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Abstract

An Investigation of Matter Enhanced Neutrino Oscillation

with the Sudbury Neutrino Observatory
by Miles Walter Eldon Smith

Chair of Supervisory Committee:

Professor Steve Elliott
Department of Physics

Previous experiments have detected fewer electron neutrinos coming from the Sun
than are predicted by the Standard Solar Model (SSM). While the Sun makes only v,
these can change into other flavors through neutrino oscillation, a favored hypothesis
for explaining the deficit. The Sudbury Neutrino Observatory (SNO) was designed to
measure both the flux of electron neutrinos ¢, and the total flux of active neutrinos
G1or (Where tot = e + p+ 7). This allows one to separate out the p + 7 component
by ¢ur = ¢t — ¢e. Doing this, SNO measures a flux of non-electron neutrinos
Gur = 3.41£0.45(stat.) 1013 (syst.) x 10%em =257, providing evidence of neutrino flavor
transformation with 5.30 significance. By refining the treatment of systematic errors,
this improves to 7.40. Although this shows that flavor transformation is occurring, it
does not identify a specific mechanism such as neutrino oscillation.

Neutrino oscillation can be enhanced by the presence of matter in the Sun and
the Earth. This predicts a possible modulation of the flux of electron neutrinos with
solar zenith angle, as they transit through varying amounts of matter. However, we

do not see a significant difference between the day and night measurements for either






the electron or total neutrino flux. By assuming the total neutrino flux is constant,
as predicted by the simplest models, we measure the difference between the day and
night electron neutrino flux to be +7.0 & 4.9 + 0.9% of the average electron neutrino
flux. This result is weak at 1.40. By combining this result with that of the Super-
Kamiokande experiment, we measure a difference of 6.0 &= 3.2%, or 1.90.

By examining a specific oscillation model, we are able to identify allowed regions
for the oscillation parameters Am?,tan?§. The measured values of Am?, tan? 6 pre-
dict an asymmetry in the day to night flux which is consistent with the measurements
above. This specific model also allows for a distortion of the neutrino spectrum. How-
ever, this additional observable does little to improve the identification of neutrino
oscillation as the cause of flavor transformation in solar neutrinos.

We conclude that, while flavor transformation is definitely occurring for solar
neutrinos, we can not specifically identify the mechanism to be matter enhanced

neutrino oscillation.
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Chapter 1

INTRODUCTION

1.1 A Little History

In 1933, Pauli postulated neutrinos as a “desperate remedy” for the then problem of
the missing energy of beta decay [3]. It was not until 1956 that Reines and Cowen
provided direct experimental evidence that the neutrino existed [4], detecting reactor

neutrinos via
Ve+p—n+et (1.1)

Subsequently, it has been shown that there are three flavors of neutrino, belonging
to the electron, muon [5] and tau [6] families. In addition, cosmological constraints
[7], [8] and studies of the width of the Z° boson [9] have shown that there can be no
additional neutrino flavors, if they are to be both less massive than %m 7 (where my is
the mass of the Z°) and interact via the weak interaction. The parity non-conservation
of weak interactions led to the incorporation of only left handed neutrinos v (and
right handed antineutrinos 7g) into the standard model [10].

The neutrino is both chargeless and color neutral, and thus only interacts weakly,
passing easily through matter such as the Sun or the Earth. For this reason, so-
lar neutrino experiments are placed deep underground, using the rock to screen out
cosmic backgrounds but allowing neutrinos to penetrate.

It was recognized as early as 1939 that the Sun might be a strong source of

neutrinos. Bethe suggested that the Sun’s energy comes mainly from a chain of



nuclear fusion reactions called the p-p chain [11]. A subset of these reactions yields
electron neutrinos, as shown in Fig. 1.1. We shall refer to the different contribution
to the neutrino flux as pp, pep, hep, "Be, and ®B. Except for their energy, there is
no way to distinguish between the neutrinos from the various sources. Fig. 1.2 shows
the neutrino spectrum for each reaction, as determined by careful nuclear physics
calculations. While the shapes of these spectra, to very high accuracy, are independent
of the environmental conditions [12], the reaction rates are strongly dependent on both
the temperature and pressure in the core of the Sun. Detailed calculations have been
made of the expected flux from each reaction, taking into account the thermodynamic
equation of state, gravitational and pressure effects, energy transport, opacity, nuclear
cross sections, and many finer details. These calculations have culminated in the
Standard Solar Model (SSM). Actually, there is more than one solar model [2], [13].
In this thesis, we shall use [2] as a reference model.

Solar neutrinos were first detected by Davis et. al. [15] via the reaction
Ve +%7Cl — e= + 3" Ar — 0.814MeV (1.2)

in the Homestake mine. Electron neutrinos interact within a large tank of liquid
C,Cly, producing trace amounts of 3 Ar. Since Ar is a noble gas, it dissolves into the
liquid and can be extracted by purging with helium gas. With an electron capture half
life of 35 days, 3" Ar is counted to measure the flux of solar neutrino. The measured and
SSM calculated fluxes were in disagreement, revealing the Solar Neutrino Problem.
Since the Homestake experiment began, five additional experiments have measured
a low flux of solar neutrinos. The Gallium experiments SAGE, GALLEX and GNO

detect neutrinos wvia the reaction
Ve + "Ga — e + " Ge — 0.233MeV (1.3)

SAGE uses liquid gallium metal as its target, and performs an acid extraction of the

LGe. GALLEX and GNO use a concentrated GaCls-HCI solution, with the resulting



pp neutrinos pep neutrinos

99.77% 0.23%

85% ~2x10“%

hep neutrinos
’Be neutrinos

SB neutrinos

Figure 1.1: The p-p chain. Percentages are given for each branching. For example,
0.11% of the time, "Be is consumed by proton capture, rather than electron capture.
This relative amplitude is calculated by comparing the flux of 8B and "Be neutrinos,
as calculated in [2].

GeCly extracted by bubbling nitrogen through the solution. The "*Ge has a half life of
11.4 days and is readily counted to measure the electron neutrino flux. The Gallium
and Homestake experiments are examples of radiochemical experiments, since they
involve the accumulation and chemical extraction of radioactive isotopes.

The Hy0 experiments Kamiokande and the much larger Super-Kamiokande (SK)

detect neutrinos via the elastic scattering of electrons.
Up+e —u,+e” (1.4)

The effective threshold is set between 5 and 8 MeV kinetic, to avoid the Cherenkov
light from low energy backgrounds. It is interesting to note that this last reaction

is sensitive to all active neutrino flavors. However, the dominant contribution is



Neutrino Flux

0.1 1 10
Neutrino Energy (MeV)

Figure 1.2: Neutrino Spectra from the p-p chain. Only the B and hep neutrinos can
be observed by SNO. Figure taken from [14].

from the electron neutrino, as the cross section is approximately 6 times higher for
interaction with v,. Also unique about the water experiments is that they are real-
time detectors, measuring information about each event, including the energy and
the time of the interaction. Of the neutrino spectra shown in Fig. 1.2, only ®B
(and the much less numerous hep) neutrinos exceed the experimental threshold. In
contrast, the radiochemical experiments can only measure integrated information,
such as the total flux above threshold. However, the threshold is much lower for
radiochemical experiments, allowing for the detection of neutrinos from the pp, pep,

and "Be reactions, in addition to B and hep.



1.2 The Solar Neutrino Problem

1.2.1 The missing Neutrinos

In this thesis, we shall present neutrino fluxes relative to the SSM of Bahcall, Pin-
sonneault, and Basu (BP2000) [2]. Table 1.1 shows the predictions of this model for
the flux of various neutrino species, as well as the event rates predicted for each type
of experiment. The units used for the Ga and Cl experiments are SNU, or Solar
Neutrino Unit, where 1 SNU = 10735 events per target atom per second. The data
from the water Cherenkov experiments is reported as an absolute flux, so is in units
of em™2s7!. Results of the Homestake, SAGE, GALLEX, GNO, and SK experiments
are taken from [16], [17], [18], [19], and [20] respectively'. The important feature for
this discussion is the bottom line of the table, where we see that all three sets of ex-
perimental data fall significantly short of the predicted event rates. This is the Solar
Neutrino Problem (SNP), also represented in Fig. 1.4. Either the solar model is in

grave error, or the electron neutrinos produced in the core of the Sun are disappearing.

1.2.2  Failure of Astrophysical Solutions

The SSM can be very sensitive to input parameters. The 8B flux, which contributes to
the event rate in all experiments, varies as (Tyore )4, where T, is the core temperature
of the Sun [12]. In contrast, the pp rate varies as (T,,..) 2. The core temperature of
the Sun can easily be modified by changing, for example, the chemical abundances or
energy transport mechanisms. Exotic particles, such as WIMPs (Weakly Interacting
Massive Particles) might carry energy out of the core of the Sun®. Such solutions to
the SNP are termed astrophysical, because they change the environment in the core

of the Sun and, ultimately, the flux of neutrinos produced by each of the reactions.

'We note that the Super-Kamiokande collaboration have since published updated results in [21].

2Although WIMPS are a new particle, this is regarded as an astrophysical solution to the SNP
because they change the astrophysical environment and equation of state.



Table 1.1: SSM predictions for the flux of pp-chain and CNO-cycle neutrinos, along
with the expected event rates for the Ga, Cl, and H20 detectors, taken from [2]. The
Ga datum is a combination of the Gallex + GNO [19], and SAGE [17] experimental
results. The HyO datum comes exclusively from the Super-Kamiokande experiment
[20] (although see footnote on previous page) and the Cl datum comes exclusively
from the Homestake experiment [16]. Uncertainties in the cross section enter into the
SSM predictions for the Ga and Cl experiments, while the cross section for elastic
scattering (HyO) is known extremely well. The error on the ratio, calculated in the
last line, includes uncertainties from both data and SSM.

Standard Solar Model Predictions

Source SSM Flux Ga Cl H,O
(101%cm=2s71) (SNU) (SNU) (x105ecm=2s71)
pp 5.95(1.001061) 69.7 0.0 0.0
pep 1.40 x 1072(1.00799:2) 2.8 0.22 0.0
"Be 4.77 x 1071(1.007019) 34.2 1.15 0.0
B 5.05 x 1074(1.0015%) 12.1 5.76 5.05
hep 9.3 x 1077 0.1 0.04 0.0093
BN 5.48 x 1072(1.00192]) 3.4 0.09 0.0
0O 4.80 x 1072(1.00703) 5.5 0.33 0.0
p 4.80 x 1072(1.00755) 0.1 0.0 0.0
total SSM: 128+2 7.6113 5.057 55
data: 723446 2564023  2.3240.08
data/SSM: 0.56+0.05 0.344+0.06 0.46 4 0.08




Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000

S

£ 7yl @
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Figure 1.3: Measured neutrino fluxes from the three types of solar neutrino experi-
ments. Figure taken from [14].

A number of model independent analyses have been performed, showing that
astrophysical solutions are disfavored [22], [23]. A crude version of this argument is
now presented. Other than the pp neutrinos, there are also neutrinos from the CNO
cycle. In stars of similar mass to the Sun, this cycle plays only a minor role and
we note that these neutrinos contribute only a small amount (< 7%) to any given
experiment. We choose to neglect these contributions. We also note that the ratio of
the pep and pp fluxes ¢,/ by is largely independent of astrophysical conditions [12],
and so we can treat these as a single source. For this analysis we define a vector of

fluxes ¢, with three components, and a vector of experimental data R, also of three

components.
Gpp/ f,;;gM Ga rate 72.3
&= | ¢rp /TN R=| Clrate | =256 (1.5)
¢8B/¢§§M H>0 rate 2.32
where we have assumed ¢,/ gg}M = Ppp/ ngM and neglected other contributions.
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Figure 1.4: Attempted astrophysical solutions to the solar neutrino problem, where
the amplitude of each neutrino source is considered unknown but the intrinsic neutrino

spectra is well known. Figure taken from [23]

Note that the units of the first two components of R are SNU, and the last component

is x10%cm 257!, The three experimental errors are assumed to be uncorrelated, so

we write an error matrix

162 0 0
oh=1 0 022 0 (1.6)
0 0 008

We compare the data R to the model S¢, where S is the matrix of cross sections,

averaged over the neutrino energy spectra and multiplied by the expected flux,

72.5 34.2 12.1
S=1022 1.15 5.76 (1.7)
0 0 5.05



This corresponds to simply a change of variables (since there are three variables for

three data points). The solution is given by
¢=S"'R 0';2 =S"0;’S (1.8)

or, with numerical values

1.051 0.131 1.00 —0.87 0.29
¢=1-0276| L0237 [corr] = | —0.87 1.00 —0.37 (1.9)
0.459 0.016 0.29 —0.37 1.00

where we have provided the correlation matrix as well. We see that the best fit
pp (and pep) flux is 1.13x SSM, while the ®B flux is suppressed to be 0.48x SSM.
This could simply be telling us that the ®B reaction is highly sensitive to Tioye, and
some astrophysical process is suppressing that temperature slightly. However, we note
that the best fit to the "Be flux is negative at ~ 1o, an unphysical solution. What
is alarming about this is that the ®B and "Be neutrinos come through a common
channel (*He + *He — "Be + ), making it is hard to suppress ¢7p. completely
and not ¢sp. In this way, an astrophysical solution to the solar neutrino problem
is disfavored. By adding additional information, such as the relationship between
the light and neutrino output of the Sun (known as the luminosity constraint), the

possibility of an astrophysical solution is even more strongly disfavored.

1.2.3 Particle Physics Solutions

What could be going wrong? Driving the unphysical solution is the fact that there
is just no room left for "Be neutrinos. The Super-Kamiokande experiment (HyO)
tightly constrains ¢sp, which in turn accounts for more than the observed rate in
the Homestake experiment (Cl). We have already relaxed the SSM constraint on the
individual fluxes and so what else could be incorrect about the model?

A clear way out of this is to assume that the neutrino spectra, seen in Fig. 1.2,

are incorrect. If whatever is suppressing the neutrinos removes a larger fraction of
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8B neutrinos from the Cl experiment than from the H,O, then ¢75, > 0 will once
again be favored. Alternatively, an additional contribution of pu or 7 neutrinos can
scatter electrons through the neutral current channel, but will not interact in the
Cl or Ga experiments. However, there are no astrophysical mechanisms which can
alter the intrinsic neutrino spectra, which are determined by well understood weak
interaction physics, nor alter the neutrino flavor. The only way to do this is to affect
the neutrinos as they propagate through the solar material and to the Earth. Such
solutions to the solar neutrino problem are termed particle physics solutions.

A number of candidates for a particle physics solution have been proposed. There
is the possibility of an anomalous neutrino magnetic moment, interacting with the
solar magnetic field to flip the neutrino into an antineutrino. An alternative proposal
allows for neutrino decay, and yet another allows for flavor changing neutral currents.
The most popular solution is that of neutrino oscillation, which allows neutrinos to
oscillate from one flavor to another as they propagate. A similar mechanism is already

observed in the quark sector between similarly charged quarks.

1.3 Vacuum Oscillation

1.53.1 Neutrino Mass

The standard model of weak interactions does not include a term for neutrino mass.

Without right handed neutrinos vg, the standard Dirac mass term in the Lagrangian

My

5 (V}L%VL + UZVR) can not be constructed. Furthermore, there exist only upper limits

on direct measurements of the neutrino masses®. However, if desired, one can gen-
erate mass terms by either adding a right handed component to the model or else
constructing Majorana mass terms (which couples the v, field to itself). If adding

a right handed neutrino, the very natural see-saw mechanism breaks the two com-

3The study of atmospheric neutrinos with Super-Kamiokande has provided evidence for neutrino
oscillation and, hence, indirect evidence for neutrino mass.
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ponents up into a very heavy sterile and light active neutrino, both of which are
Majorana. For a more detailed description, see [24]. Here it will suffice to assume

that neutrinos may have mass and a relativistic dispersion equation E? = p? + m?2.

1.5.2 (General Formulation

In general, the weak eigenstates v,, v,, v, are not necessarily identical to the mass

eigenstates 1y, vy, 13, but rather a linear superposition.

Ve Uel Ue2 UeB "
I/,LL = U;Ll U,u2 U,u3 ) (110)
Vr UTl UTQ UT3 V3

The matrix U is the mizing matriz or Pontecorvo-Maki-Nakagawa-Sakata (PMNS)

matrix. A convenient parameterization (for Dirac neutrinos) is given by

1 0 0 C13 0 8136_7;6 C12 S12 0
U=10 ¢ 593 0 1 0 —S12 c12 0 (1.11)
0 —S923 (23 —8136+i(s 0 C13 0 0 1

where c¢1o = cos b9, So3 = sinfag, etc. Here 019,053,013 are called the mizing angles,
while 0 is a phase related to CP violation. If the neutrino masses are Majorana, there
can be an additional two phases, although these are not important here.

An electron neutrino produced in the core of the Sun, with momentum p; will

propagate as
lv(t) > = e "y, >

A 1.12
— Z Ueje—ZEjt|Vj > ( )
J

where we have taken ¢ = I = 1. Under the assumption that m; < Ej,

Ej = \/]92 + m?
2 (1.13)

%Ipl+2E
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If desired, one could create a wavepacket out of these momentum states, although
this will not change the conclusions of this section [25]. After allowing the neutrino
to propagate for a time t, we wish to calculate the probability for it still to be an

electron neutrino, also known as the survival probability.

Pee=|<wvelp(t) > " = Z |Uej *|Uer|*e™ (1.14)
where
Am3, =m? —mj (1.15)

Equation 1.14 becomes unity when U.; = 1 and the other two U,; are zero. In this
case I, is a mass eigenstate. When either U,y or U.3 # 0, the equation can still become
unity if Am3, = 0 (no mass splitting). In the general case, however, P,. < 1 and the
neutrino is no longer a pure electron neutrino (except when the phase in Eqn. 1.14 is
a multiple of 27). The probability that our neutrino has changed flavor to a v, or v,

is given by
9 9 _iAm?kt
Pee:l_Z|Uej’ |Uer|"e™ 22 (1.16)
ik

This is known as neutrino oscillation.

1.8.3 The Two Neutrino Case

The problem simplifies considerably in the case of oscillation between only two neu-

trinos. In this case, the mixing matrix reduces to a 2 X 2 matrix

e cosf sind (1.17)
—sinf cos@ .

where there is now only one mixing angle § and one mass difference Am?. The survival

probability simplifies to

(1.18)

ee

Am?t
P®) — 1 — sin? 20 sin? (— m )

2F
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Since neutrinos travel at near luminous speeds, one can rewrite the oscillatory term
in Eqn. 1.16 as

.o [ 7T _ 4mER
Sin <L—V> LV = m (119)

where r is the distance travelled from the source and Ly is called the vacuum oscil-
lation length (with units of ¢ and i added for completeness). Once the neutrino has
travelled an integer multiple of Ly, its survival probability returns to unity and it can

only be detected as an electron neutrino.

1.3.4 Constraints from Other Ezperiments

If neutrinos of a specific energy range are observed to oscillate over a particular length
scale, this puts strong constraints on the possible values of Am? for that mode. The
Super-Kamiokande experiment has observed oscillation of high energy atmospheric
neutrinos, with the v, — v, mode being most strongly favored [26]. These energies
and the path length of the atmosphere are indicative of a difference in mass-squared
of ~ 1 —5 x 1073 eV2. This value is too large to be responsible for solar neutrino
oscillations. An oscillation length this short would appear incoherent over Earth-Sun
length scales, unable to suppress the solar neutrino flux by more than a factor of 2
(whereas a factor of &~ 3 is required for some experiments). In addition, the electron
neutrino does not appear to participate in atmospheric neutrino oscillation. So there

must be another Am? leading to solar neutrino oscillations. By convention?, we assign
Am?(solar) = Am3, > 0

Am?*(atm.) = Am3, (1.20)

|Am?®(solar)| < |Am®(atm.)|

4This convention has the electron neutrino primarily composed of v for tan? < 1 and primarily
vy for tan?0 > 1 (the dark side [27]). An alternate convention is to allow Am3, to be either
positive or negative but constrain tan?# < 1. We will not use this alternate convention here.
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The sign of Am2, determines if the mass hierarchy is standard (Am32, > 0) or inverted

(Am2, < 0). The third mass difference is determined by the constraint
Am3, = Am2, + Am2, (1.21)

By assuming the short oscillation length for the atmospheric mode, the survival prob-

ability for solar neutrinos decouples from the parameters fa3 and Am3, to give [28]
P¥ (solar) = cos* 015 (PQ”(Amgl, 051) + tan® 913) (1.22)

An additional constraint comes from the null result of the CHOOZ reactor exper-
iment, looking for disappearance of 7, [29]. The combined atmospheric and CHOOZ

data puts a strong constraint on the mixing between v, and the third mass neutrino.
sin? 13 = |Ugs? < 1.7x 1072 (90% c.l.) (1.23)

This limits tan* ;5 < 3.0 x 10~*. To solve the solar neutrino problem, one needs
P(solar) =~ 0.3. In this way, the tan 6,3 term contributes at most 1 part in 1000 to

the solar oscillation model and henceforth shall be neglected.

1.4 The MSW Effect

Neutrino oscillation can be enhanced by the presence of matter, a mechanism known
as the MSW effect (named for its discoverers, Mikheyev and Smirnov [30] and Wolfen-
stein [31]). Here we shall study the problem of 2 neutrino oscillation in matter. Elec-
tron neutrinos interact weakly with ordinary matter via both W* and Z° exchange,
while x4 and 7 neutrinos interact only wvia Z° exchange. This leads to a difference
in the forward scattering cross section for v, and v,,. The result is that a general
neutrino state will propagate in matter as [12]

d
i (8) 5= (Hy + i) 1(0) > o

Hmatter = \/§GFTL€|V€ >< Ve|
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where the additional interaction term H,,que, affects only v, °. G is Fermi’s constant
and n, is the electron density profile seen by the neutrino as it propagates. The H,,qster
term leads to an effective mass for the v, component, which makes it behave heavier

in the denser regions of the Sun. In addition, there is an effective mixing angle 6,;.

sin 26 V2rhe
tan 20,; = L. = 1.25
AR =bu cos20 — Ly /L, Grne ( )
We see that a resonance condition occurs when L, — 055‘59 or when
20 Am?
ne(resonance) = ORI (1.26)
2v2GpE

If the resonance condition is achieved at some place in the Sun, there can be almost
complete conversion of the electron neutrino into the heavier mass v, [32]. The range
of electron densities in the Sun and the energy of the neutrinos allow for MSW os-
cillations to occur for a mass difference Am? ~ 107® — 10~*. Outside of this range
neutrino oscillation can still occur, although the matter enhanced conversion is incom-
plete. With incomplete conversion, the neutrino will not be in a pure mass eigenstate
when it leaves the Sun and vacuum oscillation can still occur as it transits the 1 AU
from the Sun to the Earth. For a pure vacuum solution, over this length scale, we
require Am? ~ O(107) eV2. Figure 1.5 shows an example of the general case, with
both matter enhanced and vacuum contributions to neutrino oscillation.

We can also get a feeling for the MSW effect by looking at the survival probability
for the 2-neutrino model. Since P, is energy dependent, we must average over some
energy range. We choose here to average over the recoil energy of electrons from
the CC reaction v, +d — p + p + e~. This is one of the primary reactions of the
SNO detector, to be discussed in the next chapter, producing recoil electrons with
measurable energies above 5 MeV. Lower energy events are not easily distinguished

from radioactive backgrounds, so we average over the 5 - 20 MeV range. Above 20

5While there are other Z°-exchange interaction terms experienced by all three neutrinos, these
terms will cancel in our calculations.
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Figure 1.5: Example MSW oscillation between three neutrino flavors, taken from [24].
Although all three flavors v, v,, and v, are shown, this does not necessarily mean
that all three mass eigenstates are involved. The oscillation is between the electron
neutrino (blue) and a linear superposition of v, and v, (red + yellow).

MeV there are no solar neutrinos. Figure 1.6 shows contours of constant average
survival probability. We see that a measurement of the survival probability will
strongly constrain the allowed values of the parameters Am?, tan? 0.

In addition, because the survival probability is energy dependent, we can look for
a difference between the high (8 - 20 MeV) and low (5 - 8 MeV) range. This variation
is expressed as an asymmetry 2% and is plotted in Fig. 1.7. We see that there

are some regions of parameter space which have very large energy variations. This

will allow for a strong inclusion or exclusion of those regions.
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Figure 1.6: Average survival probability for the SNO CC reaction.
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Figure 1.7: Percentage difference between high and low energy part of the CC spec-
trum
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1.5 Earth Regeneration and the Day-Night Asymmetry

Just as solar matter can enhance the oscillation of neutrinos in the Sun, terrestrial
matter can effect the oscillation of neutrinos as they pass through the Earth. The

path length through the Earth is given by

0 cosf, >0
L~ (1.27)

2R| cosf,| cosf, <0

where R is the radius of the Earth and 6, is the zenith angle of the Sun. In addition,
the electron density along the path has an effect on the matter enhancement (Fig. 1.8

shows the total density for the Preliminary Reference Earth Model (PREM) [33]).
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Figure 1.8: Density of the Earth as a function of distance from the center.

If one measures the electron neutrino flux ¢, during the day and night separately,

then one can form the asymmetry

A, = pfNe — épe (1.28)

¢A%‘+'¢Lk
where ¢p, is the flux of neutrinos when the Sun is above the horizon (day) and ¢y, is

the flux when the Sun is below the horizon (night). Figure 4.3 shows the asymmetry
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for v, as predicted by the 2-neutrino MSW model. Only those regions with significant
asymmetry are shown. We see that sign of A, is positive across essentially all of the
MSW plane. For this reason, the Earth matter effect is often termed regeneration,
with the oscillated neutrinos changing back into v, due to transition through the
Earth. The positive sign of A, is rooted in the relationship between solar and Earth

matter enhancement, as discussed in [34].

%)

log (Am

log(tanze)

Figure 1.9: Day-night asymmetry for the SNO CC reaction. Note the finer scale for
this figure.

1.6 Solar Neutrino MSW Regions Before SNO

By fitting to the solar neutrino data presented in Table 1.1, one can draw confidence
level contours in the Am?, tan? 6 plane. Fig. 1.10 shows one such analysis. In this

particular analysis, the value of ¢sg is allowed to float, although the other fluxes are
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constrained by the SSM predictions.
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Figure 1.10: A global fit to solar neutrino data, prior to the addition of SNO data.
Figure taken from [14].

1.7 Sterile Neutrinos

All previous discussion has assumed that neutrino oscillation occurs only between the
three active flavors v,, v,, v;. However, it is possible that there are one or more
sterile neutrinos of similar mass to the active flavors. These neutrinos do not interact
via the weak force and are therefore not directly detectable.

Let us characterize the neutrino flux arriving at an experiment by the total flux

of active neutrinos ¢;; and by the subset of these that are electron neutrinos ¢.. For

oscillation between active neutrinos, the ratio ;:et is a strong indicator of neutrino
o)

oscillation. Indeed, this is a measure of the average survival probability. However,
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this indicator can tell nothing about oscillation into a sterile neutrino v, which would
produce no signal in the detector. What possible signatures could there be for sterile
neutrinos?

A sterile neutrino is often invoked to explain simultaneously the atmospheric and
solar neutrino anomalies, along with the positive result of the LSND accelerator exper-
iment [35]. The three length scales in question are very different, making it impossible
to satisfy equation 1.21. In [36], Giunti ef. al. add an additional sterile neutrino to
account for oscillations on the length scales of the LSND baseline, with additional
mixing angles (014, 6o4, 034) and an additional mass difference (e.g. Am?,). Be-
ginning from the results of [36], we can derive a relationship between the day-night
asymmetry for the total flux of active neutrinos A;,; and the asymmetry for electron
neutrinos A,

Aot = —|—00829236082924_¢—6A6 (1.29)

tot

We see that the size of Ay, is constrained by the size of A., ¢, and @,,,, where ¢,
is the average of the day and night flux of electron neutrinos. The relationship is
determined by the mixing between the 2nd, 3rd and 4th neutrinos. We note that the
sign of A, is the same sign as A, but of smaller amplitude. More generally, for A,
to be of opposite sign to A., and yet still accommodate the LSND result, we need at
least two sterile neutrinos.

