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Abstract

The Sudbury Neutrino Observatory (SNO) is a real-time Cerenkov radiation detector 

that detects 8B solar neutrinos via three interactions on a heavy water medium. In 

the first two phases, spanning four calendar years, the experiment recorded 2924 and 

4722 candidate events, respectively.

These data sets are examined with the Lomb-Scargle periodogram to search for 

sinusoidal periodic time variations in the observed solar neutrino rate. In total, 7300 

periods are sampled, from 2 to 3650 days. A Monte Carlo analysis is performed to 

statistically quantify the results and to test the sensitivity of the method. This study 

finds no significant periodic behavior in the solar neutrino data taken by SNO.
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Chapter 1 

Solar and Neutrino Physics: A  

Brief Historical Review

The Sun is a giant ball of power and complexity unmatched in the Solar System. As 

a whole, it is in a constant state of evolution. A quick glance at the Sun would lead 

one to believe the mechanisms are random and chaotic, but on the contrary, evidence 

points to precise systems that power the furious ball.

The Sun has been the subject of interest for centuries. Early civilizations praised 

the Sun as a god; Ancient Egyptian’s named their sun-god Ra, Sumerian’s gave the 

name Utu, and Greek’s, Apolla. Through the ages fascination with the Sun can 

be seen in pictures, ritualistic dances, and structural pieces. For many centuries it 

was believed that the Sun rotated around the Earth. Copernicus (1543) and Galileo 

(1610) knew otherwise, and proved the heliocentric nature of the Solar System. From 

Aristotle to Galileo, and Kepler to Newton, great minds continued to ponder the ways 

of the Sun.

The last century has seen an exponential rate of scientific progression, and with
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1.1 The Standard Solar Model 2

it experimental evidence to provide a backbone to solar models. Current predictions 

of solar models agree well with observations. However, there is a lack of experimental 

methods and data to confirm predictions of internal structures.

In the last four decades, scientists have been using particles called neutrinos to 

probe the solar interior. These neutrinos are produced through nuclear reactions, 

and hence the Sun is a factory, producing these particles. Due to their properties, 

neutrinos rarely interact with matter, and so they pass through the Sun in a m atter 

of seconds. Detecting these solar neutrinos can provide a real-time picture of the Sun 

and information about the nuclear processes occurring deep in the solar core.

1.1 The Standard Solar M odel

The Sun is composed of several layers, each with different properties and functions. 

Figure 1.1 shows the approximate layout of these layers. The core goes out to ap

proximately 25% of the Sun’s radius, and is the center for nuclear fusion reactions. 

The net fusion reaction combines four hydrogen atoms to form helium. The mass 

difference between the initial and final state atoms is carried away as energy.

The radiative zone follows, here the energy produced in the core is constantly 

absorbed and re-emitted, radiated by the material in this layer. This layer extends 

out to 85% of the solar radius. Within this layer the temperature and density decrease 

with increasing distance from the solar center.

The radiative zone is surrounded by the convection zone. Here, the energy is 

transported through convection currents. The plasma close to the radiative zone will 

receive the outgoing energy and consequently rise in temperature. This causes the hot 

plasma to move toward the surface due to a decrease in density. As the hot plasma
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1.1 The Standard Solar Model

■ Core 
■ Radiative Zone 

■ Convection Zone 
\  i Photosphere

Chromosphere 
I i □ Corona

Figure 1.1: The different layers that compose the Sun.

moves towards the surface it begins to cool and become denser, which will send it 

back toward the center. And the process will continue again; this is convection. The 

convection currents carry energy away from the core and out into the photosphere.

As photons travel to the surface they are losing energy through these radiative 

and convection processes. This creates a shift in wavelength into visible light. Most 

of the visible light seen on Earth comes from the photosphere. The chromosphere and 

corona are the Sun’s atmospheres, and are visually seen as a halo during a total solar 

eclipse.

The Standard Solar Model (SSM) [4] combines theory with observation to provide 

a quantitative description of the Sun. It relies on fundamental laws of physics such as 

conservation of energy and particle interactions, which govern the competing gravita

tional and thermal forces that maintain the Sun’s equilibrium. Conservation of energy 

implies that the amount of energy brought into the system or produced within the 

system, must equal all work done by the system plus the amount of energy leaving 

the system. For the Sun, this translates into energy that is produced through the 

nuclear reactions that propagates between the different layers. The Sun maintains its
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1.1 The Standard Solar Model 4

equilibrium state through a balance of gravity threatening to collapse the star, and 

thermal pressure pushing the molecules apart.

Several approximations are made to simplify these calculations. The Sun is as

sumed to be spherically symmetric. Magnetic fields and rotations complicate equa

tions describing the motion of charged particles, and are not expected to alter the 

model greatly, therefore these are usually neglected in solar models. Measured quan

tities of temperature, luminosity, mass, size, composition, and age constrain these 

physical predictions and validate their predictions.

Although rotation and magnetic fields are typically neglected in the SSM these 

phenomena play an important role in stellar activity. One of the earliest visible indica

tions of magnetic activity came in the form of sunspots appearing on the photosphere. 

These are areas of increased magnetic strength and decreased temperature, that ap

pear as dark patches on the solar surface. These sunspots were first notably observed 

around 1610, simultaneously by Fabricius, Galileo, Schemer, and Harriot. In 1843 

Schwabe, a German apothecary, noted that the number of sunspots increased and 

decreased with an approximate 10 year periodicity [5]. This was confirmed in 1852 

by Wolf, who demonstrated an 11 year cycle. Detailed records of sunspot numbers 

have been kept since the mid-1700’s, and Figure 1.2 shows the sunspot number as a 

function of time. The sunspot number, S.N., is calculated according to the following 

formula:

S.N. = k(10g +  s) , (1.1)

where g is the number of sunspot groups, s is the total number of individual sunspots 

(not in a group), and A; is a scaling factor that varies with observation conditions (< 

1). This calculation is made from observing stations around the globe, from which
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1.1 The Standard Solar Model 5

average values are calculated.

Sunspots have lifetimes ranging from several hours to weeks. Tracking the rotation 

rate of these sunspots has shown that surface layers of the Sun rotate with differential 

motion. The equator rotates with an approximate 25 day period, and the rotation 

period increases with latitude to approximately 35 days, near the poles [6]. Solar 

flares, abrupt releases of electromagnetic material, are correlated with solar activity, 

and typically occur near sunspots.

The 11 year sunspot cycle is a manifestation of a larger 22 year periodicity of 

the solar poles. With the same 11 year sunspot period, the magnetic poles of the 

Sun change from north to south, requiring a total of 22 years for the complete global 

magnetic pole cycle.

Helioseismology is a field of experimental astrophysics that probes the internal 

structure of the Sun. Experiments observe periodic waves that appear on the photo

sphere, shifting the observed wavelengths. The waves are believed to be caused by 

turbulent activity in the convection zone. They act like acoustic waves, with areas of 

high and low pressure, oscillating inside the convection zone due to the large density 

gradient at the boundaries. These acoustic waves depend upon internal temperature 

and density. Since pressure is the restoring force that acts to maintain the oscillations, 

these waves are called p-waves. Typical p-modes have periods of several minutes and 

a lifetime of several days.

