic parameters, are given in column ‘B’. The percentage correction
factors given in this table were obtained from a direct comparison of the two fit results.
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X F(X) Mean Bias(X) A(X) a(X)

CC | 2004.6 = 6.9 -0.31 £0.06 -0.011 £0.002 | 68.556 £0.096
ES | 3173 £29 0.30 £0.07 0.030 £0.007 | 29.367 +£0.067
NC | 2168.9 + 7.8 -0.25 £0.07 | -0.009 +0.003 | 78.375 £0.091
EN | 179.0 £ 4.5 0.68 £0.09 0.206 +£0.025 | 44.914 +0.077

Table 7.3: Results for fits to 100 artificial data sets with PDFs smoothed by a third order
polynomial.

7.7 Verification of the Technique

To study possible biases introduced to the fitting procedure through the smoothing of
PDFs, tests were carried out on the 100 simulated data sets described in 5.7. The specific
likelihood function given in equation 5.20 with PDFs factorised as given in equation 5.21
was used throughout. The PDFs were created using the binning specified in table 5.1,
with the exception of T,fr, where 29 equal sized bins were used. Distributions in Ty,
P14 and R? were smoothed by a third order polynomial. The results of fits to the artificial
data sets are shown in table 7.3.

No bias correction has been applied to these results. They can be compared to
those given in table 5.3, which were obtained with the same factorisation of PDFs, but
no smoothing. The bias on the external neutron and charged current fluxes appears to be
around 1o larger for the smoothed PDF approach. However, a change of 1o is relatively
modest considering that the fractional biases in the fitted signals are still only about
1%. Thus, the smoothed PDFs can be used as a good approximation for the predicted
distributions.

A further test was carried out on the same artificial data sets, with the same PDFs,
but with five additional fit parameters relating to the scale and offset type systematic
parameters given in table 7.1. The results of these fits are given in table 7.4. The fractional
difference A(X) is not a meaningful parameter for the systematic fit parameters, where
the expected value is zero in each case. Instead, the consistency of the mean value of the
fitted systematic, F'(X), with zero can be used.

For most of the systematic fit parameters, the mean values are consistent with zero.
However, the radial scale systematic parameter appears to be biased at a level of ~ 4.40.
Whilst a small bias is expected in the fitted fluxes due to the factorisation of PDFs used,
the magnitude of the bias in the NC and EN signals is larger than previously observed
with the same factorisation. The effect could be due to artefacts introduced by smoothing
of the coarsely binned radial PDFs. The results of a second set of fits (shown in table
7.5), performed with radial PDFs created in 20 bins instead of 10, appear to confirm this



7.8. ENERGY-CONSTRAINED FIT RESULTS

141

X F(X) Mean Bias(X) A(X) a(X)
cC 2010.0 £ 8.1 -0.21 £ 0.07 | -0.008 £+ 0.003 | 80.885 £ 0.260
ES 318.3 £ 2.9 0.34 £ 0.07 0.033 £ 0.007 | 29.449 £ 0.068
NC 2148.2 £ 8.9 -0.45 £ 0.08 | -0.018 £+ 0.003 | 89.519 £ 0.264
EN 191.8 + 4.6 0.94 + 0.08 0.292 4+ 0.025 | 46.180 & 0.082
Tesr scale | -0.0006 + 0.0043 | -0.088 £ 0.062 - 0.007 £ 0.000
Tess offset | -0.0024 £+ 0.0159 | -0.046 £ 0.032 - 0.050 £ 0.000
R scale 0.0006 + 0.0014 | 0.062 4+ 0.014 - 0.010 £ 0.000
B4 scale | -0.0001 £ 0.0041 | -0.025 £ 0.085 - 0.005 £ 0.000
B4 offset | 0.0000 £ 0.0000 | 0.016 £ 0.009 - 0.000 £ 0.000

Table 7.4: Verification tests for an energy-constrained fit including systematic parameters.
The mean fitted value, mean bias and mean fitted error are given for each parameter. For
the fitted number of CC, ES, NC and EN events the fractional bias is also given.

hypothesis.

The fractional biases seen on the fitted numbers of events from this set of fits are
consistent with those obtained for the fits without systematic fit parameters. Therefore,
20 bins in R?® were used to create PDFs for the fit to salt data presented in the next

section.

7.8 Energy-Constrained Fit Results

Energy-constrained fits!l to the salt data set were carried out treating the 5 dominant
systematic uncertainties in two different ways. The techniques described in this chapter
were used to perform the first fit, in which all 5 systematics were varied as parameters
of the fit. Secondly, the effects of these systematics were evaluated by repeating the fit
with systematically shifted PDF's, following the procedure detailed in section 6.5. The
systematic corrections to observable parameters detailed in table 6.4 were not applied to
the PDFs for either of these fits.**

IEnergy-constrained fits use PDFs in T, 75 that effectively constrain the CC and ES energy distribution
to that predicted for an undistorted ®B spectrum. The CC and ES fluxes are each treated as a single fit
parameter.

**This is because this analysis was performed before the corrections in the previous chapter had been
finalised.



142CHAPTER 7. A DIFFERENT APPROACH TO SYSTEMATIC UNCERTAINTIES

X F(X) Mean Bias(X) A(X) a(X)
CcC 2005.5 £ 8.1 -0.26 £ 0.07 | -0.010 £ 0.003 | 80.937 £ 0.262
ES 318.6 £ 2.9 0.35 £ 0.07 0.034 = 0.007 | 29.452 £ 0.070
NC 2160.3 £+ 9.0 -0.31 £ 0.08 | -0.012 £ 0.003 | 89.819 + 0.276
EN 182.6 + 4.7 0.73 £ 0.08 0.227 + 0.026 | 46.605 £ 0.088
Tesf scale | -0.0005 + 0.0041 | -0.067 + 0.061 - 0.007 = 0.000
Te.ss offset | -0.0022 £ 0.0159 | -0.043 £ 0.032 - 0.050 £ 0.000
R scale | -0.0002 £+ 0.0019 | -0.022 £+ 0.019 - 0.010 £ 0.000
P14 scale | 0.0002 £ 0.0039 | 0.025 £ 0.078 - 0.005 £ 0.000
B4 offset | 0.0000 £ 0.0000 | 0.018 £ 0.009 - 0.000 £ 0.000

Table 7.5: Verification tests for an energy-constrained fit including systematic parameters.
The fit procedure was identical to that used to obtain the results in table 7.4 except that
the R® PDF was created with 20 bins instead of 10. The mean fitted value, mean bias
and mean fitted error are given for each parameter. For the fitted number of CC, ES, NC
and EN events the fractional bias is also given.

Method 1: Varying Observable Systematics in the Fit

The bias-corrected fitted parameters are given in table 7.6. The bias correction was
applied to both the fitted numbers of events and the fitted uncertainties. The uncertainties
presented are those obtained from the likelihood fit, which include both statistical and
systematic contributions. The preferred value for the T¢s; scale is 20 greater than zero,
but well within the 1o allowed range for this parameter obtained from calibration source
studies. All other systematic parameters were fitted with values consistent with zero. The
sum of the fitted distributions are presented in figure 7.4 in terms of the four observable

parameters.

Method 2: Systematics from Shifted PDFs

The fitted parameters from this method, which have also been corrected for bias, are given
in table 7.7. The separate statistical and systematic uncertainty is included for each flux,
as well as the combined uncertainty, which can be directly compared to the uncertainty
given in table 7.6.

7.9 Discussion

The combined uncertainty due to statistical and dominant systematic uncertainties for the
two analysis methods presented in this chapter are given in table 7.8 as percentages of the
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X F(X) | o(X)
CC 2134.3 | 166
ES 283.3 | 1289
NC+int n | 2172.6 | *83
EN 144.0 | *3%

Tesy scale | 0.012 00
T.sy offset | 0.034 | F5:0%

R scale -0.003 | *5ors
Bia scale | 0.002 | 5000
Bry offset | 0.00002 | +0:0004

Table 7.6: Results of an energy-constrained fit to the salt data set including the dominant
systematic uncertainties as parameters of the fit. ¢ (X) should be considered as the
combined statistical and systematic uncertainty.

X F(X) | Statistical | Systematic | Combined Uncertainty
CC | 22328| 553 5o "o
ES 279.2 +279 2.9 M
NC-+int N | 2103.5 | 778 75 059
EN 122.9 | 1386 13l a0

Table 7.7: Results of an energy-constrained fit to the salt data set with systematic uncer-
tainties obtained by repeating the fit with shifted PDFs.
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Figure 7.4: Results of the energy-constrained fit with systematic uncertainties varied in
the fit, in terms of the four observable parameters used to separate events. The predicted
distributions for each signal are shown scaled by the fitted number of events. The dashed
line shows the sum of the fit. The data points have been shifted by the fitted systematic
parameters.
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Percentage Uncertainty
X Variable Systematics | Shifted PDFs
e i iy
ES 556 o
NCHmN| e 5
EN Y T

Table 7.8: Comparison of the total uncertainty contributions (statistical and dominant
systematic uncertainties) from the two different approaches to systematic uncertainty
propagation.

fitted numbers of events. For all fit parameters, the combined uncertainty obtained from
the fit including variable systematic parameters is noticeably smaller. The uncertainty
for CC events is reduced by 25%, and the for NC events the uncertainty is reduced by
20%. This indicates that incorrect treatment of the correlations between the systematic
uncertainties on observable parameters, results in a overly conservative estimate of the
uncertainties in the fitted numbers of events, and consequently in the CC/NC ratio that
is used to test against different MSW oscillation scenarios.

7.10 Summary

In this chapter, a method to include systematic parameters as variables in the likelihood
fit has been described. A number of difficulties in this new approach were overcome
and the tools developed to perform this type of fit have been proved to work well for
energy-constrained likelihood fits. There are additional complications associated with
applying this method to an energy-unconstrained fit, which have not been addressed for
the purposes of this thesis.

The new method of systematic uncertainty propagation was compared to the method
of shifting PDFs adopted in the previous chapter, and was found to reduce the combined
uncertainty on the number of events fitted in an energy constrained fit to the salt data
set.
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Chapter 8

The Electron Neutrino Energy
Spectrum

The energy spectrum of neutrinos arriving at the SNO detector could be distorted under
various oscillation scenarios. The charged-current spectrum presented in chapter 6 can be
used to test for these distortions. This measurement was presented in terms of 7., the
observed energy but the fundamental parameter of interest is F,, the incoming neutrino
energy. As the energy of simulated neutrino interactions is dictated by the initial neutrino
energy spectrum, F, information is contained in the likelihood function. A simple change
in variables can be made to perform the fit in terms of this parameter. This chapter
explores the measurement of the “neutrino energy” spectrum.

8.1 Maximum Likelihood Fit Parameters

Matter effects would serve to suppress the flux of electron-type neutrinos from the Sun
in an energy-dependent manner. The most direct evidence for this would be a change in
the electron neutrino spectrum with respect to the undistorted predicted spectrum. To
probe this, the signal extraction procedure was adapted so that the parameters varied
in the fit were the total flux of ®B neutrinos, Fg defined relative to a predicted flux* of
5.15 x 10°cm 257!, and the fraction of neutrinos that are electron-type in each neutrino
energy bin.

These parameters were used to derive the numbers of CC, ES and NC events, as

given in equations 8.1 to 8.3.

NZ(CC) = Fei X EZ(CC) (81)

*This is the prediction for the 8B flux used in the Monte Carlo simulations. hep neutrinos also make
a small contribution to Fj but this value is small (<0.2% of the 8B predicted flux).