Apart from when we explicitly test for A;; # 0, we will assume that solar neutrino

oscillations occur only between active flavors.
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Chapter 2

THE SUDBURY NEUTRINO OBSERVATORY: DATA

2.1 Description of SNO

The Sudbury Neutrino Observatory (SNO) is designed to measure not only the flux
of electron neutrinos, but also the total active neutrino flux coming from the Sun.
This can be achieved because, at the heart of SNO, is 1 kT of ultra pure heavy water

(D20). There are three ways solar neutrinos can interact of with DyO.

Ve+d—e +p+p —1.44MeV cc
Vp+d—vy+n+p —222MeV NC (2.1)
Vp+e —u,+e ES

where we see that the charged current (CC) reaction is sensitive only to electron neu-
trinos and the neutral current (NC) reaction is sensitive to all flavors. The reason for
this is that the CC interaction, acting through W# exchange, involves the conversion
of a neutral lepton v, into its charged partner e~. There is simply not enough energy
in solar neutrinos to convert v, into the heavy p or v, into 7. On the other hand, the
NC reaction, acting through Z° exchange, conserves the charge of the lepton and so
can proceed for any flavor neutrino. The elastic scattering (ES) reaction acts through
both W* and Z° exchange for v,, but only Z° exchange for v, and v,. As a result,
if we average over the ES spectrum with a kinetic threshold of 5 MeV, we find that
the the cross section for v, and v, scattering is weaker by a factor of € = 0.1559.
The CC interactions occur uniformly throughout the D;,O, but not in the H5O.

Detailed nuclear and electroweak theory is required to calculate the differential cross
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section. Apart from the Q-value of 1.44 MeV, most of the neutrino energy is trans-
ferred to the electron. With the electron being relativistic, it Cherenkov radiates to
produce detectable light. The recoil direction of the electron is defined relative to the

direction from the Sun, as shown in Fig. 2.1, with cos 6 following the distribution

1- 3£ cos s ~ 1 — 0.340 cos (2.2)
c

Cherenkov cone

Figure 2.1: Definition of cos 65

The ES reaction is much simpler, following from electroweak theory, and can occur
in either the D,O or HyO. The recoil electron typically carries away only a little of the
neutrino energy, although its energy distribution has a long high energy tail. With
many fewer events above threshold, the ES reaction provides only a small amount of
additional information. It is readily deconvolved from the other reactions, because
the cos 6, distribution is strongly forward peaked.

The NC interaction also occurs uniformly in the D,O but not in the HyO. The free
neutron quickly thermalizes and can capture on deuterium to produce a 6.25 MeV
~. This subsequently Compton scatters an electron that Cherenkov radiates. The

most probable energy of the scattered electrons is 5.08 MeV kinetic. Because the
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neutrons are thermal, there is no directional information and the cos 6, distribution
is flat. With the finite extent of the D5O, neutron capture is more likely to occur on

deuterium for neutrons produced near the center of the DyO.

2.1.1 Background Sources

Radioactive backgrounds contribute a large fraction of the event rate for SNO. These
events are primarily due to the ?**U and ?3?Th chains (Fig. 2.2), both of which have
extremely long-lived isotopes feeding the top of the chain. The U chain can be out of
equilibrium because of contamination from the airborne ?*Rn, the 3.8 day half life of
which allows it to migrate into the detector. The Th chain can be out of equilibrium
because of ??*Th, which tends to plate out on surfaces. Further down the chain is
220Rn, but it is too short lived to migrate in significant quantities into the detector.
The problematic decays come towards the end of each chain. The (v decay of
21Bi (U chain) and ?®T1 (Th chain) produce a v with energy 2.44 and 2.62 MeV

respectively and are thus able to photodisintegrate deuterium.
vy+d—n+p —222MeV (2.3)

This source of neutrons is indistinguishable from the NC reaction and so is a very
important background to understand. Most of these 7’s do not produce neutrons, but
can instead Compton scatter electrons, giving sufficient Cherenkov light to trigger
the detector. This light, together with the light from the associated 3’s, produces an
energy spectrum with a tail which can extend above the experimental threshold for
studying neutrinos. By studying the low energy region of this spectrum (< 5 MeV), we
can quantify the level of 2!4Bi and 2°*T1, and hence determine both the Cherenkov and
neutron backgrounds. As we will be combining many techniques, studying various
isotopes in the chains of Fig. 2.2, reference will be made to an equivalent quantity of

U or Th, assuming that the chain is in equilibrium.
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Figure 2.2: 22Th and 238U decay chains. The (37 decay of 2°®T1 and ?'“Bi are shown
in detail.
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Figure 2.3: Schematic of SNO.
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2.1.2  Geometry and Make-up of SNO

This section is largely drawn from [37]. SNO is located at 46°28'30" N, 81°12'04” W,
at a depth of 2092 m (6010 m.w.e) in INCO’s Creighton mine near Sudbury, Ontario.
This depth in norite rock will reduce the flux of cosmic muons by an amount equivalent
to 6010 m of water, to about 70 muons passing through the detector per day. The
SNO detector is defined by regions shown in Fig. 2.3 and are described as follows.

D>O The 1000 tonnes of D;O comes from the Ontario Hydro Bruce heavy water
plant beside Lake Huron. The isotopic abundances of the heavy water are given in

Table 2.1 and are important for understanding the neutron transport properties of

the DQO

Table 2.1: Isotopic abundances of the SNO heavy water

Hydrogen Fractional Oxygen | Fractional
[sotope Abundance Isotope | Abundance
’H 99.9084(23) % 170 0.0485(5) %
SH 0.097(10) uCi/kg 180 0.320(3) %
H balance 160 balance

The radioactivity levels of the DO have to be ultra low, so as to reduce the
number of background events. The target levels were set at 3.7 x 1071 g/g of Th and
4.5 x 107 g/g of U. For more details see Section 3.4.

AV  The D50 is contained in a 12-m diameter spherical Acrylic Vessel (AV). The AV
is constructed from 122 separate ultraviolet transmitting (UVT) acrylic panels, each
approximately 5.6 cm thick, which were bonded together underground in a unique
feat of engineering. Access to the interior of the vessel is obtained through a 1.5-m

diameter, 6.8-m tall acrylic neck. UVT acrylic was chosen because its light transmis-
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sion is similar to the PMT spectral response and it can be cast relatively free from

radioactive contaminants.

Inner H,O Between the AV and PMT array is a buffer of 1700 tonnes of ultra pure
light water (H2O). This helps to support the AV and to provide radioactive shielding
from the PMT array. The radioactivity requirements of this region are 3.7 x 10714
g/g of Th and 4.5 x 1073 g/g of U, an order of magnitude less stringent than the
D5O0.

PMTs and PSUP  An array of 9438 photomultiplier tubes (PMTs) look inward
at the SNO DyO volume. The PMTs, made by Hamamatsu (model R1408), are
20.4 cm in diameter and are each contained in a hexagonal housing, with reflecting
concentrator petals increasing the effective photocathode coverage to 54%. The PMT
anode is typically between +1700 V to 2100 V. In addition, 91 PMTs face outward

to provide muon veto information.

The PMTs are mounted on a PMT-support structure (PSUP). This is a construc-
tion of 270 stainless steel struts, assembled underground to make a geodesic sphere
17.80 m in diameter. The PSUP, together with the PMT housing, also provide a
99.99% leak tight barrier between the inner HyO and the less pure outer H,O. In all,
the stainless steel of the PSUP and PMT glass provide the largest source of radioac-
tive signal for SNO. Reconstruction of event positions will become critical in reducing

this background (see Section 2.2.3)

Outer H,O Between the rock wall and the PSUP we have a relatively less pure
5700 tonnes of HoO. Water flow is generally maintained to be outward from the inner
H,O, so the radiopurity requirements are much less stringent here (~ 107'2 g/g). The
rock wall is covered in a Uralon lining that prevents leaking, leaching of material, and

diffusion of radon into the water
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2.1.8 Data Collection

There are two primary forms of data collection for the SNO detector that are used in

this thesis.

¢ PMT Electronics and DAQ The SNO electronics handles data from up to 9529
PMTs. The signal from each PMT is received by one of 19 electronics crates, via 32 m
of 75  waterproof coaxial cable. Within a crate there are 16 front end cards (FECs),
and the signal from each PMT is passed to one of these. Each FEC processes the
signal from 32 PMTs, digitizing and temporarily storing the information. The buffer
capacity is sufficient to handle a burst of up to 10° events (e.g. from a supernova).

Each FEC interfaces with the custom SNO backplane, which also interfaces with
a trigger card. Basic information is summed by the trigger card, such as the total
number of hit PMTs in a given time window. The primary time window used is 100
ns. This allows for the 66 ns direct time-of-flight for light to cross the diameter of the
inner HyO region (reflected light can take even longer to hit a PMT).

Timing is provided by two clocks. A 10 MHz clock, synchronized to a GPS system,
provides precision time markers in the data stream, while a 50 MHz quartz oscillator
provides the timing between PMT hits. The 50 MHz oscillator is also used to force a
trigger every 200 ms, providing a snapshot of the detector and monitoring the PMT
noise rate.

The data acquisition (DAQ) also interfaces with the SNO backplane via a single
VME crate containing a Motorola 68040 computer. For each trigger, the DAQ serves
to build the individual hits into an event. The electronics are monitored by the SNO
Hardware Acquisition and Readout Control (SHARC), which also serves as a user
interface for controlling the running of SNO. In addition, SHARC provides control of

the manipulator system used for deploying calibration sources.

e Water Systems There are two separate water systems, one for the inner H,O

and one for the D5O. These serve to both maintain water purity through recirculation
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and to collect information about the level of impurities. The D50 is sampled from
six separate locations, through pipes inside the AV. The H50O is sampled from six
positions between the AV and the PSUP. Within each closed loop system, Th, Ra
and Pb are collected for counting by microfilters coated with DTiO. Acrylic beads
coated with MNO, also absorb Ra for additional counting. Finally, Rn is extracted
by storing six tonnes of liquid in a vacuum degasser, with the Rn atoms subsequently
being frozen out in liquid nitrogen for counting. For more details on the data collected

by the water systems, see Section 3.4.1

A future configuration of SNO will have *He proportional counters installed into

the heavy water. These are described in Appendix B.1.

2.1.4 SNO FEvents

It is instructive to examine some SNO events. Figure 2.4 shows an example of an
event from the N calibration source. This source produces ’s of 6.13 MeV, a similar
energy to neutron capture on deuterium. Most of the PMT hits are on one side of
the detector, showing a pattern characteristic of a Cherenkov ring. In addition, most
hits occur in a relatively short time interval (30 ns), corresponding to light that has
travelled directly from the source. The later hits are due to reflections off the AV
and PMTs, and due to PMT noise. A muon event (Fig. 2.5) shows a much larger
number of hits. The positions where the muon crossed the PSUP can be identified by
studying the timing and charge distributions. An example of instrumental noise is a
flasher, where one PMT undergoes high voltage discharge. We see a cluster of early

hits due to the discharge, followed by late hits on the far side of the PSUP (Fig. 2.6).
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Figure 2.4: Event from the YN source. Clockwise from top left, we have the 3D hit
pattern on the PMT array, its projection onto two hemispheres, the timing distribu-
tion of the hits, the map of the hits in electronics space, and some statistics about
the event.
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Example of instrumental noise (a flasher).
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2.2 Data Reduction

2.2.1 Run Selection

The data studied in this thesis were collected during the pure D,O phase of SNO!,
between November 2, 1999 and May 28, 2001. The data were recorded as a series of

runs, with run selection being made on the following criteria.

e Run must be flagged as neutrino data. Other run types, including calibrations,
maintenance, and source deployment runs, were not included in the neutrino data

set.

e All electronics crates online.

e Compensation coils on and stable.
e Run length must be > 30 minutes.

e Runs which overlapped with some unusual condition were discarded (e.g. out of

calibration, power failure, GPS inconsistency).

e No activity on the deck directly above the detector.

Selected runs varied in length from 30 minutes to 4 days. There were significant
gaps in collection of useable neutrino data, due to calibrations, mine shutdowns, and
instrumental problems. The cumulative livetime is shown in Fig. 2.7. The division
of livetime into day and night (Fig. 2.8) varies from month to month, both because
the detector is not being run continuously and because the length of time the Sun is

above the horizon varies with time of year.

2.2.2 First level Cuts

Given the low background radioactivity of SNO, most of the recorded events were

caused by instrumental noise. This included light created by the electrostatic in-

LOther phases of SNO are the salt and NCD phases, discussed in Section 5.2
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Figure 2.7: Cumulative livetime for the neutrino data set

teractions of dripping water (neck events), light emitted from electrical breakdown
within the PMTs (flashers), and breakdown and pickup within the electronics. For-
tunately, each of these event types has a characteristic hit pattern, timing and charge
distributions, and often occur in characteristic bursts. This allows for an efficient
removal of instrumental noise events. An array of cuts were designed to remove these
events from the raw data set and these are extensively discussed in [38]. The in-
strumental cuts produce the first three steps of data reduction shown in Fig. 2.9. It
was found that many of the events were flagged by more than one of the cuts. For
example, many flashers occurred in bursts. This allowed us to identify them, not only
by the spatial and timing distribution of the hits of each event, but also by the time
between events. This kind of redundancy was important in assessing the residual
contamination left over after the cuts, as shown in Fig. 2.10. By deploying various
sources, one is able to determine what fraction of physics events are lost to these cuts,

also known as sacrifice (Fig. 2.11)
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Figure 2.8: Month by month livetime for both day and night.

2.2.8  Reconstruction and High Level Cuts

After the first level of data cleaning was complete, the hit pattern and timing distri-
bution were used to reconstruct the position and direction of the remaining events.
A number of different algorithms were developed to do this, with this thesis using
the path fitter, seeded with the output of the grid fitter. These various fitters are
described extensively in [39] and will not be discussed further here. It suffices to
understand that the position is reconstructed with a width of 10 - 30 ¢m, depending
on the source and Nhit of the event, and that the direction is reconstructed with a
width of ~ 27° (for neutrino data).

For a few of the remaining events, the fitter algorithm simply failed to find a
solution and these events were rejected outright. By analyzing Monte Carlo and
source data, we can assess the number of accidental failures (i.e. physics events that
failed to be fit). This was found to be small, indicating that the failed events were
probably external backgrounds or missed instrumental noise. Each successfully fitted
event was assigned two angular figures of merit. Having reconstructed the position

and direction of the event, we can create a coordinate system centered on the event,
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Figure 2.9: The SNO Nhit spectrum for various levels of cuts. The bottom axis is the
number of PMTs hit for each event (Nhit). Figure provided by N. McCauley.

with the z axis along the electron track. In this coordinate system, Cherenkov light
has characteristic zenith and polar distributions and a Kolmogorov-Smirnov (KS) test
of the event can be done against these two distributions. These two tests help reject
mis-reconstructed events, typically radioactive background from the light water and
PMTs (which have been incorrectly assigned a position inside the AV).

A related measure is an isotropy parameter named ©;;, which measures the av-
erage opening angle of the rays which connect each hit PMT to the event vertex. A
large value of ©;; is indicative of isotropic light, generated by certain non-Cherenkov
processes. Op; will be discussed more extensively in Section 3.4. In addition, now
that the event vertex is known, the time of flight for each photon can be normalized
to the line of sight distance. Prompt light is light that appears to have come from the
vertex without any additional scattering. Scattering will lead to some late photons,

although too much late light is indicative of non-physics sources that can produce
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Figure 2.10: Percentage contamination (left axis) remaining after first level cuts,
shown as a function of Nhit (bottom axis). Figure provided by Vadim Rusu

light spread over longer time intervals. To this end, we define the In Time Ratio
(ITR), the fraction of light that is prompt. Figure 2.12 shows a scatter plot of these
two measures, where we have overlaid the cleaned data set, a data set from the N
calibration source, and the instrumental events (already removed by other cuts). We
see that ©;; and I'TR provide a very nice redundancy in removing instrumental noise,

as well as catching a handful of events missed by the other cuts.

Finally, a fiducial volume cut is applied, removing all events that do not recon-
struct within 550 cm of the center of the AV. This removes a large fraction of the
radioactive background events that are mis-reconstructing inside the AV (radius =

600 cm). The collective set of high level cuts provide the last reduction step in Fig. 2.9
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2.3 Final Data Set

Reconstruction allows us to assign a position and direction to each event. Although
this amounts to six coordinates, we will only be interested in the radial coordinate
Ry and the reconstructed direction relative to the incident direction of the neutrino
cos s, as defined in Fig. 2.1. We will make a fiducial volume cut, accepting events
with Ry; < 550 cm. Any value of cos 8 is acceptable. In addition, we will define an
energy measure Terr, which assigns the most probable kinetic energy to each event
(see Section 3.2). We take a threshold of T,;; > 5.0 MeV. Both the fiducial cut and
kinetic energy threshold are designed to minimize the contribution from radioactive
backgrounds.

The final data set consists of 2928 events, each with individual values for X =
{Tess, R}y, cos g, cos6.}. To be consistent with our PDFs (see section 3.6), we bin
this data into a multidimensional histogram n(X), with n being the number of counts
in bin X. There are 17 T.; bins, with the first 16 bins being 0.5 MeV wide from 5
to 13 MeV. The last bin spans from 13 to 20 MeV. There are 30 equally spaced Rfcit
bins and 60 cos 6 bins. Finally, we use two bins in zenith angle (day and night).

We will find it simpler to maintain an event-by-event accounting, where we only
have to keep track of 2928 x 4 pieces of information. For each event m, there are
four coordinates to describe its position in the histogram n(X)?. We can not present
the entire set of 2928 x 4 data here. Instead we project these onto 1-dimensional
histograms, as shown in Fig. 2.13.

Note that there is a significant difference between the number of day and night
events. This is almost all due to a difference in livetime, since we have collected more
data during the night. To explain this, and to learn if there is some residual difference,

we must make a careful accounting of livetime.

2There is strictly no need to bin the data at all. However, our study of detector response was
binned, so we do not have complete information on a finer scale. Furthermore, with the exception
of zenith angle, all of the bins are smaller than the resolution of the detector.
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41

2.4 Livetime

A more detailed description of livetime accounting can be found in [38], with only the

key points presented here.

2.4.1 Raw Livetime

Events from the SNO electronics stream are assigned two separate trigger times by
a 10 MHz and a 50 MHz clock. The 10 MHz clock is synchronized with a Global
Positioning Satellite (GPS) receiver and we use this to measure the livetime of each
data run, assigning the start time by the first event and the end time by the last
event. With > 5 Hz of data, this represents less than a 400 ms error in the livetime
accounting of each run. Solar position code also allows us to reconstruct the cosine of
the solar zenith angle (cos#,) throughout a run. When the Sun is above the horizon
(cos@, > 0), we count the livetime as being Day and, when the Sun is below the
horizon (cos@, < 0), we count the livetime as being Night. The accounting of this
raw livetime can be found in Table 2.2.

One can check this measurement by using a second clock. The detector is triggered
at 5 Hz with a pulser, synchronized to the 50 MHz clock. These regularly spaced events
can be counted as a check of the livetime calculation, with the results shown as solid
circles in Fig. 2.15. We see very good agreement between the expected trigger rate
and the observed3. We take the difference between the two livetime measurements to

be a conservative estimate of the error in the raw livetime.

2.4.2 Deadtime

Of the instrumental cuts described in Section 2.2, four remove livetime from the data.

As this is similar to the phenomena of deadtime, we shall use that term here. The

3Small differences are attributed to stolen triggers, where other event types overlap with the
pulser triggers
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four cuts are

e retrigger cut This cut removes the 5 us of livetime immediately following each
event, so to avoid the retriggering of the detector through pickup. In this way, every

event is followed by 5 s of deadtime.

e muon follower cut This removes the 20 s of livetime immediately following a
muon event and is designed to cut muon spallation events. Thus, for every muon, we

get 20 s of deadtime.

e burst cut This cut is more complicated, as the deadtime is not uniquely defined.
Designed to remove short instrumental bursts, the burst cut tags events if at least
three occur within 1 ms. However, the deadtime for each burst is not simply 1 ms.
Had an additional event occurred shortly after or before the burst, it too would have
been cut. In this way, the deadtime 7, can only have a statistical meaning, with
R x 14 giving the expected number of physics events that would have been cut, where
R is the rate of physics events. We find that taking 7, to be the window defined in
Fig. 2.14 gives the appropriate statistical definition.

e Nhit burst cut This is similar to the burst cut, except 6 events with Nhit
> 40 in 4 seconds will trigger the cut. This is designed to remove instrumental noise
occurring in longer bursts. An equivalent definition is made for 7,4, again only having

a statistical meaning.

Many of the cuts overlap with each other and our accounting of deadtime allows
for this, so to prevent double counting. We can check our deadtime calculation by
allowing the above cuts to also remove pulser events. The expected number of events
cut and the actual number cut are in close agreement, shown as solid squares in Fig.

2.15.
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Figure 2.14: Schematic of how the deadtime window is defined for the burst cut. Had

an event occurred in this window, it would have been cut, hence the longer than 1
ms deadtime.

2.4.3 Orbital Eccentricity

The number of neutrino events not only scales with the livetime, but also with the
inverse square distance to the Sun. We must calculate the time average < (1ATU)2 >
for both the day and night bins. The Earth-orbit equation is given by [40]

_ 1+e cos(O(t) —0(t,))

= ey < 1au 24)

e = eccentricity = 0.0167
T = period = 364.25 days
t = Julian day

t, = Julian day of Perihelion

with 6(t) ~ @ These averages are computed in Table 2.2*

4Tt should be noted that the time average of the Earth-Sun distance over one complete year is
not exactly 1 AU. In fact, < r > = 1.00000003 AU [41]
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Table 2.2: Day and night livetime and orbital eccentricity calculations. The error
for the final livetime calculation is conservatively estimated to be 0.04% for each
zenith bin. For the eccentricity calculations, the error is estimated to be 0.01% in

< (14Uy2 .

T

Day Night
Raw Livetime 131.4 days | 181.6 days

Deadtime correction | 68.4 hours | 88.6 hours
Corrected Livetime | 128.5 days | 177.9 days

< (H49)? > 1.0002 1.0117
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Figure 2.15: Verification of livetime using a pulser, or Pulsed Global Trigger (PGT).
Figure provided by Neil McCauley.
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Figure 2.16: Fine binned distribution of livetime over zenith angle dczze . The distri-

bution for the actual SNO livetime is compared to the distribution one would have
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28 2001 (total time). Twice a day dcifiez — 00, averaging out to give the two peaks.

Figure provided by Neil McCauley.

2.4.4 Fine Binned Livetime Distribution

When creating an MSW model for day and night neutrino events, we will need to

average the survival probability over the zenith angle.

1 1 dt
P(E,))p=— dt P(E,,cos0.(t)) = — dcosf, P(E,,cosb,
(o =g [t P(Ercostut) = - [ deost (B, coste) 7o
P(E)y = — dt P(E,,cos0.(1)) = — / dcosd. P(E,, cos.)—2t
N = — ,cos ., = — cosf, L, co80,)—
N TN night TN cos0,<0 d cos 92
(2.5)
To carry out this integration numerically, the function dcg: g, must be defined over

a fine binned distribution, as shown in Fig. 2.16. In this figure we also show the

distribution one would have seen had SNO been run continuously with 100% livetime

dt
dcosf,

for neutrino data. The two peaks arise from the fact that — 00 twice a day.
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Chapter 3

CALIBRATION, SYSTEMATICS AND BACKGROUNDS

3.1 Optical Calibration and the SNOMAN Monte Carlo

To model the response of the detector to neutrino and background events, we must
first calibrate the optical properties of SNO. These properties include the attenuation
length of the D;O, HyO and acrylic, along with the angular response of the PMTs.
The latter is the likelihood of a photon triggering a PMT, tabulated as a function of
direction (measured relative to the normal of the PMT). To make these measurements,
a laserball is used [37]. This is a diffuser ball, located at the end of a fiber-optic
cable, through which laser light is fed. Several dye lasers are employed, providing
wavelengths in the range 360-700 nm. [37].

The source of photons is localized, so that the direction to each hit PMT is known.
This, of course, assumes that the path taken by the photon is direct and has not come
from some reflected surface. To ensure that we calibrate with unreflected light, we
make a cut on the timing of individual hits. PMTs that were hit at times significantly
different from the direct-path time are not used in the calibration. Figure 3.1 shows
the distribution of hit times for events from another source (The '®N source, described
in Section 3.2).

Physics events are modeled with the SNOMAN Monte Carlo. This Monte Carlo
includes a detailed description of the geometry and chemical make up of SNO and
its calibration sources. Interaction and propagation of electrons and photons is incor-
porated though the EGS4 (Electron Gamma Shower) code [42]. Neutron interaction

and propagation is handled by the Los Alamos neutron transport code [43].
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Figure 3.1: Prompt light peak for data and Monte Carlo of the N source, placed at
the center of the AV. Figure provided by Mark Boulay.

Neutrino interactions are also modeled. The direction to the Sun is varied with
time of day, so to simulate the correct zenith angle dependence. The code can also be
set to vary the distance to the Sun with time of year, although this feature was not
turned on for our simulations and we must include it as a multiplicative correction
from Table 2.2. The spectrum of neutrinos is taken from Ortiz et al. [44] and the
Butler, Chen and Kong (BCK) differential cross sections were used for the CC and
NC interactions [45]. The CC and NC cross sections have a single free parameter
L1 4, which is set to 5.6 fm3. The flux of 8B and hep neutrinos is set to a reference

unit. For this, we use the SSM of the Bahcall, Pinsonneault, and Basu (BP2000) [2].

Ultimately, all neutrino events lead to scattered electrons and their Cherenkov
photons. To model these photons correctly, the attenuation of the various regions of

SNO must be tuned using the optical calibrations of the previous page.

In addition, detector effects such as PMT noise and trigger efficiency are also
included in the Monte Carlo. Calibration sources are also modelled, with careful

attention paid to the source geometry, event distribution and rate.
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3.2 Energy Response

The discussion of this section is largely drawn from [46]. Now that we have optically
calibrated the Monte Carlo, we are almost ready to simulate neutrino data. However
the Monte Carlo still has one remaining free parameter. The optical calibrations were
unable to determine the overall gain of the detector, expressed as the average gain
of the PMTs. The °N calibration source, described extensively in [47], is used to
determine this.

The 5N is produced through (n,p) reactions with oxygen in CO,. The gas is
transported to a decay chamber deployed in SNO, where the N -+ decays. The
spectrum of v energies shown in Fig 3.2. The [ particle creates scintillation light in
the shielded decay chamber but does not contribute significantly to the light seen by
the PMTs. By tagging the events through the (8 scintillation, we significantly reduce
the low energy backgrounds in the '°N data set. The primary channel gives a 6.13
MeV ~, which subsequently Compton scatters, producing Cherenkov light.

2
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Figure 3.2: Spectrum of +’s produced by the N source.

Additional sources, including the pT and ®Li source, allow us to check the cali-
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bration at different energies. The pT (proton-tritium) source produces 19.8 MeV ~’s
via 3He(p,y)*He. The ®Li source produces a 3 spectrum similar to that of the recoil
electrons from the CC interaction of ®B neutrinos. The spectra of these three sources

is shown in Fig. 3.3 for the total light (Nhit), along with the Monte Carlo for each.