Scientists now use helioseismology to examine internal structures, like rotation, 

through their effects on the oscillations. Helioseismology has confirmed the surface 

differential rotation, and data suggests that the differential rotation continues through 

the convection zone, varying with radius, until the tacholine, which separates the 

convection and radiative zones, where this differential rotation stops, leaving the
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1.1 The Standard Solar Model 6

300

CL
LU
DO

3zh-o
Q_
CO
Z
3

200

100

co

1750 1760 1770 1780 1790 1800 1810 1820 1830 1840 1850
DATE

300

CL
LU
CO
2  200 
3zI—O
§5 100 z
3
CO

1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950
DATE

300

CL
LU
CO

^  200 3 
Z I—o
§5 100 z

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050
DATE

NASA/MSFC/HATHAWAY ZURICH.PS 2006/01

Figure 1.2: Monthly averaged sunspot number versus time from 1750 to present. The 
11 year periodic nature of sunspots can be seen from this figure, taken from [7].
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1.2 Neutrino Properties 7

radiative zone to move as one piece [8].

Another form of oscillatory motion is postulated to exist deep inside the Sun. 

This form of vibration is called g-mode oscillation, and is the result of gravitational 

restoring forces acting against density changes. These are thought to be similar to 

p-modes, but with longer period oscillations. To date, these g-modes have not been 

detected.

Various solar processes appear to have a periodic tendency. But to what extent do 

these rotations and periodic magnetic fields influence the rate of nuclear reactions, and 

do these periodic tendencies affect the produced neutrinos? Understanding neutrino 

properties, and observing their solar rates may help answer these questions.

1.2 N eutrino P roperties

Neutrinos are neutrally charged, weakly interacting leptons. There are three known 

active neutrino flavours, zy,, z/̂ , z/r , partners to each of the three known charged leptons. 

According to the Standard Model (SM) of Particle Physics neutrinos are massless, 

hence under this model all neutrinos have a left-handed chirality, and all antineutrinos 

are in the right-handed state.

As previously mentioned, the net solar fusion reaction fuses four hydrogen atoms 

to create helium, along with positrons, neutrinos, and energy. This net reaction is 

achieved through a chain of intermediate nuclear reactions. W ithin this chain there 

are several neutrino-producing reactions, all of which produce only one neutrino type; 

this is the electron neutrino, ve. Only the ve can be produced due to energy and 

lepton number conservation laws.

Table 1.1 lists the nuclear reactions in the so-called ‘p-p chain’, and associated
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(.pp)

(pep)

CBe)

(*B)

(hep)

Table 1.1: The solar fusion reactions that produce ve. Termination is the percentage 
of time each reaction will occur for every iteration of the p-p chain, taken from [4], 
The flux values are as seen on Earth, and have been taken from [9]. The abbreviations 
in soft brackets are the common terms used to refer to each ve reaction.

theoretical ve production rates. These rates are calculated using experimental values 

for solar parameters, such as temperature, radius, age, chemical composition, and 

theoretical models of weak interactions. The so-called pp reaction occurs every time 

the p-p chain is initiated, with each reaction producing, what is referred to as a pp 

neutrino.

The different reactions listed in Table 1.1 produce ve with a range of energy values. 

Figure 1.3 shows the energy distribution for the various reactions. These energy values 

are based on the Coulomb barrier necessary to overcome the repulsion forces of the 

initiating elements. For example, 8B neutrinos are produced with a range of possible

Reaction Termination
(%)

ve Flux 
(1010 cm-2 s_1)

P +  P

p +  e~ +  p

2H +  p

3He +  3He

3He +  4He 
7Be +  e~ 

7Li +  p

7Be +  p 
8B 

8Be*

3He +  p

or

or

or

or

2H +  e+ +  ue

2H + ue

3He +  7

a  +  2p

7Be +  7 
7Li +  ve 
2a

8B +  7
8Be* +  e+ +  ve 
2 a

4He + e+ + ue

100

0.4

100

85

15
15
15

0.02
0.02
0.02

0.00002

5.95

1.40 x 10- 2

4.77 x 10- l

5.05 x 10- 4

9.3 x 10- 7
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Gallium I Chlorine
SuperK, SNO

X
3

o
3

3
<D
:z;

10" Bahcall-Pinsonneault 2004PP ± 1%

10 ' °

± 12%
10 8

± 12% ±2%
1 0 ®

’Be ’Be pep

1 0 * ±23%

± 16%

ep
1 0 *

1 0 ' 0.30.1

N eu tr in o  E n ergy  (MeV)

Figure 1.3: Energy spectrum for the various solar neutrino production reactions shown 
in Table 1.1, [10]. The neutrino flux at the Earth’s surface is in units of cm-2 s-1 . 
The four labels on the top axis (Gallium, Chlorine, SuperK, SNO) are references to 
solar neutrino experiments, which are briefly described in Section 1.3.

energies up to approximately 16 MeV. Since neutrinos are weakly interacting and near 

massless, they do not lose energy as they propagate through the solar medium.

Due to weak interactions neutrinos produced near the core of the Sun can travel 

to the surface in a few seconds, compared to the several thousands of years it can 

take the generated energy to travel the same distance. Observations of ue rates and 

associated energies can provide a snapshot of the Sun’s interior, and help confirm 

solar fusion rates and elemental abundances.
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1.2.1 T h e Solar N eu tr in o  P rob lem  and Solu tions

In the 1960’s, Davis and Bahcall designed an experiment to measure solar ve rates to 

infer solar properties. In 1968, the first results revealed that the ve rate was a factor 

of two to three times less than that predicted by solar models. This implied that 

there was either an error with the experiment, or the solar model, or that the SM 

incorrectly described neutrino properties. In subsequent experiments these results 

were verified. The SSM had support from other solar observables, such as solar 

activity and luminosity. The scientific community began to question the validity of 

the SM description of neutrinos. And so began the solar neutrino problem (SNP).

Theorists jumped to the occasion, and began postulating modifications to the SM 

to account for the neutrino deficit. Two of the many theories included a matter- 

enhanced neutrino flavour transformation, and a neutrino magnetic moment spin flip. 

Both theories require the neutrino to have a non-zero mass. These two theories are 

discussed below.

The basis for these models is that the produced electron neutrino can change 

into another state due to some physical mechanism. In both cases, the evolution 

of the neutrino state is described by a Hamiltonian, that accounts for these state- 

altering interactions. By solving the Schrodinger equation for this Hamiltonian, the 

probability for an electron neutrino to remain as an electron neutrino is described by 

a survival probability.