147
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N{ES) = (Fu + exs(1 — F.;)) x Ei(ES) (8.2)

In these equations F,; is the fraction of electron-type neutrinos detected in bin ¢, which is
a variable of the fit, and the parameters F;(j) give the number of predicted events in that
neutrino energy bin for signal j. For the CC and ES signals these values were obtained
from Monte Carlo simulations and included the corrections detailed in appendix I, with
the exception of the model correction factor, Ryoqe. The calculation of E(NC) is given
in equation 1.5 though, again, the model correction factor was omitted. egg is the relative
sensitivity of the ES signal to v, and v; neutrinos with respect to v.. Nixg is the internal
neutron background due to photo-disintegration which is indistinguishable from the NC
signal. The internal neutron background was treated as a fixed parameter in the fit.

ers has a slight energy dependence as the cross sections for v, and v,, scattering
are dependent on the kinetic energy of the scattered electron. In theory, this would
also change the shape of the ES T,;; distribution for the different neutrino flavours, but
the combination of the kinematics of elastic scattered events and the detector energy
resolution make this a negligible effect. The simulated events used for creating PDF's
were all generated as electron-type neutrinos. For this analysis the energy dependence of
egs was assumed to be negligible and a value of 0.1559, obtained from integration of the
differential cross-sections above 5.5 MeV [107] was used.

An implicit assumption of this approach is that the underlying neutrino energy
spectrum used to generate the simulated events which make up the PDFs, is correct.
The undistorted 8B spectrum calculated in Ref. [29] and shown in figure 8.1 was used for
all Monte Carlo simulations of neutrino events.

8.2 Application in MXF

The parameter conversions described in the previous section were applied in the MXF
code using values of N;(j)ac, required for the calculation of E;(j), obtained from the
normalisation of PDFs. Changes in normalisation due to systematic fit parameters were
naturally included in this way. E(NC') was also corrected for relative changes in normal-
isation when systematic parameters were included in the fit. The log likelihood function

tThere are theoretical uncertainties associated with the model that have been omitted for the purposes
of this analysis.
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Figure 8.1: The energy spectrum of 8B neutrinos assumed for Monte Carlo event simula-
tion.

was determined from the calculated values of N;(j) as given in 8.4.

Ngata Ns Ns
L= Z log (Z N;P(i/Tesy, Pra, cos 0®,R3)> — (Z Ni) (8.4)
i=1

d=1 i=1

where Ngat, is the number of events in the data set and Ng is the number of signals. The
number of events in each CC and ES neutrino energy bin, and the number of NC, EN,
INB and internal 7y events were all treated as separate signals in this context. N; is the
number of events of signal type i, calculated as prescribed by equations 8.1 to 8.3 for the
neutrino signals.

The probabilities specified in equation 8.4 were obtained from PDFs created sepa-
rately for each neutrino energy bin for CC and ES signals, whilst a single PDF was created
for the NC signal and each of the backgrounds. The PDFs in observable energy, T,s¢, are
shown for the CC and ES signals in figure 8.2. A total of 7 bins in neutrino energy were
selected with widths as specified in table 8.1.

The factorisation of PDF's (specified in equation 5.21), used in the previous chapter,
was also adopted for the analysis presented in this chapter. Although this factorisation
does not fully account for all the correlations between observable parameters, the mag-
nitude of the bias introduced is known to be small and systematics can be more easily



150 CHAPTER 8. THE ELECTRON NEUTRINO ENERGY SPECTRUM

0.8
07 b CC
0.6 [~
05 F
0.4 F
0.3 F
0.1
= ‘
6 7 8 9 10 11 12 13
0.6
05 ES — B.0<E, < 7.33MeV
r —  7.33<E, <8.67MeV
0.4 £ — 8.67 <E,<10.0MeV
N 10.0 < E, < 11.33 MeV
0.3 b — 11.33<E, < 12.67 MeV
r 12.67 <E, < 14.0 MeV
02 b — 14.0<E, < 16.0MeV
h\—_
- ' { I 1 " t I | ]
0 T R B L b e T “m
6 7 8 9 10 11 12 13

Figure 8.2: PDFs in observed kinetic energy, T.;; for different neutrino energy bins for
the CC and ES signals.
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Bin Number | Range in E, (MeV)
1 4.0-7.33
7.33-8.67
8.67-10.0
10.0-11.33
11.33-12.67
12.67-14.0
14.0-16.0

|| O | W N

Table 8.1: Bins sizes chosen in neutrino energy.

propagated when fitting with lower dimensionality PDF's. Therefore, the correction to ac-
count for the biases, given in table 7.2, was applied to the predicted number of events for
each signal. As there is only weak evidence for a differential bias in T¢;; and the expected
values are for neutrino energy bins, rather than T, bins, the same bias correction was
applied to each expected flux value, E;(j).

8.2.1 Total Electron Fraction

To obtain F,, the overall ratio of the electron-type neutrino flux to the model prediction,
from the fitted F,; values, correlations between these parameters must be considered.
Instead of performing this non-trivial calculation on the parameters returned by the like-
lihood fit, the variables of the fit were changed to include the value F, directly.

For a fit in f neutrino energy bins, the fit parameter F;; was replaced by F,} The
value, Fis, required to calculate the number of events for each signal in the final bin was
calculated in the MXF code, as detailed below.

The number of electron-type neutrino events in the ¢th bin, ¢,;, is given by:

bei = Qsm (i) Fei, (8.5)
where Qsm(7) is the predicted number of electron-type events in that bin:
Qsm(i) = Ei(CC) + Ey(ES). (8.6)
Similarly, the total number of electron-type neutrino events is:
be = QsmFe (8.7)

where Qs is the total predicted number of electron-type neutrino events, obtained from
the summation of Qsm(i) over f bins. E;(CC) and E;(ES) are the predicted numbers of

tThis was an optional change in variables. The fit was carried out separately to obtain the full neutrino
energy spectrum
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CC and ES events, respectively, in bin 7. The flux, ¢.y, in bin f is given by:

f-1
¢ef = ¢e - Z ¢ei- (88)
i=1
Thus, the value of F; is obtained from equation 8.9:
1 =
Fop = F, — 1) Fr 8.9
"= G | @ > Qsm(d) (8.9)

8.3 Deconvolution

Figure 8.2 shows a high degree of overlap between the T.;; distributions for separate
E, bins. Therefore, the fitted parameters, F,;, will be highly correlated. This overlap
is due to both the limited resolution of the SNO detector and the kinematics of the
neutrino interactions which both serve to “smear” the observed spectrum. Deconvolving
these effects from the underlying neutrino energy spectrum provides a result that can be
directly compared with other experiments. However, deconvolution can result in unreal
scenarios which give good fits to the data, such as alternate bins with large and small
amplitude. In such situations, when a range of parameters give equally good fits to the
data, the uncertainties on the fit parameters are, naturally, large. Such effects are seen in
the electron neutrino spectrum obtained for the salt data set from this approach. However,
the total fluxes are unaffected by these correlations.

8.4 The Neutrino Energy Spectrum

The neutrino energy spectrum, obtained for the salt data set is shown in figure 8.3. For the
purposes of this analysis, no systematic effects on observable parameters were considered
and, therefore, only statistical uncertainties are shown on this figure. The effects of
deconvolution are clearly visible in the fluctuation of points and the large statistical
uncertainties although the fitted CC spectrum, shown in figure 8.4 looks very reasonable.
This spectrum was obtained by weighting the CC PDFs (shown in figure 8.2) for each
neutrino energy bin by the predicted flux in each bin weighted by the fitted F,; value and
is compared to the undistorted B spectrum shape, also normalised to the total number of
fitted CC events. The extracted spectrum is lower than expected at low energies, following
the same trend as the spectrum presented in chapter 6 but the uncertainties at low energy
(which have been omitted in this figure) mean that this dip is not very significant.

As expected, the deconvolution does not appear to affect the total neutrino flux
ratio, which was fitted as:

Fg =1.072 £ 0.04 (stat.)
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This was converted to a total flux of solar neutrinos of
®, = 5.52 4 0.21 (stat.) x 106 cm™2s7".

Using the method detailed in section 8.2.1, the fitted electron-type flux fraction, which is
shown as a band on figure 8.3, was:

F, = 0.331 + 0.012 (stat.).
This relates to an electron-type neutrino flux of
®, = 1.705 & 0.062 (stat.) x 10°cm™2s7".

As expected the uncertainty on the electron fraction in individual neutrino energy
bins is large but the uncertainty on the overall electron-type flux is small. The fitted flux
ratios were converted into numbers of events for the three types of neutrino interaction
and are given in the first column (Fit A) of table 8.2. For comparison, the fit values
obtained for a direct energy-unconstrained fit similar to that presented in section 6.7 are
given in the second column (Fit B).}

The statistical uncertainties obtained from the likelihood fit were propagated
through equations 8.1 to 8.3 to obtain the uncertainties on the parameters from Fit A.Y
Fit B was carried out with 3D factorised PDF's that account for correlations between the
observable distributions, whilst Fit A was corrected for biases due to PDF factorisation
using the corrections given in table 7.2.

The results obtained from the two fit approaches are in very good agreement. The
uncertainty on the number of ES events from Fit A is significantly lower than that obtained
for Fit B. This is due to the theoretical constraints applied to the relationship between
the three signal types.

The direct fit to the number of each event type results in a 3.7% error on the fitted
number of CC events which can be considered as a measure of the integral electron-type
flux. The fractional error obtained on F, is +3.6%. The fractional error on the fitted
number of NC events is 3.9% which is used as a measure of the total neutrino flux, whilst
the fractional error on Fg is 3.7%. Therefore, the fit method presented in this chapter,
achieves a modest reduction in the statistical uncertainties on the parameters of interest.

8.5 Hypothesis Testing

Due to the problems of deconvolution, it is hard to use electron neutrino spectral infor-

mation without making prior assumptions. However, the conversion from the number of

$In this case, no corrections were applied to the PDFs for observable systematic effects.
TWith the exception of the EN uncertainty, which is a direct output of the likelihood fit.
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Figure 8.3: Fitted shape of the electron neutrino energy spectrum with statistical errors
only. The band indicates the overall reduction factor of electron-type neutrinos with
respect to a predicted flux of 5.15 x 109 cm=2s71.
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Figure 8.4: The CC spectrum obtained using the fitted Fi; values shown in figure 8.3 is
shown in black. The predicted CC spectrum for undistorted 8B events is shown in red
and has been normalised by the same total number of CC events.
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Signal Fit A Fit B
CC 2167.3+78.6 | 2146.97 792
ES 269.0+8.2 | 282.37%3
NC-internal n | 2172.7+87.6 | 2181.77 53
EN 12667355 | 127.67573
Internal s 8.5 8.5
Total 4744 4747

Table 8.2: Fitted numbers of events from a fit in neutrino energy (Fit A) compared to
results obtained from a direct fit to the number of each event type (Fit B). Statistical
errors only are given on the Fit B parameters.

measured events for each signal to true neutrino flux parameters is a useful technique.
This section discusses how such a technique can be applied to a test of different model
spectra.

Fits which use information from T, ¢y PDF's to separate events naturally constrain the
neutrino energy distribution. All the PDF's discussed so far were created from simulations
of events due to electron-type neutrinos with an undistorted 8B energy spectrum. For the
analysis described in this section, PDF's with the energy distribution predicted by MSW
effects were created for various mixing parameters using the tools described in section
5.5.2. These MSW-weighted PDFs not only provide the predicted energy distribution for
each type of signal, their normalisation can also be used to predict the relative numbers
of events once the corrections described in appendix I and section 8.2 have been applied.