® N16 Data
® Li8 Data
A PT Data
—— Monte Carlo
% CC Monte Carlo

Normalized Distributions
=)

|
E

I|III|IIIP=II|II| _ALII_A_'III'III'"II
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Figure 3.3: Energy calibrations. Figure provided by Andre Hamer.

The primary energy measure used in this thesis will be constructed from the
prompt light only. After fitting the event position, one can determine the expected
arrival time of a photon for each hit PMT. Light that arrives within a 20 ns window
around this time is referred to as prompt, the identification of which is shown in
Fig. 3.1. We measure the spectrum of Np,omyt, the number of tubes hit in the prompt
window. We can then tune the PMT efficiency in the Monte Carlo, so that the

simulations of 1N match the data. The other sources then provide a check of this.
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For each event, the number of prompt hits depends on both position and direction
of the event, as illustrated in Fig. 3.4. Generated by our calibrated Monte Carlo,
Eresponse quantifies the variation of the detector response relative to the center of the

detector (where €.csponse = 1).

response

w

Figure 3.4: Monte Carlo of detector response as a function of radius (relative to the
center of SNO) and direction (relative to the radial vector of the event). Shown is
the response for 8 MeV electrons. Figure provided by Mark Boulay.

This allows for the definition of a corrected number of hits for each event

9438 1 1
(Nprompt - RnoiseTprompt) X X (3 1)

Ncor = N
PMT €response Edrift

where

e Npyr is the number of tubes online, working and collecting data. This can vary

from run to run, so we normalize it out.
® Nprompt 1s the in-time number of hits

® R,,is is the rate of individual PMT triggers that are caused by noise. This is
determined by the pulser, which record the background noise hits for SNO.
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® Tprompt 15 the width of the in-time window = 20 ns.

® €response = Eresponse (L fit, c0s 6,) is the response relative to an equivalent event at the

center of the detector.

® cqrift = €arift(t) will be defined later. It accounts for any possible long-term variation

in the energy scale.

Equation 3.1 assumes that the detector is isotropic. This is not quite true, since
there will be some PMTs switched off or removed and there are no PMTs in the region
of the AV neck. However, Monte Carlo simulations of these features demonstrate that
the energy measure N,,,. is very close to being independent of direction or position.
Furthermore, the normalization with respect to the number of tubes online serves to
mitigate all significant time dependences in the simulations of N,,.. Despite this, a
drift was observed in the measured centroids of the °N data, as shown in Fig. 3.5.
An empirical function eg,;(t) is fit to this data and associated systematic errors are

assigned.

N, does not vary linearly with the energy of a recoil electron. However, although
it is strictly unnecessary for our purposes, one can convert the N, energy measure
into a linear energy measure. This uses Monte Carlo simulations of monoenergetic
electrons to create a mapping between kinetic energy 7, and the centroid of the N,
distribution. By inverting this 1-to-1 mapping, we assign to each event a most probable

electron kinetic energy Tess. This is the energy measure used to study neutrino data.

We must evaluate the systematic uncertainty in the kinetic energy measure T¢y.
Contributing factors to this are the uncertainty in energy drift, uncertainty in shield-
ing of light by the N source and variation between Monte Carlo and N data as a
function of position (Fig. 3.6). The overall uncertainty is estimated to be 1.21% in

the value of T¢s.
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Figure 3.5: Empirical energy drift function. The vertical axis shows N, normalized
to 36.06 hits. (called / ;. in this plot). Figure provided by Mark Boulay.

win

Analytic form of the T,y; Distribution

To a very good approximation, one can use a Gaussian distribution to describe the

response of SNO to an electron of energy T,. This is given by!

(Tepr — Te)2>

1
Terr|le) = ——===cxp | —
p(Teps|Te) 2ot T < 202

(3.2)

o5 (T,) = —0.0684 + 0.331+/T, + 0.0425T,

By design, the energy measure is linear. That is, the centroid of T.s; is linear with
respect to 7.
For neutron capture, most events arise from the Compton scattering of an electron

by a v of fixed energy 6.25 MeV (although there can also be a 2.2 MeV ~, occasional

LA simpler equation gives an almost identical response in the energy range of interest, 0% =
0.120T,, + 0.0738T2. However, since any empirical description will do, we shall not depart from
the published response function here.
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Figure 3.6: Agreement with 1N Monte Carlo as a function of radial position of the
source. Much of the spread at high radius is due to the presence of the AV neck at Z
= 600 cm. Figure provided by Andre Hamer.

ete” production and some photoemission). The most likely energy of the scattered
electron is 5.08 MeV kinetic and, at this energy, og (7T, = 5.08) = 0.89 MeV. However,
because of the additional width of Compton scattering, the total width is

ONC = 1.11 (33)

In this way, detector resolution contributes about 65% of 0%~ and Compton scattering

contributes about 35% of %

3.2.1 A Second Energy Measure

For studies of data much below ~ 5 MeV, the kinetic energy measure T¢;; defined
above is inadequate. The reason for this is that it employs a prompt light cut, which

reduces the number of hits for each event and hence increases the statistical width
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of the energy measure. For a specific energy T,¢s, there is a broad distribution of
Nprompt which will map into it. Software and hardware thresholds can truncate this
distribution.

A second energy measure is employed, mainly for use in low energy background

studies. This uses only a minimal number of corrections?

9438 1

ff = N—(Ntotal - RnoiseTtotal) X — (34)
PMT €drift

where

® Nt 18 the total number of hit PMTs for the event. This is almost the same as
Nhits (discussed earlier), although there may be a few additional tubes removed for

calibration reasons.
® Tiorqr 1S the width of the total light window = 390 ns.

® cirift = €arift(t) is the empirical drift function for this energy measure

This energy measure will primarily be used to study the high energy tail of low
energy background events. For this reason, we do not map it into a most probable
kinetic energy, since that will have no meaning in this context. In addition, there
are radial and directional dependences in N.f; which would make a most probable
energy ambiguous. We have continued to employ the time dependent corrections
Nparr, Ruoise, €arift, S0 that we might use it to study the stability of SNO. With the
software and hardware thresholds used to create the SNO data, we can safely use all

events with N.yr > 27.3 (which is, loosely speaking, equivalent to ~ 3 MeV).

3.3 Neutron Calibration

This section is largely drawn from [48]. The NC reaction produces neutrons which are

uniformly distributed throughout the D,O. These neutrons quickly thermalize before

2A warning to SNO collaborators: the term N.s¢ has been used within the collaboration in a
number of contexts and one should be careful not to confuse them.
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capturing on 2H, 'H, oxygen isotopes, or material in the acrylic. Neutrons which
capture on deuterium produce a 6.25 MeV ~y, which can compton scatter an electron
to produce visible Cherenkov light.

To measure the NC flux, we must calibrate SNO for the transport of these neu-
trons, calculating the absolute capture efficiency on deuterium, as well as the radial
profile for the associated events. Three methods are employed to measure the cap-
ture cross section. The primary method places a ?*?Cf source at various positions in
the detector, leading to the results of Table 3.1. The uncertainty arises due to the
uncertainty on the source strength, the reconstruction accuracy, and the acceptance

of the various cuts used to remove background events.

Table 3.1: Capture efficiency for neutrons on deuterium. ¢, is the probability that
a neutron will capture and the associated event pass the listed cuts. Radial cuts are
made on the fitted position.

cuts €n

no cuts 299+ 1.1%
Rys < 550 cm 27.2+1.0%
Ry < 550 cm, Tepp > 5.0 MeV | 14.38 + 0.53%

Two additional approaches show good agreement. The second approach uses the
Monte Carlo, known cross sections and isotopic abundances to calculate the efficiency.
The limiting systematics in this approach are the isotopic abundances of 'H and
170 and the capture cross section of neutrons with deuterium. The final approach
attempts to circumvent the source strength uncertainty in the primary approach,
using the multiplicity of neutrons from 2*2Cf fission to self-calibrate the source. The
mean multiplicity is 3.79 £ 0.006, with standard deviation 1.57 4+ 0.02. By measuring
the multiplicity distribution of the observed events, we can determine the efficiency.

Unfortunately, this approach is statistically limited.
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The radial profile of neutron capture is shown in Fig. 3.7 for various source posi-
tions. The fall off towards 600 cm is due to the capture of neutrons on acrylic and
the propagation of 6.25 MeV ~’s outside of the AV. The data are compared to the
Monte Carlo and the agreement is excellent. No systematic error is associated with

the shape of this radial profile (only its overall amplitude).
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Figure 3.7: Cf source as a function of radius, compared to the model. Figure provided
by Mike Dragowsky.
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3.4 Backgrounds

This section is largely drawn from [49] and [50]. As discussed in Section 2.1.1, radioac-
tive contamination can lead to two kinds of background events. Radioactive decays
that produce a v above 2.22 MeV can photo-disintegrate deuterium, producing a free
neutron which is indistinguishable from an NC event. The same decays can, instead,
produce enough Cherenkov light directly from the 5+ decay to trigger the detector,

possibly imitating a neutrino event.

There are four regions from where measurable background events can originate:
D>0O, AV, HyO, and PMTs. A given region will have its own unique quantity of
contamination and we must determine this for each separately. Ultimately, if we
know the equivalent U and Th levels for each region and we have a model for the

radial and energy distributions for each source, then we have completely described

the SNO backgrounds.

3.4.1 FEx-situ Measurements

Periodically, samples are drawn from various regions of the the D,O and H5O. The
water systems trap Ra isotopes using separately MnO,, beads and HTiO coated mem-
branes. Studying the trapped Ra, we count single o decays and a-3 coincidences to

measure the equivalent quantity of U and Th.

Due to migration of ?Rn (3.8 day half life), the measurement of *°Ra may not
be a good indicator of the lower end of the uranium chain. For this reason, we also
run the D,O and H,O loops though a degasser, to extract radon. The radon is frozen
out and counted to determine the levels of 2Rn. The ??°Rn of the Th chain is not

counted because of its short half life (56 s).
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Figure 3.8: ©;; for Bi and Tl in the D,O. Figure provided by Alan Poon.

3.4.2  In-situ Measurements

A completely independent approach is taken, using the PMT data to determine the U
and Th contamination. For either D,O or H,O, one must be able to separate the 2*Bi
(U chain) from the 2°T1 (Th chain). The TI decays we see are typically events with
multiple (’s and ~’s, while the Bi decays are typically single electron events. For this
reason, the Cherenkov light we see from T1 is typically more isotropic. As a measure
of isotropy, we use O ;, which measures the pairwise average opening angle of the rays
which connect each prompt hit PMT to the event vertex. The distributions of ©;;
are shown in Fig. 3.8 for the D,O region, determined by both calibration data and
Monte Carlo. A similar pair of distributions is determined for the H,O region, where
the detector response is somewhat different. One can fit data to ©;; distributions

in the relatively high statistics window 31 < Nggp < 40.3 This leads to correlated

3This corresponds approximately to 3.4 - 4.4 MeV of kinetic energy, although recall that the
Ne¢r¢ energy measure does not uniquely map into a kinetic energy, because it has a different
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measurements of the U and Th (equivalent) levels, with a correlation of ~ -0.7.
Figure 3.9 shows a summary of both the in and ez-situ results for the D;O volume
as a function of date. Errors are both statistical and systematic, with the two ap-
proaches having completely independent systematics. We note that the Th levels are
consistent with being stable, with relatively good agreement between the two meth-
ods. On the other hand, the U measurements show a definite variation, due to the
migration of ?2Rn into the water, and the agreement between the methods is unim-
pressive. The Fz-situ measurements are not considered to be the best representation
of the U chain, given that the ?*2Rn levels fluctuate more rapidly than the frequency
of water extractions. We therefore use the in-situ results to provide the final mea-
surement for this chain. On the other hand, both the in and ex-situ measurements
are reliable for the Th chain. Furthermore, they have different systematic errors and
are uncorrelated. By combining the measurements for the Th chain, using a weighted
average, we break the correlation and reduce the overall error. Table 3.2 shows the
results for both regions. Monte Carlo studies translate these measurements into a

number of neutrons capturing within R; < 550 cm and with T¢zr > 5.0.

Table 3.2: Photo-disintegration backgrounds from the HoO and DO, integrated over
the total livetime of the detector.

region source Ex-situ In-situ combined | number of
107 g/g 1071 g/g || 107! g/g | neutrons
D,0 U 10.1734 17.8733 17.8%33 25.9752
Th | 2.15+£0.2170%5 | 1.634+0.58 | 1.634+0.58 | 18.44+6.5
H,0 U 29 + 51 7554330 | 7754330 | 56752
Th 81+% 142 + 66 91 +27 5.605%

interpretation for different regions of the detector.
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Figure 3.9: In and Fz-situ measurements for the D,O. Values are the equivalent quan-
tity of Th and U per gram of D50, calculated assuming the chains are in equilibrium.
Figure provided by Alan Poon and Kevin Lesko.

3.4.8 AV Contamination

Prior to and during construction of SNO, radioassay measurements were made of
the U and Th concentrations in the acrylic panels, as well as the bonds between
them. This led to the results in Table 3.3. Roughly half of the +’s from the decay
of this U and Th will enter the D;O volume. The cross section for producing photo-
disintegration neutrons is well known and, using Monte Carlo, we determine how

many of these events misreconstruct with Ry; < 550 cm and T¢zp > 5 MeV.
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Interestingly, there is a localized region of high radioactivity, referred to as the hot
spot, on the upper hemisphere of the acrylic vessel, as illustrated in the top panel of
Fig. 3.10. This is thought to have been introduced during construction and represents
a potentially significant background contribution. Analysis of PMT events allows us
to calculate the hot spot contamination if we make an assumption that it is decaying
via a specific chain. The Th chain produces more neutrons, so we calculate for this
worst case scenario. In the end we expand the error to allow for a lower limit of zero.
The hot spot is identified by making cuts in the detector polar coordinates cos 6, and
0o, as illustrated in Fig. 3.10, along with a radial cut to select events close to the AV.
To evaluate the contamination of this window from sources other than the hot spot,

we monitor two background subtraction windows on either side.

Table 3.3: AV backgrounds from bulk, surface and hot spot contributions. The
number of neutrons from each source is calculated after radial, energy and other
cuts have been applied. The contamination level for the hot spot is listed for the
assumption that it is all Th, although the final error range for neutrons covers all
possible sources.

source contamination estimated number of
(total) accepted neutrons

bulk U 15+ 15 pug 1.6 1.6

bulk Th 7.6%17 g 6.2714
outer surface U 0.18 £0.04 pg 0.013 £ 0.005
outer surface Th 0.96 = 0.19 pg 0.63 +0.16
inner surface U 0.16 = 0.04 pg 0.024 £ 0.008
inner surface Th 0.87£0.17 pug 0.88 £0.20

hot spot 10 + 1752 pug (Th) 6.515¢
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Figure 3.10: The AV hot spot. The top panel shows a projection of SNO data onto
the x-y plane, having made a cut to select events close to 600 cm (figure provided
by Alan Poon). The lower panel shows a schematic of the monitoring windows used
for studying the hot spot, along with the two background subtraction windows. The
parameters ¢, and cos, are the detector polar coordinates.



63

3.4.4 Cherenkov Tail Backgrounds

In addition to photo-disintegration neutrons, decays of the the U and Th chains can
also produce Cherenkov light which can simulate a neutrino event. Using Monte
Carlo simulations of low energy 2!4Bi and 2°®T1 decays, uniformly distributed in the
D,0O, PDFs are generated over X = {T.;/, R?it, cosfx}. These PDFs compare well
to studies with sources and to a period when there was an excess of ?2Rn in the
D,0O. After making cuts Ry < 550 cm and 1,5y > 5.0 Mev, we calculate the ratio of

accepted Cherenkov events to accepted neutron events in Table 3.4.

Table 3.4: Ratio of detectable 3+ to neutron backgrounds in the D5O.

source | ratio of B | total number
to n events | of B events
2UBi | 0.6701015 | 17473

25T | 0.1627005 | 3.0779

Table 3.5: Result of fitting to the radial PDF's of external backgrounds.

Source | Number of events in v window
AV 6.32%

H,0 2.8%5%

PMT 16.014)

At larger radii, the SNOMAN Monte Carlo is not considered to be well calibrated.
We instead use deployed low energy sources in the HoO, near the acrylic vessel and
near the PSUP, to determine the PDF's for external sources of events. We also use a

period of time when the 222Rn levels were elevated in the H,O. These PDFs are shown
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Figure 3.11: External backgrounds as a function of R;’%. Figure by Vadim Rusu.

in Fig. 3.11 for a kinetic energy > 4.0 MeV (4.5 MeV total). We use this energy cut
because there are insufficient statistics to make a fit in the neutrino energy window
(Tepr > 5.0 MeV). This, of course, should be considered a great success for a low

background experiment.

By fitting the radial PDFs in the range 1 < (Ry;/600)® < 2.31, we extract
the amplitude of AV, HyO, and PMT Cherenkov backgrounds for the lower energy
window. We then use the PDFs to extrapolate up into the neutrino energy window,

and into the region Ry; < 550 cm.
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3.4.5  Day-night Asymmetry of Backgrounds

We wish to determine if any of the background sources are asymmetric from day to
night. We bin all data into a day bin or a night bin, based on the zenith angle of the
Sun. The analyses of previous sections have measured the various background sources
and we can now repeat that separately for day and night, forming an asymmetry ratio

= QM (3.5)

By + Bp
where By and Bp are the night and day event rates for a given background source. A
large number of the systematic errors cancel in forming this ratio. Since systematics
are less of a concern, we can afford to look into a lower energy, higher statistics region,
pushing the N.;; threshold down to 27.3 (approximately equivalent to 3 MeV). At
this energy, the Monte Carlo is less robust, so it is difficult for us to separate out
the various components. However, it is still instructive to look at the event rates in
various monitoring windows.

We use the windows defined in Fig. 3.10 to measure the asymmetry of the AV
hot spot, where we can subtract out the contribution from other sources because the
hot spot is localized. To study PMT 3v events, we look at large fit radii and events
moving towards the center. To do this, we define the product u.r of the unit vector
in the fitted recoil direction with the unit vector for 7. Taking u.r < —0.7 selects
inward going events, primarily (v decays at the PMTs. Finally, we use the same
windows defined for the in-situ DoO and HyO analyses, although now the threshold
is significantly lower (and the statistics much larger). The day-night asymmetries of
these various windows are shown in Table 3.6. We can conclude a number of things

from this table.

1. The hot spot has essentially no asymmetry
2. PMT f(~’s have essentially no asymmetry

3. There is a mild asymmetry in the H,O and a significant asymmetry in the D,0O.
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Table 3.6: Definition of various monitoring windows. All windows have additional
instrumental cuts, high level cuts, and muon followers removed. The N.ss threshold
is chosen to avoid software threshold effects, with a window 27.3 < N.s¢ < 40.

Window CuTsSs Asymmetry
Name Radial Direction Polar
1. Hot Spot | 550<R<650 - 0.25 < ¢, < 0.75 —1.44+32%
(Bkgnd. : —0.4 < ¢, < 0.2 and 0.8 < ¢, < 1.4)
2. PMT By | 755<R<815 u.r<-0.7 - 0.46 £ 0.38%
2a. PMT py R>815 ur<-0.7 - 1.62 +0.18%
3. H,O 650<R<680  u.r>0 - 6.94 + 0.72%
4. DO R <450 u.r>0 - 30.5 +4.2%

One should be careful to note that a large asymmetry in a particular background
source does not necessarily imply a large total asymmetry, since the backgrounds are
only a small fraction of the total number of events.

A day-night asymmetry in the hot spot rate would be indicative of either an
intrinsic asymmetry in the source or some effect like drifting energy scale causing a
variation in acceptance from day to night. The fact that we don’t see a day-night
asymmetry tells us that these effects are either not present or they are cancelling.
Either way, we are only interested in the total asymmetry of the event rate, which is
small. Bulk AV contamination is not expected to have any intrinsic variation, so we
conclude that the asymmetry of all AV sources is negligible.

We note that the analysis of PMT events is relatively stable to the choice of radial
cuts, as demonstrated in Fig. 3.12. First, we see that Window 2 is intentionally
situated in a region where the slope with respect to radius is shallow. This prevents
a small perturbation in reconstruction aliasing into an asymmetry in the PMT gy

event rate. By moving the window out in radius, we get more statistics. The result
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is now inconsistent with zero, although still small. Possibly this is due to variable
contamination of the outer HoO with radon, with ’s passing through the PSUP to
be detected. Despite this, we conclude that the asymmetry in PMT 3v’s is essentially

negligible.
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Figure 3.12: The day and night PMT [~ rate as a function of fiducial volume.

It is believed that 222Rn from the U chain is responsible for the asymmetries we see
in the HoO and D50 regions. Since the chain is expected to be in equilibrium below
222Rn, this allows us to infer an asymmetry for both 3y and neutron backgrounds.

In Section 3.6 we will construct a model of the SNO data. To do this, we will need
to know how the number of background events divides between day and night. The

fraction of events for the night and day is

By (1+A/2)ty Bp  (1-A/2)tp (3.6)
B t+(ty —tp)A/2 B t+(ty —tp)A/2 '

where tp, ty and ¢ are the day, night, and total livetimes.
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3.5 Instrumental Parameters

Of course, the model we create of the detector response is not known with 100%
accuracy. We describe the perturbation from this model by instrumental parameters
a, such as energy scale, position resolution, etc. Many systematics are time dependent,
so that we must write & = «(t). The discussion of this time variability will not be
exact but, since the time dependence of the systematics will be seen to be small, an
exact treatment is unnecessary. Since we are considering data in two zenith angle

bins (D and N), we define two time averages

1
an =~ dt a(t)
NN (3.7)
1
ap =— [ dt a(t)
ip Jp

where ty and tp are the night and day livetimes. We can change basis to

tNOéN + tDOéD
gy =

ty +tp (3.8)

Qgif = AN — Qp
The reason we write our equations this way is that ag, and ag;; are measured by
independent techniques and are hence largely uncorrelated. In Section 4.2 we will
derive time-averaged fluxes for the electron and non-electron neutrino components (¢,
and ¢,;). These measured fluxes will depend only on the time averaged systematics
lay. In Section 4.3, we will derive asymmetry parameters, e.g. A, = 289D Thege

eN+¢>eD

asymmetries will depend only on the differential systematics ;.

3.5.1 FEnergy Scale

As discussed in Section 3.2, we have created a mapping from measurable quantities
such as Npyompr into a linear energy scale T.;r. For energies of interest, the Ty,
distribution is gaussian, centered at T, (the actual e~ recoil energy). We might

assume that this energy mapping is in error, so the centroid of the distribution is
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really at
Tesr=(1+a)Te (3.9)

In Section 3.2, we discussed the time average value oy, = £1.21%. We now wish to
discuss its time dependences.

Consider a spectrum of any kind of event, distributed over some generic energy
measure F. At any given time, the actual energy scale might be different to the

intrinsic energy scale of a stable detector.
E=(0+alt)xE (3.10)
This leads to a shift in the rate of events R above threshold Ejy,

R(a(t)) = R, + yRoa(t) + O(a?) (3.11)

where R, = R(aw = 0) and

1dR E dR
= —| =22 (= (3.12)
Rdal,_, R \dE ) p_p,,
where we have recognized that near threshold da = %.

Now let us write « in terms of two components, a long term energy drift oy, and

a term that varies with time of day ag
Oé(t) = OéL(t) + Oég(t)

We note that if ag has no systematic difference from day to night, but it fluctuates
randomly, then these fluctuations will tend to average out over time. For example, if
ag is typically different between day to night by 4+0.5%, but in a random way, then
this will average out to a 0.03% difference over the livetime of SNO (which is not one
complete year). It turns out that the average < a(t) > is the important quantity. One
can see this by noting that any observable such as A,(«) can be expanded linearly in

a (which is small) and then averaged over time.
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Long-term Energy Drift (ap)

As already discussed in Section 3.2, a slow drift was observed in the energy scale of
the SNO detector, as measured with the ® N calibrations and shown in Fig. 3.5. The
cause of this drift, and its actual functional form, are unknown. An empirical “best

fit” model has been identified.

1.00506 x (1.58719 — 6.28308 x 107° x tipy) tipy < 9356
Edrift =
1.00506 x (0.999345 — 9.12406 x 108 x (t,py — 9356)) t,ny > 9356
(3.13)

where t;py is the Julian day. This model is used to correct the assigned energy (Teyy)
for each event. The question now is, how wrong could this drift formula be? An error
in the correction factor can lead to an artificial asymmetry in a day-night analysis.
The reason for this is that the relative size of day and night livetime varies with
season, so that a slowly varying PMT efficiency can alias into an artificial day-night
asymmetry.

A number of worst case models were identified (Fig. 3.13), although only the
most extreme are presented here [51]. Here we chose to maximize the difference
between summer and winter energy scales, with the model pushed to the extreme
allowed value for those time periods. Choosing the extreme models gives the most
conservative estimate of the associated systematic error. Indeed, this is thought to
give an overestimate of the uncertainty.

As discussed above, a time-averaged systematic is sufficient to describe the per-
turbation of the energy response function.

gy = [ dtlet) — es0) - [ de () - uft) (3.14)

N D
where €,(t) is the best fit model to the drift. The results of this integration are found
in Table 3.7. When studying systematics as perturbative parameters, it is sufficient

to allow the day and night energy scale to be different by 4+0.14%
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Figure 3.13: Worst case energy drift models.

Table 3.7: Difference between the night and day time-averaged energy scales due to
long term drift in the detector gain. The perturbation is measured relative to the
best fit model.

model agir (%)

normal drift model 0 (by construction)
no drift model used -0.11 %
+ extreme drift model (blue) +0.14 %
- extreme model (red) -0.13 %
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Diurnal Variation (ag)

In addition to the long term energy drift, we have to consider the possibility of a
diurnal variation in energy scale. Over the time scale of a day, the optical prop-
erties of the H,O and D,O are not expected to change, nor do we expect changes
in the concentrator reflectivity or in the AV optics. However, one might anticipate
diurnal variations in the PMT response. For example, the PMT voltage may drift,
the compensation coils might be incorrectly set, or there could be errors in our tube
accounting.

To test for such variables we need a source of light which, for any given calendar
day, is constant from day to night. This source should illuminate all PMTs approx-
imately uniformly but otherwise can be located anywhere within the PSUP. It also
should be continuously present and, for this reason, deployed sources are not useful.
Fortunately, we have multiple “sources” which satisfy these criteria, including the AV
hot spot and PMT (3+’s. The monitoring of these was described in Section 3.4. We
can use the N.s; energy measure to test for diurnal variations, because we don’t care
about a misunderstanding of the optics (which can’t change on the time scale of a
day). This allows for a lower effective threshold and hence more statistics.

We consider a source of events with rate R, assumed to be stable. If the average day
and night energy scales (ap and ay) are different, then this will induce an artificial

asymmetry in the event rate
A= Y X Ogif (315)

where A is defined in terms of the night event rate (Ry) and day event rate (Rp).