M atter induced neutrino flavour transform ations The first theory is now 

called the MSW effect, named after Mikeheyev, Smirnov, and Wolfenstein [11,12], 

who developed the theory. Although not in the acronym, Pontecorvo in 1957, in

dependently postulated this effect [13]. The MSW effect describes neutrino flavour
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1.2 Neutrino Properties 11

oscillations via composite mass eigenstates that oscillate due to interactions with m at

ter and propagation through the vacuum. In the most basic model, there are two mass 

eigenstates, zq and u2, that compose two flavours states, ve and ux, where ux is some 

linear combination of the and uT.

The survival probability, Pe, of a solar ue produced at time t to remain a ve at a 

later time t! is given by:

is the jump probability that assumes a linearly changing electron density ne with solar 

radius r  [4]. The other parameters in these equations are #M, the m atter mixing angle 

that depends upon the vacuum mixing angle 6y, the ue energy E  (eV), and the mass 

squared difference between the mass eigenstates, Am2 =  m | — m \  (eV2). To date, 

this is the favoured solution, and experimental evidence is proving the validity of this 

theory.

Neutrino spin flip precession The second theory was first proposed by Cisneros 

in 1970 [14]. Particles couple to the weak interaction via their left-handed component. 

This means that all solar neutrinos, which are near massless and moving near the speed 

of light, produced via the weak interaction, are (primarily) left-handed. However, if 

neutrinos have mass and a large enough magnetic moment, a large magnetic field could 

flip the magnetic moment, causing the spin and momentum to be aligned, a right- 

handed state. This could explain the observed neutrino deficit, since a right-handed 

neutrino essentially, does not interact with matter. In the late 1980’s the theory was

( 1 .2)

where P3 =  exp
TcAm2 (  sin2 29-

(1.3)
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extended to combine the spin flip and neutrino flavour conversion, allowing for flavor- 

off-diagonal transition magnetic moments. Under this spin flavour precession (SFP) 

model it has been shown that the neutrino rate would be anticorrelated with solar 

activity [15-18].

In a two flavor model the probability for to transform into v^  is given by

P(yi -  P) = sin2 (y \/F) (1-4)

where r is the radial distance and

D = (A m 2/2 E )2 +  (2iiB)2 , (1.5)

B  [T] is the component of the Sun’s magnetic field perpendicular to the motion of 

the neutrino, and /i [eV/T] is the transition magnetic moment [19]. The Am? and E  

are the same as the MSW case. The theory was problematic, for if A m 2/2 E  is large 

compared to 2pB  then the probability amplitude for transition is suppressed, and can 

not describe the observed neutrino deficit.

An extension to SFP is resonant spin flavour precession (RSFP), a theory that 

includes matter interactions with the left and right-handed states. There is an addi

tional term that takes into account the neutrino interactions with the electron and 

neutron components of the solar material. This term gives rise to a resonance condi

tion that enhances the transition probability, which could explain the SNP [20,21], In 

a two flavour model, with ue and ux, Dirac neutrinos could undergo —>■ , and for

Majorana neutrinos, assuming lepton number is not conserved, . For RSFP,
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1.2 Neutrino Properties 13

the probability for transition, Equation (1.4), is altered such that D is now given by

D = {Am2/2 E  -  V2GFNeS)2 +  (2p B )2 , (1.6)

where N sr depends upon the neutrino type, Majorana or Dirac, and is the effective 

solar electron and neutron number density,

Neff =  N e - N n/2  Dirac

=  N e — Nn M ajorana, (1-7)

and Gf is the Fermi constant [19] . The probability amplitude now includes a term 

related to the density of the matter, and can be constructed such that the amplitude 

is maximized. For the survival probability to be decreased the argument of the sine 

function must be large. This sets lower limits on the product pB.

The theory implies that if the neutrino had a large enough magnetic moment, 

strong magnetic fields could reduce the rate emerging from the Sun.

Both the MSW and SFP-type solutions are similar in mathematical formulation, 

and in many of their predicted observables, such as energy dependance of the sur

vival probability. One key difference is that SFP-type solutions rely on the presence 

of a strong solar magnetic field, and a large neutrino magnetic moment. Although 

knowledge of the interior solar magnetic activity is limited, there is evidence support

ing an 11 year periodic solar cycle, in which the magnetic field strength increases and 

decreases. If an SFP-type solution is correct, and the product p B  large enough, then 

the rate of detected could vary with this solar cycle. The rate could also vary 

with other solar magnetic rotational periods, such as the inclination of the Earth with
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1.3 Decades of Solar Neutrino Experiments and
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respect to the Sun, since magnetic field strength varies from the equator. Or it could 

vary with the solar equatorial rotation period of 25 days.

A periodic neutrino rate could suggest a spin flavour flip solution and reveal prop

erties of the internal solar magnetic behavior. W ith this in mind, solar neutrino 

experiments began analyzing their data to search for periodic variations in the solar 

neutrino rates.

1.3 D ecades o f Solar N eutrino E xperim ents and  

P eriod icity  Searches

The first solar neutrino experiment designed by Davis and Bahcall ran from the late 

1960’s to 1995 in the Homestake mine, South Dakota. The detector was filled with 

615 tons of perchloroethylene, C2CI4, a cleaning fluid, that was sensitive to neutrinos 

with energies of 0.814 MeV or greater, through the reaction:

ve + 37C l— > 37Ar +  e“ . (1.8)

Over 25 years 108 runs were completed. Many periodicity analyses were performed 

on the long data set to look for correlations between ve rates and solar activity. Some 

authors have claimed correlative behavior for various parts of the data set [22-25]. 

Others have argued that the statistical methods used were inappropriate, or that 

only a few points pull the correlation, which may unintentionally induce an apparent 

correlation [26-31]. There has been no definitive conclusion on whether or not the 

Homestake solar neutrino data displays any periodic behavior.

Gallex and GNO were other radiochemical experiments that ran from 1992 to
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1997, and 1998 to 2003, respectively, in the Laboratori Nazionali del Gran Sasso, 

Italy. These experiments detected solar neutrinos in a 30 ton gallium tank through 

the reaction:

71Ga +  ne — ► n Ge +  e“ . (1.9)

W ith a threshold of 0.233 MeV, the detector was sensitive to pp, pep, 7Be, 8B, and 

hep neutrinos. The combined experiments had a total of 123 runs. In June 2004, 

Pandola, a member of the GNO Collaboration, applied two different methods to the 

full data set to search for a general periodic signal, with periods in the range of 14 

days to 25 years. He used the Lomb-Scargle method, which is described in detail in 

Chapter 2, and a maximum likelihood technique. He concluded that both methods 

were consistent, indicating a constant neutrino rate, but based on MC simulations his 

methods were not sensitive to signals with periods less than 30 days [32], A similar 

analysis was performed by Sturrock and Weber; they used the Lomb-Scargle method 

and applied it to the full Gallex data and limited GNO data. They found the neutrino 

data displayed a 28 day periodicity, possibly associated with rotations in the Sun’s 

convection zone [33].