The salt data set was tested against a range of MSW mixing scenarios by constrain-
ing both the energy distribution and the flux of electron-type neutrinos in the likelihood
fit. The fits were carried out in a single neutrino energy bin, with the fraction of electron-
type neutrinos constrained to be that predicted by the model. The relative maximum
likelihood values for the different models were then used to indicate the relative probabil-
ity for each hypothesis tested using a likelihood ratio.

The flux conversions used for this analysis were:

N(CC) = Fy x E(CO), (8.10)
N(ES) = Fy x E(ES), (8.11)
N(NC) = FB X 0 X E(NC) + NINB; (812)

where the expected numbers of events, F, was still obtained from PDF normalisation for
the CC and ES signals, but these normalisations included a weighting to account for the
survival probabilities of the tested mixing scenario. The scale factor for the total flux of
8B neutrinos, Fi, was allowed to vary in the fit. Since this factor is now involved in the
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flux conversion for each signal type, uncertainties in one flux conversion are correlated
with uncertainties in the other fluxes. For this reason, the factor ¢ in equation 8.12 was
introduced to account for systematic uncertainty in the neutron capture efficiency. 6 was
allowed to vary as a parameter of the fit, but was constrained about unity by the lo
uncertainty estimates on the parameter €,, given in appendix I.

An error in Niyg would also affect all the fluxes in this scenario so the value of Niyg
was allowed to vary in the fit, constrained by 1o uncertainty estimates obtained from
calibration studies (see equation 6.15).

Systematic changes in the observable distributions will also affect the predicted
number of events for each signal so ideally systematic parameters should be allowed to
vary in the fit. However, initial attempts to incorporate systematic parameters in the fits
described here were not satisfactory. The problem is thought to be due to local minima
in likelihood space caused by the correlations between the fit parameters which determine
the number of events of each signal type. (eg. In this format, the number of NC events
used in the likelihood calculation is dependent on all the systematic parameters and also
the three variables: Fgy, §, Niyg.) This problem requires further investigation but for
the purposes of this thesis, the method of scanning MSW space is presented without
consideration of systematic effects.

8.6 A Scan of MSW Parameter Space

The region of Am? — tan? § parameter space relating to the LMA solution, the preferred
mixing parameters for solar neutrino oscillations, is shown in figure 1.4. The fit procedure
described in the previous section was applied to the salt data set for a scan of this MSW
parameter space. 32 values of Am? equally separated in log;, Am? were sampled in the
region 107°-10734%, and 15 values of tan?#, equally spaced in the range 0.2-0.9, were
sampled.

The parameters Am? = 2.0x10°eV? and tan®6 = 0.55 were found to give the
highest maximum likelihood value. The likelihood ratio, A, as described in section 5.3,
was calculated for each fit with respect to this best fit point. The values falling within 1o
(A = 0.5, black), 20 (A = 2.0, red), 30 (A = 2.0, green) and 40 (A = 2.0, blue), are shown
in figure 8.5. The small dots in this figure indicate points sampled which fall outside the
40 confidence level.

This figure can be compared to a contour plot of allowed parameter values obtained
from a x? fit to all SNO data (salt and DO phase), which is shown in figure 8.6. Only
the LMA region is shown in this figure, although some other mixing solutions are only
ruled out when information from the radiochemical experiments is included in the fit.
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Figure 8.5: The likelihood ratio for a scan of LMA MSW parameter space. The values
falling within 1o (A = 0.5, black), 20 (A = 2.0, red), 30 (A = 2.0, green) and 40 (A = 2.0,
blue) of the best fit point are plotted as full circles. The small dots indicate all the points
sampled which fall outside the 40 confidence level.
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Note that this figure, is shown on a logarithmic scale and includes information from both
CC spectrum and day-night analyses. Systematic uncertainties have also been taken into
account in this contour plot, but not in figure 8.5.

The x? contours for the LMA region obtained from the likelihood ratio test differ
from those in figure 8.6 at lower values of Am?. This is where the day-night asymmetry,
which was not considered in the likelihood ratio test, has the strongest affect.

The contours obtained from the MXF approach are slightly narrower in tan? §, which
may be due to the omission of systematic uncertainties. However, extra information is
included in this likelihood approach which uses PDFs in 314, R? and cos f as well as the
T.s; information used in the x? minimisation. It is anticipated that varying systematics
as parameters in the fit in the likelihood test would help to reduce the allowed parameter
space. Further investigation is required for this procedure and also to combine the salt

and D5O data sets in this framework.

8.7 Summary

In this chapter techniques to measure the true “neutrino energy” spectrum have been
presented. The correlations between fitted electron-type neutrino fluxes in separate F,
bins are large, but the flux uncertainties obtained from an energy-unconstrained fit in
terms of this parameter are comparable to, if not marginally smaller than, uncertainties
obtained on the fitted CC and NC fluxes presented in chapter 6.

Tools were also developed to test the salt data set against the predictions of MSW
models for a range of mixing parameters in the maximum likelihood framework. This
method included information from all observable parameters, unlike y? analyses, which
only used T.s; information. Future work to incorporate systematic parameters in this fit,
using the procedure described in chapter 7, will show whether this method can be used
to improve on the limits for allowed parameter space. Combining this analysis with other
SNO data such as day-night asymmetries may also help to improve the limits SNO can
place on the mixing parameters Ami, and 6.



8.7. SUMMARY 159

1073

Am?(eV

10° :
101t 1
tan?e

Figure 8.6: Allowed MSW parameter space obtained from a x? fit to SNO D,O day
and night spectra, salt day and night spectra, ES and NC day and night fluxes. The
contours represent x? confidence levels relating to 90% (blue), 95% (red), 99% (green)
and 99.73% (black) probability. This is a preliminary plot kindly generated by S. Peeters
from information obtained from Ref. [106].
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Chapter 9

Conclusions and Discussion

In this thesis, a number of analyses of the SNO salt data set have been presented. Max-
imum likelihood signal extraction was developed to perform these analyses with a high
degree of flexibility and functionality as discussed in chapter 5. In chapters 3 and 4 stud-
ies performed to characterise elements of the energy and optical response of the SNO
detector were presented. Rigorous calibrations like these have allowed stringent limits to
be placed on the magnitude of systematic uncertainties in the observable distributions
used to separate the different neutrino interactions detected in SNO.

In chapter 6, a measurement of the charged-current energy spectrum was described,
including a full treatment of systematic uncertainties. The spectrum is consistent with
the undistorted ®B shape, showing no evidence of a modification which could result from
matter effects in v oscillations. However, the statistical uncertainty alone in this mea-
surement is larger than the expected distortion for the LMA MSW scenario. No evidence
for a day-night asymmetry was found either as the separate day and night spectra and

fluxes measured were in good agreement.

As the full salt data set was analysed here, the statistical uncertainties in this
measurement can only be reduced by combining data from other phases of the SNO
experiment. More than 300 live-days of data are available from phase I of the experiment,
although careful consideration of correlations between the systematic uncertainties from
the different phases will be required. The NCD phase, which is now commencing, will
provide further data that may also help to constrain the spectrum measurement as the
majority of neutron events will be detected in a separate data stream in this phase.
More pronounced distortions to the energy spectrum are predicted at lower energies for
the LMA mixing scenario so ideally the spectrum measurement should be extended to a
lower energy threshold. However, the magnitude of systematic uncertainties in the lowest
energy bin of the presented CC spectrum indicate that little useful information will be
obtained from SNO data in this systematically dominated region.

161
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Total fluxes were also obtained from this energy-unconstrained fit. The total flux of

active neutrinos, measured from NC events was found to be:
®(NC) = (5.23 £ 0.23(stat.) + 0.27(sys.) £ 0.06(theory)) x 10°cm™?s71. (9.1)

This was obtained in a manner which was independent of assumptions of the neutrino-
mixing mechanism and was found to be in good agreement with the predicted solar
neutrino flux [21]. The ratio of fluxes due to CC and NC interactions was calculated
to be:

= 0.310 = 0.021(stat.) = 0.024(sys.), (9.2)

which is in good agreement with that previously published for a sub-set of the salt
data [31], but with reduced statistical uncertainty. This improved ratio, along with the
lack of evidence for spectral distortions or day-night asymmetry effects, was used to con-
strain the allowed parameter space for oscillations between the v; and v neutrino mass
states.

In chapter 7, a different approach to systematic uncertainties was explored in the
context of an energy-constrained fit. Inclusion of systematic parameters in the likelihood
fit formally accounted for correlations between fit parameters and reduced the combined
error on the fitted numbers of CC and NC events significantly (20-25%). Application of
this method to the CC spectrum measurement (an energy-unconstrained fit) could further
reduce uncertainties, although there are complications associated with the use of binned
PDFs which must be overcome.

In chapter 8 measurement of the spectrum in terms of the initial neutrino energy
was explored. The neutrino energy spectrum obtained was hard to interpret because the
uncertainties in this measurement were strongly correlated due to the effects of deconvolu-
tion from the detector response. However, the uncertainties on the total fitted fluxes were
comparable and, in the case of ES events, smaller than those obtained from a direct fit
to the numbers of CC, ES and NC events because of the theoretical constraints between
the different interaction rates which were incorporated in the likelihood function. This
technique was also used to perform a scan in MSW parameters testing the data against a
series of model predictions. The results of this scan were in good agreement with allowed
contours in parameter space obtained from global analyses of SNO data and the method
could be improved by incorporating systematic parameters using the procedures described
in chapter 7. Merging the likelihood maps obtained from such hypothesis tests with data
from other experiments, and also SNO day-night asymmetry measurements may serve to
further constrain the mixing parameters.
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9.1 Future Solar Neutrino Oscillation Measurements

The SNO experiment has confirmed the neutrino oscillation hypothesis through measure-
ment of both the electron neutrino flux and the total flux of active neutrinos produced
in the Sun, thus proving that neutrinos have finite mass. Data from the salt phase of
the experiment, in conjunction with results from the KamLAND reactor experiment has
dramatically reduced the allowed parameter space for 1-2 mixing to a single region called
the LMA solution.

Future data from solar experiments such as SNO will help improve the precision
measurements of the oscillation parameters Am?, and, in particular, 6;5. This will allow
more specific tests of neutrino oscillation theories, as well as placing stringent limits on
the magnitude of sub-dominant effects such as mixing to sterile neutrino species, RSFP
and neutrino decay. Combination of the measurements of solar v, with the KamLAND
measurements of 7, also provides restrictions on possible CPT violation.

To date, no positive signature of matter effects has been directly measured in a single
experiment. The predicted magnitude of spectral distortion and day-night asymmetry
effects is small for the confirmed LMA oscillation scenario and a positive measurement of
these signatures will be difficult. However, improved measurement of the energy spectrum
by SNO will test other theories that also predict spectral distortions. For example, under
certain scenarios, the presence of sterile neutrinos could decrease the flux of electron-type
neutrinos at low energies [108].

Increased accuracy in solar neutrino measurements will also lead to an improvement
in the knowledge of the other parameters in the full MNS mixing matrix (equation 1.23).
As 03 is small, its effect on solar oscillations is mild but, as the accuracy of data is
increased, even these small effects have to be taken into account. The upper bound on 63
is dominated by the CHOOZ reactor experiment [35] but measurements by solar neutrino
experiments and KamLAND actually provide better constraints on this parameter for the
lowest allowed values of Am2,, as the effect of 63 is to decrease the energy dependence
of the solar survival probability [109]. The precision of the day-night measurements from
solar experiments is currently insufficient to probe the value of 63, but future large water
Cerenkov experiments may provide useful information [110].