B 2RN — Rp

Ryx+ Rp
One can approximate v by binning the data and using the discrete approximation
v = %% in the threshold bin. ~ and A are measured in a number of monitoring

windows, defined in Table 3.6 using the N.;; energy measure.
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These monitoring windows can only be used to check for energy scale variation
if their event rates are intrinsically stable. This is rarely the case as can be seen
in Fig. 3.14. The HyO and D20 windows show large variations due to the changing
background contamination in the detector. The Hot Spot and PMT v windows show
a slow decrease in event rate. This is suspected to be due to an unaccounted energy

drift, but could be an indication of decaying activity. We would like to limit/measure
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Figure 3.14: The month-to-month variation of each monitoring window.

the difference in the day and night average energy scale using the asymmetry of hot
spot or PMT (~’s. This would include a component from the energy scale drift,
aliasing into a day-night asymmetry. However, we can’t be completely sure that the
intrinsic event rates in these windows are not also changing slowly, aliasing into a day-
night asymmetry. For example, an event rate that was high in December, but low
in June, could produce an asymmetry simply because there is more night livetime in

December. To get around this problem, we can form a different day-night asymmetry
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A*. We measure the day-night asymmetry over short time intervals and then combine

the results statistically. This can be done using

o 2Zk wi (R — Rpr)
> w wi(Ryk + Rpk)

(3.16)

k labels bins of similar Julian time, where the night and day event rates are measured
separately in each bin. wy is used to give higher statistics bins more weighting. It
can be shown* that we get the best statistical measure by taking

we = (o + L)l (317

tne  Tok

A* tests for an asymmetry that occurs on a time scale shorter than the duration of
the individual k-bins. In this way, if there is a long term drift in energy scale or if
the intrinsic rate is changing slowly, it will not alias into a day-night asymmetry and
we are only sensitive to short term energy scale changes. The duration of each k-bin
is a tunable parameter in this analysis, although we find that we are insensitive to
it. The data are binned into bins of approximately 5 calendar days each. Typically,
the livetime in each of these bins is around 3 days. Variations on a time scale shorter
than this will not be normalized out by the formation of A*.

The most stable and highest statistics window is the PMT v window. It also has
the most steeply falling spectrum, hence providing the most sensitive test of energy
scale variations. One sees that the result is consistent with almost no asymmetry and

the 1o limit on A* x 100% is ~ 0.4%. This translates into a limit on agy = ay —ap

agif < 0.015% 1o limit

4This is seen most easily by noting that the statistical error is given by on = 7”%%”” and
op = YEpXtp 1f we assume that Ry = Rp = R, then the statistical weight of each bin is given

tp

by

1 1\ !
Wi ~ (U?Vk: +O—%k})_1 ~ (m + E)
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Table 3.8: The day-night asymmetry of event rate in various monitoring windows.
Errors are statistical only.

window v A(%) A* (%)

Hot Spot 10.3 £ 24 | -1.4 £+ 3.2% 0.2 + 3.3%

PMT [~ 26.1 + 0.2 | 0.46 + 0.38 |-0.08 + 0.39%
PMT (v (a) | 24.1 £ 0.1 | 1.62 + 0.18 | -0.04 £+ 0.19%
H,0 In-situ | 13.0 £ 0.2 | 6.94 + 0.72% | -0.71 + 0.75%
D50 In-situ | 11.7 + 1.1 | 30.5 + 4.2% -2.0 £ 4.4%

Henceforth, we will ignore possible diurnal variations in energy scale.

In Fig. 3.14, we note that there is an apparent correlation between PMT 3~
rates in Window 2 and with H,O decays in Window 3, as seen in the radon spike of
November 2000. However, we see no correlation between rates for the larger radon
spike of November 1999. We might conclude that the November 2000 correlation
is coincidental. Alternatively, perhaps the November 1999 spike is due to an excess
in radon in the outer H,O region only, explaining the lack of correlation between
Windows 2 and 3. Either way, the contamination from Window 2 is small and we
have shown that the procedure of forming A* mitigates the asymmetries of HoO
backgrounds. For this reason, the analysis presented here is independent of a possible

contamination of the PMT monitoring window.

3.5.2  FEnergy Resolution

A discrepancy was noticed between the width of the modelled and actual N energy

resolution. The Monte Carlo generates a width that is less than the data.

o(data) — o(MC)
o(data)

~ 0.045 (3.18)
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It is not clear which resolution we should use to describe SNO. Due to the complica-
tions of modelling source geometry, the Monte Carlo could be incorrect for describing
16N yet still be correct for modelling neutrino interactions. We take the Monte Carlo

width as the official model for neutrinos, but assign an error

5
27 — 0.045 + 0.00401 x (T, — 4.98) (3.19)
g

We also wish to know if there is any variation in the resolution with time. Studies
with the '®N source rule out any significant long term behavior. The N.;; energy
measure, along with PMT (7’s can also be used to put a limit on the diurnal varia-
tions in resolution. To study the effects of a shift in resolution, the energy (N.g) of
each PMT v event was perturbed, using a Gaussian smearing function of standard
deviation § x m and then recounted above threshold.

We have limited the PMT (v diurnal asymmetry to be approximately < 0.4%
and, from Fig. 3.15 we see that, to get a 0.4% variation in counts above threshold,
we must perturb the resolution with 62 = 1 x 1073. We know from ®N studies that,
for a total light energy measure, 02 ~ 2 X Ny, giving

2 2

aup = F T <5 x 107 (0.05%)

This may not be exactly correct for a prompt light energy measure, but it should be
the same order of magnitude. We will see that a variation in resolution this small has
essentially no effect on the final analysis of SNO data. Less stringent limits can be

placed using the hot spot (1.7%) or with D;O Cherenkov backgrounds (0.3%).

3.5.8 FEnergy Non-linearity

By comparing source data and Monte Carlo at different energy scales, we can get
an idea if our mapping T, — T,ss is indeed linear. The PT source (see Section
3.2) produces ~’s at 19.1 MeV. This second calibration point showed extremely good
agreement between data and Monte Carlo, despite the fact that the Monte Carlo had
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Figure 3.15: Variation in the event rate above threshold for PMT (v’s as a function
of energy resolution. We see that, for a 1 x 10~ Nhit change in resolution, we get an
approximately +0.4% change in the counts above threshold.

been tuned using the N source. With the centroid of the response function being at

Tepr = Te, we describe a deviation from this by
AT,pp = a x 1.40(T, —4.98) (3.20)

where a = +0.0023, as limited by the PT source.

3.5.4  Vertex Accuracy

Placement of the °N source at various locations in the detector allows us to determine
if the reconstruction algorithm is correctly assigning the vertex of each event. A set
of these comparisons is shown in Fig. 3.6. The ®Li source provides an additional

handle on this systematic, particularly because ®Li is a point source of 3’s, while 6N
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is a distributed source of Compton scattered electrons. These studies tell us that
the reconstruction of the radial coordinate is accurate to within oy, = +1%. In this
way, a fiducial cut of 550 cm may actually be equivalent to 555.5 cm or 544.5 cm, for
a +1% or —1% rescaling of vertex reconstruction. The uncertainty is a little larger
towards the AV neck, where there are no PMTs. However, the fiducial volume in this
region is not particularly significant.

We also wish to determine if the vertex accuracy is changing from day to night.
Using the same monitoring windows shown in Fig. 3.10, we plot the hot spot event
rate as a function of position (Fig. 3.16). The hot spot can not be used as an ab-
solute measure of fitter accuracy and reconstruction, since it occurs in a region (the
AV) where the optics are unusual. However, the stability of its reconstruction pro-
vides an excellent measure of ag;r, the systematic difference between day and night.
The summary of these results are found in Table 3.9. We conclude that the radial

reconstruction is stable from day to night, with ag;; = +0.20%.

Table 3.9: Day-night differences in reconstruction, as measured using the AV hot
spot.

datum day night difference
ag; = night - day
centroid R (cm) | 603.99 £+ 0.88 | 603.37 £ 0.81 | —0.62 £+ 1.20 cm
(0.10 £ 0.20%)
width og (cm) | 24.32+0.83 | 24.76 £0.76 0.44+1.13 cm

3.5.5 Vertex Resolution

By making additional comparisons between Monte Carlo and the deployed sources,

we can measure the resolution in the radial coordinate. Typically, we find that the
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Reconstruction of the Berkeley Blob.
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Figure 3.16: Reconstruction properties of the AV hot spot (a.k.a. the Berkely Blob,
named for the institution which first identified it). Figure provided by Neil McCauley.

resolution is 18 £2 cm, with the error being largely due to differences between Monte
Carlo and data. The uncertainty is a little larger towards the AV neck, where there are
no PMTs. However, the fiducial volume in this region is not particularly significant.
We therefore take the time-averaged systematic to be a,, = £2 cm. As seen in Table
3.9, the AV hot spot limits the variation of the vertex resolution to be ag;; = +£1.13
cm. Vertex resolution will be seen to have almost no effect on the final analysis. The

reason for this is that an error in resolution will move some events inside and some
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outside of the fiducial volume. For a signal with a flat gradient across the fiducial
boundary (CC and ES), the effect washes out to zero. For the NC reaction, there is

a small residual effect, amounting to ~ 0.1% in the acceptance of neutrons.

3.5.6  Neutron Efficiency

Neutron efficiency was discussed in Section 3.3. We saw there that the efficiency for
neutron captures that produce a measurable signal is 14.38 £ 0.53% (with T.;r >
5.0 MeV and Ry < 550 ¢m). The uncertainty can also be expressed as a relative

value

- 0.53%
“0.1438

= 3.7% (3.21)

It is this relative value that we will use to parametrize our model for neutron capture.

The total neutron capture efficiency does not vary because the isotopic abundance
of the heavy water is constant. The acceptance of the radial and energy cuts can vary,
although these effects are already described by other parameters and need not to be

considered here.

3.5.7 Acceptance

We have seen in Fig. 2.11 that, over most of the energy range of solar neutrino
interactions, the physics events lost to instrumental cuts is small and well understood.
The high level cuts of Section 2.2.3 remove a larger fraction of physics events. For ~
events (NC), the N source helps us measure this loss at ~ 2.3703%. For electron
events (CC and ES) this is measured with the ®Li source to be ~ 1.47)35%. The model
we create for SNO will include these as correction factors.

The stability of these cuts is shown in Fig. 3.17. As a conservative estimate of
how the acceptance might vary from day to night, we could take the spread of this
plot and set agr = 0+ 0.3%. This is what we will use when calculating the day-

night asymmetry in Section 4.3. However, it should be noted that this is an extreme
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overestimate. We have seen very good diurnal stability in the detector and have no
reason to believe that the acceptance is changing over the time scale of a day. If this is
the case, then we need only consider the possibility of long-timescale variation. With
the very mild variation observed in the N runs, any plausible long-timescale change
in acceptance would average out to be negligible. Either way, ag;r has essentially
no effect on the final MSW contours of Section 4.4 and, for that analysis, we take

Qgif = 0.

25The sacrifice stability of the high level cuts.
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Figure 3.17: The stability of the high level cuts from '°N runs.

3.5.8 Monte Carlo Statistics

Naturally, the Monte Carlo is generated with finite statistics. In Sections 4.2 and 4.3,

we will use these simulations to extract fluxes ¢, relative to the SSM. The uncertainty
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in the calculation of ¢ has a component due to the finite statistics.

O'¢ 1

(3.22)

where Njso is the number of events in the Monte Carlo simulation. We typically
run our Monte Carlos with a 8B flux of 50x SSM. This leads to an error in the
total number of expected events which is 0.19% (for CC interactions), 0.59% (ES
interactions) and 0.59% (NC interactions). These errors are small and are neglected
in the analysis of Section 4.2, being dwarfed many larger systematics. However, when
calculating day-night asymmetries (Section 4.3), the larger systematics cancel and

finite Monte Carlo statistics becomes the largest contribution to the error budget.

3.5.9  Directional Systematics

There is a final class of systematics. If the detector has a different response for
electrons moving in different directions, this may introduce some systematic error into
the analysis. For example, during the night almost all ES electrons move upward,
while during the day they move downward. Due to the lack of PMTs around the neck
area or PMTs being switched off, there may be a different response during the day
and night. If this is incorrectly modelled, we might calculate an artificial day-night
asymmetry. Similarly, the CC reaction produces directional information and so is also
sensitive to directional systematics. However, the NC reaction carries no direction
information, so in unaffected by such effects. Monte Carlo simulations include all of
the geometric effects due to missing and inactive PMTs, and integrate the detector
response over the livetime, taking into account the variation in incident neutrino
direction. These simulations show no significant asymmetry in the acceptance of
CC or ES events from day to night, although this claim is limited by Monte Carlo

statistics. For this reason, we choose to neglect this kind of systematic in the analysis.
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3.6 Summary of Systematics and Creating a Model for SNO

In this section we will construct a model of SNO events and summarize the system-

atics. First, let us define three variables types.
o X = {Tess, R}y, coso} is a set of measurable quantities.

e 1) represents a physics parameter. We will consider a number of different physics

models, each described by a different set of physical parameters 7.

e ( represents a systematic parameter, either background amplitude or instrumental

parameter. Collectively we describe the set of systematics by a vector a.

3.6.1 Probability Density Functions (PDFs)
For each reaction (CC, ES, NC), one defines the PDF over X
o(X 7, 0) (3.23)

with p® and p™° for the other reactions. In this thesis we will treat p as a binned

histogram over X, with X labelling the bins. The normalization condition is
> pe(Xna) =1 (3.24)
X

(with >> — [dX in the continuous case). In addition, p® depends continuously
on both physics parameters n and instrumental parameters . It is a conditional
probability, read as p*(X|n, ) is the probability of getting X, given n and c.

To a good approximation, we can write the 3-dimensional PDF p® as a product

of three 1-dimensional PDFs,; f, h, and g.
p(Teps, Ry cos00) = [<(Tugs) x g°(R};,) x h(cos 0c) (3.25)

We can do this because the energy measure T,y has been defined to be independent

of position and direction. Otherwise, f would depend strongly on the other variables.’

5There is a weak dependence in g and h on the energy and this has been neglected. A more
sophisticated treatment would write these as conditional PDFs g(R3|T) and h(cos 0 |T).
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Figure 3.18: The CC, ES, and NC PDFs for ®B neutrinos, projected onto the cos 0,
Rf}it, and T¢.ss axes. To generate this figure, the instrumental parameters describing
the detector response were set to their best-fit calibration values.



85

Monte Carlo PDF's

The SNOMAN Monte Carlo assumes an undistorted SSM spectrum of 8B neutrinos,
as well as a specific set of instrumental parameters. The instrumental parameters are
tuned so to give our best model of detector response. We shall refer to this setting
of the instrumental parameters as the calibration values, or «.,. The radial and
cos g PDFs derived from Monte Carlo are shown in Fig 3.18. Because the Monte
Carlo has finite statistics, we see some noise in the distributions. We use 30 bins of
equal width in R?it, from Ry = 0 to Ryiy = 550 cm. For the cos 0 distribution, we
use 60 bins of equal width from -1 to +1. We can also generate energy PDF's using
the Monte Carlo, although these will only be useful for physics models which assume
that the neutrino spectrum is undistorted from its standard shape. We use sixteen

0.5 MeV-wide bins from 5 to 13 MeV, with a seventeenth bin being 13 - 20 MeV.

Analytic PDFs

The radial and cosf, PDFs are independent of physics parameters. However, the
energy distribution will be different for different values of Am?,tan?6 and, for some
analyses, we will need to take this into account. For the more general case, we

construct a semi-analytic model which, up to a normalization, is defined by

dt do*(E,,T,)
dEVP€€ El/7 ‘9z /\ EV dTei e Te aTe
G [ ABP(BucostONE,) [an et (1, T,)

(3.26)

e \(E,) is the neutrino energy spectrum for neutrinos created in the core of the Sun.

f(Tepys,cos8,) ~

o P..(E,, cosf.) is the survival probability for the given value of Am? tan?6. It is
dependent on the neutrino energy and on the solar zenith angle. Typically, we will

also average over zenith angle (e.g. to create day and night averages).

o d0(Ey.Te)

T is the differential cross section.
e

® pe(Tess,T.) is the SNO energy response function, the probability that an electron

of energy 7, will be measured as having an energy 7T.;.
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There is a similar model for the ES reaction. To create binned PDFs, we integrate
Ters over each of the 17 energy bins and cosf, over the 2 zenith bins. In what
follows, we shall compress the notation and use the single symbol T¢;; to represent
all 34 energy-zenith bins. To perform an MSW analysis, we will need these analytic
energy PDFs. However, for other analyses (which assume no spectral distortions), we
can use either analytic or Monte Carlo PDFs with little affect on the results. When
we set P, = 1, we recover the conditions under which the Monte Carlo was derived,

shown in the bottom panel of Fig. 3.18.

3.6.2 FExpected Number of Fvents

For each reaction, we have a model for the expected number of events that pass
the cuts. These are not distributed over X, but may still depend on physics and
instrumental parameters. For example, if we change the energy scale of the model,
there will be greater or fewer events above threshold.

Assuming a SSM of ®B neutrinos, we can use the SNOMAN Monte Carlo to
generate the expected number of events for each reaction. They can also be modelled
by knowing the normalization in equation 3.26, given by ¢sg x V' X ng4, the product of
the flux, the livetime, the volume, and the number density of targets (deuterium for
the CC reaction). There are also small correction factors to account for the orbital
eccentricity of the Earth and for cut acceptance. The expected number of events for
the SSM and for a particular oscillation scenario are shown in Table 3.10.

Regardless of whether we simulate only the SSM or allow for MSW effects, the
expected number of events will be different from day to night. In both cases, the
livetime is different for day and night and the expected number of events increases
linearly with the livetime. In the full MSW model, there can also be some non-trivial
dependence on zenith angle. However, the distribution of events between day and
night is handled by the 34-bin energy-zenith PDF. We report only the total number

of expected events here.
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Table 3.10: Expected number of total (day + night) events for both the ®B and hep
neutrinos, interacting via the CC, ES, or NC reaction, with all cuts applied. For the
SSM case, Monte Carlo and analytic simulations differ by ~ 0.1%. The oscillated
example is generated using the analytic approach and is shown for the point in MSW
space Am? = 107*3, tan? 0 = 107943,

SSM (MC) SSM (analytic) oscillated example
B hep B hep B hep
CC | 5632.1 £ 10.7 not calculated 5646.6  32.5 1698.3 11.5
ES 557.2 + 3.3  not calculated 5H7.8 2.3 227.4 1.1
NC | 567.4 £ 3.3 not calculated 563.9 2.8 563.9 2.8

3.6.3  Combining Objects into a Model

In addition to the signal from the CC, ES and NC interactions, there will also be
a number of background sources. We will label the number of events from each
background as B!, B?, ..., one for each background source. There will also be a PDF
for each source (p', p? ...) distributed over X = {T¢ss, R}, cosf}.

We recognize that the number of CC, ES, NC events, discussed in Section 3.6.2,
have been derived assuming a specific flux of ®B neutrinos (5.05 x 10%cm™2s71). Tt
is unlikely that the Sun is producing exactly this number of neutrinos, since there
are significant uncertainties in the solar model. To account for this, we introduce the
parameter ¢;,, which measure the size of the actual flux, relative to the SSM flux.
When ¢;,; = 1, the Sun is making 5.05 x 10cm 2571 of ®B neutrinos. When ¢, = 2,
the Sun is making twice that number.

We combine the various components of the model into a number density of events,

(X0, @) = Gror X (Sp™ + S p + S p"C)
(3.27)
+ B'p' + B*p* + ...

where p(X|n, @) is the number of events in bin X, given the parameters  and «. In
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this thesis, we will treat hep neutrinos as a type of background. For all other back-
ground sources, the expected number of events and PDF shape will be independent
of the physics parameters 7. By setting the backgrounds to zero and the instrumental

parameters to their best-fit calibration values, we generate the ideal model of SNO.

0  background amplitudes

fo(X[n) = p(X[n, a = ay) oy = (3.28)
Qeqr tnstrumental parameters

This ideal model will be useful in the next chapter. We will use it to perform extraction

of physics parameters, incorporating systematics a as a perturbation around it.

3.6.4 Summary of Systematics

We wish to reduce the information about backgrounds somewhat. Since there are a
large number of sources, it is relatively safe for us to symmetrize the errors. That is, for
asymmetric errors o, and o_, we define 0 = &Qk’*' to be the width of an equivalent
(symmetric) gaussian. The central limit theorem ensures that this procedure leads to
a correct analysis in the limit of a large number of sources of error.

We also realize that a number of background sources can have very similar PDF
tails extending into the neutrino window. In this case, we choose to group them
together as a single source. For example, U and Th neutrons look identical, while
H50 and AV Cherenkov tails are similar enough the we can approximate them as
having a common PDF tail.

By regrouping the backgrounds like this, we reduce the number of parameters
needed to describe them. The downside is that we introduce correlations between
previously uncorrelated measurements. For the analyses presented in future sections,
we shall neglect these correlations. It is understood that a more refined analysis will

improve upon this (see Section 5.1).
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Table 3.11: Summary of the amplitude and asymmetry of backgrounds. The
uncertainties have been symmetrized for summary purposes and later use in the
MSW analysis of Section 4.4. The internal neutrons are a combination of photo-
disintegration and more exotic sources (atmospheric neutrinos, fission, 2H(a, a/)pn,
and "O(an) reactions).

background Amplitude | Asymmetry
internal neutrons 51.7 £9 31+ 4%
external neutrons 27 £8 6.9+ 0.7%
D20 p-v 20.4 +9 31 + 4%
H20+ 9.1 £6 6.9+ 0.7%
AV (G- (combined) ~ 0
PMT -+ 16 +£10 ~ 0

Table 3.12: Systematic errors for instrumental parameters. Note that the differential
sacrifice is treated as negligible for the MSW analysis of Section 4.4.

instrumental parameter gy Qgif
energy non-linearity + 0.23% neg.
energy scale +1.21% | £+ 0.14%
radial shift + 1% + 0.20%
radial resolution +20cm | £1.13 cm
energy resolution +4.5% | + 0.05%
sacrifice +0.30% | +0.3%
neutron capture + 3.68% neg.
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Chapter 4

INTERPRETATION

In this chapter the data are compared to various models. The simplest of these
models is the so called null hypothesis, which assumes that there are no particle physics
processes that change the nature of the electron neutrinos after their production in
the Sun. The simplest extension to this model is to allow the neutrinos to change
flavor, but in a way that does not depend on energy or zenith angle. This allows for
the construction of a model, linear in the physics parameters, which will prove useful
in making a null-hypothesis test. We then allow our model to have a neutrino flux
which can be different from day to night, thus measuring the day-night asymmetry.
Finally, we consider a detailed MSW model which includes flavor change, day-night
asymmetry, and spectral distortions. This information will be encoded through the

non-linear MSW parameters Am?, tan? 6.

4.1 General Formalism

We now define the log-likelihood function for the combined set of physics parameters,
e.g. 1= {Am? tan?6...} and systematics a = {Energy-scale, AV background,...}.
The complete set of information about these parameters is contained in both neutrino
data and in the calibration data. Here the term calibration data refers to data collected
outside of the neutrino window and with non-neutrino runs. For each value of the

parameters {n, a}, one can calculate the probability of observing our two data sets

P, = Prob(v data|n, «) and P.yy = Prob(cal data|a) (4.1)
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where these are read as conditional statements; the probability of generating a data
set, given the parameters n and a. However, we note that the calibration data set does
not depend on 7. Because the two data sets are distinct, the joint probability function
is defined as the product of the two functions. To learn about our parameters, we can

either study this or equivalently the log-likelihood function £!.
L= _2lnPtotal7 Ptotal - Pl/Pcal (42)

To construct the neutrino part of £, one must first have a model for the number
density of events u, discussed extensively in Section 3.6. p is distributed over the
measurable quantities X = {7, R, cos 0, ...} and also depends continuously on both

physics parameters and systematics.

p=pu(Xln, a) (4.3)

It can be read as a conditional statement, with (X |n, a) being the expected number

of events in bin X, given the values of a and n. We define the total expected yield
S(n,a) =Y u(X|n,a) (4.4)
X

The normalization is such that S(n, ) is the total number of expected events for the
particular choice of physics parameters and systematics.

The neutrino part of the likelihood function is then given by the Poisson equation

o—(X) (X )r(X)
Pna) = [T 145 (4.5

X

where n(X) is the distribution of measured events into the bins X. This turns out
not to be the most efficient way of calculating the log-likelihood function, since most

of the 61200 bins do not contain events (i.e. n(X) = 0 for those bins). Taking the

!This is not the standard definition of the log-likelihood function. The factor of -2 is used here
for convenience, so that in the Gaussian limit £ — 2
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logarithm, we find, up to an additive constant,

—2InP, =2 ZM(X|77, a) — QZn(QJ)ln u(X|n, o) + const.
X X
N (4.6)
=2S(n,a) — 2 Z In W(Xm|n, ) + const.

m=1
Here we have switched to a summation over individual events, with the index m
labelling each event. There are a total of only N = 2928 events, and so we have greatly
reduced the computational effort. Each event is expressed by a specific assignment to
X, ie X, ={T,, R3,...} and, for each event, we calculate the value of the number
density model p(X,|n, a).

Calibration data is studied to measure the values of instrumental parameters and
backgrounds. Collectively, we refer to these measurements as o, with error matrix

o?. If our uncertainties are non-zero, the true values of the parameters o may

(e}
deviate from best-fit calibration values. In the case that the deviations from best fit

are Gaussian distributed, we write
—2InPy(a) = (o — o)) 0% (00 — o) +  const. (4.7)

The values of a, and the diagonals of 0'(21 are given in Tables 3.11 and 3.12. The
constant in Eqn. 4.7 includes [n(27) terms, but these are unimportant here. Although
we have assumed a Gaussian, the form of P.,(«) can be completely general. A simple
generalization would be to allow for asymmetric errors by using a skewed function
instead of a Gaussian.

The total log-likelihood function is therefore, to within a constant

N
L=25(n,0) =2 In p(Xnln, )
m=1 (48)
+ (a - acal)TU;Q(a - acal)
If desired, one could add terms to the likelihood function which include information

from other experiments and/or solar models. This is done in Section 4.7.
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4.1.1  Physics Models

We now consider the physics parameters 7, which are specific to the physics model we
are studying. Recall from Section 3.6 that the idealized model is given by p,(X|n),
which is the same thing as p, but with backgrounds set to zero and the instrumental
parameters set to their best fit calibration values (o = ). For this discussion, it
will suffice to talk about p,. The reader should recall that it is constructed out of the
PDFs p(X|n) and expected number events S(n) for each reaction.

Mo(X’U) — ¢tot % (Sccpcc + Sespes 4 Sncpnc) (49)

where ¢y, is the flux of ®B neutrinos, relative to the SSM. (Note that hep neutrinos
are treated as a background.) We will be studying the following models, listed in

order of increasing complexity.

e Model 1. The Standard Model of Particles and Fields
The simplest model assumes that there are no particle physics processes that
change the nature of the electron neutrinos after their production in the Sun.
In this case, there is only a single physics parameter ¢y, (which is free to float).

For the neutrino part of the model, we have

Ho(X) = dror X {S5emp™(X|ssm) + S5, 0% (X ssm) + S5, 0" (X |ssm) }
(4.10)

where we have used the notation ssm to indicate that the physics parameters
are fixed to describe the standard solar model. However, Model 1 is not quite
the same as the Standard Solar Model, which also constrains the relative flux

Oio Dy astrophysical arguments.

e Model 2a. The Linear Flavor Change Model
The simplest extension of the above model is one that allows the flux of solar

neutrinos to have two components ¢t = ¢e+¢,r. Since SNO can not distinguish
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between p and 7 neutrinos, we have defined ¢, = ¢, + ¢-. The motivation for
this model comes from neutrino oscillation, where the oscillation is described by
the survival probability P,... If we assume that P,. is independent of energy or
zenith angle (which is a good approximation for many regions of MSW space)

then we can construct our model as

= Prot X {PeeS5s,,p(X]|ssm)
+ (Pee + €(1 — P..))S%,,0%° (X |ssm) (4.11)
+ ST

somP"(X[ssm)}
where € = 0.1559 is the ratio of the ES cross section for v,, to the ES cross
section for v, (averaged over T, ;; with a threshold of 5.0 MeV). One can further

simplify this model by changing to the linear parameters

¢e = ¢tot X Pee ¢u7’ = ¢tot X (1 - Pee) (412>
giving

¢6 {Sssmp (X|ssm) S

ssmp

(X |ssm) + ST

ssmp

“(X|ssm)}
(4.13)
+ Gur {€955mp™ (X]ssm) + S35, 0" (X |ssm) }

Our model now has one additional degree of freedom, with Model 1 being de-
scribed in the limit ¢, — ¢s0r, ¢ur — 0. This allows for a null hypothesis test.
If ¢, is significantly different from zero, then the standard model of particles
and fields is considered insufficient to describe the creation and propagation of
solar neutrino. Somehow there is a conversion of electron neutrinos into p or 7

neutrinos.