Super-Kamiokande is a relatively new solar neutrino experiment located in the 

Mozumi mine, Kamioka-cho, Yoshiki-gun, Gifu-ken, Japan. This group has been 

actively detecting neutrinos since 1996 using 50 kilotons of water. The solar neutrinos 

are detected via Cerenkov light that is generated by fast moving electrons after being 

elastically scattered off incoming neutrinos via the reaction:

ux + e ~ — >vx + e~.  (1.10)

This reaction is sensitive to all neutrino flavours, x = e, p, r , but is on the order of
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six times more sensitive to ue due to couplings with both the Z  and W  bosons. The 

energy threshold for this experiment is 5 MeV, which makes it sensitive only to neu

trinos originating from the 8B and hep solar reactions. Neutrino reactions cannot be 

determined on an event by event basis because of the large number of backgrounds, 

instead the signal is distinguished from the background through the distinctive di

rectional quality this elastic interaction bares. In 2003, the Super-Kamiokande col

laboration released the results of a search for periodic time variations in their solar 

neutrino data. Data were binned into 5-day and 10-day intervals, and using the sta

tistical separation of signal from background found an associated rate in each bin. 

They used the Lomb-Scargle method to search for periodic behavior, and found the 

data set to be consistent with statistical fluctuations [34], The data were made public 

and subsequently similar analyses have been performed, some claiming the neutrino 

data displays a periodicity of 9.43 yr-1 [35-38]. Questions of statistical methods and 

significance tests used in all of these analyses, has left no definitive conclusion on the 

time variability of the Super-Kamiokande data set.

The Sudbury Neutrino Observatory (SNO) began detecting solar 8B neutrinos in 

1999 from the Creighton mine in Sudbury, Ontario, Canada. This detector uses heavy 

water as its detecting medium, which provides interactions that are equally sensitive 

to neutrinos of all flavours, through a neutral current interaction,

vx +  d — > vx +  n +  p .

Details of this detector are described in Chapter 3. SNO has the unique ability to 

be able to determine individual neutrino interactions with a high degree of certainty 

because of the ultra-clean and low background environment. In this experiment the
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1.4 Spin Flavour Precession Revisited 17

exact time of every neutrino interactions is known, so the rate can be examined for 

periodic behavior. This thesis presents the results of the periodicity analysis on SNO’s 

data using the Lomb-Scargle method. At the time of this thesis, the SNO collaboration 

has submitted a paper for publication [3] reviewing the periodicity analyses that have 

been applied to its data set.

1.4 Spin Flavour P recession  R evisited

In 2001, SNO released results which revealed that the total number of all active solar 

neutrino flavors observed via the neutral current reaction was approximately equal 

to the expected rate of ue produced in the Sun and that the flux of ue from the CC 

reaction was roughly 1/3 that of the total flux [39]. The results imply that solar 

zA are changing into detectable neutrinos, vx =  or u^, where a = e, p, r. If 

SFP was correct, this would rule out a Dirac-type neutrino which would require 

the conversion of iA —> v f ,  in which SNO’s neutral current reaction would still 

show a neutrino deficit. For SFP to explain the SNP, neutrinos would have to be 

of Majorana type, undergoing where the resulting antineutrinos would be

actively detected in the Cerenkov detector. However, in 2004 the SNO collaboration 

released a paper which set an upper limit on the flux of stemming from only two 

candidate antineutrino events observed in 312.9 live days [40].

W ith so much solar neutrino data available in 2002, Barranco et al, used the 

MSW and RSFP survival probabilities, Equation (1.2) and Equation (1.4) to fit for 

the unknown parameters in both cases [41]. The RSFP survival probability requires 

values for the product of the neutrino magnetic moment and the solar magnetic field, 

p,B. Based on experimental evidence they fixed these values to optimal choices,
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1.4 Spin Flavour Precession Revisited 18

Solution A m2(eV2) tan2 6 X2 Goodness of Fit

MSW 5.6 x 10“ 5 0.47 78%
RSFP 7.9 x 1(T9 4.2 x 10" 4 83%

Table 1.2: Using the survival probability formulas, Equation (1.2) and Equation 1.4, 
J. Barranco et al. fit for the unknown parameters using all available data in 2002 [41].

p  =  10~llp B and B =  80 kGauss. The data used in these fits were from the Homestake, 

and gallium (SAGE, Gallex/GNO) experiments, along with the 1496 Super-K days, 

and SNO’s results [39,42], The results of this fit are shown in Table 1.2. The MSW 

solution favours the large mixing angle with a large Am2, the so-called LMA solution, 

but for RSFP the Am2 fit is on the order of four times smaller. In 2002, the available 

data allowed both solutions with good fit probabilities.

At the beginning of 2002 a new neutrino experiment began; KamLAND a liq

uid scintillator detector which began measuring electron antineutrino, rates from 

reactor neutrinos via the reaction:

TF + P — >e+ +  n ,  (1-11)

with sensitivity to Ve with energies greater than 1.8 MeV. This group released its first 

results in December 2002 [43]. These results reduced the allowed regions of the Am 2 - 

6 plane to include only the LMA region, areas that render any dominant SFP solution 

unlikely, giving further merit to the MSW solution.

Further evidence against an SFP-type solution comes from the general SM neutrino 

magnetic moment and mass relationship,

p  ~  3.2 x 10~19 (1-12)
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where hb is the electron Bohr magneton with units of eV/T, and m v is the mass of 

the neutrino in units of eV. Current limits on the neutrino mass (< 2.2 eV) leave 

Hv = 10- 18/i_B [44], but constraints on the solar magnetic held cause SFP theories to 

require fiv to be on the order of 10~u Hb - However, there are alternative mass and 

magnetic moment dependencies for some non-SM theories.

Experimental evidence indicates that the MSW is likely the dominant mechanism 

accounting for the SNP. However, some authors suggest SFP could still be a sub

dominant process, that could produce a time varying neutrino flux [45].

Despite the unlikely dominant SFP mechanism, there are other processes which 

could give rise to a periodic solar neutrino rate, these are discussed in the next section.

1.5 M otivations to  Search for a P eriod ic Solar 

N eutrino  R ate

The solar neutrino rate could be periodic if either (a) the nuclear processes which 

produce the neutrinos vary in time, or (b) neutrinos have non-standard interactions 

with solar material that cause them to change into undetectable states with some 

periodicity. There is also the possibility that (b) proceeds such that a ue converts 

to another active detectable state. In this case, the total neutrino rate would be 

constant, only the ve rate would vary in time.