As the solar oscillation phenomenon becomes more clearly understood, further in-
formation on the neutrino processes in the Sun can be obtained. The SNO measurements
are in good agreement with the solar model predictions, but only measure the highest
energy B and hep neutrinos. The GNO radiochemical experiment is sensitive to "Be and
pp neutrinos and is still collecting data that may improve the integral neutrino flux mea-
surements in this energy region. The BOREXINO experiment [111] aims to commence

operation in the near future, with the main objective of measuring "Be neutrinos. There
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are also plans to reduce background levels in the KamLAND experiment for sensitivity to
"Be neutrinos. These liquid scintillator experiments require very low levels of 21°Pb, 8 Kr
and *°K as well as U and Th chain elements in order to measure neutrinos with energies
< 1MeV.

9.2 The Bigger Picture

Neutrinos are one of the fundamental constituents of matter that are described by the
Standard Model of Particle Physics. Whilst this model has been incredibly successful
in explaining and predicting many of the properties and interactions of the fundamental
particles, new theories are being developed to improve upon it and give a fuller under-
standing of the basic components of the Universe. The aim of these new theories is to
unify all four fundamental forces, including gravity, and explain the input parameters of
the existing model. The predictions of these new theories can be tested against precision
measurements of a number of values, including the neutrino masses and mixing parame-
ters. However, rigorous tests will require a high degree of accuracy in the experimental
measurements.

Significant progress has been made in constraining the parameters of the MNS ma-
trix that govern mixing between the three active neutrino flavours. In addition to the
constraints on Amgy and 615 described in this thesis, the parameters governing atmo-
spheric neutrino oscillations, |Amas| and a3, are well constrained by data from SuperK
and have been confirmed by the long-baseline accelerator experiment K2K [112]. The
MINOS [113] experiment will commence data taking from a long-baseline neutrino beam
shortly and should further constrain the allowed mixing parameters by measuring a pos-
itive oscillation signature.* This long-baseline makes MINOS sensitive to matter effects,
which could provide information on the sign of Amys.

03 is the last unknown angle in the MNS matrix. At present, only upper bounds
exist for this parameter but future experiments aim to measure this angle more accurately.
Proposed reactor experiments will probe the value of 6,5 through the disappearance of 7,
at short distances (1-2 km) from nuclear reactors [114], whilst new accelerator experiments
will search for v, appearance from a v, beam. The latter will operate over long baselines
(hundreds of km) in an off-axis configuration that provides a beam of v, in a narrow
energy range. These two types of experiment are complementary as only the accelerator
experiments are sensitive to matter effects.

The measurements of 65 are strongly motivated by the possibility of CP violation
in the lepton sector, which may help to explain the matter-antimatter asymmetry in the

*MINOS looks for a dip in the predicted energy spectrum of the v, neutrino beam.
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Universe. CP violation has been observed for quarks but the magnitude of this effect is
insufficient to explain this phenomenon [115]. The CP phase, §, in the MNS matrix is
only accessible if 13 > 0. Measurement of this phase would involve collecting data with
long-baseline accelerator experiments from both v, and v, beams.

The MNS matrix fails to explain all experimental evidence for neutrino oscillation
because the positive oscillation signature of the LSND experiment cannot be incorpo-
rated in the three neutrino oscillation scenario. If the MiniBooNE experiment confirms
this result, the model of neutrinos would need to be extended to explain a fourth type
of flavour change, either through other neutrino phenomena or the presence of sterile
neutrino species.

The nature of neutrinos and the mechanism for production of neutrino masses is
also an unresolved issue which has significant implications for future models of particle
physics. One of the most promising ways to probe the nature of neutrinos is through
searches for neutrinoless double beta decay, which can only occur for Majorana-type neu-
trinos. The current oscillation results offer a discovery potential for the next generation of
experiments that search for this phenomena. Low radioactive background levels are vital
in these experiments which will be built on a large scale with several hundred kilograms
of material containing the candidate isotopes for this decay. Neutrinoless double beta
decay measurements can also place limits on the mass of Majorana-type neutrinos and
may help to determine the hierarchy of neutrino masses.

Neutrinos are the most weakly interacting particles and huge experimental advances
have been required to measure their properties. However, these measurements have been
extremely revealing, impacting not only on particle physics, but also astrophysics and
cosmology. The measurement of the remaining unknown parameters will be even more

challenging but hopefully will be equally enlightening.
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Appendix A

Radioactive Decay Schemes

The decay chains of ?2Th and 233U are displayed on the following pages.
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232Th Decay Scheme
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Figure A.1: The decay chain of ?*2Th. All half-lives are shown, with the Q-values of beta
and alpha decays in MeV, and gamma rays in keV. Taken from [116].
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238 Decay Scheme

238U
4.47 x 10%
o 4.27
234Th
24.10d
B~ 0.26 763,92
m234py
1.18m
B~ 2.21
iy
2.45 x 105y
| « 4.86
#0Th
8.0 x 10%y
, o 4.77
#26Ra
1599y
| o 4.87
*Rn
3.82d
I o 5.59
%P
3.05m
| a6.11
214Pb
26.8m
£~ 1.02 352
214Bi

19.7m > 99% [~ 3.27
0.021% o 5.62 7609, ~ 1% BR to v > 2200
210T1 214P0
1.30m B~ 5.49 \\ l 164us
~800, ~ 1% BR to > 2200 yopl, @ 7.83
22.26y
3 0.06 \2}3Bi
5.01d
B 1.16 >6
Po
138d
a 5.30

206Pb

Figure A.2: The decay chain of 23¥U. All half-lives are shown, with the Q-values of beta,
and alpha decays in MeV, and gamma rays in keV. Taken from [116].
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Appendix B

Run Selection

It is necessary to collect solar neutrino data over long periods of time (many months)
in order to acquire a sufficient sample of candidate neutrino events. During the salt
phase of SNO, which lasted for 772 days, the detector was operated nearly continually.
Approximately 48 days of data taking were lost due to technical problems such as power
outages, broken fibre optical cables, and industrial action at the mine hosting the SNO
experiment.

A large proportion (= 20%) of time is devoted to calibrating the detector compared
to a total of 525 days (= 68%) spent collecting neutrino data [117]. Not all of the neutrino
runs collected were suitable for solar neutrino analysis. To ensure that only good quality
data was analysed, each run was subject to a series of criteria as detailed in this appendix.
A series of tools were developed by the Run Selection Committee to apply these criteria
to the candidate runs and generate a run list of quality neutrino runs for analysis. The
author was a member of this committee throughout the course of salt data taking.

B.1 Selection Tools

Two SNOMAN processors were developed to extract the necessary parameters for each

collected run:

e First Pass Run Selection (FSP)
This processor makes tests of constants stored in the data stream for every run
(including calibration and other non-neutrino type runs). Firstly a bit-mask defining
the type of run is extracted. The detector operator* can alter this mask when
starting a new run. For example, an Unusual Circumstances (UC) bit can be set to

alert analysers to unusual run conditions such as when groups of visitors are touring

*The detector operator is responsible for making a number of checks during data taking and is present
to take action if problems occur.
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the deck area above the experiment. A test is also made on the types of trigger
activated for each run and the status of all channels in the electronics (see 2.1.1 for
a description). The duration of the run is also obtained by the FPS tool.

Second Pass Run Selection (SPS)

This processor makes more detailed checks of the data stored in a run and is only
applied to neutrino-type runs. A large proportion of this code was written and
developed by the author. In addition to a number of tests on the stored event
times, the frequency of hits on individual channels, and on the separate triggers are

measured. Errors output by electronics components are also analysed.

In addition to these automated tools, the run selection process involved analysing infor-

mation stored in shift reports written by the detector operator for each shift, builder log
files (see section 2.1.1 for a description of the builder) and CMA log files. The CMA
is a system which monitors the environment in the SNO laboratory. The log files store

information on temperature and humidity in the laboratory, and the status of equipment

such as the compensation coils, which are described below.

B.2 Selection Criteria

The following criteria must be met in order for a run to be placed on the Salt Run List:

1. Run Type

Only runs set as neutrino-type were selected. Runs with the UC (unusual cir-
cumstances) bit set as well were only selected if the reason for this was clearly
documented and did not affect the data quality. Therefore, all runs with calibra-
tion sources inside the detector, or open gate-valves (through which the sources are
deployed) were rejected.

. Run Length

Only runs greater than 30 minutes in length were accepted onto the run list as
very short runs are usually stopped because of electronic problems. The run time
was obtained from the output of FPS, from both the 10 MHz and 50 MHz clock.
Agreement between these two times was also required. Runs were rejected if more
than 20% of the run time was cut by data cleaning.

10 MHz Clock Problems
The event times obtained from the 10 MHz clock were found to be faulty for a
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number of runs. The times in these runs were corrected before the neutrino data
was analysed.

Deck Activity

Whilst human access to the deck area above the SNO detector does not normally
affect data quality, disruptive work can cause electronic pick-up events which are
hard to remove from the data set. Data collected when such work was being carried
out were rejected.

D,0O Circulation

The D50 is frequently circulated in the detector to maintain the required levels
of water purity. This activity is noted by the detector operator and stored in the
bit-mask for each run. DyO circulation does not appear to produce light, except
when it is switched on and off. Therefore, only runs in which “circulation light” was
observed by the operator were rejected.

Bubblers

Occasionally air is bubbled through the D,O in order to determine the water level,
which can cause a lot of light in the detector. The bubblers must be off and flooded
with water for a run to be accepted onto the run list.

Assays

Only one type of assay, that samples D>O from inside the AV, is known to produce
light in the SNO detector. Details of such assays were flagged in the data, and the
runs in which they were carried out were rejected.

Compensation Coils

A number of compensation coils are installed above the SNO detector to correct
for the affects of the Earth’s magnetic field. Magnetic fields bend the tracks of
electrons as they travel down the PMT dynode stacks. Cancelling the effect of
this field increases the gain of the PMTs. For quality neutrino data taking all
compensation coils must be operating at their nominal voltages.

Temperature

The SNO laboratory is maintained at a constant temperature of 19°, but if part of
the air-circulation system is turned off (for example during a short power-outage),
the underground laboratory temperature can rise. High temperatures can have
adverse affects on the electronics so runs were rejected if the recorded temperature
(obtained from the CMA log files) was above 21°.
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PMT type Minimum number online
all PMTs 8600
OWLs and BUTTSs 60
Necks 4
Table B.1: Minimum number of online PMTs.
Event Rate

Event rates were checked by the SPS code and runs were rejected if the average
rate was greater than 60 Hz, or if more than 20% of the run exceeded this threshold.
Runs were also rejected if the rate of the pulsed global trigger deviated by more
than 2% from the expected rate of 5 Hz.

Invalid Electronics Calibration Constants

Turning off the high-voltage to the SNO detector can change the required calibra-
tion constants for the electronics. Only runs with valid Electronics Calibration
(ECA) constants can be used for neutrino data analysis. Neutrino runs obtained
immediately after a detector shut-down only passed the selection criteria if the ECA
constants obtained from the next calibration were consistent with those before the
shut-down.

Trigger Thresholds

If trigger thresholds are vastly different to their normal values this can compromise
data quality. The FPS code checks that the NHIT100 trigger (described in 2.1.1)
threshold was below 20 hits. The nominal threshold for this trigger is 16 hits so if
this check failed the run was rejected.