Model 2b. Constrained Linear Day-Night Model
A simple modification to Model 2a is one where the v, flux is allowed to be
different from day to night. We continue to assume that there are no observable

spectral distortions for either day or night and simply extract separate flux
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amplitudes for day and night. For convenience, we use the parameters ¢, and
Gror- (This is simply a linear transformation of the pair ¢., ¢,,.) During the
day we require two free parameters ¢.p, ¢ior, and during the night ¢cn, dror-
The parameter ¢y, is common to both zenith bins. The motivation for this
model is that there are large regions of MSW space which predict a significant
day-night asymmetry without significant spectral distortions. For oscillation to
active neutrinos, there can be no asymmetry in the total flux, so we have fixed

®1or to be the same for day and night. We will define the asymmetry parameter

A, = 9N = Pep (4.14)
¢6N + ¢eD
Measuring A. # 0 would therefore be an indicator for MSW physics beyond

that of simple flavor change.

Model 2c. Unconstrained Linear Day-Night Model

More general still, we might have a sterile neutrino component. In this case, the
active neutrino flux need not be the same from day to night. This requires yet
another free parameter, bringing the total to {¢cp, den, ProtD, Protn }- If desired,
we could derive the results of Model 2b by adding a constraint ¢;oip = Gorn
to the results of Model 2c. By adding yet another constraint, ¢.p = ¢y, we

would re-derive the results of Model 2a.

Model 3. Two Active Neutrino MSW Model

Until now, we have assumed that there are no measurable spectral distortions.
Relaxing this constraint, we consider the MSW oscillation model between two
active neutrinos. In this case, there are 3 physics parameters (¢yo¢, Am?, tan?6).
We no longer approximate the survival probability as energy independent. The

flux suppression previously described by ¢. # ¢ is now encoded in the model
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Table 4.1: Various models considered for the likelihood analysis.

Model parameters assumptions
1 Dot no particle physics affecting neutrinos
2a, Ge, Pu no spectral or zenith distortions
2b GeD; GeNs ProtD(= Grotn) | NO spectral distortions, active only neutrinos
2¢ GeDy PeN» PubD,> PuN no spectral distortions
3 Grot, Am? tan? 0 active only neutrinos

via the survival probability P..(Am?, tan?6).

to(X|Pror, Am? tan? 0) = ¢ x {S(Am?, tan? 0) p(X|Am?, tan® 0)
+ S%(Am?, tan? 0) p° (X |Am? tan? )  (4.15)

+ Sl (X]ssm)}

S

The model of the NC reaction is unchanged because the thermal neutrons carry
no information about the neutrino spectrum and A;,; = 0 for this model. How-
ever, this model does have large regions of parameter space which predict a
day-night dependence in the v, flux. The complication of this model comes
from the fact that the parameters Am?, tan? # are non-linear. These complica-

tions will be dealt with in Section 4.4.

We will use different techniques to extract the parameters for the various models.
These techniques are explained in Appendix 1. To understand the uncertainty on the
extracted parameters, the model is expanded to describe the systematics a. These
parameters describe how the model deviates from its ideal form pu,, due to a change
in an instrumental parameter or the addition of a background. The details of this are

discussed in Section 3.6 and Appendix A.1.
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4.2 A Preliminary Null Hypothesis Test (Model 2a)

This section is largely drawn from [52]. Model 2a has two physics parameters ¢, and
¢,r, which are extracted according to the techniques of Appendix A.2. We begin by
fixing all of the systematic parameters (including background amplitudes) to their
calibrated values oy and minimizing £ with respect to ¢. and ¢,,. This gives us the
best fit values, with the second derivatives of £ providing a statistical error matrix
for the pair of parameters. The parameters ¢, and ¢,, are defined relative to the

SSM. Here we multiply them by 5.05 x 10® to convert them to flux units.

Oe 1.76 6 o 1 ) 0.00292 —0.01662
= x 10°em™*s 0'¢(stat) =
Dur A 3.41 —0.01662  0.20612
best fit
(4.16)

From this matrix, the square-root of the diagonals gives us the single parameter

T

statistical variances o, and o, while % = —0.678 gives the statistical correlation.

We wish to use the calibration data to determine how the results vary with the
systematics. One by one, we perturb each systematic parameter «[k] by an amount
+0,[k]. This allows us to repeat the extraction of ¢. and ¢,,. The amount by
which these physics parameters are shifted defines the systematic uncertainty on

them. These perturbations are shown in Table 4.2 and are combined to give the

total systematic error. The final results are

¢ = 1.76 £ 0.05(stat.) 009 (syst.) x 10°%cm 257 (417
4.17
Gur = 3.41 £ 0.45(stat.) 1035 (syst.) x 10°cm 257!
These results are represented graphically in Fig. 4.2 as an ellipse in the ¢, ¢, plane.

By combining the statistical and systematic errors in quadrature, we see that
Pur
\/af”(stat.) + o2 (syst.)

We therefore reject the null hypothesis (Model 1) with a significance of 5.30. This is

=53 (4.18)

the result reported in [52].
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Table 4.2: The effect of time averaged systematics on the flux extraction. The pertur-
bations are relative to the SSM, so one must multiply by 5.05 x 10° to get absolute flux
units. The cross section uncertainty, discussed in [52], is largely correlated between

¢ and ¢,y and so does not contribute to the significance of Equation 4.18.

instrumental parameter Ay 0. [Jop
energy non-linearity + 0.23% F 0.0012 + 0.0132
energy scale + 1.21% -0.0152,40.0154 | +0.0683,-0.0725
radial shift + 1% -0.0098,4-0.0096 | -0.0089,+0.0147
radial resolution + 2.0 cm -0.0000,+0.0000 | -0.0056,4-0.0056
energy resolution too% +0.0000,-0.0012 | -0.0000,4-0.0286
cut acceptance 0% -+0.0013,-0.0007 | 4-0.0029,-0.0017
neutron capture + 3.68 % | -0.0000,4-0.0000 | -0.0408,+0.0425

internal neutrons

external neutrons

44 *5 events

27 '8 events

-+0.0001,-0.0001
-0.0000,+0.0001

-0.0145,+0.0159
-0.0112+0.0106

D20 (- 20 *§3 events | +0.0010,-0.0004 | -0.0264,+0.0118
H20+AV (-~ 9 ™5 events | +0.0001,-0.0000 | -0.0036,+0.0090
PMT B-v 16 3" events | +0.0006,-0.0006 | -0.0213,+0.0158
Total Experimental oo iy
Cross Section Ly + 1.8% + 1.4%

4.2.1 A Look Ahead

Equation 4.18 assumes that the parameter ¢,, is Gaussian distributed, and this may
be slightly incorrect. A more general null-hypothesis test is the likelihood-ratio test,
described in Section 4.5. In that section we will also add additional information,
allowing the neutrino data to further constrain the size of our systematic errors. This

will be seen to significantly improve the result shown here.
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Figure 4.1: Contributions to the fit to SNO data from CC, ES, and NC signals, as
well as backgrounds. While the fit was made to a 3-dimensional distribution, we have
shown the projection onto three separate axes. For each signal, the PDF shapes are
those of the SSM. The error range for each signal is therefore due only to uncertainties
in the amplitudes (¢, and ¢,, and backgrounds). Figures created by Mark Boulay,
Aksel Hallin, Scott Oser, and Vadim Rusu.
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Figure 4.2: Graphical representation of extracted fluxes. The ellipses show lines of
constant AL from the best fit solution. The AL = 1 ellipse is appropriate for defining
the 1o error on any one parameter ¢. or ¢, (recall that £ is defined to be the same
thing as x? in the Gaussian limit). These error ranges are also shown as bands (red
for ¢. and green for ¢,,). The blue band shows the 1o error on ¢ = ¢ + ¢,r. The
AL = 11.8 contour encloses the 99.73% allowed region for the pair of parameters
(¢e; Ppr). The AL = 28.1 contour just touches the axis ¢,, = 0. This tells us to what
extent the null hypothesis (Model 1) is allowed. Because the alternate hypothesis
has one additional degree of freedom ¢,., AL = 28.1 is equivalent to a 5.30 rejection
of Model 1.

Note: This figure was constructed only approximately. The 1o errors and covari-
ance were derived for the two physics parameters. The likelihood function was
then approximated to be a 2-dimensional Gaussian, defined by the measured er-
rors and covariance. This Gaussian likelihood was than used to generate the contours.

This is a variant of a figure created by Andrew Hime.
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4.3 Measuring the Day-Night Asymmetry (Models 2b and 2c)

4.8.1  Agctive floating (Model 2¢)

We now repeat the flux extraction for the 4 parameter linear model (with parameters
GeDy PeN's DrotDs Prorn ). Once this extraction has been performed, we can choose to

change basis to

_ INGeN +tDGeD
ty +tp

b = tN(Btotn — Pen) +tD(Protp — Pen)
o ty +1tp

Pe

(4.19)

A, = 2¢6N — ¢eD Ay = 2¢totN — QtotD
GeN + QeD ProtN + ProtD

Strictly speaking, the last two variables are no longer Gaussian distributed, since they
are a non-linear function of Gaussian distributed variables. However, in practice,
their non-Gaussian behavior is negligible. Since we have already studied the first two
variables, we will focus our attention on the latter two. These are the asymmetry
parameters. If A, is significantly different from zero, we will conclude that there
is some matter enhanced oscillation occurring in the Earth. If A, is significantly
different from zero, we will conclude that the matter enhanced oscillation in the
Earth involves a sterile component.

The systematics propagate as shown in Table 4.4 and the resulting asymmetries

are

A, =12.8 +6.2(stat.) £ 0.9(syst.)%
Apor = —24.2 £ 16.1(stat.) 52 (syst.) % (4.20)
correlation = —0.602
These results are represented graphically in the left hand panel of Fig. 4.3. By study-
ing the x? distribution for v = 2 degrees of freedom (Appendix A.5, we note that

the pair of day night asymmetries are different from (0,0) at the 88.8% confidence

level (1.590). The single parameter Ay, independent of A., is different from zero
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at the 86.6% confidence level (1.500). These probabilities are considered not to be

statistically significant.

4.3.2  Aactive fixed (Model 2b)

The day-night results of the previous section are statistically weak. In particular, we
see no evidence for an asymmetry in the total flux of active neutrinos. In addition,
theoretical models for the oscillation of electron neutrinos into other active flavors
predict A;,; = 0. It is therefore reasonable to constrain our experimental results to
give Ay = 0. This generates a new model, with only three parameters (¢ep, Gen, Prot)-
We can either perform the signal extraction with just these parameters, or else take
the four measurements from the previous section and constrain them. Either way, we

get the same result.

Ae = 7.0+ 4.9(stat.) £ 0.9(syst.)% (4.21)

Table 4.3: Various questions one can ask about the day night asymmetry.

Question d.o.f. | AL | confidence | significance
level
Is there an asymmetry 2 4.37 88.8% 1.590

of any kind?

Is there an asymmetry in the 1 226 86.6% 1.500

total neutrino flux?

Do we see an asymmetry for v, 1 2.00 84.3% 1.41c0

(with A constrained to zero) 7
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Table 4.4: Summary of how differential systematics affect the day-night asymmetries.
A. and Ay, are typically expressed as percentages themselves, so that 6 A, and d A,
are also percentages. A number of systematics are evaluated differently than those
of [53]. In particular, the diurnal energy scale and resolution are much more strongly
constrained here. In addition, the uncertainty due to finite Monte Carlo statistics
is introduced here for the first time. The number of DO backgrounds events is
important because it is the largest contaminating asymmetry, which is incorrectly

subtracted if we have incorrectly estimated the number of events.

Systematic Qi dA. (%) 8 Ao (%)
diff. energy scale (long term) +0.14% -0.34, +0.36 +0.12, -0.40
diff. energy scale (diurnal) +0.015% -0.06, +0.06 +0.07, -0.02
diff. vertex shift +0.20% -0.44, 40.50 -0.72, +0.55
diff. vertex resolution +1.13 cm -0.15, 40.15 +0.47, -0.30
diff. energy resolution +0.05% -0.00, +0.00 +0.00, -0.00
diff. sacrifice +0.30% -+0.30, -0.30 -+0.30, -0.30
asymmetry of D,O backgrounds | 31+4% +0.04, -0.04 -0.65, +0.67
asymmetry of HyO backgrounds | 6.940.7% +0.07, -0.03 -1.49, +0.63
no. of DyO backgrounds events | 72.1 +12.7 | -0.01, 40.02 -0.41, +0.40
finite MC statistics Nuyo +0.55 +1.78
Total + 0.89, - 0.85 | +2.19,-2.61
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Figure 4.3: Graphical representation of extracted asymmetries. The left hand
panel, provided by Scott Oser, shows joint confidence ellipses for the pair of
extracted parameters A., A;;. These contours are not appropriate for interpreting
the uncertainty on any single parameter. We also show the 68% confidence region
provided by the SK experiment (yellow band). Because the ES signal of SK is not
separated into charged and neutral current components, it can only constrain the
allowed region in one direction.

The right hand panel shows some specific contours. The AL = 1 contour is that
appropriate for determining the variances of the individual parameters. (Recall that
L — x? in the Gaussian limit.) On the other hand, the AL = 4.37 contour just
intersects the point (0,0). This tells us that the pair of parameters are different from
zero at the 88.8% confidence level (1.590)

The AL = 2.26 contour just touches the A;,; = 0 axis. Since Model 2c has one fewer
parameters than Model 2b, AL = 2.26 is equivalent to a confidence level of 86.6%
(1.500) for rejecting the hypothesis that A;,; = 0. This is a weak result and, given
that many theoretical models do not allow an asymmetry in the total active flux,
we constrain A, to zero. By increasing £ by an additional +1, we find the single
parameter variance for A, with A, constrained to be zero (red bar). By instead
increasing £ by +2 (to 4.26), we just touch the A, = 0 axis. This tells us that (with
Ay constrained to zero) we have seen evidence for a non-zero A, at the v/2.00 = 1.410
level.
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4.3.83  Combining with SK Day-Night results

The Super-Kamiokande experiment has measured the day-night asymmetry with the
ES reaction. Assuming that there is no NC asymmetry, their measurement is diluted
by the NC component of the ES reaction. One can use the SNO data to remove
this dilution. Using the SNO-only measurement of ¢,y from Section 4.3.2, we can

combine with the SK ES measurements to get (see Appendix A.3)

-1
9 SNO
A@SK — A%IS{ ( € ¢total ) (422)

¢ES D ¢ES N

From Section 4.2, we have ¢7¥¢ = 5.1740.42(stat.) x 105 and, from SK? we have
Ors v = 2.36 £ 0.04(stat.) =005 (sys.) and ¢3fs v = 2.28 £ 0.04(stat.) =007 (sys.).

Thus we get

ASK =534 3.7720% (4.23)

Slightly different results are obtained for different choices of ¢7¥?. Here we have

used the measurement with A;,; = 0, so we can make a comparison to the final SNO
asymmetry. This result corresponds to the intersection of the yellow band in Figure
4.3 with the A,,; = 0 axis.

The two results ASK and ASNO are uncorrelated. This is because the parameters

PN and ¢f° were not involved in the derivation of Equation 4.22. We can therefore

combine them in quadrature.
ASETSNO — 6.0% + 3.2% (4.24)

This is 1.9¢ different from zero (94% confidence level). This is suggestive, but still

no smoking gun, for a day-night asymmetry for electron neutrinos.

2For the SK ES systematic errors, we choose to use a correlation p(d)D Es,qu Kig) = +0.93.

This correlation reproduces the systematic errors for A2%X. The statistical errors are uncorrelated
between day and night bins.
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4.4 MSW Contour Analysis (Model 3)

We now examine the non-linear Model 3, with the intention of drawing contours in the
MSW plane. There are three physics parameters n = {¢:.t, Am?, tan? } and a set of
systematics «, including both instrumental parameters and background amplitudes.
The treatment of systematics, used in Sections 4.2 and 4.3, will become difficult to
implement here. In that section we calculated flux values such as ¢. and ¢,,. We
then perturbed the analysis by a discrete amount Aa = o, for each systematic, to
derive a discrete perturbation (0¢., d¢,.). If we were to repeat that procedure here,
we would generate a large number of alternate MSW contours, with no method of
combining them. Instead we must treat each systematic a as a continuous parameter
and so must consider the full log-likelihood function £(7, «). Our problem now comes
down to the following.

We pick a confidence level, say 99%. For each MSW point Am? tan?0, we ask if
there 1s any value of ¢ir and the systematics o which would cause this point to be
allowed with 99% confidence. If so, we include this point within the 99% contour.
The practical implementation of this is that we must minimize L£(n, a) with respect to
a and ¢, The approach used for performing this minimization is given in Appendices
A.1 and A.4, with only a brief outline given below. Because we are using the full log-
likelihood function, we are allowing the neutrino data to further constrain the possible
values of the systematics parameters. For example, the measurement of the end point
of the ®B neutrino spectrum provides a strong constraint on this size of the energy
scale uncertainty. This approach of fitting for systematics has been used in high
energy physics, cosmology, and economics. The application of this approach to MSW
analysis was introduced in [54], although it appears that we independently stumbled

across it3.

3The idea of using the 8B end point to fit for the energy scale was proposed by Hamish Robertson
and Karsten Heeger. This was later expanded to include all systematics by Joe Formaggio, Scott
Oser and Miles Smith.
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To a very good approximation, because a is small, we can expand the model as a
linear function of the systematics. This provides a continuous parametrization of £

with respect to a.

W(X|0,0) = o x [1+ 7 (0 — )] (4.25)

where 11,(X|n) is independent of o and

1 op
/”LO 8aT o=

B(X]n) = (4.26)

Oo
For instrumental parameters, we set a, = @q, S0 that p, (the model we expand
around) includes our best estimate of the detector response. However, for background
amplitudes, we set o, = 0, so that i, also describes a detector with zero backgrounds.
The next step is, for each point of the MSW plane, to minimize £ with respect
to ¢ir and the systematics a. To facilitate this, we split ¢, up into two parts
Orot = G0+ A, where ¢, is the flux that one would infer if the model u, were correct.
We retain ¢, as one of the physics parameters . However, we define a new parameter
al0] = A—f and add this to the list of perturbative parameters in Equation 4.25*. The

@
log-likelihood function now naturally breaks into two parts.

L(n, o) = Lo(n) + L' (n, ) (4.27)

There are no systematics or backgrounds contributing to the definition of £, and it
is minimized by ¢, (which has an analytic solution). This intermediate solution, is
shown in Fig. 4.4. The remaining term £’ is expanded to 2"¢ order® in . We minimize
with respect to e, including the newly defined «o[0] = %. The minimized solutions
of £, and L', added together, provide the definition of the final MSW contours. This

is shown in Fig. 4.5.

4The hep flux, although not strictly a background, is also treated as a perturbative parameter.

5A 27 order expansion is necessary for stability, even though « is small
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In addition to defining MSW contours, we have used the neutrino data to further
constrain the values of the systematics parameters. The results of this are shown in
Table 4.5. We initially assumed that the systematic parameters were uncorrelated
(an approximation that is discussed in Section 5.1). The process of allowing neutrino
data to further constrain the parameters induces some correlations, although these
are not shown in the table. (We would need to show a 15 x 15 matrix.) The actual
size of the uncertainties has also changed. For example, we see that the error range
for the energy scale is reduced from 1.21% to 0.79%. If we kept adding neutrino data,
we would continue to constrain this parameter, limited only by statistics. On the
other hand, the uncertainty on the sacrifice is unchanged by the addition of more

data (because, in this case, the sacrifice is completely correlated to the flux ¢;y).

4.4.1 Check of Approximations

A natural question to ask is whether we have over-approximated by making an ex-
pansion in a. This was done to make the problem analytic, with the large number
of parameters making a numerical solution unattractive. However, a full numerical
solution is relatively fast if we restrict ourselves to one or two systematics, while
keeping the others fixed at zero. This was done for each systematic separately and
compared to the corresponding approximate analysis. Essentially no changes were
observed between the approximate and full treatment. The only thing that was not
checked was the linearization of the instrumental parameters. However, the linear and

full versions of the model were compared directly and seen to be essentially identical.

Theoretical Systematics

We have omitted the theoretical systematics for the intrinsic neutrino spectrum, cross
sections, and earth-density model. The implications of this are discussed in Section

5.1 and in Appendix A.7.
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Table 4.5: Systematics, before and after fitting. We have only shown fitted values
The difference between the errors in the two
columns is a measure of how much information we gain by allowing the neutrino
data to serve as an additional constraint on the size of systematics. For this MSW
point, the solution of £, gives ¢, = 5.94 x 105, although remember that this is
calculated by ignoring backgrounds and systematics. The final calculation is given
by ¢ = ¢, X (1 + a[0]) = 5.55 £ 0.20 x 105. Theoretical systematics have not been

for Am? = 10743, tan?60 = 107943,

considered at this stage (see Section 5.1 for a discussion).

parameter «[k]

initial value

assigned to x2,

fitted value (shown here

for best fit Am?, tan? )

© e N e Ot WD = o

10.
11.
12.
13.
14.
15.

— A¢
T %o

energy non-linearity

a[0]

energy-scale
radial-shift
radial-resolution
energy-resolution
diff. energy-scale
diff. radial-shift
sacrifice
neutron-capture
internal neutrons
external neutrons
D20 B-~
H20+AV g-v
PMT B~
Ohep

0+ o0
0 £ 0.0023
0 4+ 0.0121
0 £ 0.0100
0+ 20cm
0 £ 0.0450
0 £ 0.0014
0 £ 0.0020
0 £ 0.0030
0 £ 0.0368
51.70 £ 9.00
27.00 £ 8.00
20.40 £ 9.00
9.10 £ 6.00
16.00 £ 10.00
1+0

—0.0651 £ 0.0334
—0.0001 £ 0.0023
0.0056 £ 0.0079
—0.0033 £ 0.0084
0.99 £1.59 cm
—0.0214 £ 0.0300
3 x107° £ 0.0014
0.0003 £ 0.0020
0.0000 = 0.0030
—0.0084 £ 0.0348
50.98 £ 8.94
27.10 £ 7.87
19.71 £ 8.62
4.10 £4.35
14.49 £9.43
1+0
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4.5 Rethinking Hypothesis Testing

4.5.1 Rewsiting our Null Hypothesis Test

We now reconsider Model 2a, which we previously studied in Section 4.2. In that
section we did not allow the neutrino data to provide any additional information
about the systematic parameters. We now lift that constraint and see that we get a
marked improvement in the rejection of the null hypothesis (Model 1).

For a later comparison, we describe Model 2a in terms of the two parameters
O and P, the latter being the survival probability (assumed for Model 2a to be
energy and zenith angle independent). We use the same methods as those described
in Section 4.4, except that P,. is now a single free parameter, neither dependent on
Am?,tan?§, nor on energy or zenith angle. We then extract the flux ¢, for each
value of P,., producing the blue curve shown in Fig. 4.6. The minima of £ with
respect to P,. is compared to the null hypothesis P,. = 1. The likelihood ratio test
[55] tells us that the test statistic AL = L(P.. = 1) — L(best fit) provides a measure
of how preferred the more general model is over the null hypothesis. We see that the
difference between the best fit for Model 2a and the model at P,, = 1 is AL = 54.313.
For a comparison of two models, where one has an additional degree of freedom over

the other (in this case P..), this is equivalent to a significance of 7.37c.

Table 4.6: Three null hypothesis tests. The significance tells us to what degree we
reject the null hypothesis in favor of the alternate hypothesis.

null alternate AL = additional | significance
hypothesis | hypothesis | L, (null) — Lpin(alt) d.o.f.’s
Model 1 Model 2a 54.313 1 7370
Model 1 Model 3 56.414 2 7210
Model 2a | Model 3 2.102 1 1.450




112

v v v bvv v by b b b b v b a by
>

80
<
o &
60 MY
e
x
<
3 a0
m
=1
[0}
9
©
=
-
=
&
<L
20
—
<

o

best fit

P = 1 corresponds to Model 1
Model 3 Fec P
— fit to Model 2a with <P>_, = P

<& grid for Model 3

ee

I
N
o

0.0 0.2 0.4 0.6 0.8 1.0
<P>CC = average survival probability

Figure 4.6: Comparison of three models fitted to the same data set. There are other
parameters allowed to float in this fit but not shown. For model 3, the test is done
over a grid in Am?, tan? 6, and so appears as a scatter plot. The best fit of model 3
is used as the reference point for calculating J.L.

We note the improved rejection of hypothesis 1, compared to the simple treatment
of Section 4.2. There are two significant changes between Section 4.2 (where we

calculated 5.30) and the new analysis (7.40).

e We have allowed the neutrino data to further constrain the possible values of the

systematics.

e We used the likelihood ratio test, which is symmetric with respect to the two
hypotheses and makes no assumptions about how the additional parameter ¢, is

distributed. In Section 4.2, ¢,; was assumed Gaussian distributed.
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4.5.2 Some New Hypothesis Tests

We shall now consider some additional hypothesis tests. The full MSW model has two
additional degrees of freedom over the null hypothesis (Model 1). We can compare
the fit to these models, finding a difference AL = 56.414. However, because there are
two additional degrees of freedom, the rejection of the null hypothesis is made with
a significance of only 7.210 (see appendix A.5). We see that the linear flavor change

model is slightly more powerful in rejecting the null hypothesis.

We now switch to a new null hypothesis test, comparing Models 3 and 2a. Model 2a
has two physics parameters (¢s; and P..) and Model 3 has three (¢s,;, Am?, tan?6).
We create a correspondence between the models by changing the basis for Model 3
{Am?, tan?0} — {< P >.,(}. Here < P >.. is the average value of the survival
probability for the CC reaction®, defined in Fig. 1.6. For Model 2a, < P >, and
P,. are identical. The second parameter ( is redundant when comparing the models
and there are a number of ways to construct it so that Model 3 reduces to Model
2a as ( — 0. Figure 4.6 shows the comparison of the two models. Because Model 3
is defined on a grid, it is shown as a scatter plot. For Model 2a, P,. is a non-linear
parameter, hence the non-quadratic shape of d£. A symmetric figure is obtained if
we plot against e.g. ¢, = ¢t(1 — Pec), although the conclusions are identical. We
note that the two models converge as P.,. — 1, where there is a high density of points
for Model 3. This is because the lower left quadrant of the MSW plane describes only
very weak oscillation. In Table 4.6, we see that Model 3 is preferred over Model 2a
at just 1.450. This is telling us that there is a slight preference for a model which, in

addition to flavor change, allows for distortions in the day and night spectra.

6 Actually, there are a number of choices we could have made for the correspondence between the
models. The above may not be the most ideal choice but is expected to be close to optimal.
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4.6 Exclusion Region from Day-Night and Spectral Shape

We saw in the last section that the addition of day-night asymmetry and spectral
distortions, as described by two neutrino MSW oscillations, is only weakly favored
over a simple flavor change model. However, we know that there are large regions
of the MSW plane which predict significant spectral distortions and day-night asym-
metry (see Figures 1.7 and 4.3). This means that the day-night and spectral shape,
independent of the flavor change component of the model, must be strongly excluding
these regions.