With respect to the former case (a), nuclear fusion rates depend upon the temper

ature, pressure and elemental abundances in the surrounding medium. The reactions 

listed in Table 1.1 have varying temperature dependences. Bahcall and Ulmer used 

stellar evolution code, based on SSM, to simulate solar reactions in the Sun, and 

then calculate the expected neutrino flux on Earth. These simulations were used to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.5 Motivations to Search for a Periodic Solar
Neutrino Rate 20

Reaction Exponential Temperature Dependence, m Radial Production Region , R e

PP - 1.1 ± 0.1 0.04 - 0.17
pep -2 .4  ± 0 .9 unknown
7Be 10 ± 2 0.03 - 0.10
8B 24 ± 5 0.02 - 0.07
hep unknown 0.06 - 0.21

Table 1.3: Characteristics of the solar neutrino production reactions. The exponential 
temperature dependence takes the form T m, where the fit for m  is shown, this has 
been taken from [46]. The radial production ranges are half peak values, they have 
been taken from [4],

fit for the temperature dependence of each neutrino reaction, Table 1.3 shows these 

results [46]. Neutrinos produced by the 8B and 7Be reactions depend greatly on the 

temperature, so if the temperature varies in time due to internal rotations, magnetic 

activity, or some other mechanism, then the neutrino rate from these reactions would 

also vary with time. For the SNO experiment, which predominantly detects 8B neu

trinos, this variation would be evident in all reactions, since the total rate of all active 

neutrino flavours would have the same period.

Periodic behavior in the density and pressure could result from solar rotations 

and magnetic fields which could also cause the nuclear reactions to vary in time. 

Table 1.3 also lists the production regions for each reaction. The 8B neutrinos are 

produced very close to the core (within 7% of the solar center), and so density and 

pressure variations are unlikely in this central region. However, hep and pp neutrinos, 

which are produced at a wide range of radii within the Sun, could experience pressure 

and density variations that could ultimately affect their nuclear reaction rate. Up to 

about O.75_R0 the solar interior is thought to rotate as one piece. If the distribution 

of material is not uniform, possibly due to magnetic fields, this could cause neutrino
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rates to vary with a rotational period of the producing layers. This effect could cause 

the different neutrino channels to have slightly different production rates, constant 

versus periodic in time, depending on the production region. Experimentally, data

would need to be separated into the various production reactions and periodicity

analyses applied to each channel.

In [47], Burgess examined the effects of a fluctuating solar medium on the survival 

probability of ue, assuming the MSW solution. He found that if the correlation length 

of the density fluctuations is approximately equal to the length necessary for neutrino 

oscillations to occur, and if the amplitude of the fluctuation is at least 1%, then 

the survival probability can be affected by the density changing fluctuations. When 

time varying fluctuations are taken into account the MSW ve survival probability, 

previously shown in Equation (1.2), becomes:

P(ue ue) = ^ +  Q  -  Pj'j A cos 26m c o s  2 6V , (1-13)

The fluctuation effects are contained in the parameter A,

A =  exp -2Gp f  d r a (r) sin2 29m {t )
J t ’

(1.14)

here a (r)  describes the average density changes as a function of time, r , and Gf is 

again the Fermi constant. The rate of electron neutrinos could be periodic as a result 

of this mechanism, if the density in the region of oscillation is periodic. However, 

with this model the total number of solar neutrinos from all active flavors would be 

constant in time, since the MSW mechanism is changing ve into other active flavors.

The Earth travels in an elliptic plane around the Sun, where the Sun is at one 

focal point of the ellipse. This means that the Earth-Sun distance varies with a yearly

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.6 Synopsis o f the Thesis 22

period. Since the flux of any material originating from the Sun as measured on Earth 

varies with the squared distance between the two celestial objects, there is an expected 

natural yearly variation of the neutrino flux. The eccentricity of the Earth is 1.7%, 

and so the difference in neutrino flux between the perihelion and aphelion is expected 

to be 7%.

1.6 Synopsis o f the T hesis

This chapter has briefly introduced solar and neutrino physics, and presented various 

mechanisms that could induce a periodic solar neutrino rate. The remainder of this 

thesis will examine the 8B solar neutrino rate, as measured by the Sudbury Neutrino 

Observatory (SNO), to determine if the rate is periodic in time. Chapter 2 sets up 

the mathematical framework to search for sinusoidal periodic behavior in the given 

data set. The SNO detector and data acquisition system are described in Chapter 3. 

A description of how the mathematical method is applied to the SNO data is given 

in Chapter 4. A Monte Carlo (MC) analysis is employed in Chapter 5 to quantify 

the results. Chapter 6 describes some systematic tests that were performed to ensure 

an unbiased and robust method. The thesis ends with a summary and some final 

thoughts in Chapter 7.

The presence of a periodic solar neutrino rate could imply new properties of the 

neutrino and/or point to new information about the solar interior. If solar neutrino 

experiments show that data are consistent with a constant rate, this puts constraints 

on non-standard theories expecting such an effect, some of which have been described 

above.
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Chapter 2

Searching for a Periodic Signal

In many areas of research data are analyzed to determine if they have some periodic 

tendency. This is an important study in fields such as astrophysics when analyzing 

the motion of distant stars, and medicine, when measuring patient heart rates. Many 

mathematical methods have been developed to find the period, if any, of a signal in a 

data set. If a period is found, there are recipes to determine the likelihood that this is 

indeed the result of a periodic signal, and not just the result of random fluctuations 

in the data.

2.1 G eneral In troduction  to  Fourier A nalysis

Fourier analysis is the method most commonly used to search for a frequency in a 

time distributed signal. It takes data, measured in the time domain, and transforms 

the data into the frequency domain. This method is based on the principle that any 

periodic function, f i t ) ,  with period T, which is absolutely integrable over one period 

(f0T f{t)dt < oo), can be expressed as a linear combination of complex exponential
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functions:
CO

/(«) =  ] T  F { n ^ ‘ (2.1)
n ~ —oo

where i is y/—l, n  is an integer, t is time, = 2tt/ T  is the angular frequency, 

and F(nui) is the complex Fourier coefficient. Euler’s identity states that a complex 

exponential can be expanded as follows:

e ± in u t  _  CQg ^ s j n  _ ( 2 .2 )

Hence, the periodic function f ( t )  can be expressed as an infinite sum of cosine and 

sine functions. These complex exponentials form a complete and orthogonal basis for 

all periodic functions, since:

i r+ f 0 if n  7  ̂m,
/ einu}te~imwtdt = I (2.3)

2 I 1 if n =  m.

As shown by Morrison in [48], multiplying both sides of equation (2.1) by e~imujt/T ,  

integrating over one period, T,  and using the orthogonality relation in Equation (2.3), 

yields the solution for each of the n Fourier coefficients:

T
n ™ )  =  4  F ;  . (2 .4)

This is called the Fourier transform of f i t ) .  In general, these coefficients are complex 

numbers, defined by an amplitude and a phase. The coefficients determine the con

tribution of each integer multiple of frequency, nut, to the signal, and hence define the 

Fourier series expansion of the observed signal.
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The Fourier coefficients also determine the power at a given frequency in the signal. 