Off-line Electronics

All crates must be operational for a good neutrino run, with no gaps in PMT
coverage comparable in size, or larger than, the neck region of the detector. However,
at present no automated check for this criterion has been written and selection relies
on details obtained from shift reports. The FPS processor checks the number of
PMTs online, and runs were rejected if the thresholds in table B.1 were not met.

It is possible for crates or channels to trip off-line during a run, which can go un-
noticed by the detector operator. Channel occupancy, the number of times a given
channel fires, is measured over 20 minute integration periods by the SPS processor.
The occupancy test will fail for a given integration period if the number of PMTs
with zero occupancy exceeds the thresholds given in table B.2. If the amount of



B.2.

14.

15.

SELECTION CRITERIA 175

PMT type Maximum at zero occupancy
Normal PMTs 15
OWLs 4
BUTTSs
Necks

Table B.2: Maximum number of zero occupancy PMTs.

integration periods for which the SPS occupancy check failed constituted more than

10% of a run it was rejected.

The PMTs installed in the neck region of the detector are necessary to reject a
certain class of background events originating in this region. Therefore, a test is
carried out to ensure that these PMTs are working. If more than one of these “Neck”
PMTs failed the occupancy check for more than 10% of a run, it was rejected. A
similar test was applied to outward-looking (OWL) PMTs which are necessary for
rejecting events caused by muons.

Blind Flashers

One class of instrumental background, called Flashers, occur frequently (typically
50 per hour [118]) in the SNO detector. These events occur when a flash of light
emitted by one PMT is detected by other PMTs and are easily rejected from the
data set due to characteristic distributions in time and charge. However, if the
signal from the PMT that emitted the flash of light is not read out, these events are
not as easily distinguished. Candidates for such events, dubbed blind flashers, are
PMTs which are supplied with a high voltage source, but have had their readout
disabled. If there were more than eight possible blind flasher sources in a run, it

was rejected.

ESUM Trigger Occupancy

This test, applied by the SPS processor, was designed to test the rate and occupancy
of the ESUM trigger. If ESUM triggers are not received from all crates, the signal
on the analogue measurement board (AMB) would be wrong. This is a potentially
serious problem as the AMB signal is used to cut regular flasher background events.
The ESUM trigger rate must be greater than 1Hz, and a test is made to ensure
that the fraction of events producing ESUM triggers is not significantly lower (<
30% of the average over all crates) for any one crate.
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Sync Clear Errors

A test was made for errors returned by the CGT (Counter Global Trigger) electronics
chip, which resets after 2'¢ events. If the CGT does not count 2'6 events at the same
time as the MTC/D it will synchronise to the MTC/D signal and set a Sync clear
error flag. When the MTC/D uses up all of its 22* GTIDs it wraps back round to
GTID=1 and sends a sync signal to all cards in the electronics. If this sync signal
comes when the CGT is not expecting it, a second error flag is set.

If a channel is out of sync, PMT hits will be assigned to the wrong event, thus
changing the Nhits of both the event it should have been assigned to and the event
it was assigned to. The SPS code checks for CGT sync clear errors in the data
stream, and counts the number of sync clear errors for each set of 2'¢ events. Since
the energy scale uncertainty is ~1%, fewer than 1% of boards were allowed to be
out of sync for the length of the entire run. If more boards were out of sync for a
small portion of the run, but on average accounted for less than 1% over the whole
run, then the run was not rejected from the run-list.

Sodium Activation

The data obtained following the deployment of calibration sources, such as the N
and 252Cf sources, is subject to high levels of background from the decay of ?*Na.
This isotope has a half life of 14.96 hours and is created by neutron capture on
ZNa. If the calculated number of neutrons produced by ?*Na decays in a run was
greater than 5% of the SSM neutron flux, integrated over the run, then the run
was rejected. If the run was not rejected, the number of background neutrons was
calculated and included in the number of residual 2*Na neutrons.

Salt Addition
There were a number of uncertainties about data quality immediately after the
addition of salt to the detector. These included the levels of impurity in the water
and the isotropy of the salt in the D,O. Calibration studies were used to determine
when the detector had stabilised and all data collected before run 20674 was removed
from the runlist.

Blasting

Runs are not normally rejected due to blasting in the mine. However, after large
blasts or seismic activity in the mine, unusual electronic effects are occasionally
observed. If undesirable effects were reported, the run was rejected from the run
list.
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Event Selection Criteria

In order to reduce the contributions of background events to the salt data set, a series
of selection criteria (“cuts”) were applied. This appendix details the criteria applied to
both data and simulated events.

The selection criteria applied to the salt data are summarised in table C.1. The first
entry in this table is the DAMN mask which characterises a series of cuts developed to
remove instrumental backgrounds. It was applied as a bit test as described in Ref. [66].

The fiducial volume was restricted to radii < 550 cm for two reasons. Firstly, to
reduce the number of background events in the data set due to radioactivity in the PMT
array, light water, and surrounding rock. Secondly, the detector response is less well
understood at large radii because the acceptance of the PMT concentrators drops off at
large angles from the normal. The kinetic energy threshold, T¢sr> 5.5 MeV, also serves
to remove low energy background events from the data sample.

The In-Time-Ratio (ITR) is a post-reconstruction test on the timing of an event,
developed to reject poorly reconstructed Cerenkov events and instrumental backgrounds.
It is the ratio of the number of hits, N, falling within an asymmetric window about the
prompt event time, with respect to the total number of hits in the event [72].

The muon follower cut removes muon spallation products from the data stream.
Neutrons produced after the passage of a muon through the SNO detector would result
in a serious background to the NC signal. Events within 20s of an identified muon event
were cut from the data set and the livetime was corrected accordingly.

The selected range for the (14 isotropy parameters helped to limit the number of
mis-reconstructed events in the data set, including backgrounds from outside the D,O
which reconstruct at low radii.

The criteria for event radius, and energy were also applied to simulated events.
The DAMN mask and muon follower cut were not necessary for simulated events as
instrumental backgrounds and muons were not included in the Monte Carlo of neutrino
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Cut Parameters
DAMN Mask 0x20f56fel
Radius < 550 cm
Teyy 5.5 < Tepp < 20.0MeV
ITR > 0.55
Muon Follower Cut | 20s following event > 60 hits
B4 -0.12< B4 < 0.95

Table C.1: Event selection criteria applied to the salt data.

signals. The limits applied to 814 and ITR, are classed as high level cuts and were not
applied to simulated events. This is because the number of good neutrino events excluded
by these cuts, and the number of background events satisfying them, was calculated
from comparisons of calibration data and simulated events. The correction calculated to
account for these effects on the predicted number of events assumed that no high level
cuts were applied to simulated events.
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Isotropy Parameterisation

Due to the neutron capture mechanism on chlorine, NC events in the salt phase are more
likely to produce multiple gammas, which give a wider distribution of Cerenkov light than
the single electron produced in the CC and ES events. The isotropy of an event can be
characterised in a number of ways as detailed below. A detailed discussion of studies
related to the choice of isotropy parameter can be found in Ref. [57], but this appendix
presents a small scale investigation into the merits of the chosen parameter, (34.

D.1 Parameter Definitions

e 0;; - This parameter is defined as the average of the angles between each pair of
PMT hits in an event with respect to the fitted vertex position.

e Correlation Function Ring Inner Product - CFRIP - This parameter [119]
compares the angular correlation function of an event to that of a perfect ring of
half angle 42° and width 8° using an inner product computation. The angular
correlation function is essentially the distribution of cosines of angles between all
possible pairs of hit PMTs in the event with respect to the fitted event vertex. If ¢;
is the component of the angular correlation function in bin ¢ for the tested event,
and p; is the component of the angular correlation function in the same bin for the
ideal ring, the inner product is defined as:

100
CFRIP =) eip; (D.1)
i=1
where data from the event was divided into 100 bins for ¢; in the range -1 to +1.
This parameter provides good separation of CC and NC events as, on average, the
more isotropic neutron events deviate more from the ideal case than electron-type
events.
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Isotropy PDFs | Mean Uncertainty Mean Bias
CC NC CC NC
0 31.12 3148 | —0.107£0.875 | 0.140+ 0.972
CFRIP 30.05 30.29 | —0.033 +0.814 | 0.022 + 0.085
B4 29.02 29.23 | —0.068 £ 0.800 | —0.009 + 0.878
51 31.26 31.64 | —0.047 £1.237 | —0.109 £+ 1.307
B4 42.30 42.08 0.137 £ 0.725 | —0.156 +0.751
1D (5, and 1Dg, 27.18 27.20 0.194 +£0.818 0.095 4+ 0.808
2D By x By 28.78 28.90 0.023 £ 0.813 | —0.199 4+ 0.987

Table D.1: The mean fit uncertainty and bias for CC and NC fluxes using different
isotropy parameters.

e 3 Parameters: The [th beta parameter, [, is defined as the average value of the
Legendre polynomial, P}, of the cosine of the angle between each pair of PMT hits
in the event.

B = (Pi(cos eik»i;ék

Again, the angle is taken with respect to the fitted vertex position. The combination

(D.2)

B1a = B1 + 484 was selected by the SNO collaboration for use in signal extraction
due to the good separability it provides and the ease of parameterisation of the
Gaussian-like distribution.

D.2 Separation Power

To study the relative separation power of the different isotropy parameters, a test was
conducted on simulated data sets. 100 data samples of 300 CC and 300 NC events falling in
the energy range 5.5 < T,ry < 6.5 were created from half of the simulated neutrino events.
The narrow range in energy was used to avoid complications associated with the energy
dependence of the isotropy parameters. In addition to the isotropy parameters, PDF's
in R? and cosf; were used in the likelihood fit although these provide little additional
information for the separation of CC and NC signals. Separate fits were carried out on the
same 100 data sets with different isotropy parameters including different combinations of
51 and B4 as detailed in table D.1.

The mean statistical uncertainty presented in table D.1 can be used as an indication
of the quality of separation of the CC and NC signals. Uncertainties obtained using the
parameter, 14, were smaller than those obtained with 6;; or CFRIP, indicating that 34
provides more information for the separation of the two signals. The mean uncertainty
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on the fitted parameters was slightly smaller when (34 was used over [3; alone and was
significantly better than (, alone. Using both § parameters in separate one dimensional
PDFs resulted in a smaller uncertainty than fi4 though this did not take into account
any correlation between these parameters which could cause a bias in the fit results.”
Combining ; and B4 in a 2 dimensional PDF produced slightly smaller uncertainties
than using (14 but this would be more complicated to implement in a full fit where
the energy dependence of isotropy becomes important and must be included as another
dimension in the PDF.

*No bias was seen in this case though a bias was observed when the fit was performed on data over a
larger energy range.
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Appendix E

Sensitivity of the Likelihood Fit to
PDF Bin Sizes.

An investigation was carried out to test the effect of varying the PDF bin sizes on the
result of an energy-constrained likelihood fit. The PDF factorisation used for these tests is
specified in equation 5.23. Therefore, the results of fits presented here should be compared
to the results for this factorisation given in table 5.5, which used the default bin sizes given

in table 5.1. Changes were made to the binning of each observable distribution in turn.

The quality of each fit was measured in a number of ways. Parameter bias and
fractional deviation are defined in equations 5.18 and 5.19 respectively. The mean un-
certainty, (X)), on the fitted parameters is also indicative of the accuracy of the fit. If
the magnitude of this uncertainty increases with coarser binning of an observable, this
indicates possible removal of useful information from the fit.