For each Am?,tan? 0, we ask if Model 3 is a much worse fit than Model 2a. To do
this we calculate < P >.. for Model 3 and compare this to Model 2a, evaluated at
P.. = < P >... Both ¢;,; and P,, are free parameters in the comparison, so we have
increased the number of degrees of freedom by one in going from Model 2a to 3. The
99.73% exclusion region, due to day-night asymmetry and spectral shape information,
therefore corresponds to d£ > (30)? = 9. This excluded region is shown as a dashed
green line in Figure 4.7, where we again show the allowed regions for comparison.
The 99.73% allowed region is not the complement of our excluded region because the
former includes information about the average survival probability P,.. (equivalently
the ratio ¢./di0r). The exclusion region discussed here is independent of the average

survival probability.

4.7 Combining With Other Experimental Data

We wish to further constrain the MSW contours by adding data from other experi-

ments. To do this, we add two terms terms to the likelihood function.

‘CtOt(ll = L"SNO + thher exps. + X%SM (428)

The other experiments typically have bins with sufficient statistics, so that we can

use a x? measure for them. We also introduce a term x%g,, which constrains the pp,
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pep, and “Be fluxes (but not the ®B flux) using the SSM. These fluxes have a much
more robust prediction from the SSM.

Prior to the analysis described in Section 4.4, the SNO collaboration pursued a
much simpler approach. The simpler analysis performed a y? fit to the day and night
energy distributions. This allows one to circumvent the need (and advantages) of
having the neutrino data to constrain systematic parameters. It is seen in Appendix
A.6 that the energy-only analysis produces very similar contours to Fig. 4.5, although
slightly more conservative. Also in Appendix A.6, we compare both analyses to the
published SNO contours of [53]. It is argued that the published analysis includes a
crude approximation that makes it unnecessarily conservative.

In Fig. 4.9, we have combined data from other experiments with the (unpublished)
energy-only SNO analysis. This involves a simultaneous x? fit to the SNO day and
night energy histograms, the SK day and night energy histograms, the measured
event rate for the Gallium and Chlorine experiments, and the predicted pp, pep and
"Be fluxes. Only a single region survives, as seen in Fig. 4.9. For interest, we have
replaced the grid with the contours of constant < P >.. and A..

Note: The contours presented here are considerably smaller than those of [1]. The

differences between the two analyses are discussed in Appendiz A.7.
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Figure 4.8: Result of a combined fit of SNO day and night spectra, SK day and night

spectra, and the event rates of the Gallium and Chlorine experiments.
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Chapter 5

FUTURE WORK

5.1 Refinement of MISW Analysis

5.1.1 Theoretical Systematics

As pointed out in Section 4.4.1, there are some systematics neglected in our MSW

analysis.

o Uncertainty in the 8B neutrino spectrum

The neutrino spectrum used in our analysis was obtained from a fit to experimental
data and reported in [44]. The best-fit shape for this spectrum and its lo errors
(Ao(E,) £IAN(E,)) are available from [56]. A simple way to include the uncertainty in
the spectrum is to assume that there is a single dominant systematic a. In this case,

one can write the spectrum as
AE,) = M(E,) + a x SA(E,) (5.1)

This approach has the uncertainty completely correlated from bin to bin and some
investigation is needed to determine if this is appropriate.

A second approach would have us compare the spectra of different authors (e.g.
[57]), linearly interpolating between the two models with a parameter o. However,
this approach would tend to unnecessarily inflate this systematic. The Ortiz spectrum
of [44] is derived from a more refined experimental technique, so provides the best

estimate of the spectral uncertainty.

e Uncertainty in the SNO cross sections

We also neglected the uncertainty in the NC and CC cross sections. Fortunately, as
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described in [45], these can both be parametrized by a single linear parameter Lj4.
One can even use the SNO data to provide additional constraint on this free parameter
of Effective Field Theory, although it is expected that very little information will be
gained [58].

o Uncertainty in the Earth Density Profile
This uncertainty has not been included and, in principle, one could do so with some-
thing similar to Eqn. 5.1. However, with the day-night uncertainty being statistically

limited, this is unlikely to be an important systematic.

Refer to Appendix A.7 for further discussion on how these systematics might be
affecting the MSW contours. There we examine the MSW contours of other authors

and find some significant differences from the analysis of Section 4.7.

5.1.2  FExplicit Correlation Between Systematics

For all analyses, we assumed that the systematics were explicitly uncorrelated, taking
the error matrix o2 to be diagonal'. This turns out to be a very good approximation
for instrumental parameters, which are each determined by separate calibration tech-
niques. However, for background amplitudes, there are some significant correlations
that we ignored.

The most significant explicit correlation is between the internal neutrons and
Cherenkov backgrounds, since these were related by a scaling parameter. A crude
estimate suggests that this correlation could be as large as +0.50. The second largest
correlation is thought to arise intrinsically from the radial decomposition of external
backgrounds, between the AV and H,O sources. However, we have summed these, so
the correlation is no longer important (see Section 3.4 for more details). Fortunately,

the backgrounds are small and the assumption of no correlation probably does not

I'We later used neutrino information to further constrain these parameters and this process induced
correlations between the systematics.
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radically alter the final analysis.

5.1.3  Finer Binned Zenith Angle Information

Our division of data into day and night is perfectly correct, but does not use all of
the available information. There can be some additional dependence of the v, rate
on cosf,, the cosine of the solar zenith angle. For the LMA region, this dependence
is approximately linear with the path length through the Earth (L ~ —2Rcos6, for
cosf, < 0).

One can access this additional information by using more than two zenith angle
bins. Alternatively, since there is essentially no uncertainty in our measurement of

cos B, we could leave the distribution unbinned as shown in Eqn. 3.26.

5.2 Future Phases of the SNO Experiment.

This thesis has presented an analysis of the first phase of SNO, the pure D>O phase.
The salt phase is currently underway and the NCD phase will follow soon.

5.2.1 The Salt Phase

During the salt phase, we have added 2 tonnes of NaCl to the DyO. This enhances

the capture of neutrons via
n+%Cl — %01+ Sy +e” Eys, =8.6MeV (5.2)

There is now a cascade of v’s, with total energy 8.6 MeV, giving greater light output
for each neutron capture. In addition, the neutron capture efficiency is increased to
~ 86%. Finally, the multiple v’s yield a more isotropic distribution of light, allowing
for a stronger separation of neutron capture events from single electron events (CC
and ES). To make use of this, one adds an isotropy parameter (e.g. ©r;) to the set of
measurable quantities. Some care must be taken, because ©;; may depend strongly

on other parameters, such as the energy.
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5.2.2 The NCD Phase

The Neutral Current Detectors (NCDs), discussed in Appendix B.1, are an array
of proportional counters to be deployed into the heavy water volume. They are
constructed from 5cm-diameter thin-walled ultra-pure nickel and filled with a mix of
3He and CF,. An anode of Cu wire runs down the center, held at 1825 V. These

counters will detect neutrons via
n+3He —p+>H' 4 764keV (5.3)

The proton and triton ionize the gas, with the ionized electrons cascading at the anode.
This produces a signal independent of the PMT array. The additional information
from the NCDs allows one to break the correlations shown in Figs. 4.2 and 4.3. A
simulation of how this occurs is shown in Fig. 5.1.

The total length of NCDs that can make up the array is Lo = 776 m, although
we wish to consider the possibility of deploying only a fraction of this (L < Liote). We
assume that the neutron capture efficiency on *He increases linearly with L. Monte
Carlo simulations suggest that the efficiency is 47% for L = L;yq. Cuts on the NCD
signal, designed to remove ionization events from «’s, will cut =~ 50% of the captured
neutrons. We also assume that the light loss due to absorption of photons by nickel
increases linearly with L.

We use the SNOMAN Monte Carlo to simulate both a fully deployed array (L =
Liotar) and a pure DoO configuration (L = 0). The simulation includes a model for
PMT loss during the future running of SNO. For simplicity, we consider only the
number of hit PMTs (Nhit), generating a distribution for each configuration. Using
linear interpolation, we create a model for the Nhit distribution as a function of L.
Backgrounds are taken to be the same as the D,O phase presented in Chapters 2 to 4.
The NCDs will introduce additional U and Th, with the number of decays increasing
linearly with L. We assume that this contributes an additional ~ 4.5% uncertainty

to the total NCD background. No systematics are considered for this analysis.
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With a 1-dimensional distribution over Nhit, we are able to make a x? fit, ex-
tracting the two parameters ¢. and ¢y, as well as the amplitude of the various
backgrounds. Additional constraints are added to x?2, accounting for the calibration
measurements of the backgrounds. A final term is added, corresponding to the NCD
measurement, constraining the total number of neutrons. The extracted physics pa-
rameters are shown in Figs. 5.1 and 5.2. We see that the uncertainties on ¢, and
oo+ and the magnitude of the correlation decrease by adding NCDs. For a simula-
tion of 306 days of data, the optimal configuration for the measurement of ¢, is one
where L ~ 0.7. Other considerations, such as the sensitivity to day-night and spectral

distortions, will be studied before settling on a final NCD configuration.
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Figure 5.1: Ax? = 1 ellipses for ¢. and ¢, with zero, 25%, and 100% of the NCD
array deployed. Simulation is for 306 days of livetime. This is a variant of a figure
created by Jeff Manor.
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5.3 Future Neutrino Experiments

Borexino [59]

Borexino is a real time experiment, located at the Laboratori Nazionali del Gran
Sasso, ITtaly. It is designed to detect the elastic scattering of electrons by the 863
keV 7"Be neutrino line. This is achieved by viewing 300 tonnes of liquid scintillator
with 2200 photomultiplier tubes. This will provide a critical data point. As discussed
in Section 1.2.2, one can constrain the three fluxes ¢ppipep, ¢75., and ¢sp using the
measurements from Ga, Cl and water Cherenkov detectors. Unfortunately, if one uses
these data to constrain the flux of each reaction in a completely model independent
way, there is limited information for studying MSW parameters. That is why, in
Section 4.7, we chose to combine the experimental data with information the SSM
regarding the pp, pep and "Be fluxes. By adding the information from Borexino, we
may be able to carry out a completely model independent MSW analysis. This may
provide the first model-independent evidence that the suppression of v, is not uniform
across all energies.

KamLAND [60]

The Kamioka Liquid-scintillator Anti-Neutrino Detector (KamLAND) is not strictly
a solar neutrino experiment. However, it is worth mentioning here because it is
sensitive to the same regions of MSW space as solar neutrinos experiments. It is
located in the Kamioka mine in Japan, with approximately 2000 PMTs viewing a
liquid scintillator core. Reactor anti-neutrinos are detected over baselines of 150 -
200 km. This length scale makes KamLAND sensitive to vacuum oscillations, with
similar values of Am?, tan?6 to those that produce matter enhanced oscillation for
solar neutrino experiments. If KamLAND confirms the allowed region in parameter
space, this solution will have been identified with two completely independent sources.
There is no known mechanism that predicts flavor change for both solar neutrino

experiments and KamLAND, other than neutrino oscillation.
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Appendix A

MATHEMATICAL FORMALISM

A.1 Linear Expansion in Systematics

The number density of events u(X|n, «), distributed over measurable quantities X,
also depends continuously on a vector of physics parameters 17 and a vector of system-
atics a. To a very good approximation, because a is small, we can expand the model
as a linear function of the systematics. This provides a continuous parametrization

with respect to a.

u(X |, 0) = pp x [1+ 67 (@ — ao)] (A1)

where p,(X|n) is independent of o and

1o
/"LO aaT o=

B(X|n) = (A.2)

Qo

We make measurements of the systematics using the calibration data, with the best
fit values referred to as .. It should be noted that a,, is not necessarily set to ..
We can choose to expand around any value we like, provided the linear approxima-
tion is still good. Broadly speaking, there are two kinds of systematics, instrumental
parameters such as energy scale, position reconstruction, etc., and backgrounds am-
plitudes. These two kinds are treated differently here. For instrumental parameters,
the obvious choice is o, = ayq, so that pu,, the model we expand around, includes
our best estimate of the detector response. However, for background amplitudes, we
might choose to set a, = .y or a, = 0. In the latter case, pu, describes a detector
with zero backgrounds. We will find this choice useful for creating MSW contours

(see Appendix A.4).
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A.1.1 Background Amplitudes

The expected number of events B, for a particular background source, is measured

to be
B = B,y +0(B) (A.3)

The expansion coefficient we will use is &« = B. However, the addition of this back-

ground to the model is made by expanding around B = 0, not B,;.

(X1, B) = po + B x pp(X)
= po X (14 p—BB)

Ho

(A.4)

where pp(X) is the multi-dimension PDF for the background. We see that the first

order derivative /3 is defined as

_ pe(X)
B(X|n) = X (A.5)

It is interesting to note that the treatment of a background amplitude in this way is
exact. Because any background adds linearly, there are no higher order terms.
We can also treat the contribution from hep neutrinos perturbatively, with only a

slight change in formalism.

B(X|n) = % (A.6)

The expansion coefficient in now o = @pep, the flux of hep neutrinos relative to the
SSM hep flux.
In addition to an uncertainty in the background amplitude, there can also be an

uncertainty in the shape of the PDF pg. This is dealt with in Section A.1.2.

A.1.2 Instrumental Parameters

For instrumental parameters we must calculate the derivatives of Eqn. A.2. In this

case, we construct 8 out of individual contributions from each reaction
SCCpCC/BCC + SCSPCSﬁCS + Sncpncﬁnc

_ A7
ﬂ Sccpcc + Sespes + Sncpnc ( )
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where p®(X|n) is the PDF for the CC reaction and S is the expected number of
events. The individual derivatives such as §° are defined by Eqn. A.2, but with
all other contributions to the model (except CC) turned off. These individual g-
functions are largely independent of the physics parameters n. We can therefore
derive them using undistorted SSM distributions. On the other hand, the weighting
factors Sp“, etc., have a strong effect on the overall shape of § and should not be
considered independent of 7. Since the o are small, we can replace the derivatives
(B, etc., with discrete approximations, derived from Monte Carlo simulations.

In this formulation, the shape of the background distributions are assumed to
be unperturbed by the variation of instrumental parameters. This is not strictly
true, although such variations are 2nd order in « (a cross term between two different

perturbations) and are therefore neglected.

A.2 Solving for a Linear Physics Model (Models 2a, b, c)

In this Appendix we consider models which are linear in the physics parameters, e.g.
¢e and ¢,,. We will show how to extract these linear physics parameters from the
likelihood function and determine an error matrix. The approach outlined here does
not use all of the available information. The neutrino data set, in addition to the
calibration data, contains information regarding the systematics. However, we will
not use this additional handle on systematics here, reserving neutrino data to only
give us information about physics parameters. We pursue the simpler approach first

because it was the approach of SNO publications [52] and [53].

A.2.1 Extracting physics parameters

For a linear physics model, we have a vector of flux amplitudes, e.g. n =
{beDy Pens DrotDs Prorn t for Model 2c. In the approach taken here, we define the

best model with a = .y, for both instrumental parameters and background am-
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plitudes. This model is then used to perform the flux extraction. Although the
full log-likelihood function depends on many more parameters, we have now created
the simpler 4 parameter function £, = L(n,a = a.y). We then solve the set of 4

(non-linear) equations! given by

oL,

A.2.2 Error matrixz determination

Collectively, let us refer to the full set of parameters as ¢ = {n,a}. The combined
statistical + systematic error matrix is given by first calculating the error matrix for

the full set of parameters

7L } (A.9)

(01 = | 5o
The 4 x 4 submatrix, defined by 1 = {¢ep, Pens OtotDs Protn }, is the reduced error
matrix we seek for the physics parameters.

In this example, we can make a fast determination of this reduced error matrix,

without the need to invert a large (4 +n) x (44 n) system. To do this, we break the

matrix into statistical and systematic parts. The statistical part is determined by

L, ] (A.10)

[ag]stat = {W
We now determine the systematic part. For each systematic parameter oy, we perturb
the model by an amount equal to +0(ay), while leaving all other systematics fixed to
their nominal values. This allows us to re-extract the vector of fluxes n and compare
them to m,, the extraction of section A.2.1. We then calculate the perturbation

6xm = m — mn,, where k labels the perturbation with respect to the k' systematic.

!The more complicated approach is to solve the full likelihood function given by £ = L(7n,a).
This approach allows neutrino data to add further constraint to the size of the systematics. For
further discussion, see Appendix A.4.
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This allows us to define a systematic component to the error matrix.

2
2 2 v (o2)n
) | (@ Al
o, = (07)stat + Ejk:djn ® 0km o(aj)o(ax) Y

In the case where the separate calibrations are independent, o2 is diagonal and we

get
o) = (00)stat + Y Ok @ 61" (A.12)
k

One can make some additional approximations when determining the size of the
systematic perturbations 0. For example, an error in energy scale requires that we
perturb the modelled energy measure T,¢¢ by an amount £1.21% and re-extract the
physics parameters to give dm. Alternatively, one could perturb the value of T¢s
assigned to each event and re-extract the physics parameters. The results will be

slightly different, although close enough for the purposes of studying systematics.?

A.3 Combining the SNO and SK Day-Night Results

The SK experiment has measured the day-night asymmetry in the ES reaction [20].
Assuming that there is no NC asymmetry, their measurement is diluted by the NC
component of the ES reaction. One can use the SNO data to remove this dilution.

One begins with the set of 3 measurements

SNO
total

| 45K
n= | 9%esp

SK
ES,N

2This approximation is akin to the standard replacement o7 ~n; in x*> =Y, (ma—pe)”

9
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and changes variables to
SNO
total

I — SK
n = e,D

SK
e,N

The variable change can be expressed as 7 = V! i/, where V is the 3 x 3 matrix

1 0 0 1 0 0
Viele 1—¢ 0 or V=|-:= £ 0
e 0 1—e€ ——= 0 !

and € = 0.1559. We solve to get

SK € SNO
SK __ YESD total
e,D 1 — €

SK € SNO
SK __ YESN total
e,N 1 — €

If 0% is the 3 x 3 error matrix for ¢, we can also transform it

<0,2>l -V 0_2 VT

2 € 2 € 2
Otot “1—<Otot “1—<Otot
— | e 2 €2 2 1 2 €2 2 1 2
T—Ttot  (T—o2tot + 1-029D ({102 ot + 1-029DN

e 2 €2 2 1 2 e 2 1 2
T—%tot (12 tot + 1-029DN  [1T—02%tot + 1-029N
2 2
o o
D DN | . :
where is the SK error matrix.
2 2
Opn ON

We now form the SK electron neutrino asymmetry and find:

ASK _ A%I; 1— 2e ¢i)]xz?
‘ P+ OBE N
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By simple propagation of errors, we can calculate the uncertainty o(AS%). Doing so,
we find that the o, terms cancel in this calculation. One can see why this happens
by looking at the above error matrix. For the SK sub-matrix, the oy, contribution is
completely correlated from day to night.

Although o;,; does not contribute to the uncertainty, there is still a correlation

between SK and the SNO total flux p(¢? ASK) but we shall not calculate it here.

A.4 Solving for the MISW Model

In Appendix A.1, we argued that one could make a linear expansion of the model

with respect to the systematics a. In terms of the number density of events, we have
(X, ) = po x [1+ 8" (o — )] (A.13)

where X = {T.¢/, R?it, cos B} represents the measurable quantities, ) are the physics
parameters and a are the systematics. p, is represents the model with backgrounds
set to zero and instrumental parameters set to their nominal values, determined by
calibrations. In fact, there is no reason why we can’t redefine te instrumental parame-
ters, so that a, = 0 corresponds to the nominal values of the instrumental parameters.
For simplicity, we shall henceforth define the notation so that a, = 0 for the zero
background, nominal instrumental parameter model.

For the MSW model, the physics parameters are n[0] = ¢, n[1] = tan?6, n[2] =

Am?. Since p,(X|n) describes only the ®B neutrinos, we can write it as
fo = Grot Yo(X|Am?, tan® ) (A.14)

Recall that ¢y, is the flux relative to the SSM flux, so that y, is the number density
of events for the case that the solar flux of ®B neutrinos is exactly 5.05 x 10%cm 2571,

We also define the total expected number of events for the case that ¢,,; = 1, no
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backgrounds and instrumental parameters set to their nominal values.
Sy = Z Yo(X|Am?, tan? ) (A.15)
X

To minimize the log-likelihood function, we write ¢y = ¢, + A¢ Our model becomes

¢

where, in the spirit of linearization, we recognize that the cross terms % X o are

insignificant and are hence neglected. This suggests that we redefine the vectors «

p=do X Yo (1 + a¢ + BTa> (A.16)

and (3 to have zeroth components

A
al0] = ng B0l =1 (A.17)
Doing this, Equation A.16 returns to the form
5=, yo(1+ 8 a) (A.18)

and, to within a constant, Equation 4.8 becomes

L =20, S, — 2N Ingo =2 In yo(X,)
+26, 3 5(X)BT(X)a —23 " in(1+ BT (X,)e) (A.19)
X m

+ (a0 — o) 02 (0 — Qo)
where S,, 9,, 3 all depend on n[1] = tan® 6, n[2] = Am? but not on the systematics.

Recall that ayq # 0 for background amplitudes, even though we have defined a, = 0.

By construction, ¢, minimizes the simpler equation
Lo =20, So— 2N Ingo — 23 In yo(X,,) (A.20)

and, with the way we have set the problem up, it turns out that ¢, has an analytic

solution.

N

b0 = S,(Am?, tan?6)

(A.21)
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Where N is the total number of events. By substituting this result back into Equation
A.20, we can generate contours for the simplified problem of a detector with assumed
zero background and no systematic error in its description. The result is shown in
Fig. 4.4.

The remainder of £ = Ly + £’ is then expanded to 2"¢ order® in a about Ly. To

within a constant, we find that
L=2p—q-7)"a + a"(c7>+ M) (A.22)
where
M =37 B(X,) @ X,

—2
r=0,a,

P=Y 4(X)B(X)
X
q= Zﬁ(Xm)
The value of e that minimizes £’ (and hence £) is
Oin = (0, + M) (r +q—p) (A.23)

by combining Equations A.20, A.21, A.22, and A.23, we have minimized £ with
respect to both the ®B flux and systematic parameters. We repeat this for each point
of MSW space, thus generating the MSW contours shown in Fig. 4.5.

We also note that the fitted values of o have a new error matrix
o= (o,>+M)"! (A.24)

Here we see that M ™! carries the information about systematics from the neutrino
data while, as before, o2 is the information provided by calibrations. Table 4.5 shows

what the neutrino data adds to our knowledge of systematics.

3Why expand to 2"? order, when we have already neglected cross terms in a? Actually, the cross
terms behave as 3" order, since they are always contracted with >y (yx — nx).
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A.5 Some Notes About the x*? Distribution

For v degrees of freedom, the standard x? probability distribution is given by
(XQ)(V*2)/2€*X2/2
2¢/2T (v /2)

p(X*v) =
In general, we want the integral of this

a.=P(*>x2) = / dx*p(x*v)
X2

There are two special cases that we will consider here. For v = 2 degrees of freedom

0 e—x2/2
o, = / dX2
% 2 (A.25)

— e X2/2

In the case of 1 degree of freedom we have

S 9 67X2/2
Qe = dx
’ /><2 \V 27mX?
which can not be integrated analytically. Even a numerical integration can be tricky

because of the divergence of the integrand as x?> — 0. However we can easily circum-

vent these problems by changing variables to the significance ( = 1/x2. Doing this

we get
9) —¢2/2
ao=P(¢|>¢)=2 [ dcS
/Cc 2/% (A.26)

=1—erf(

=)
where we have multiplied by 2 in the second line, to account for the fact that we test
for |¢] > ¢, (This is for a two sided test).

The application of these ideas comes when we make a hypothesis test with two
degrees of freedom distinguishing the null hypothesis and the alternate hypothesis
(v = 2). In this case, the Ax? between the new model and the null hypothesis should
be distributed by Equation A.25. One determines the size of a, for this hypothesis
test and then solves Equation A.26 to find the equivalent significance of the data.
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A.6 Comparing the Current MSW Analysis to Previous SNO Analyses

Prior to the analysis described in Section 4.4, the SNO collaboration pursued a much
simpler approach. The simpler analysis used only the day and night energy distri-
butions and, because there was sufficient statistics in each bin, the log-likelihood
formulation simplified to a y? formulation. Being a x? analysis, one could create a
systematic error matrix for the energy histogram, thus circumventing the need (and
advantages) of allowing the neutrino data to constrain systematic parameters.

There was also another notable difference. Let us revisit Equation A.7 for instru-
mental parameters.

_ Sccpccﬁcc + Sespesﬁes + Sncpncﬂnc
Sccpcc + Sespes + Sncpnc

g

The individual functions (3, 3 are largely independent of physics parameters and,
in all analyses, were calculated by perturbing the SSM distribution (3"¢ is always
independent of physics parameters, provided the model describes only active neutri-
nos). The overall S-function, however, can depend strongly on Am?, tan? 6 through
the weightings S°p°, etc. When performing the initial SNO MSW analysis, we did
not have a full implementation of Equation A.7 and instead used two alternate ap-

proximations.

e Approximation A Replace S“p“(X|n) with its SSM distribution
See p°(X|ssm). Similarly for the ES reaction.

S

e Approximation B Replace S“p®(X|n) with the SSM distribution, weighted

by the results of the flux extraction e.g. ¢, x S5, p°(X|ssm).

It should be obvious that Approx. A is actually nowhere near approximate. It assigns
the incorrect relative weighting to the various reactions. Approximation B is certainly

much closer to the truth. However, Approx. A was viewed as more conservative with
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Table A.1: Differences between the analysis of this thesis and previous energy-only
analyses. The treatment of S-functions in the current analysis is considered to be the
most correct.

analysis information | statistical weighting used to reference
used measure combine [-functions
Approx. A | energy-only e 1 x 5% p(X|SSM), etc. | published in [53]
Approx. B | energy-only 2 Gee X S, p°(X|SSM) | not published
This Thesis | T, R3,cosf, | log-like Spe(X|Am?, tan? 0, ...) | section 4.4

regards to the acceptance of the LOW solution and was therefore included in our
publication [53]. The differences between the various analyses are shown in Table A.1.
The current analysis, presented in this thesis, does not approximate the weighting
factors of Equation A.7.

Figure A.1 shows the two previous analyses, using Approx. A and B. We see that
Approx. B agrees relatively well with the current analysis C. Approx. A disagrees
considerably, although typically in a more conservative way. We have learned from
this that the additional information from R3, cos 6, is providing very little additional
discriminating power. On the other hand, an improved treatment of systematics

makes a significant improvement.
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Figure A.1: Comparing the current MSW analysis to the published SNO analysis,
using Approx. A (top left), and the unpublished analysis, using Approx. B (top
right). Analyses with Approx. A & B use only energy information and x2. The three
analyses are compared at the 99.97% c.l. in the bottom two plots.



144

A.7 Comparison to Other Published MSW Analyses

Since the publication of our results, a number of authors have incorporated SNO
data into their global analysis of solar neutrino experiments. For simplicity, we will
compare the analysis of Section 4.7 to just one other published analysis, that of
Bahcall et al. [1]. They consider a number of analysis approaches, although we will
only compare to one that treats SNO data in the same way that we have treated it in
Section 4.7, making a 2 fit to SNO’s day and night energy histograms while floating
the ®B flux. The result of their global fit is seen in Fig. A.2.

pusl

10_3 T \HHH‘ T \HHH‘ T \HHH‘ T \HHHI T TTIT

BPOO,Free °B 0

10°*

Active .
Ga+Cl+SK(Sp,Zenith)

e FSNO(Sp.D/N)
10 \\HHH‘ \\HHH‘ \\HHH‘ \\HHHI [
10% 10° 102 10' 1 10.

tan“®

=
Q
[REN
‘ =

| \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ [N

Figure A.2: A global fit to all solar neutrino data made by authors Bahcall et al. [1].
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With regard to the number of distinct allowed regions, there is very good agree-
ment between the our analysis of Fig. 4.5 and that of Fig. A.2. The only difference
is some marginally allowed regions (99.73 % c.l.) around Am? ~ 1072 — 1077. A
more serious disagreement is with the size of the allowed Large Mixing Angle (LMA)
region at Am? ~ 107° — 10~*. The SNO analysis presents a much more constrained
allowed region, around half the size of Fig. A.2. This difference has not yet been

resolved, although a number of possibilities are being considered.
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Figure A.3: A global fit to solar neutrino data, prior to the addition of SNO data.
The left hand panel is taken from [14]. The right hand panel is created by SNO
analysis tools and was provided by Fraser Duncan and Mark Chen.