The power of a frequency is defined as the square of the absolute value of the Fourier 

coefficient at that frequency,

P(nu) = \F(ncv)\2 . (2.5)

It is often necessary to examine a continuous range of frequencies, rather than 

just integer multiples of one frequency, mu. In the limit that cu, the value between 

consecutive sampled frequencies, goes to zero, the period goes to infinity, i.e., in the 

limit,

Ul —> 5u! (2 .6)

and T  —> oo , (2.7)

then let ncu —> ojn . (2 .8 )

Now cun is the exact frequency being sampled. In this continuous spectrum of sampled 

frequencies, the discrete sum in Equation (2.1) becomes an integral,

/OO
F M e ^ t k J n . (2.9)

-OO

To find the Fourier coefficients, F(un), Equation (2.9) is multiplied by e~lWmtdt . 

Using properties of the Dirac delta function, it can be shown that

F (u n) =  X- /  f ( t )e  lhJntd t . (2 .10)
2vr J - oo

This is called the Fourier integral representation of f(t) .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2 Sampling Data at Even Time Intervals 26

2.2 Sam pling D ata  at Even T im e Intervals

Now consider the case when an unknown periodic signal, /(f) , is sampled at regular 

time intervals, /(f i) , / f a ) ,  • •• , / ( £ a t ) ,  ••• , where the constant time interval is

At =  £j+i — £j. To extract the frequency of this signal from the sampled data, a 

range of discrete frequencies must be sampled, and the associated Fourier coefficients 

analyzed. A plot of |F(o;n)| vs u>n would show the contribution of each sampled 

frequency to the periodic function.

There is a maximum frequency that can be sampled, or in other words, a minimum 

period that can be analyzed, related to the time interval between the sampled data, 

At. For example, if an experiment takes a measurement of the Earth’s temperature at 

a time interval of 20 days, it is impossible to determine the contribution of an hourly 

temperature fluctuation to the signal. In terms of frequency, the maximum frequency 

that can be accurately sampled is called the Nyquist frequency, v c , and is defined as:

V c ~ m '  ( 2 - n )

where v =  uj/2tx. The sampling theorem states that if the true frequency of the signal 

is less than the Nyquist frequency, then the periodic function /(f)  can be defined. 

However, if the signal contains frequencies greater than the Nyquist frequency, then 

aliasing is likely to occur [48]. Aliasing occurs when powers from ‘high’ frequencies 

(> vc) leak into the powers at the ‘low’ frequencies (< vc), causing a distortion of 

the Fourier coefficients at these lower frequencies. Aliasing is a result of a lack of 

information about the data due to the gaps of time between the limited data points.

There is a direct relationship between the signal frequency, I'signah and the resulting
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aliased frequency,

^alias ^^cL s. i  ^signal > ( 2 . 1 2 )

where u±s. is the frequency of the data spacing =  1/A t, and n  is an integer. For 

example, if data are sampled every day, then the Nyquist frequency corresponds to 0.5 

day-1. If the data has a signal frequency of 0.8 day-1, then an aliased frequency will 

occur at 0.2 day-1. To discriminate the aliased frequency from the signal frequency, 

the data can be re-analyzed with an alternate data spacing. The true signal frequency 

will have a large power for both spacing choices.

There are N  discrete frequencies that can be sampled for evenly spaced data 

corresponding to

P k = 2 ^ A t  where fc =  1 ,2 ,,..., JV, (2.13)

where N  is the number of data points describing the signal f(t ) .  The first frequency 

sampled corresponds to a period twice the length of the data span, T  = nAt.  And 

the last frequency sampled k = N  corresponds to the Nyquist frequency, nk=N = vC- 

The discrete Fourier transform is used to estimate the Fourier coefficients from a 

limited number of measurements taken at evenly spaced discrete time intervals. As 

before, the signal f ( t )  can be written as a Fourier expansion of each of the N  sampled 

frequencies,
N

f ( t P) =  E f o r  ( l < p < N ) ,  (2.14)
k = 1

F(uik) are the corresponding Fourier coefficients, and are found by multiplying the 

above equation by X]m=i e~luJktrn, and orthogonality relations to give

1 N
= tv E  / f e ) e' iWfctp for I1 <  k < N ) ■ (2T5)

p = i
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As defined in Section 2.1, the power of a periodic function at a frequency u  is 

defined as the square of the Fourier coefficient,

P (uk) = \F(uk)\2 . (2.16)

When data are sampled at discrete times, the power spectrum is no longer a smooth, 

continuous function, instead it has values only at the sampled frequency values,

For the discrete Fourier transform a plot of the powers is called a periodogram of the 

sampled data. For a given u)k = ^o, a large value of P(loo) in the absence of other 

similarly large, or larger, powers at other frequencies, could indicate that the data are 

periodic with a frequency of uq = ca0/27r.

2.3 Sam pling D ata  at U neven  T im e Intervals

When the sample time between data points is not constant, the data are said to be 

sampled at uneven time intervals. The solar neutrino data analyzed in this thesis 

are unevenly spaced in time, hence to determine the presence of a periodic signal in 

this data set, the methods described above must be re-examined. In 1975, Lomb [49] 

developed a method to determine the power of a frequency in a periodic signal for 

unevenly spaced data. This method was updated by Scargle [50,51] in 1982, where 

he examined the significance of the periodogram results. The following sub-sections 

outline this theory of finding periodicities in unevenly spaced data.
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2.3 .1  Lom b-Scargle M eth od

The fundamental idea of finding a periodicity in a sampled data set, x(fj), is to fit 

the data to cosine and sine functions, and find the frequency which best fits the data. 

Lomb used a least squares approach to fit a function, f(U),  with angular frequency u  

to the data,

/(tj)  =  acos(cuti) +  bsin(ooti) , (2-17)

where a and b are coefficients to be determined. The least squares method finds a 

and b such that the term

N

i—1

is minimized. A minimum occurs when dL(u>)/da = 0 and dL(co)/db = 0. Performing 

these partial derivatives on L(lu) leads to the following set of equations:

: cos2 [ojtj) +  b cos(cjfi) sin(o;tj) =  x(U) cos (a;fj) (2.19)
i=1 i=1 i=1
N  N  N

cos(a;tj) sin(a;f j) +  b sin2 (a;tj) =  x(ti) sin (uti) . (2 .20)

These two equations are used to solve for the two unknown coefficients, a and b.

To simplify the equations, U is replaced by (fj — r), and a solution is found for the 

constant r  such that
N

y^coso;(tj — t )  sino;(fi — r) =  0 . (2 .21)
i = 1
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By use of trigonometric identities this simplifies to:

tan(2a;r) =
^U=1 sin(2u;U) 

cos(2 uti)
(2 .22 )

The introduction of r  allows for time translational invariance of the periodogram. 

Because r  is a constant, dependent only upon sine and cosine terms of the angular 

frequency and time, if all the time values, U are shifted by U +  T0, then r  becomes 

r  +  T0 and the sinusoidal arguments u((U +  T0) — (r +  T0)) reduce to u;(U — r), yet 

again, [50]. So the periodogram is independent of any phase shift.

Lomb used a reduction in the sum of squares, defined as:

A L(u) =
N

1= 1
L(u>) (2.23)

to find a solution for u  which maximizes AL(u),  and is equivalent to finding a mini

mum solution for L(u>) in Equation (2.18).