E.1 Variations in T;;; Binning

The first alternative binning scenario for T,fr, used 29 0.5 MeV bins instead of a large
final bin in the region of reduced statistics above 13.5 MeV. The second scenario used 15
bins of 1 MeV width in the range 5.5-20.5 MeV. The results of these two fit scenarios are
presented in tables E.1 and E.2 respectively. Neither of these alternative binning scenarios
had a significant effect on the biases observed. The uncertainties obtained from the fit
with coarser T,;; binning were consistently larger, whilst there was little change in the
mean fitted uncertainty for the first scenario. This indicates that a better fit was obtained
with 0.5 MeV bins.
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X F(X) Mean Bias(X) A(X) a(X)

CC | 2028.9 + 6.8 0.04 £+ 0.06 0.001 + 0.002 | 68.466 £ 0.093
ES | 309.1 £ 29 0.03 £ 0.08 0.004 + 0.007 | 29.165 £ 0.067
NC | 2170.8 £ 7.7 | -0.23 £ 0.08 |-0.008 + 0.003 | 77.140 £ 0.095
EN | 159.1 +4.4 0.24 £+ 0.09 0.074 £ 0.026 | 44.292 £ 0.081

Table E.1: Results for fits to 100 artificial data sets with 29 0.5 MeV T, bins.

X F(X) Mean Bias(X) A(X) a(X)

CC | 2019.8 £ 6.9 | -0.09 + 0.06 |-0.003 £ 0.002 | 68.757 + 0.095
ES | 313.9 £ 29 0.19 £+ 0.07 0.019 + 0.007 | 29.320 £ 0.066
NC | 2179.0 £ 7.8 | -0.12 £ 0.08 |-0.004 + 0.003 | 77.803 £ 0.093
EN | 156.4 + 4.5 0.18 £ 0.09 0.055 + 0.027 | 44.811 £ 0.079

Table E.2: Results for fits to 100 artificial data sets with 15 1 MeV T, bins.

X F(X) Mean Bias(X) A(X) a(X)

CC | 2019.0 £6.9| -0.10=£ 0.06 |-0.003 &+ 0.002 | 68.593 £ 0.094
ES | 3139 £ 29 0.19 £ 0.07 0.019 £ 0.007 | 29.315 £ 0.066
NC | 2179.3 £ 7.8 | -0.12 + 0.08 | -0.004 £ 0.003 | 77.668 + 0.096
EN | 156.9 £ 4.5 0.19 £ 0.09 0.058 + 0.027 | 44.787 £ 0.077

Table E.3: Results for fits to 100 artificial data sets with 25 equal sized bins for the (14

distribution.
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X F(X) Mean Bias(X) A(X) a(X)
CC | 2050.6 + 6.8 0.36 £+ 0.06 0.012 £ 0.002 | 68.315 £ 0.094
ES | 304.7 £ 29 -0.13 £ 0.07 | -0.010 £ 0.007 | 28.898 £ 0.067
NC | 2146.0 £ 7.6 | -0.56 £ 0.07 | -0.019 & 0.003 | 75.708 £ 0.092
EN | 166.1 4.3 0.42 + 0.09 0.123 4+ 0.025 | 42.684 4+ 0.100

Table E.4: Results for fits to 100 artificial data sets with 20 equal sized bins for the R3
distribution.

E.2 Variations in 81, Binning

To test the sensitivity to binning of the isotropy distribution, the number of 314 bins was
reduced* from 50 to 25. The results of this fit are given in table E.3. Whilst this reduction
in (14 bins did not introduce any significant bias to the fit, the mean fitted uncertainties
were slightly larger, suggesting that useful information was removed from these PDFs,
and the use of 50 (314 bins gives a better fit.

E.3 Variations in R’ Binning

A small number of R? bins was selected in order to minimise the number of bins in the 3-
dimensional PDF'. To test that this coarse binning did not withold important information
from the fit, signal extraction was performed on the 100 simulated data sets with PDFs
created in 20 equal sized R? bins. The results of this fit are given in table E.4 and show
significantly larger biases than the case with 10 R® bins. This effect is thought to be due
to statistical fluctuations leading to systematic biases in the 3-dimensional PDF shape.
In this scenario there were 17 x 50 x 20 = 17000 bins in the three-dimensional PDF, and
100 x 20 = 20000 bins in the conditional two-dimensional PDF, but insufficient simulated
events available to accurately represent the predicted distributions at this level.

E.4 Variations in cosf; Binning

For good sensitivity to the sharp ES peak in the cosf distribution, 100 bins were used
as default for this distribution. To test the sensitivity of the fitting procedure to the
information in this PDF| the fit was repeated with only 25 cos 6, bins. The results of this
test are given in table E.5.

*An increase in the number of 314 bins could not be easily tested due to limitations on the size of
arrays containing multi-dimensional PDFs.
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X F(X) Mean Bias(X) A(X) a(X)

CC | 2028.8 + 6.9 0.04 £ 0.06 0.001 £ 0.002 | 68.540 £ 0.093
ES | 310.8 £29 0.08 £ 0.07 0.009 £ 0.007 | 29.478 £ 0.066
NC | 2171.0 £ 77| -0.23 £0.08 |-0.008 = 0.003 | 77.212 £ 0.095
EN | 1583+ 44 0.22 £ 0.09 0.068 + 0.026 | 44.370 £ 0.081

Table E.5: Results for fits to 100 artificial data sets with 25 equal sized bins for cos 6.

Unsurprisingly, the change in cosf binning did not introduce any significant bias
to the analysis, and only affected the size of the fitted uncertainties on the CC and ES
parameters (the neutron distributions are flat in cos ).

E.5 Discussion

The binning tests for R?® indicate problems associated with limited statistics in multi-
dimensional PDFs. However, there is no evidence for biases introduced by reducing the
number of PDF bins. Whilst the effects of coarser PDF binning are noticeable in the
magnitude of the fitted uncertainties for all parameters, the size of this effect is very
small, in all cases less than 1% of the fitted uncertainties. Such effects are insignificant
compared to the contributions of systematic uncertainties in the observable distributions
that are discussed in detail in section 6.2.
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Aborted Simulation Events

The SNOMAN simulation package has been well written and tested against all available
calibration data but the complexity of the code is such that errors due to rare occur-
rences have not been entirely eliminated. An example is the tracking of photons through
unusual detector regions, which cause SNOMAN to abort a single event in every few
hundred generated. The number of these “geometry errors” is expected to be larger for
higher energy events as more photons are generated. Errors in the Monte Carlo Data Ac-
quisition (MCDAQ) routine also occur very infrequently. The occurrence of such errors
can artificially reduce the number of events in a Monte Carlo data set. As the Monte
Carlo is used to estimate the number of events inside the analysis cuts for each neutrino
type, corrections for these errors are required. An investigation carried out to determine
a suitable energy-dependent correction is presented here.

F.1 Method

Separate Monte Carlo simulations of mono-energetic electrons were performed for 1 MeV
steps over the kinetic energy range 4-20 MeV, and in 5 MeV steps from 20-60 MeV.* For
each of these simulations, the same optical settings were used as for salt data processing
and run conditions were kept the same throughout for simplicity.! Samples of 200000
events were simulated at each electron energy.

*The higher energy measurements were carried out for use in analysis of the hep signal in SNO.

tRun conditions, including the number and position of on-line tubes, for run 26997 were used through-
out. The alternative would be to weight the simulation over the entire salt data set, which would require
significantly more book-keeping. This is a second order effect to a small correction.
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F.2 Results

Table F.1 summarises the number of geometry and MCDAQ errors that occurred at each
generated energy. The correction factors required to convert from the number of Monte
Carlo events generated to the true number of events predicted (shown in figure F.1) can
be parameterised by

MClore = 0.99995(=£0.67 x 10~%) — 0.0006845(£0.39 X 107°) X Egen.  (F.1)

where Ej, is the total generated electron energy in MeV, and uncertainties on the fit
parameters are given in parentheses. Although the difference between the generated
electron energy and the observed energy T.;; may differ slightly from the electron mass
energy, this is a small second order effect, and M(}COH was used to weight generated events

based on their value of (Tefs + 0.511) MeV, rather than Egey,.
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Figure F.1: Correction factor required to convert from the number of Monte Carlo events
generated to the true number of events predicted, compensating for aborted simulation
events.
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Egen (MeV) | MCDAQ | GEOM | MClore | 6(MCorr)
4511 2 553 | 0.99723 | 0.00012
5.511 8 712 | 0.99640 | 0.00013
6.511 4 855 | 0.99570 | 0.00015
7511 3 1039 | 0.99479 | 0.00016
8.511 2 1229 |0.99384 | 0.00018
9.511 2 1358 | 0.99320 | 0.00018
10.511 3 1454 | 0.99272 | 0.00019
11.511 3 1593 | 0.99202 | 0.00020
12.511 2 1709 | 0.99145 | 0.00021
13.511 2 1859 | 0.99069 | 0.00022
14.511 2 1959 | 0.99020 | 0.00022
15.511 0 2240 | 0.98880 | 0.00024
16.511 0 2369 | 0.98816 | 0.00024
17.511 1 2461 | 0.98769 | 0.00025
18.511 2 2569 | 0.98715 | 0.00025
19.511 1 2834 | 0.98582 | 0.00027
20.511 1 2046 | 0.98526 | 0.00027
25.511 2 3588 | 0.98205 | 0.00030
30.511 3 4121 | 0.97938 | 0.00032
35.511 2 4833 | 0.97583 | 0.00035
40511 2 5490 | 0.97254 | 0.00037
45511 1 6096 | 0.96952 | 0.00039
50.511 1 6979 | 0.96510 | 0.00042
55.511 1 7593 | 0.96203 | 0.00044
60.511 0 8022 | 0.95989 | 0.00045

Table F.1: Monte Carlo corrections due to MCDAQ and geometry errors for different
electron energies. The columns give the total electron energy generated, the number of
MCDAQ errors, and the number of geometry errors occurring. The number of simulated
events should be divided by MC,, to obtain the true number of events.
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Appendix G

Energy Non-linearity

The relationship between deposited and observed energy (energy-mapping) in the SNO
detector was predicted to be nearly linear by both Monte Carlo simulations and the
analytic calculation presented in chapter 3. Whilst the agreement between data and Monte
Carlo has been well studied at !N energies, non-linear effects omitted from (or poorly
modelled in) the Monte Carlo simulations could cause systematic differences between the
data and simulations at higher energies. Studies carried out to investigate the magnitude
of this systematic effect are presented here.

G.1 Previous Studies

In the D,O phase the proton-tritium (Pt) calibration source, which produces 19.8 MeV s
was used to place limits on deviations from linear energy-mapping. The good agreement
of the observed and predicted mean T,y value for this source, along with independent
calculation of the magnitude of cross-talk and multi-photon effects at high energy, was
used to limit the non-linearity uncertainty to 0.25% for the Phase I data. The agreement
of the energy calculated in chapter 3 with Pt calibration data at the 1% level also provided
a good argument against non-linear effects in the Phase I data. The same study could not
be performed to limit the non-linearity uncertainty of the salt data as no Pt calibration
data was obtained in Phase II.