Fig. A.3 shows us that both analyses treat the Gallium, Chlorine and HyO ex-
periments in an almost identical way. Therefore, the differences in the final allowed
regions must be introduced by the addition of SNO data.

One possibility is that the our analysis is in error because it has neglected some
important theoretical systematics (see Section 5.2). For example, the uncertainty

in the NC and CC cross sections were neglected. However, these two uncertainties
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are small and are correlated, largely cancelling in the measurement of the survival
probability P... They are suspected to play a small yet significant contribution to the
uncertainty in ¢, but not in the MSW contours. In addition, the error in the CC
spectral shape is neglected. This again is small and has a similar effect to the much
larger energy scale uncertainty. Although we suspect these uncertainties to play only
a minor role, one can not be completely sure until we have incorporated them into
the set of SNO systematics. Work is underway to do this.

An interesting note is that the LMA region of Fig. A.3 does not come particu-
larly close to the dark side (Intan?6 > 0). In Fig. 1.6, we saw that P.. ~ 0.5 at
Intan?6 = 0. However, SNO data provides a clear experimental measurement that
P, is significantly less than 0.5. It is therefore surprising that the addition of SNO
data could lead to Intan?6 = 0 being less strongly rejected, as shown in Fig. A.2.
Understanding this feature might help understand the differences between the two

analyses.
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Appendix B

NEUTRAL CURRENT DETECTORS

B.1 Description

The Neutral Current Detectors (NCDs) are an array of proportional counters to be
deployed into the SNO heavy water volume, as shown in Fig. B.1. Each NCD is made
from a thin walled tube of Chemically Vapor Deposited (CVD) Nickel, is 5 ¢cm in
diameter and varies from 200 cm to 300 cm in length. The CVD process assures high
radiopurity for the bulk of the material that makes up the NCD. Each detector is
filled with a mix of 85% 3He and 15% CF,, with the gas being contained by CVD
Nickel endcaps, and has a Cu wire anode running down the center. A group of NCDs
are welded together into an electrically continuous string, as shown in Fig. B.2.

NCDs detect thermal neutrons via the interaction
n+*He—p+>HT (B.1)

The proton and triton carry away a combined energy of 764 keV, which is deposited
into the gas as ionization. The ionized electrons drift towards the Cu wire (held at
+1825 V). As they approach the region immediately surrounding the wire, the high
electric field causes an avalanche of secondary electrons, with these collecting at the
wire to provide the NCD signal. The signal is read out via a 91-ohm coaxial cable at
the top end of a string, with the cable also providing the high voltage. A delay line at
the bottom end of the string lengthens it electronically. This increases the separation
between the primary and reflected signals and allows for position discrimination along
the active length of the string.
Events in the NCD gas with energy above ~ 100keV are digitized.



148

Figure B.1: The NCD array partially deployed into the SNO D50.
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Figure B.2: Cross section of an NCD string.
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B.2 Construction

Radioactive contaminants of the NCD materials can produce background events in a

number of ways.

e [3-rv decays of U and Th in the nickel can produce Cherenkov light that triggers the
SNO PMT array.

e These chains both produce a v with sufficient energy to photodisintegrate deuterium,
generating a neutron background identical to the NC reaction. These neutrons pro-
duce a measurable signal by capturing either on *He or on D,0O. In addition, cosmic
ray activation of nickel can produce *°Co, which also produces a v with sufficient

energy to photodisintegrate deuterium.

e o decays of U and Th in the bulk nickel can ionize the 3He gas. If the majority of
the a energy is deposited in the the Ni, rather than the gas, the measured energy can

be similar to that of a neutron capture on *He (764 keV).

e Surface contamination by 2!°Po produces 5.3 MeV «a’s. Depending on the orientation

of the ionization track, just a fraction of the energy can be deposited into the gas.

e Tritium in the 3He gas produces ’s with an endpoint of 18.6 keV. If there is a
sufficient pileup of tritium decays, they can trigger the NCD electronics and perhaps

mimic a neutron capture event.

We went to great lengths to achieve radioactive purity. The construction materials
were radioassayed to ensure their low contamination levels. In addition, the NCDs
were built under class 1000 cleanroom conditions, to avoid the accumulation of dust.
The detectors have been stored underground for many half lives of °Co (78 days),
thus mitigating this particular source. A purification system was used to remove
tritium from the 3He gas. A number of hurdles had to be overcome to achieve this

goal, and some of these are presented here.
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B.2.1  Aluminum Contamination

The CVD process deposits nickel from a carbonyl vapor onto a 2-inch diameter an-
odized aluminum mandrel. When the desired thickness is reached, the nickel is sep-
arated by differential contraction by cooling. Due to imperfections in the mandrel,
some aluminum oxide may adhere to the inner nickel surface. Aluminum is known to
contain thorium at the 1-10 ppm level. Since we require the nickel to be < 10 ppt
Th, aluminum becomes a concern at the 1-10 ppm level.

Scanning Electron Microscopy (SEM) reveals the shape and chemical makeup of
the nickel surface. A particularly bad area is shown in the left hand side of Fig. B.3.
A beam of 20 keV electrons, 60 Angstroms wide, scans across the sample, imaging
the surface. Flat flakes of aluminum oxide appear dark and the rough nickel appear
as various shades of gray. Elemental abundances are determined from the scattered
x rays, averaged over a depth of approximately 2 pm.

Etching of the tubes in a 10 minute bath of 4M nitric + 0.2M HF acid cleans up
the surface considerably, as shown in the right hand side of Fig. B.3. An SEM scan
detects no aluminum to within a sensitivity of approximately 0.5%.

Seeking a higher sensitivity for aluminum, the problem was pursued using Induc-
tively Coupled Plasma Mass Spectroscopy (ICPMS). ICPMS works by vaporizing a
fluid sample and drawing it into a plasma torch. After the sample is ionized, it is
accelerated and electrostatically steered, so as to identify the various mass compo-
nents. Nickel segments were etched in 4M nitric, 0.2M HF acid baths and the left over
solution was analyzed. The Al concentration of the bath was measured using ICPMS,
while the Ni content was determined by weighing the segments before and after, also
allowing one to calculate how deeply the nickel was etched. Backgrounds were deter-
mined by subjecting blank samples of nitric + HF acid to the same reduction and

analysis.
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Figure B.3: A region of a nickel tube before and after acid etching, as viewed with a
scanning electron microscope.
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These results are also shown in Fig. B.4. If one does a linear extrapolation of the
last four data points, one finds an x-intercept of 10.6 4+ 2.2um. This result should be
taken somewhat loosely, as we have made no argument for a linear fit and the data
points do not represent the aluminum contamination at particular depths but rather
the integrated contamination over a given depth range. However, this result still
proves useful in defining the depth required for mitigating aluminum. Prior to this
study, tubes were being etched for only 10 minutes, removing approximately 2um of
nickel from each side. As a consequence of this work it was decided that significantly
more nickel needed to be removed from the inner surface of the tube. A procedure
was implemented for electropolishing the inner surface to a depth of approximately
20pum (see section B.2.2). This is followed by an etch which removes an additional
2pum from each side, thus removing a total of approximately 22um of material from
the inner surface. Even if this linear fit is incorrect, one can still argue that the
total aluminum contamination is less than 1 ppm. As the SEM photographs showed,
the contamination is in the form of aluminum oxide flakes. The sections of nickel
tube used in this study were deposited onto a mandrel that had a 25um anodized
layer and so one expects the contamination to go no deeper than this. The last data
point is 31 £ 5 ppm (at 9 um). Tubes are typically 0.015 - 0.020 inches thick. In
a worst case scenario, if this contamination extended uniformly all the way to 25um
and we remove 22um from electropolishing and etching, one would get an aluminum
contamination of 0.2 - 0.3 ppm, averaged over the entire nickel. This is an extreme
upper limit. However, many NCD tubes were laid down on a mandrel with 38um of
anodizing. Scaling to this case, the linear fit to the tail of this profile would extend
the contamination to around 16 +3um. The worst case scenario argument would give

an upper limit of 0.9 - 1.5 ppm, averaged over the entire nickel.
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Figure B.4: Al/Ni ratio as a function of depth in an NCD tube, as determined
by ICPMS. The vertical error bars are the uncertainties in the Al/Ni ratio. The
horizontal bars are not errors but rather represent the range over which the sample
was etched.
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B.2.2 2Py Contamination

To avoid cosmic activation of the NCD nickel into **Co, the NCD tubes were stored
prior to construction in a man-made cave near the town of Index, WA. This turned
out to be a grave error because the granite walls of the cave emanated high levels of
airborne ***Rn. Its daughter product ?'°Po (138 day half life) easily plates out on Ni
surfaces. This subsequently decays via a-emission into the stable 2Pb. The Po con-
tamination led to extremely high a rates in the NCD gas. To remove this plated Po, a
serious R&D effort was undertaken, leading to the construction and implementation
of an electropolishing procedure. Purely chemical etches were unsuccessful because

Ni displaces Po in solution and the Po remains on the surface.
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Figure B.5: Spectra of deposited energy in the NCD gas, before and after Po removal.
The peak at 5.3 MeV corresponds to the o from the decay of 2'°Po. The low energy
tail is due to a events which do not deposit all of their energy and due to cosmic rays.
The « tail is more prominent for the high rate data, shown in the left hand panel.
The cosmic rays are more prominent for the much longer duration data on the right,
where one should note the different vertical scale.
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To optimize this procedure, a test bench was set up, where a temporary anode
could be sealed inside a nickel tube. P-10 gas was flowed down the length of the
tube, providing for « ionization. Calibration of the set up was made with the gamma
emission of 2*!Am. Figure B.5 shows the ionization spectra, both before and after
electropolishing, of a typical tube that was stored at Index. Figure B.6 shows how a

series of etches and polishes reduces the Po levels in a particular tube.
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Figure B.6: Po levels as a function of etching and electropolishing. Note that etching
leads to almost no reduction of the Po contamination, while electropolishing leads to
a significant reduction. The Po peak is defined as ranging from 0.7 to 3.7 x 5.8 MeV.
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B.2.3 3H contamination

The 3He used to fill NCDs was recovered from the decay of 1950’s tritium. An
extensive effort was undertaken to remove residual tritium, typically in the form of
HTO and T5,0. This included using a SAES Getter and various LN2 cold traps. The
quantity of residual tritium is measured after raising the voltage of the NCDs to 2225
V, thus raising their gain and pulling the tritium G-spectrum out of the noise. The
result of these tritium measurements are shown for 222 of the NCDs in Fig. B.7. Most
NCDs were constructed with less than the specified 2.7 nCi/l. This specification was
designed to keep the rate of tritium pileup to a manageable level. In a 10 m string,
2.7 nCi/l corresponds to 5000 Hz of 5 decay. At this rate, we expect a pileup of more
than 5 3 events (in the 4 us NCD trigger widow) to occur less than once a year. Only
for n > 5 can the (8 pileup lead to digitized events with energy above 100 keV.
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Figure B.7: Distribution of tritium contamination for 222 of the NCDs.
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Solar neutrinos from the decay of ®B have been detected at the Sudbury Neutrino Observatory
(SNO) via the charged current (CC) reaction on deuterium and by the elastic scattering (ES)
of electrons. The CC reaction is sensitive exclusively to v.’s, while the ES reaction also has a
small sensitivity to v,’s and v;’s. The flux of v.’s from 8B decay measured by the CC reaction
rate is °C(ve) = 1.75 + 0.07 (stat.)T312 (sys.) £ 0.05 (theor.) x 10° cm~?s™!. Assuming no flavor
tranformation, the flux inferred from the ES reaction rate is ¢*5(v,) = 2.39+0.34 (stat.) F5:19 (sys.) x
10° em™2s~'. Comparison of ¢“°(v.) to the Super-Kamiokande Collaboration’s precision value
of ¢™%(v,) yields a 3.30 difference, providing evidence that there is a non-electron flavor active
neutrino component in the solar flux. The total flux of active B neutrinos is thus determined to be
5.44 +0.99 x 10° cm™2s7!, in close agreement with the predictions of solar models.
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Solar neutrino experiments over the past 30 years [1-6]
have measured fewer neutrinos than are predicted by
models of the Sun [7,9]. One explanation for the deficit is
the transformation of the Sun’s electron-type neutrinos
into other active flavors. The Sudbury Neutrino Obser-
vatory (SNO) measures the ®B solar neutrinos through
the reactions:

Vet+d—p+pte (CC)
Ve +d—=p+n+u, (NC)
Vpte —uy+e (ES)

The charged current reaction (CC) is sensitive exclu-
sively to electron-type neutrinos, while the neutral cur-
rent (NC) is sensitive to all active neutrino flavors (z =
e, 1, 7). The elastic scattering (ES) reaction is sensitive
to all flavors as well, but with reduced sensitivity to v,
and v,. By itself, the ES reaction cannot provide a mea-
sure of the total ®B flux or its flavor content. Comparison
of the B flux deduced from the ES reaction assuming no
neutrino oscillations (¢®5(v,)), to that measured by the
CC reaction (¢°C(v,)) can provide clear evidence of fla-
vor transformation without reference to solar model flux
calculations. If neutrinos from the Sun change into other
active flavors, then ¢C(v.) < ¢=5(v,).

This Letter presents the first results from SNO on the
ES and CC reactions. SNO’s measurement of ¢=5(v,)
is consistent with previous measurements described in
Ref [5]. The measurement of ¢“C(v,), however, is sig-
nificantly smaller than the measurements by [5] and is
inconsistent with the null hypothesis that all observed
solar neutrinos are v.. A measurement using the NC re-
action, which has equal sensitivity to all neutrino flavors,
will be reported in a future publication.

SNO [12] is an imaging water Cerenkov detector lo-
cated at a depth of 6010 m of water equivalent in the
INCO, Ltd. Creighton mine near Sudbury, Ontario. It
features 1000 metric tons of ultra-pure DoO contained
in a 12 m diameter spherical acrylic vessel. This sphere
is surrounded by a shield of ultra-pure H;O contained
in a 34 m high barrel-shaped cavity of maximum diame-
ter 22 m. A stainless steel structure 17.8 m in diameter
supports 9456 20-cm photomultiplier tubes (PMTs) with
light concentrators. Approximately 55% of the light pro-
duced within 7 m of the center of the detector will strike
a PMT.

The data reported here were recorded between Nov. 2,
1999 and Jan. 15, 2001 and correspond to a live time of
240.95 days. Events are defined by a multiplicity trig-
ger of 18 or more PMTs exceeding a threshold of ~ 0.25
photo-electrons within a time window of 93 ns. The trig-
ger reaches 100% efficiency at 23 PMTs. The total in-
stantaneous trigger rate is 15-18 Hz, of which 6-8 Hz is
the data trigger. For every event trigger, the time and
charge responses of each participating PMT are recorded.

The data were partitioned into two sets, with approx-
imately 70% used to establish the data analysis proce-

TABLE I. Data reduction steps.

Analysis step Number of events

Total event triggers 355 320 964
Neutrino data triggers 143 756 178
Nhiy >30 6 372 899
Instrumental background cuts 1 842 491
Muon followers 1 809 979
High level cuts® 923 717
Fiducial volume cut 17 884
Threshold cut 1169
Total events 1169

“Reconstruction figures of merit, prompt light, and (6;;).

dures and 30% reserved for a blind test of statistical bias
in the analysis. The analysis procedures were frozen be-
fore the blind data set was analyzed, and no statistically
significant differences in the data sets were found. We
present here the analysis of the combined data sets.

Calibration of the PMT time and charge pedestals,
slopes, offsets, charge vs. time dependencies, and second
order rate dependencies are performed using electronic
pulsers and pulsed light sources. Optical calibration is
obtained using a diffuse source of pulsed laser light at
337, 365, 386, 420, 500 and 620 nm. The absolute energy
scale and uncertainties are established with a triggered
16N source (predominantly 6.13-MeV 4’s) deployed over
two planar grids within the D,O and a linear grid in
the HyO. The resulting Monte Carlo predictions of de-
tector response are tested using a 2°2Cf neutron source,
which provides an extended distribution of 6.25-MeV ~
rays from neutron capture, and a *H(p, v)*He [13] source
providing 19.8-MeV + rays. The volume-weighted mean
response is approximately nine PMT hits per MeV of
electron energy.

Table I details the steps in data reduction. The first
of these is the elimination of instrumental backgrounds.
Electrical pickup may produce false PMT hits, while elec-
trical discharges in the PMTs or insulating detector ma-
terials produce light. These backgrounds have character-
istics very different from Cerenkov light, and are elimi-
nated using cuts based only on the PMT positions, the
PMT time and charge data, event-to-event time correla-
tions, and veto PMTs. This step in the data reduction
is verified by comparing results from two independent
background rejection analyses.

For events passing the first stage, the calibrated times
and positions of the hit PMTs are used to reconstruct the
vertex position and the direction of the particle. The re-
construction accuracy and resolution are measured using
Compton electrons from the 1°N source, and the energy
and source variation of reconstruction are checked with
a 8Li B source. Angular resolution is measured using
Compton electrons produced more than 150 cm from the
16N source. At these energies, the vertex resolution is
16 cm and the angular resolution is 26.7 degrees.



An effective kinetic energy, Teg, is assigned to each
event passing the reconstruction stage. Teg is calculated
using prompt (unscattered) Cerenkov photons and the
position and direction of the event. The derived energy
response of the detector can be characterized by a Gaus-
sian:

1 1 Eeg — Ee
- expl—
V2rog(E.) 2" op(E.)

where E, is the total electron energy, Feg = Tog + me,
and og(E.) = (—0.4620+0.5470y/E, +0.008722E,) MeV
is the energy resolution. The uncertainty on the energy
scale is found to be +1.4%. For validation, a second
energy estimator counts all PMTs hit in each event, Ny;,
without position and direction corrections.

Further instrumental background rejection is obtained
using reconstruction figures of merit, PMT time resid-
uals, and the average angle between hit PMTs ((;;)),
measured from the reconstructed vertex. These cuts
test the hypothesis that each event has the character-
istics of single electron Cerenkov light. The effects of
these and the rest of the instrumental background re-
moval cuts on neutrino signals are quantified using the
8Li and !N sources deployed throughout the detector.
The volume-weighted neutrino signal loss is measured to
be 1.473-7% and the residual instrumental contamination
for the data set within the D50 is < 0.2%. Lastly, cos-
mic ray induced neutrons and spallation products are re-
moved based upon their time coincidence with the parent
muon.

Figure 1 shows the radial distribution of all remaining
events above a threshold of T.g>6.75 MeV. The distri-
bution is expressed as a function of the volume-weighted
radial variable (R/Rav)3, where Ryy = 6.00 m is the
radius of the acrylic vessel. Above this energy threshold,
there are contributions from CC events in the D,O, ES
events in the D3O and H>0O, a residual tail of neutron
capture events, and high energy ~ rays from radioactiv-
ity in the outer detector. The data show a clear signal
within the D;O volume. For (R/Ray)® > 1.0 the distri-
bution rises into the H2O region until it is cut off by the
acceptance of the PMT light collectors at R ~ 7.0 m. A
fiducial volume cut is applied at R = 5.50 m to reduce
backgrounds from regions exterior to the D,O, and to
minimize systematic uncertainties associated with optics
and reconstruction near the acrylic vessel.

Possible backgrounds from radioactivity in the D2O
and HyO are measured by regular low level radio-assays
of U and Th decay chain products in these regions. The
Cerenkov light character of D2O and H;O radioactiv-
ity backgrounds is used n situ to monitor backgrounds
between radio-assays. Low energy radioactivity back-
grounds are removed by the high threshold imposed, as
are most neutron capture events. Monte Carlo calcula-
tions predict that the HoO shield effectively reduces con-
tributions of low energy (< 4 MeV) « rays from the PMT

R(Ees, E.) (
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FIG. 1. Distribution of event candidates with Teg>6.75
MeV as a function of the volume weighted radial variable
(R/Rav)3. The Monte Carlo simulation of the signals,
weighted by the results from the signal extraction, is shown
as a histogram. The dotted line indicates the fiducial volume
cut used in this analysis.

array, and these predictions are verified by deploying an
encapsulated Th source in the vicinity of the PMT sup-
port sphere. High energy « rays from the cavity are also
attenuated by the HoO shield. A limit on their leakage
into the fiducial volume is estimated by deploying the
16N source near the edge of the detector’s active volume.
The total contribution from all radioactivity in the de-
tector is found to be <0.2% for low energy backgrounds
and <0.8% for high energy backgrounds.

The final data set contains 1169 events after the fidu-
cial volume and kinetic energy threshold cuts. Figure 2
(a) displays the distribution of cos 6, the angle between
the reconstructed direction of the event and the instanta-
neous direction from the Sun to the Earth. The forward
peak in this distribution arises from the kinematics of the
ES reaction, while CC electrons are expected to have a
distribution which is (1—0.345 cos 6 ), before accounting
for detector response.

The data are resolved into contributions from CC, ES,
and neutron events above threshold using probability
density functions (pdfs) in T.g, cosfg, and (R/Rav)?,
generated from Monte Carlo simulations assuming no fla-
vor transformation and the shape of the standard ®B
spectrum [11] (hep neutrinos are not included in the
fit). The extended maximum likelihood method used
in the signal extraction yields 975.4+39.7 CC events,
106.1+15.2 ES events, and 87.54+24.7 neutron events for
the fiducial volume and the threshold chosen, where the
uncertainties given are statistical only. The dominant
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FIG. 2. Distributions of (a) cosfa, and (b) Extracted ki-
netic energy spectrum for CC events with R <5.50 m and
Ter>6.75 MeV. The Monte Carlo simulations for an undis-
torted ®B spectrum are shown as histograms. The ratio of
the data to the expected kinetic energy distribution with cor-
related systematic errors is shown in (c).

sources of systematic uncertainty in this signal extrac-
tion are the energy scale uncertainty and reconstruction
accuracy, as shown in Table IT. The CC and ES signal de-
composition gives consistent results when used with the
Ny energy estimator, as well as with different choices
of the analysis threshold and the fiducial volume up to
6.20 m with backgrounds characterized by pdfs.

The CC spectrum can be extracted from the data by
removing the constraint on the shape of the CC pdf and
repeating the signal extraction. Figure 2 (b) shows the ki-
netic energy spectrum with statistical error bars with the
predicted standard 8B spectrum [7] superimposed. The
ratio of the data to the prediction is shown in Figure 2
(c). The bands represent the lo uncertainties derived
from the most significant energy-dependent systematic
errors. There is no evidence for a deviation of the spectral
shape from the predicted shape under the non-oscillation

TABLE II. Systematic error on fluxes.

Error source CC error ES error
(percent) (per cent)
Energy scale -5.2, +6.1 -3.5 ,+5.4
Energy resolution +0.5 +0.3
Energy scale non-linearity +0.5 +0.4
Vertex accuracy +3.1 +3.3
Vertex resolution +0.7 +0.4
Angular resolution +0.5 +2.2
High energy 7’s -0.8, +0.0 -1.9, +0.0
Low energy background  -0.2, +0.0 -0.2, +0.0
Instrumental background -0.2, 40.0 -0.6, +0.0
Trigger efficiency 0.0 0.0
Live time +0.1 +0.1
Cut acceptance -0.6, +0.7 -0.6, +0.7
Earth orbit eccentricity +0.2 +0.2
170, 80 0.0 0.0
Experimental uncertainty -6.2, +7.0 -5.7, +6.8
Cross section 3.0 0.5
Solar Model -16, +20 -16, +20

hypothesis.

Using the integrated rates above the kinetic energy
threshold Teg = 6.75 MeV, the measured 8B neutrino
fluxes assuming no oscillations are:

S50 (ve) = 1.75 + 0.07 (stat.)¥5:12 (sys.) + 0.05 (theor.)

x10% cm™2s71

050 (V) = 2.39 4 0.34(stat.) T1S (sys.) x 10% em =25~

where the theoretical uncertainty is the CC cross section
uncertainty [10]. Radiative corrections have not been
applied to the CC cross section, but they are expected
to decrease the measured ¢“C(v,) flux [14] by up to a
few percent. The difference between the 8B flux deduced
from the ES rate and that deduced from the CC rate in
SNO is 0.64 + 0.40 x 10 em™2s7!, or 1.66. SNO’s ES
rate measurement is consistent with the precision mea-
surement by the Super-Kamiokande Collaboration of the
8B flux using the same ES reaction [5]:

BES (v,) = 2.32 4 0.03 (stat.) 7508 (sys.) x 106 cm™2s7L.

The difference between the flux ¢®5(1,) measured by
Super-Kamiokande via the ES reaction and the ¢ (v,)
flux measured by SNO via the CC reaction is 0.57
0.17x 108 cm™2s71, or 3.3¢ [8]. The probability that the
SNO measurement is not a downward fluctuation from
the Super-Kamiokande measurement is 99.96%. For ref-
erence, the ratio of the SNO CC ®B flux to that of the
BP2001 solar model [7] is 0.347+0.029, where all uncer-
tainties are added in quadrature.

If oscillation with maximal mixing to a sterile neu-
trino is occurring, the SNO CC-derived 8B flux above
a threshold of 6.75 MeV will be consistent with the in-
tegrated Super-Kamiokande ES-derived ®B flux above a



threshold of 8.5 MeV [20]. Correcting for the ES thresh-
old [5] this derived flux difference is 0.53 + 0.17 x 10°
em~2s71 or 3.1¢. The probability that this difference is
not a downward fluctuation is 99.87%. These data are
therefore evidence of a non-electron active flavor com-
ponent in the solar neutrino flux. These data are also
inconsistent with the “Just-So?” parameters for neutrino
oscillation [15].

Figure 3 displays the inferred flux of non-electron fla-
vor active neutrinos (¢(v,.)) against the flux of electron
neutrinos. The two data bands represent the one stan-
dard deviation measurements of the SNO CC rate and
the Super-Kamiokande ES rate. The error ellipses rep-
resent the 68%, 95%, and 99% joint probability contours
for ¢(ve) and (¢(vur)). The best fit to ¢(v,,) is:

O(Vyr) = 3.69 £ 1.13 x 10° cm~2s7 L.
nT
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FIG. 3. Flux of ®B solar neutrinos which are p or = flavor
vs. the flux of electron neutrinos as deduced from the SNO
and Super-Kamiokande data. The diagonal bands show the
total ®B flux ¢(vz) as predicted by BP2001 (dashed lines) and
that derived from the SNO and Super-Kamiokande measure-
ments (solid lines). The intercepts of these bands with the
axes represent the 1o errors.

The total flux of active 8B neutrinos is determined to
be:

é(vs) = 5.44 +0.99 x 10° cm 2571

This result is displayed as a diagonal band in Fig. 3, and
is in excellent agreement with predictions of standard
solar models [7,9].

The evidence for electron neutrino flavor change im-
plies a mass squared difference between v, and v, or v,
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that is less than 10~ eV? as shown by previous analy-
ses [16,15]. This result can also be combined with present
limits on electron neutrino mass [17] of less than 2.8 eV
and Am?2_ (assuming neutrino oscillations [19]), to limit
the sum of the masses of ve, v, and v, to be between
0.05 and 8.4 eV. This corresponds to a constraint of 0.001
< Q, < 0.18 for the neutrino mass contribution to the
critical density of the Universe [18].