Using Equation (2.22) and some simplifications, Equation (2.23) reduces to

A L(uS) =
YliLi X(U) cos u( t i  -  t ) Y !i= i x (t i) s inu ( t i  -  r)

Y £ = 1 COS2 L d ( t i  - t )
+ YliLi sin2 a>(ti — t )

(2.24)

The user provides a value, or a range of values, for u). AL(u)  is treated as a power of 

the data at the given uj. Through this approach Lomb developed a method for finding 

periodic behavior in a data set sampled unevenly in time [49].

In Scargle’s method, he starts with the definition of the classical periodogram 

for a discrete fourier transform, Equation (2.16). In [50], he critiques the classical 

periodogram, arguing that P(u>) is very noisy, even for noise-free data, and that
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aliasing can be a large problem. He modifies the classical definition, and redefines it 

to be:

W ith the exception of the 1/2 term in front, Scargle’s periodogram matches that of 

Lomb’s least squares equation. A maximum in Scargle’s periodogram occurs at the 

same frequency that maximizes Lomb’s least squares technique [50].

Lomb and Scargle start with different principles to develop their frequency peri

odogram, but end up with the same formula, hence the method to be used in this 

analysis will be referred to as the Lomb-Scarlge (LS) method.

In his paper, Scargle examines the significance of the powers found in the peri

odogram. If the data are purely noise, then the resulting spectrum will also have the 

appearance of noise. Assuming that the data are pure noise, with zero mean and unit 

variance, then the probability of having a power Z  between z and z + dz  follows an 

exponential distribution,

Then the cumulative probability distribution, which is the probability tha t the power, 

Z , is less than a given value, z, is given by

l (  E l i  x ( t i ) c ° s u ( t i - T )  X)il i^(^)s inc j( t j  -  t )  ^

Prob(z > Z  > z +  dz) = p(z)dz = e Zdz . (2.26)

Prob(Z < z) (2.27)
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If M  independent frequencies are sampled, then Prob(Z < z) becomes

Prob(Z < z )  = { 1 -  e~z)M . (2.28)

This is a result of multiplying together the M  independent cumulative probability 

distribution functions, defined in Equation (2.27). The more frequencies that are 

sampled, the more likely it is to find a large peak in the power. The significance of 

a power when M  independent frequencies are sampled, is the probability that any 

power, Z , would be greater than a given power z,

In the context of spectral analysis, this significance is sometimes referred to as the 

false alarm probability (FAP). If the FAP is small, it could indicate the presence of a 

sinusoidal signal with a frequency for which this maximum power occurred.

When the variance of the data, a2, is not unity, as was assumed above in the 

development of the significance, then the periodogram of Equation (2.25) must be 

normalized. The correct normalization of Equation (2.25) is the variance on the 

data, [52]

where the subscript n indicates the periodogram has been normalized by its variance.

To apply the LS method to a signal y(t) that is sampled at N  uneven time intervals: 

y(ti), y{t?) , ... , y(tjv), one must examine the deviations of the data from the mean 

value, and determine if these deviations occur with a specific period. If this signal is 

pure noise, and contains no periodicity, then the signal is expected follow a Gaussian

Prob(Z > z )  = F{z) = 1 -  Prob(Z < z) =  1 -  [1 -  e~z]M . (2.29)

(2.30)
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distribution, with a mean value y, and a variance a2, defined as:

(2-31)
i=1

(2.32)
i = i

In the LS method the data are then distributed with a zero mean, so that only data 

points that are not equal to the mean contribute to the sum in the numerator. For 

the data to be centered on zero, every value of y{U) has the mean value, y, subtracted 

from it. With this substitution the normalized periodogram becomes:

periodic behavior in SNO’s solar neutrino data.

For evenly spaced data the maximum frequency that can be sampled is given by 

the Nyquist frequency, which depends upon the constant time interval between the 

data points. With unevenly spaced data, the time interval is not constant, so the 

frequency range and maximum frequency are no longer well defined. The Nyquist 

frequency was defined in the case of even sampling because periods between sampling 

intervals can not be determined, with uneven sampling consecutive time intervals can 

be, and likely are, different, so in theory this allows a wider range of frequencies to 

be sampled.

For evenly spaced data, the range of frequencies sampled is predefined and depends 

upon the Nyquist frequency, along with the number of data points, N.  For unevenly

{ y ( t i ) - y )  cosu (u - t ) ^
I ------------------------------------- 1--- 1-  I ------------------------------------- !_

/
(2.33)

This is the regular LS periodogram that will be used to perform a basic search for
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spaced data, the choice of how many frequencies and with what frequency interval 

to sample, is undefined and left to the user to decide. In this case, the number of 

independent frequencies is unknown, which leaves the FAP, Equation (2.29), with an 

unknown parameter. However, a Monte Carlo (MC) study can be used to determine 

the FAP of a given power. Each toy MC is generated with the goal of simulating a 

constant signal. Then, each MC is examined with the LS technique, and the maximum 

power found. The distribution of maximum powers can be used to find the FAP at 

a given power, and can be used to fit for the number of independent frequencies. 

Further details of this technique can be found in Chapter 5.

2.3.2  M odified  L om b-Scargle M eth o d

Often, a data point y(ti) has an error associated with its measurement, stemming 

from statistical and systematic uncertainties. In the regular LS periodogram these 

errors are not taken into account. An extension of the regular LS method is to incor

porate these errors as weights, allowing those data points with small errors to have an 

increased influence on the periodogram, over other data points with large associated 

errors. In Appendix D of [51], Scargle briefly outlines a method to incorporate such 

weights into the periodogram formula,

, x 1PJco) = — x
W

/ E i i  wi(y{ti) -  Vw) cosu(ti ~ T)
2

1 E i i  wi(y(ti) -  Vw) sinuifc -  t ) 2\

E £  l K  cos2 u(ti - t ) E * = 1  <  sinM^i - r )

(2.34)
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The definition of r  is modified to become:

Y ,f=i w'j sin(2utj 
E j l i  w'i cos{2ujti)

tan(2cut) = ^  1  ̂ ,1 • (2.35)

The weights w[ are normalized, such that the average weight is equal to unity, and 

S i l i  w'i = N.  For each of the N  data points the weight, Wi, is set by the user. Then 

the mean of the N  s, ui, is found by applying Equation (2.31). The normalized 

weight for each data point is then w\ =  wi/w.

When each data point has an associated normalized weight, the mean value y in 

Equation (2.34) is taken to be the weighted mean,

1 N
Vw = j j ^ 2 wiy(ti) ■ (2.36)

i = l

The variance cr̂ , remains as the variance on the data, however now the spread of the 

data is also weighted,
1 N

=  ^  W > i  _  ’ ^ 2 ‘ 3 7 ^i=1

note that the mean value y is the regular mean, as defined in Equation (2.31).