Addition of NaCl to the D2O for Phase II changed the optical properties of the SNO
detector, but these changes have been well calibrated. The two known mechanisms that
could affect the energy-mapping in a non-linear manner are electronic cross-talk/pickup
and multiple photo-electron effects. As there is no obvious mechanism whereby the addi-
tion of salt could change these electronic effects, it can be argued that the same uncertainty
on energy non-linearity should apply to the Phase II data. This argument is supported
by studies of 8Li data collected in both phases that resulted in consistent models for the
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cross-talk phenomenon [120, 121] and a study that showed incorrect modelling of mul-
tiple photons to have only a small effect on the predicted energy of events (< 0.6% at
18 MeV [122]).

However, it is possible that other unknown phenomena could affect the energy-
mapping at high energies. The approach adopted for this thesis, was to use calibration
data to place limits on the difference between observed and predicted 7, values across the
energy range of interest in order to determine an estimate for the non-linearity systematic

uncertainty.

G.2 Method

The 8Li source [123] was only deployed once in the SNO detector during the salt phase
providing the data used for this analysis, which is summarised in table G.1. In the
following discussion, the set of runs at Ry = 21.59 cm are called the “central” runs.

The 8Li source was used to study differences between data and simulated events in
the T,;; range 4-15 MeV, whilst the '®N source was used to provide an accurate constraint
on the differences at the 1°N energy. N calibration runs were chosen at similar locations
to the 8Li data for the purposes of this study [124]. Data obtained in the D,O phase
with the Pt source was also used to constrain differences between data and simulation at
Terp~ 18.5 MeV.

The N “reference energy” was taken as the mean T, value obtained from a fit to
data for each run used in the T¢s; range 3.5-6.5 MeV. The difference between data and
Monte Carlo simulated events was quantified by the weighted mean A(*N) of

A(N) 0 = Faata(Ters) = Fuc(Tess)
Fdata (Teff)

(G.1)

in which Fiaia(Tesr) and Fuc(Teyy) are the fitted peak 1,5 values for data and simulated
events, respectively.

Table G.2 summarises the selection criteria applied to ®Li data and simulated events
for this analysis. The 8Li data was processed as described in Ref. [125]. For 8Li there
is not a fixed event energy, but a spectrum similar to that for CC events. The relative
difference between data and simulation as a function of energy was obtained from the
normalised spectra in 1 MeV wide bins. For the ith bin, the difference was quantified by

A(Li); = Adatagzat—a (Zl)Mc(i) (G.2)

in which Agaa(i) and Ayc(7) are the amplitude of the data and simulated energy spectra
in bin 7, respectively.
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Pivot position (cm) Source Position (cm)
Run number x Y z Ry
23108 0 -21.59 | 85.49 21.59
23058 0 -21.59 | 85.58 21.59
23056 0 -21.59 | 85.58 21.59
23054 0 -21.59 | 85.56 21.59
23052 0 -21.59 | 85.52 21.59
23050 0 -21.59 | 85.57 21.59
23105 0 -21.59 | 335.57 251.1
23104 0 -21.59 | 335.57 251.1
23103 0 -21.59 | 335.57 251.1
23077 0 -21.59 | -168.76 255.1
23075 0 -21.59 | -168.76 255.1
23073 0 -21.59 | -168.77 255.1
23091 384.93 | -1.32 | 159.62 392.0
23088 384.92 | -1.32 | 159.6 392.0
23086 384.91 | -1.31 | 159.56 392.0
23094 0 -21.59 | 535.69 450.8

Table G.1: Run numbers and source positions for the 8Li data. The z,y and 2z coordinates
give the position of the manipulator ‘pivot’ which is 85cm above the center of the 8Li
source. Ry is the radial position of the centre of the 8Li source.

Parameter Cut
Bia -0.12 < B14< 0.95
ITR ITR > 0.55
R 0< R <850 cm

Table G.2: Event selection criteria applied to 8Li data and simulated events. ITR is the
in-time-ratio defined in appendix C and R is the reconstructed event radial position.
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Rs | Mean T¢sy Peak A(Pt)
center 18.8 + 0.1 0.5 + 0.3%
500 cm 18.5 + 0.1 -1.2 + 0.6%

Table G.3: Values for the mean peak energy of the Pt source and the percentage difference

between data and simulations for different radial positions of the source. Values taken
from Ref [126].

The values used for the Pt source are given in table G.3 and were obtained from
Ref [126]. A(Pt) is defined as for A(*®N). Since this data was obtained under different
detector conditions, an additional uncertainty accounting for changes in the known non-
linear effects should be included in A(Pt). However, separate studies of multi-photon
effects and cross-talk have indicated that this additional uncertainty is negligible.

A('SN), A(Pt) and the eleven A(®Li); values defined above were plotted together
for each 8Li source position. Care was taken to match runs with similar source positions
for the '®N and Pt source (all off-centre source positions assume the larger uncertainty
obtained for the Pt source at 500 cm). Linear and quadratic fits to the data at each source
position are shown in figure G.1. The fit parameters and the x? for each fit is given in
table G.4. For the center, R;=255cm and R,=450cm runs, the x? per degree of freedom
is better for the linear fit than the quadratic fit. The other two source positions were
located on the positive z axis of the detector where the geometry effects are less well
understood due to the neck region of the detector.

G.3 Results

The fitted slopes for each source position are plotted together in figure G.2 (solid lines)
along with 1o uncertainties (dashed lines). The largest positive slope is taken as a con-
servative limit on deviations from linear scaling in energy, as shown by the thick dashed
lines on this figure. This results in an uncertainty of:

om = 0.09 % / MeV.

G.4 Application to Signal Extraction

To evaluate the effect of this uncertainty, the maximum likelihood fit was repeated with
the value of T¢s; for each event contributing to the PDF's scaled by the factor:

wn = 1.0 £ 0.0009(Z,;; — 5.05). (G.3)
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Figure G.1: Linear and quadratic fits (solid lines) to the differences between data and
simulation for 8Li, N and Pt at five different source positions. The 1o uncertainty
bands on each fit are also shown (dashed lines).
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A = a + bz (10 DoF) A = a + bz + cz? (9 DoF)
R, x? a b x? a b c

22cm | 6.22324 | 0.00098 0.00022 6.20663 | -0.00381 0.00138 -0.00005
+0.00116 | £0.00022 +0.03609 | £0.00887 | & 0.00037

251cm | 8.26436 | 0.00458 0.00043 6.15911 | -0.08494 0.02242 -0.00092
+0.00252 | £0.00044 +0.06185 | £0.01519 | £0.00063

255cm | 9.92573 | 0.00094 0.00058 9.75197 | 0.02694 | -0.00581 0.00027
+0.00238 | +£0.00044 +0.06274 | £0.01541 | +0.00064

392cm | 15.8536 | -0.00226 | 0.00080 | 13.06068 | -0.10416 0.02585 -0.00105
+0.00242 | £0.00044 +0.06094 | £0.01497 | +0.00062

450 cm | 8.71465 | 0.01689 | -0.00027 | 8.71460 0.01721 -0.00035 | 0.000003
+0.00242 | £0.00044 40.04455 | £0.01094 | £0.00046

Table G.4: x? values and fitted parameters for linear and quadratic fits to 8Li, N
and Pt data-simulation fractional differences. Uncertainties are given below each fitted
parameter. The number of degrees of freedom (DoF) for each fit is also given.
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Figure G.2: Uncertainties defined by the gradients of the linear fits to 8Li, N and Pt
data-simulation differences, plotted in G.1. The thicker black dashed line indicates a
conservative limit to the deviation from linear scaling.



Appendix H

Energy Dependent Fiducial Volume
Uncertainty

Biases in vertex reconstruction could pull events in to or out of the fiducial volume.
Energy-dependent biases of this nature would affect the number of events inside the
fiducial volume at different energies, thus distorting the spectrum. Ideally, calibration
data obtained at R ~ 550 cm (the edge of the fiducial volume selected for data analysis)
spanning a range of energies, would be used to quantify this effect. In the absence of such
ideal data, a number of approaches were investigated as detailed in Ref. [127], but a study
comparing 8Li calibration data with simulated events was found to be the most suitable
and is presented here.

H.1 Method

Data obtained from the 8Li calibration source (as detailed in table G.1) was used for this
study as it samples a similar energy distribution to that of CC events. The event selection
criteria detailed in table G.2 were applied to the data.

The effects of both vertex resolution and vertex shift with energy were studied
simultaneously through the fraction of events that reconstruct inside the true vertex
position, N(Rg; < Rsource):

N (Rﬁt < Rsource)
N, total

where Niota is the total number of selected events. Fj, should be approximately 0.5 but

will be modified by solid angle effects that depend on source position. These effects should
all be modelled in the Monte Carlo simulations, so a comparison of Fj, between data and
simulated 8Li events, as given in equation H.2, should indicate any systematic effects with
energy.
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A(Fin) = Fin(data) — Fin(MC) (H.2)

Consider multiple point sources on the boundary of the fiducial volume. If the value
of Fj, is the same for each of these sources, it can be used to estimate the number of
events mis-reconstructed inside the fiducial volume. Furthermore, A(F},) can be used to
characterise the uncertainty in this number. The effects of additional point sources inside
and outside the fiducial volume boundary will cancel provided they extend to sufficiently
high radii and have the same values of A(F},). As the vertex resolution in SNO is ~ 16 cm
and the DyO volume extends to 600 cm, 50 cm beyond the fiducial volume boundary, this
assumption should be valid. No 8Li calibration data was available at a radius of 550 cm,
the boundary of the fiducial volume, but as no strong position dependence in A(F;,) was
observed, the values obtained from available data were assumed to apply at the boundary
of the fiducial volume.

The source position was taken as the peak of the reconstructed radial distribution
for both data and simulated events. Small uncertainties in this value would produce an
overall offset in A(Fj,), but would not contribute to any differential effect in energy. The
analysis was carried out separately for each of the five 8Li source positions. Nine 7, bins
in the range 3.5-12.5 MeV were used although the higher bins were severely statistically
limited.

H.2 Results and Discussion

The value of Fj, for both data (black triangles) and simulated events (red squares) is
plotted against energy for each source position in figure H.1. This figure also shows a
linear fit to A(Fj,) for each position. The offset of this fit relates to an overall systematic in
vertex reconstruction, but such effects were characterised much more accurately through
studies of '®N data (see section 6.2.4). The slope, however, corresponds to an energy-
dependent systematic. In figure H.2 the fitted slopes from figure H.1 are shown as a
function of source position.

The assumption that the vertex resolution is much less than the radius breaks down
at low radii and solid angle effects skew the radial distribution. Therefore low radius
runs may be more sensitive to source effects. For all but the lowest radius run, there
is no evidence of a trend in fitted slope with source position. Studies of N calibration
data do not indicate any radial dependence in the reconstruction uncertainty either [95].
Therefore, to improve statistics the Fj, values for all runs at Rs > 100 cm were combined,
and fitted following the above prescription. The resultant fit is shown in in figure H.3.
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Figure H.1: The ratio of events fit with R < R to total events (Fj,) for data (black
triangles) and simulated events (red squares) for all five Li source positions. A linear fit
to the difference between data and simulation (A(F},)) is shown on the right hand side.
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Vertex Reconstruction with ®Li
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Figure H.2: Fitted relation between A(Fi,) and T, plotted against source position ob-
tained from 8Li

The gradient of this fit was

8p = (0.32+0.31) % / MeV (H.3)

which can be used to quantify the energy-dependent systematic in the number of events
reconstructing inside the fiducial volume. As the main studies of vertex reconstruction
systematic effects were obtained from the '®N source, the energy-dependent systematic
was constrained to zero at T,;;= 5.05 MeV, the mean observable energy of '°N events.
Thus, for example, the systematic difference at 13 MeV is (13 — 5.05) x dp = 2.54%

One possible caveat to this analysis is the fact that higher energy electrons travel
further from the ®Li source and may therefore be less sensitive to shadowing effects. To test
the impact of this possible source effect, sets of 8Li events were simulated with different
models for the reflectivity of the exterior stainless steel shell of the source. The fitted
values of ér (given in table H.1) did not change significantly with source reflectivity.*

*Note that this study was carried out with lower statistics Monte Carlo than the simulations used for
the rest of this study.
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Figure H.3: The ratio of events inside the source position to total events for data (black)
and simulated events (red) combined for ®Li source positions with R>100cm. The lower
plot shows a linear fit to the difference between data and simulations against energy.