In summary, the results presented here are the first
direct indication of a non-electron flavor component in
the solar neutrino flux, and enable the first determination
of the total flux of ®B neutrinos generated by the Sun.
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Direct Evidence for Neutrino Flavor Transformation from Neutral-Current
Interactions in the Sudbury Neutrino Observatory
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Observations of neutral-current v interactions on deuterium in the Sudbury Neutrino Obser-
vatory are reported. Using the neutral current, elastic scattering, and charged current reac-
tions and assumin§ the standard ®B shape, the v, component of the ®B solar flux is ¢ =
1.76f8:8§(stat.)tg:89 (syst.) x 106 cm™2s7! for a kinetic energy threshold of 5 MeV. The non-v,

component is ¢,, = 3.4lfgjig(stat.)fgf£ (syst.) x 10° cm™?s™', 5.30 greater than zero, providing
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strong evidence for solar v, flavor transformation. The total flux measured with the NC reaction is

énc = 5.09553 (stat.) T35S (syst.) x 10° cm™2s™

PACS numbers: 26.65.+t, 14.60.Pq, 13.15.4+g, 95.85.Ry

The Sudbury Neutrino Observatory (SNO) detects 8B
solar neutrinos through the reactions:

Ve+d — p+p+e” (CO),
Vg+d = p+n+tu, (NC),
Vg+e = vy +e” (ES).

The charged current reaction (CC) is sensitive exclusively
to electron-type neutrinos, while the neutral current re-
action (NC) is equally sensitive to all active neutrino fla-
vors (z = e, p1, 7). The elastic scattering reaction (ES)
is sensitive to all flavors as well, but with reduced sensi-
tivity to v, and v,. Sensitivity to these three reactions
allows SNO to determine the electron and non-electron
active neutrino components of the solar flux [1]. The CC
and ES reaction results have recently been presented [2].
This Letter presents the first NC results and updated CC
and ES results from SNO.

SNO [3] is a water Cherenkov detector located at a
depth of 6010 m of water equivalent in the INCO, Ltd.
Creighton mine near Sudbury, Ontario, Canada. The de-
tector uses ultra-pure heavy water contained in a trans-
parent acrylic spherical shell 12 m in diameter to de-
tect solar neutrinos. Cherenkov photons generated in the
heavy water are detected by 9456 photomultiplier tubes
(PMTs) mounted on a stainless steel geodesic sphere 17.8
m in diameter. The geodesic sphere is immersed in ultra-
pure light water to provide shielding from radioactivity
in both the PMT array and the cavity rock.

The data reported here were recorded between Nov. 2,
1999 and May 28, 2001 and represent a total of 306.4 live
days, spanning the entire first phase of the experiment, in
which only D3O was present in the sensitive volume. The
analysis procedure was similar to that described in [2].
PMT times and hit patterns were used to reconstruct
event vertices and directions and to assign to each event
a most probable kinetic energy, Tes. The total flux of
active 8B solar neutrinos with energies greater than 2.2
MeV (the NC reaction threshold) was measured with the
NC signal (Cherenkov photons resulting from the 6.25
MeV « ray from neutron capture on deuterium.) The
analysis threshold was Teg> 5 MeV, providing sensitivity
to neutrons from the NC reaction. Above this energy
threshold, there were contributions from CC events in
the D20, ES events in the DoO and H»O, capture of
neutrons (both from the NC reaction and backgrounds),
and low energy Cherenkov background events.

A fiducial volume was defined to only accept events
which had reconstructed vertices within 550 cm from the
detector center to reduce external backgrounds and sys-
tematic uncertainties associated with optics and event

! consistent with solar models.

reconstruction near the acrylic vessel. The neutron re-
sponse and systematic uncertainty was calibrated with
a 252Cf source. The deduced efficiency for neutron cap-
tures on deuterium is 29.9 &+ 1.1% for a uniform source
of neutrons in the D,O. The neutron detection effi-
ciency within the fiducial volume and above the en-
ergy threshold is 14.4%. The energy calibration was
updated from [2] with the '®N calibration source [4]
data and Monte Carlo calculations. The energy response
for electrons, updated for the lower analysis threshold,
was characterized as a Gaussian function with resolution
or = —0.0684 + 0.3314/T, + 0.0425T,, where T, is the
true electron kinetic energy in MeV. The energy scale
uncertainty is 1.2%.

The primary backgrounds to the NC signal are due to
low levels of uranium and thorium decay chain daughters
(*'*Bi and 2°%Tl) in the detector materials. These activ-
ities generate free neutrons in the DO, from deuteron
photodisintegration (pd), and low energy Cherenkov
events. Ez-situ assays and in-situ analysis of the low
energy (4 — 4.5 MeV) Cherenkov signal region provide
independent uranium and thorium photodisintegration
background measurements.

Two ez situ assay techniques were employed to deter-
mine average levels of uranium and thorium in water. Ra-
dium ions were directly extracted from the water onto ei-
ther MnOy or hydrous Ti oxide (HTiO) ion exchange me-
dia. Radon daughters in the U and Th chains were subse-
quently released, identified by a spectroscopy, or the ra-
dium was concentrated and the number of decay daughter
B-a coincidences determined. Typical assays circulated
approximately 400 tonnes of water through the extrac-
tion media. These techniques provide isotopic identifica-
tion of the decay daughters and contamination levels in
the assayed water volumes, presented in Fig. 1 (a). Sec-
ular equilibrium in the U decay chain was broken by the
ingress of long-lived (3.8 day half-life) 222Rn in the exper-
iment. Measurements of this background were made by
periodically extracting and cryogenically concentrating
222Rn from water degassers. Radon from several tonne
assays was subsequently counted in ZnS(Ag) scintillation
cells [5]. The Radon results are presented (as mass frac-
tions in g(U)/g(D20)) in Fig. 1(b).

Independent measurements of U and Th decay chains
were made by analyzing Cherenkov light produced by
the radioactive decays. The 8 and -y decays from the
U and Th chains dominate the low energy monitoring
window. Events in this window monitor + rays that pro-
duce photodisintegration in these chains (E, > 2.2 MeV).
Cherenkov events fitted within 450 cm from the detector
center and extracted from the neutrino data set provide



a time-integrated measure of these backgrounds over the
same time period and within the fiducial volume of the
neutrino analysis. Statistical separation of in situ Tl and
Bi events was obtained by analyzing the Cherenkov sig-
nal isotropy. T1 decays always result in a § and a 2.614
MeV 7, while in this energy window Bi decays are domi-
nated by decays with only a 3, and produce, on average,
more anisotropic hit patterns.

Results from the ez situ and in situ methods are con-
sistent with each other as shown on the right hand side
of Figs. 1(a) and 1(b). For the 232Th chain, the weighted
mean (including additional sampling systematic uncer-
tainty) of the two determinations was used for the anal-
ysis. The 238U chain activity is dominated by Rn ingress
which is highly time dependent. Therefore the in-situ de-
termination was used for this activity as it provides the
appropriate time weighting. The average rate of back-
ground neutron production from activities in the D2O
region is 1.0 £ 0.2 neutrons per day, leading to 44‘3 de-
tected background events. The production rate from ex-
ternal activities is 1.3fg'_‘é neutrons per day, which leads
to 27+ 8 background events since the neutron capture ef-
ficiency is reduced for neutrons born near the heavy wa-
ter boundary. The total photodisintegration background
corresponds to approximately 12% of the number of NC
neutrons predicted by the standard solar model from 8B
neutrinos.

Low energy backgrounds from Cherenkov events in the
signal region were evaluated by using acrylic encapsu-
lated sources of U and Th deployed throughout the de-
tector volume and by Monte Carlo calculations. Prob-
ability density functions (pdfs) in reconstructed vertex
radius derived from U and Th calibration data were
used to determine the number of background Cherenkov
events from external regions which either entered or mis-
reconstructed into the fiducial volume. Cherenkov event
backgrounds from activities in the DoO were evaluated
with Monte Carlo calculations.

Table I shows the number of photodisintegration and
Cherenkov background events (including systematic un-
certainties) due to activity in the D,O (internal region),
acrylic vessel (AV), HoO (external region), and PMT ar-
ray. Other sources of free neutrons in the DO region
are cosmic ray events and atmospheric neutrinos. To
reduce these backgrounds, an additional neutron back-
ground cut imposed a 250-ms deadtime (in software) fol-
lowing every event in which the total number of PMTs
which registered a hit was greater than 60. The num-
ber of remaining NC atmospheric neutrino events and
background events generated by sub-Cherenkov thresh-
old muons is estimated to be small, as shown in Table I.

The data recorded during the pure D50 detector phase
are shown in Figure 2. These data have been analyzed
using the same data reduction described in [2], with the
addition of the new neutron background cut, yielding
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FIG. 1: Thorium (a) and uranium (b) backgrounds (equiv-
alent equilibrium concentrations) in the D>O deduced by in
situ and er situ techniques. The MnO, and HTiO radio-
chemical assay results, the Rn assay results, and the in situ
Cherenkov signal determination of the backgrounds are pre-
sented for the period of this analysis on the left-hand side of
frames (a) and (b). The right-hand side shows time-integrated
averages including an additional sampling systematic uncer-
tainty for the ez situ measurement.

TABLE I: Neutron and Cherenkov background events.

Source Events
D->O photodisintegration 4473
H20 + AV photodisintegration 2715
Atmospheric v’s and

sub-Cherenkov threshold p’s 4+1
Fission <1
?H(a, a)pn 2404
0(a,n) <1
Terrestrial and reactor ©’s 1+3
External neutrons L1
Total neutron background 78 +12
D20 Cherenkov 20713
H>0 Cherenkov 3*3
AV Cherenkov 615
PMT Cherenkov 16714
Total Cherenkov background 45775
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TABLE II: Systematic uncertainties on fluxes. The experi-
mental uncertainty for ES (not shown) is -4.8,4-5.0 percent.
1 denotes CC vs NC anti-correlation.

Source CC Uncert. NC Uncert. ¢, Uncert.
(percent) (percent) (percent)
Energy scale 1 -4.2,4+4.3 -6.2,46.1 -10.4,410.3
Energy resolution t -0.9,40.0 -0.0,4+4.4 -0.0,46.8
Energy non-linearity +0.1 +0.4 +0.6
Vertex resolution } +0.0 +0.1 +0.2
Vertex accuracy -2.8,42.9 +1.8 +1.4
Angular resolution -0.2,40.2 -0.3,40.3 -0.3,40.3
Internal source pd t +0.0 -1.5,4+1.6 -2.0,4+2.2
External source pd +0.1 -1.0,4+1.0 +1.4
D>O Cherenkov { -0.1,40.2 -2.6,41.2 S3.7,4+1.7
H,0 Cherenkov +0.0 -0.2,40.4 -0.2,40.6
AV Cherenkov +0.0 -0.2,40.2 -0.3,40.3
PMT Cherenkov t +0.1 -2.1,41.6 -3.0,42.2
Neutron capture +0.0 -4.0,4-3.6 -5.8,45.2
Cut acceptance -0.2,40.4 -0.2,40.4 -0.2,40.4
Experimental uncertainty -5.2,4-5.2 -8.5,49.1 -13.2,+14.1
Cross section [7] +1.8 +1.3 +1.4

2928 events in the energy region selected for analysis, 5
to 20 MeV. Fig. 2(a) shows the distribution of selected
events in the cosine of the angle between the Cherenkov
event direction and the direction from the sun (coség)
for the analysis threshold of Teg> 5 MeV and fiducial
volume selection of R < 550 cm, where R is the recon-
structed event radius. Fig. 2(b) shows the distribution of
events in the volume-weighted radial variable (R/Rav)3,
where Ray = 600 cm is the radius of the acrylic ves-
sel. Figure 2(c) shows the kinetic energy spectrum of the
selected events.

In order to test the null hypothesis, the assumption
that there are only electron neutrinos in the solar neu-
trino flux, the data are resolved into contributions from
CC, ES, and NC events above threshold using pdfs in Te,
cosfq, and (R/Ray)?, derived from Monte Carlo calcu-
lations generated assuming no flavor transformation and
the standard ®B spectral shape [6]. Background event
pdfs are included in the analysis with fixed amplitudes
determined by the background calibration. The extended
maximum likelihood method used in the signal decompo-
sition yields 1967.7750-5 CC events, 263.6735-5 ES events,
and 576.574%-> NC events [12], where only statistical un-
certainties are given. Systematic uncertainties on fluxes
derived by repeating the signal decomposition with per-
turbed pdfs (constrained by calibration data) are shown
in Table II.

Normalized to the integrated rates above the kinetic
energy threshold of Teg> 5 MeV, the flux of 8B neutri-
nos measured with each reaction in SNO, assuming the
standard spectrum shape [6] is (all fluxes are presented
in units of 106 cm~2s71):

; +0.09
ool = L7608 (stat.) Zlgg (syst.)
. +0.12
280 = 2.391023(stat.) "o 15 (syst.)
SNO 0.44 +0.46
N = 5.0950 75 (stat.) Ty (syst.).

Electron neutrino cross sections are used to calculate all
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Monte Carlo predictions for CC, ES and NC + bkgd neutron
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fluxes. The CC and ES results reported here are consis-
tent with the earlier SNO results [2] for Teg>6.75 MeV.
The excess of the NC flux over the CC and ES fluxes
implies neutrino flavor transformations.

A simple change of variables resolves the data di-
rectly into electron (¢.) and non-electron (¢,) compo-
nents [13],

¢ = 1.76%0:93(stat.) Q.09 (syst.)

$ur = 34150715 (stat.) T0 38 (syst.)

assuming the standard ®B shape. Combining the sta-
tistical and systematic uncertainties in quadrature, ¢,,
is 3.411'8:22, which is 5.30 above zero, providing strong
evidence for flavor transformation consistent with neu-
trino oscillations [8, 9]. Adding the Super-Kamiokande
ES measurement of the 8B flux [10] ¢85 = 2.32 +
0.03(stat.) 005 (syst.) as an additional constraint, we
find ¢, = 3.4570:85, which is 5.50 above zero. Fig-
ure 3 shows the flux of non-electron flavor active neutri-
nos vs the flux of electron neutrinos deduced from the
SNO data. The three bands represent the one standard
deviation measurements of the CC, ES, and NC rates.
The error ellipses represent the 68%, 95%, and 99% joint
probability contours for ¢. and ¢,..

Removing the constraint that the solar neutrino energy
spectrum is undistorted, the signal decomposition is re-
peated using only the cosfg and (R/Rav)? information.
The total flux of active ®B neutrinos measured with the
NC reaction is

SNO = 6.42+1 3T (stat.) T3 (syst.)
which is in agreement with the shape constrained value
above and with the standard solar model prediction [11]
for 8B, ¢ssm = 5.051 531

In summary, the results presented here are the first di-
rect measurement of the total flux of active ®B neutrinos
arriving from the sun and provide strong evidence for
neutrino flavor transformation. The CC and ES reaction
rates are consistent with the earlier results [2] and with
the NC reaction rate under the hypothesis of flavor trans-
formation. The total flux of B neutrinos measured with
the NC reaction is in agreement with the SSM prediction.
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The Sudbury Neutrino Observatory (SNO) has measured day and night solar neutrino energy
spectra and rates. For charged current events, assuming an undistorted B spectrum, the night
minus day rate is 14.0% + 6.3%7}:5% of the average rate. If the total flux of active neutrinos is
additionally constrained to have no asymmetry, the v, asymmetry is found to be 7.0%i4.9%ﬂ;‘3%.
A global solar neutrino analysis in terms of matter-enhanced oscillations of two active flavors strongly
favors the Large Mixing Angle (LMA) solution.
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PACS numbers: 26.65.+t, 14.60.Pq, 13.15.+g, 95.85.Ry

The Sudbury Neutrino Observatory (SNO) has pro-
vided strong evidence that neutrinos change flavor as
they propagate from the core of the Sun [1, 2], inde-
pendently of solar model flux predictions. This flavor
conversion can be explained by neutrino oscillation mod-
els based on flavor mixing. For some values of the mixing
parameters, spectral distortions and a measurable depen-
dence on solar zenith angle are expected [3-5]. The lat-
ter might be caused by interaction with the matter of
the Earth (the MSW effect) and would depend not only
on oscillation parameters and neutrino energy, but also
on the path length and e~ density through the Earth.
This Letter presents SNO’s first measurements of day
and night neutrino energy spectra, and constraints on
allowed neutrino mixing parameters.

The data reported here were recorded between Novem-
ber 2, 1999 and May 28, 2001 UTC. The total livetimes
for day and night are 128.5 and 177.9 days, respectively.
The time-averaged inverse-square distance to the Sun
((24Y)?) was 1.0002 (day) and 1.0117 (night). During
the development of this analysis, the data were parti-
tioned into two sets of approximately equal livetime (split
at July 1, 2000), each having substantial day and night
components. Analysis procedures were refined during the
analysis of Set 1 and fixed before Set 2 was analysed. The
latter thus served as an unbiased test. Unless otherwise
stated, the analysis presented in this paper is for the
combined data set.

The data reduction in [1] was used here. For each
event, the number, pattern, and timing of the hit photo-
multiplier tubes (PMTs) were used to reconstruct effec-
tive recoil electron kinetic energy T.g, radial position R,
and scattering angle 6y with respect to the Sun-Earth
direction. The charged current (CC), elastic scattering
(ES) and neutral current (NC) reactions each have char-
acteristic probability density functions (pdfs) of T.g, R,
and 6. A maximum likelihood fit of the pdfs to the data
determined the flux from each of these reactions.

The measured night and day fluxes ¢ and ¢p were
used to form the asymmetry ratio for each reaction: A4 =
2(¢n — ¢p)/(¢n + ép). The CC interaction is sensitive
only to v.. The NC interaction is equally sensitive to all
active neutrino flavors, so active-only neutrino models
predict Ayc =0 [6]. The same models allow Acc # 0.
The ES reaction has additional contributions from v,
leading to a reduction in its sensitivity to v, asymmetries.

SNO used calibration sources [7] to constrain varia-
tions in detector response [8] that can lead to day-night
asymmetries. A 16N source [9], which produces 6.1-MeV
gamma rays, revealed a 1.3% per year drift in the energy
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FIG. 1: Various event classes used to determine systematic
differences between day and night measurements. Also shown
are measured asymmetries on the CC flux, and on the electron
neutrino flux derived from the CC, ES, and NC rates when
the total neutrino flux is constrained to have zero asymmetry.

scale. Due to seasonal variation in day and night livetime,
this drift can create an artificial asymmetry. The analy-
sis corrected for this drift and a systematic uncertainty
was assigned using worst-case drift models. Gamma rays
from the 6N source were also used to constrain direc-
tional dependences in SNO’s response.

A set of signals that are continuously present in the
detector was used to probe possible diurnal variations in
detector response. The detector was triggered at 5 Hz
with a pulser, verifying livetime accounting. Muons pro-
vide an almost constant signal and, through interactions
with D50, produce secondary neutrons. After applying
a cut to remove bursts with high neutron multiplicity,
these muon-induced neutrons were used to limit temporal
variations in detector response. A more sensitive study
focused on a solitary point of high background radioac-
tivity, or “hot spot”, on the upper hemisphere of the SNO
acrylic vessel, apparently introduced during construction.
Its event rate was stable and sufficient to make an excel-
lent test of diurnal variations. It also provides a sensitive
test for changes in reconstruction. A limit of 3.5% on
the hot spot rate asymmetry was determined, which be-
cause of its steeply falling energy spectrum constrained
the day and night energy scales to be the same within
0.3%. An east/west division of the neutrino data based
on the Sun’s position should show no rate variations from
matter effects. As expected, the CC rates for east and
west data were consistent. The rate asymmetries for each
test are shown in Fig. 1.

Backgrounds were subtracted separately for day and
night as part of the signal extraction. The results were
normalized for an Earth-Sun distance of 1 AU, yielding
the results in Table I. Day and night fluxes are given
separately for data Sets 1 and 2, and for the combined
data. A x2 consistency test of the six measured fluxes
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TABLE I: The results of signal extraction, assuming an undistorted 8B spectrum. The systematic uncertainties (combined set)
include a component that cancels in the formatlon of the A. Except for the dimensionless A, the units are 10 cm™2 s~

Set 1 Set 2 Combined A(%)
signal [5353 [ | ¢p on [225) N
CC 1.53+0.12 195+0.10{ 1.69+0.12 1.77+0.11| 1.62+0.08+0.08 1.87+0.07+0.10f +14.0+ 6.3ﬂ'_i
ES 291+0.52 1.59+0.38] 2.35+0.51 2.88+0.47| 2.64+0.37+0.12 2224+0.30+0.12| —-17.4+ 19.5f§:§
NC 7.09+097 3.95+0.75| 4.56+0.89 5.33+0.84| 5.69+0.66+0.44 4.63+057+044| -204+ 16.91’3:‘;
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FIG. 2: (a) Energy spectra for day and night. All signals and
backgrounds contribute. The final bin extends from 13.0 to
20.0 MeV. (b) Difference, night - day, between the spectra.
The day rate was 9.23 & 0.27 events/day, and the night rate
was 9.79 £ 0.24 events/day.

between Sets 1 and 2 yielded a chance probability of
8%. A similar test done directly on the three asym-
metry parameters gave a chance probability of 2%. N
systematic has been identified, in either signal or back-
ground regions, that would suggest that the differences
between Set 1 and Set 2 are other than a statistical fluc-
tuation. For the combined analysis, Acc is +2.2¢ from
zero, while Ags and Ayc are —0.90 and —1.20 from
zero, respectively. Note that Acc and Aync are strongly
statistically anti-correlated (p = —0.518), while Ac¢ and
Ags (p=—0.161) and Agg and Anxc (p = —0.106) are
moderatedly anti-correlated. Table II gives the system-
atic uncertainties on the asymmetry parameters. The
day and night energy spectra for all accepted events are
shown in Fig. 2.

Table III (a) shows the results for .4, derived from the
CC day and night rate measurements, i.e., A. = Acc-
The day and night flavor contents were then extracted by
changing variables to ¢cc = ge, ONC = Gror = Pe + Dur

-0 5 0 5 10 15 20 25 30 35
Ae (%)

FIG. 3: Joint probability contours for Ai: and A.. The
points indicate the results when A, is allowed to float and
when it is constrained to zero. The diagonal band indicates
the 68% joint contour for the Super-K Aggs measurement.

and ¢gs = ¢ + €d,r, where € = 1/6.48 is the ratio
of the average ES cross sections above 5 MeV for v,
and v.. Table IIT (b) shows the asymmetries of ¢, and
ot with this additional constraint from the ES rate
measurements. This analysis allowed for an asymmetry
in the total flux of B neutrinos (non-zero At), with
the measurements of A, and A;,; having a strong anti-
correlation. Fig. 3 shows the A, vs. A joint prob-
ability contours. Forcing A = 0, as predicted by
active-only models, yielded the result in Table III (c) of
Ae =7.0% + 4.9% (stat.)T13% (sys.).

The Super-Kamiokande (SK) collaboration measured
Aps(SK) = 3.3% + 2.2% (stat.)T13% (sys.) [10]. The
ES measurement includes a neutral current component,
which reduces the asymmetry for this reaction relative
to A. [11]. Ags(SK) may be converted to an equivalent
electron flavor asymmetry using the total neutrino flux
measured by SNO, yielding A, (SK) (Table III (d)). This
value is in good agreement with SNO’s direct measure-



174

TABLE II: Effect of systematic uncertainties on A (%).
For presentation, uncertainties have been symmetrized and
rounded.

Systematic 0Acc| 0Aes| dAnc
Long-term energy scale drift 0.4 0.5 0.2
Diurnal energy scale variation 1.2 0.7 1.6
Directional energy scale var. 0.2 1.4 0.3
Diurnal energy resolution var. 0.1 0.1 0.3
Directional energy resolution var. 0.0 0.1 0.0
Diurnal vertex shift var. 0.5 0.6 0.7
Directional vertex shift var. 0.0 1.1 0.1
Diurnal vertex resolution var. 0.2 0.7 0.5
Directional angular recon. var. 0.0 0.1 0.1
PMT p-v background 0.0 0.2 0.5
AV+H,0 -y bkgd. 0.0 0.6 0.2
D20 B-v, neutrons bkgd. 0.1 04 1.2
External neutrons bkgd. 0.0 0.2 0.4
Sacrifice 0.5 0.5 0.5
Total 1.5 2.4 2.4

TABLE III: Measurement of the ¢. and ¢:ox asymmetry for
various constraints. All analyses assume an undistorted 8B
spectrum.

Constraints
a) no additional constraint

Asymmetry (%)
Acc =14.0£6.3775
Anc = —20.4+16.973%
(see text for correlations)
Ao =128+6.2717%
Ator = —24.2 + 16.11’;:‘;
correlation = -0.602

b) ¢rs = (1 — €)de + €drtot

c) ¢ps = (1 — €)pe + €dror

Asor =0 Ao =70+4.9113
d) ¢es = (1 — €)de + €Prot A.(SK)=53+37737
Aot =0 (derived from SK Ags

Aps(SK) = 3.3% £ 2.2%13%| and SNO total ®B flux)

ment of A, as seen in Fig. 3.

SNO’s day and night energy spectra (Fig. 2) have also
been used to produce MSW exclusion plots and limits
on neutrino flavor mixing parameters. MSW oscillation
models between two active flavors were fit to the data.
For simplicity, only the energy spectra were used in the
fit, and the radial R and direction cos 6 information was
omitted. This procedure preserves most of the ability
to discriminate between oscillation solutions. A model
was constructed for the expected number of counts in

each energy bin by combining the neutrino spectrum [12],
the survival probability, and the cross sections [13] with
SNO’s response functions [8].

There are 3 free parameters in the fit: the total 8B flux
¢, the difference Am? between the squared masses of
the two neutrino mass eigenstates, and the mixing angle
f. The flux of higher energy neutrinos from the solar
hep reaction was fixed at 9.3 x 10® cm~2 s~! [14]. Con-
tours were generated in Am? and tan?@ for Ax%(c.l.) =
4.61 (90%),5.99 (95%),9.21 (99%), and 11.83 (99.73%).
Fig. 4(a) shows allowed mixing parameter regions us-
ing only SNO data with no additional experimental con-
straints or inputs from solar models. By including flux
information from the Cl [15] and Ga experiments [16-20],
the day and night spectra from the SK experiment [10],
along with solar model predictions for the more robust
pp, pep and "Be neutrino fluxes [14], the contours shown
in Fig. 4(b) were produced. This global analysis strongly
favors the Large Mixing Angle (LMA) region (see Table
1V), and tan? 6 values < 1. Repeating the global analysis
using the total SNO energy spectrum instead of separate
day and night spectra gives nearly identical results.

In summary, SNO has measured the day-night asym-
metries of the CC, NC, and ES reaction rates. From
these results the first direct measurements of the day-
night asymmetries in the v, flux and the total v flux
from the Sun have been deduced. A global fit to SNO’s
day and night energy spectra and data from other solar
neutrino experiments strongly favors the LMA solution
in a 2-flavor MSW neutrino oscillation analysis.
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Corporation, Inco, AECL, Ontario Power Generation;
US: Dept. of Energy; UK: PPARC. We thank the SNO
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TABLE IV: Best fit points in the MSW plane for global MSW
analysis using all solar neutrino data. ¢z is the best-fit 5B
flux for each point, and has units of 10° cm=2 s™!. Am? has
units of eV2. A, is the predicted asymmetry for each point.

Region| X2i,/dof ¢p  Ac(%) Am? tan?0 c.1.(%)

LMA | 57.0/72 586 64 50x10° 034 —
LOW | 67.7/72 495 59 13x1077 055 99.5
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