Simulation | Reflection probability Op
Default 0.3 (0.46 +0.37)%
Black 0.0 (0.32+0.37)%
Reflective 0.5 (0.18 +0.37)%

Table H.1: Gradient of fits to A(F},) versus T, ;s when different models of source reflec-
tivity were used in the Monte Carlo.
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H.3 Application to Signal Extraction

The results of this study indicate that the ratio of data events to simulated events recon-
structing inside the fiducial volume increases with energy, at a rate of ép per MeV (as
given in equation H.3). To correct for this effect, each simulated event contributing to a
PDF was weighted by the factor

Veorr(Teff) = 1.0 + 6p(Tepp — 5.05 MeV). (H.4)

The effect of the uncertainty on this systematic was evaluated by using the +10 limits on

0r in the PDF weighting factors for separate likelihood fits.



Appendix I

Predicted Fluxes

Monte Carlo simulation was used in order to predict the number of events due to each
neutrino interaction in the salt data set. Interactions due to neutrinos produced by
both 8B and hep reactions were included in this prediction. A number of corrections
were required to account for effects omitted from these simulations, as detailed in this
appendix.

1.1 PDF corrections

The corrections applied are summarised in table I.1 and explained below. Whilst most
corrections change only the predicted fluxes, some exhibit an energy dependence that can
change the shape of PDFs used in the signal extraction process. The treatment of these
effects is explained in chapter 6.

RB .. : Model flux correction for ®B neutrinos. The Monte Carlo simulation as-
sumed a flux of 5.15x10%cm™2s~! [128] for neutrinos produced by the ®B reaction
in the Sun. This correction factor was applied to convert to the BP2004 model
prediction [21] of 5.82x10% cm 2?5 1.

R}Iffdel : Model flux correction for hep neutrinos. The Monte Carlo simulation as-
sumed a flux of 9.24x10% cm~2s~! [128] for neutrinos produced by the hep interac-
tion in the Sun. This correction factor was used to convert to the BP2004 model
prediction [21] of 7.88x10% cm~%s~!. The uncertainty on this newer model is +16%,

but no uncertainty was given on the earlier model prediction.

wiC : Radiative corrections. Corrections due to the radiation of Bremsstrahlung pho-

tons could be included in the simulation but it would be time consuming to calculate
these corrections on an event-by-event basis. Instead the weights given in equa-
tions I.1 and 1.2 were applied to each event as it was assigned to a PDF. The CC
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Correction | Energy Dependent CC ES NC

RE No 1.130

RMP No 0.853
wRC Yes equation I.1 | equation 1.2 | wRS = 1.0154
aB No 200 200 -
ot No 2000 2000 -
Np No 1.01228 - 1.01228
Ne No - 1.0151 -
Sac Yes See table 1.2

Ro na,ci No 1.0081 - -
ga No 1.0111 - 1.0111
Lia No 0.984 - 0.979

MCopr Yes See appendix F

£ No 39113 — 0.9820

Table I.1: Corrections to number of events predicted by the signal Monte Carlo.

aNC

ND2

radiative correction is given in terms of the generated event energy, Ege, [107] whilst
the ES radiative correction was determined empirically [129] in terms of the observed
energy, Teysy.

wie = 1.0318 — 7.45 X 10 Ege, + 4.72 x 107°E2 (I.1)

gen

wis = 0.9764 — 0.781 x 107" T,p; — 1.31 x 10777, +3.64 x 10°°T%,  (L.2)

For NC events, the radiative correction factor was not energy-dependent and each
event was weighted by wi&

Monte Carlo scale factor. The signal Monte Carlo was generated with statis-
tics at a level of 200 times the standard solar model predicted flux for B neutrinos
and 2000 times for hep neutrinos.

Number of target deuterons. As the CC and NC reactions proceed through
reaction on deuterium it is important that the number of deuterons simulated in
the detector is correct. Calculations indicated that a slight adjustment was required
over the number used in the Monte Carlo.

: Number of target electrons. A small correction was required to bring the num-

ber of electrons in the Monte Carlo in line with the latest calculations. This only
affected the ES reaction, which proceeds through reactions on electrons.
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S.c : Data-cleaning correction. Although the criteria used to remove the unwanted
instrumental backgrounds have been finely tuned [66], there is a finite chance that
true neutrino events could be mis-identified as background events and removed from
the data set. The probability that good neutrino events are removed in this way is
defined as sacrifice and was studied using various calibration sources [100]. These
studies were also carried out as a function of energy. Figure I.1 shows the energy
dependence of sacrifice in the salt data set and table 1.2 contains the differential
sacrifice numbers, S,c(Teyy), for each signal type. The effect of sacrifice was included
in the PDF's used in the signal extraction process as detailed in section 6.1.

Ro nac1 : Reactions on '*0, Na, and Cl. The CC reaction can also proceed on '#0,
Na, and CI nuclei in the D;O volume. These additional reactions were not included
in simulations but serve to slightly increase the CC flux.

ga and L, o: These are both corrections to bring the Monte Carlo in line with the latest
cross-sections from effective field theory calculations [101]. ga is the weak axial
coupling and L; A is the two body axial exchange-current counter-term.

MC,, : Aborted simulation events. A small decrease in the number of events simu-
lated arises due to errors tracking events through the detector geometry, and errors
in the data acquisition processor. The energy dependent factor required to account
for the number of events lost is detailed in appendix F and was included in the

signal extraction process.

% : Livetime correction. This accounts for the loss in livetime due to the muon follower

cut (described in appendix C).

1.2 Predicted Numbers of Events

Predictions for the expected number of CC and ES events (E(CC) and E(ES)) were
obtained from the number of Monte Carlo simulated events passing event selection criteria,
N(CC) and N(ES):

N(CC)F¥cRY v
EX(CC) = ( ( )¥C mOdel> NpSacgaLiaRoNa,ctM Ceorr— (L3)
e t
N(ES)X R /
EX(ES) = EShicmode ) N5, MO - (L.4)
a t
MC
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Cut acceptance for CC electrons as a function of energ
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Figure 1.1: Differential total sacrifice for CC electrons. (note that the horizontal axis
shows E = T,ss). Both correlated and uncorrelated errors are shown in this plot taken
from Ref. [100].
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Terr (MeV) Sacrifice
Minimum | Maximum CC ES NC

35 45 | 0.01763+299479 | 0029797390930 | 0.00682+020154
4.5 5.5 0.0097810 00780 | 0.02033T0: 00257 | 0.0068210 00150
5.5 6.5 0.006387 000155 | 0.01347F595555 | 0.00682 00150
6.5 7.5 0.0059270:001%2 | 0.00970%5 30555 | 0.006820:00150
7.5 8.5 0.00601F3991%7 | 0.0084310:5021 | 0.0068279991%3
8.5 9.5 0.0045610:001%% | 0.00563%0:001%5 | 0.0068210:00150
9.5 10.5 | 0.006241390%85 | 0.00646™0:00ss5 | 0.0068275501%
10.5 11.5 | 0.005241359238 | 0.0056410:00a1) | 0.006827 590150
11.5 12.5 | 0.00359F0:00238 | 0.00377+30051 | 000682550152
12.5 13.5 0.0044070:00550 | 0.0049813:952%% | 0.0068210:00100
13.5 20.0 | 0.0000079 39333 | 0.0000015 50559 | 0.0068270: 00150

Table 1.2: Differential sacrifice values for the CC, ES and NC signals in terms of observable
kinetic energy. The errors are combined correlated and uncorrelated uncertainties.

where X is the type of neutrino produced in the Sun, and N(CC) and N(ES) include
the energy-dependent correction factors applied in the MXF code. ®B and hep-type neu-
trinos were treated separately in these calculations because their predicted fluxes differ
significantly.
The number of NC events predicted, E(NC), was obtained from:

E(NC) = Rycént'wyaNpSacgaLiaRE

model (15)

where

Ryc = 13.107738 is the total predicted rate of neutrons per day assuming the SSM ®B
and hep fluxes [31],

€ = 0.39840.00510 072 is the neutron detection efficiency inside all data cuts [31], and
t' = 391.43 days is the corrected livetime of the salt data set.

As the model correction factor is higher for the 8B flux than the hep flux, this calculation
will slightly over-estimate the predicted number of NC events. However, as the hep flux
is so much smaller than the ®B flux (=~ 0.14%) this will be a small effect.
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1.3 Flux Normalisation Factors

The flux of neutrinos causing a given reaction type in SNO was calculated by multiplying
the number of events detected by a normalisation factor. The normalisation required was

he
N(Z) o (I)SBSM + (I>SSII)VI

- EB(Z) + Eher(Z)’ (L6)

where Z is either CC or ES, the ®ggy factors are the BP2004 model predictions and E(Z)
are the expected numbers of events as explained in the previous section.
Since the ®B and hep values were combined in Ry the normalisation factor for the

NC flux was: 5 .
€
Dgsn + Psen

NINC) = E(NC)

(L7)



Appendix J

A Likelihood Fit Without Neutron
Energy Information

In order to check the validity of fixing the neutron energy spectrum in the fit, a completely
unconstrained fit was carried out in which the neutron flux was varied separately in each
0.5 MeV bin. The likelihood for each event was obtained from:

L = > (ZS(nik.P(z’k/Teff,/BM,R?’).P(ik/cosH@/R?’))) (J.1)

i=CC,ES,NC,EN \ k=1

A separate fit was carried out for data falling into 12 different bins in T,f¢. The first
11 bins ranged from 5.5-11.0 MeV and were 0.5 MeV wide, whilst the last bin ran from
11.0-20.0 MeV, due to the low statistics of neutrons in this energy region. Internal ~
events were omitted from this fit as the contribution of these events to each separate fit is
small (< 2 events). Apart from this the extraction was run in the same way as prescribed
for the regular unconstrained fit presented in chapter 6.

The fit results are plotted in figure J.1 and the total fitted numbers of events for
each event-class is given in table J.1. The uncertainties given in this table are the quadra-
ture sum of the statistical uncertainties in each bin. The results are in good agreement
with those obtained from the fit including the neutron energy information (also given in
table J.1 for comparison) indicating that there are no large deviations from the expected
neutron energy distribution. The noticeable increase in the magnitude of the statistical
uncertainties for the fitted CC and ES signals is indicative of the effect of the neutron
energy information with-held from the fit.
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Figure J.1: Fitted events for each of the signals in 0.5 MeV bins when the neutron energy
information was not used to constrain the fit. Only statistical errors are shown.

Signal Number of Events Fitted
With neutron energy information | No Neutron energy information
cC 2094.6 797 2178.7178-%
ES 284.0 269 288.29120-45
NC 2088.4 914 2128.32785-59
EN 133.5 F28 151.69142-36

Table J.1: The total fitted events for each signal type for the regular energy-unconstrained
fit presented in chapter 6, and a fit in which neutron energy information is not included.
Only statistical errors are given here.
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