This method allows errors on the measured data points to be incorporated into the 

periodogram calculation through the use of weights, by setting the weights in propor

tion to the inverse variance. In this thesis analysis, this modified LS periodogram is 

used in parallel with the non-weighted, regular method to search for a periodic signal 

in the data.
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Time (day)

Figure 2.1: A plot of event rate, y(ti), with associated error bars, versus time, ij, for 
a sample data set.

2.3 .3  A  M on te  C arlo E xam p le o f  th e  R egu lar and M odified  

L om b-Scargle M eth o d s

To demonstrate the regular and modified LS periodograms, consider the sample dis

tribution of data shown in Figure 2.1. This data spans 575 days and is unevenly 

distributed among 351 bins, with an average rate of 9.35 events/day. In Figure 2.1 

the x-axis shows the time, in units of days, corresponding to the event rates, shown 

along the y-axis. The error bars represent the expected statistical uncertainty on 

the data. Both, the regular and modified LS methods will attem pt to fit sinusoidal 

functions with a range of frequencies to the data. The regular LS method ignores the 

error bars and treats each data point with equal weight.

For this example, the periodogram power is calculated for 7300 frequencies in a 

range of 1/3650 day-1 to 1/2 day-1. The regular and modified periodograms are 

shown in Figure 2.2.

The largest power occurs at the same frequency for both the regular and modified
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(a) Regular LS. (b) Modified LS.

Figure 2.2: The (a) regular and (b) modified Lomb-Scargle periodograms (power 
versus frequency) for the sample data set in Figure 2.1.

methods. However, the value of this power differs, 7.27 and 5.96 for the regular and 

modified, respectively. Figure 2.3 is a scatter plot showing the modified versus regular 

power at each of the 7300 frequencies. The two methods appear well correlated. 

Discrepancies are due to increased, or decreased, weight of the data points.

Determining whether or not a periodic signal has been found in this or any data 

set is the subject of Chapter 5.
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Regular Power

Figure 2.3: A scatter plot of the modified versus regular powers at each of the 7300 
frequencies sampled against the data set shown in Figure 2.1. The colour legend to 
the right indicates the number of frequencies that occur at each power point in the 
plane.
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Chapter 3

D etecting Solar N eutrinos at SNO

Neutrinos produced in the Sun travel approximately 1.5 x 108 km across a vacuum

like space to reach the Earth, where only a tiny fraction are detected by the Sudbury 

Neutrino Observatory (SNO). This chapter provides a brief description of the SNO 

detector, along with a summary of the processes used to detect the candidate neutrino 

events that are used in the time series analysis.

3.1 The Sudbury N eutrino  O bservatory

The SNO experiment is a real-time, solar neutrino experiment, designed to solve the 

SNP by providing a measurement of the total flux of all active 8B neutrinos. The 

detector is located 2039 m below the surface in the Creighton mine, near Sudbury, 

Ontario, Canada. The detecting medium is 1000 tons of heavy water, D20 , which is 

enclosed in a spherical acrylic vessel (AV), 12 m in diameter. The AV is surrounded 

by 7000 tons of light water, H20 , providing support for the inner components and 

shielding from radioactive background sources. At a radius of 8.9 m an array of
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9438 photomultiplier tubes (PMTs) are arranged on a spherical support called the 

Photomultiplier Support Structure (PSUP). These PMTs sit in the H2O and detect 

Cerenkov light generated within the volume. The layout of the detector is shown in 

Figure 3.1.

Cerenkov radiation is produced by charged particles when they travel faster than 

the speed of light in that medium. Water has a refractive index of n =  1.33, and 

so the minimum speed a charged particle must reach to produce this radiation is 

v = cjn  ~  2.554 x 108 m/s. The Cerenkov light of interest is generated when solar 

neutrinos interact with the D20  to produce energetic electrons, with kinetic energy 

greater than 0.26 MeV.

There are three main neutrino reactions that can occur within the D20  that pro

duce a signal. These three reactions are

ve +  d — >• e ~ + p  + p (CC)

ux + e — > vx +  e (ES)

vx +  d — > ux + n + p (NC),

where x = e, p, r , and d is a deuteron (composed of a neutron, n, and a proton, p).

The charged current (CC) reaction occurs when an electron-neutrino, ve, weakly 

interacts with the deuteron nucleus via W  boson exchange, to produce two protons 

and an electron. This reaction requires a minimum of 1.44 MeV from the incom

ing neutrino. The outgoing electron will produce Cerenkov radiation, which will be 

detected by the PMTs.

The elastic scattering (ES) reaction is the result of any neutrino, ux, elastically 

‘bouncing’ off an electron in the D20 . This reaction is sensitive to all flavours of 

neutrinos, however, the ue is approximately six times as likely to interact than or 

vT. This is because the ve can elastically interact via both W  and Z  boson exchange,
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Figure 3.1: Layout of the SNO detector, 2039 m underground [53].
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whereas the and vT can only interact via the neutral Z  boson. Again, the outgoing 

electron from the interaction will produce Cerenkov light if it has sufficient energy.

The neutral current (NC) reaction occurs when a ux with energy greater than 

2.2 MeV interacts with the deuteron and separates the proton and neutron pair. 

The neutron moves around the volume and is eventually captured by the detecting 

medium. Upon neutron capture, gamma rays are produced that Compton scatter 

electrons which produce Cerenkov light.

From start to finish, the SNO experiment involves three distinct phases; each 

phase offering a different method to measure the NC rate. The first phase, which 

ran from November 2, 1999 to May 28, 2001, employed pure D20  to provide the 

measurement. In this phase, the neutron captured on a deuteron to produce an 

excited state of a tritium, which subsequently decayed to release a single 6.25 MeV 7 . 

This 7  Compton scattered electrons to produce the Cerenkov light. With pure D20  

the neutron detection efficiency was 24%. The detailed results of this phase have been 

published in [39,40,42,54],

The second phase is known as the salt phase, as two tons of NaCl were added to 

the D20  to increase the neutron capture efficiency to 83%. In this phase, the liberated 

neutron captured on 35Cl to form an excited state of chlorine, 36Cl*. Multiple 7  rays 

were emitted with the transition of the chlorine atom into its ground state. These 7 

rays, with a total energy of 8.6 MeV, Compton scattered many electrons, creating an 

isotropic distribution of the Cerenkov light. This phase successfully ran from July 26, 

2001 to August 28, 2003. The documentation for these results can be found in [55,56].

At the time of this thesis SNO is currently taking data in the final phase, the 

neutral current detector (NCD) phase, which began taking data on December 1, 2004. 

Forty cylindrical proportional counters 5 cm in diameter are strung vertically in the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.2 Timing System 43

AV. All but four NCDs are filled with 3He, which detect neutrons via the reaction:

3He + n p + 3H . (3.1)

The other four NCD strings contain 4He and are used to calibrate the internal NCD 

backgrounds.

For this thesis the candidate neutrino events are from the D20  and salt phases.

3.2 T im ing System

The timing system is a key electronic component of the data acquisition, and is 

essential for a periodicity study. This system must ensure accurate event times and run 

boundaries. There are two independent clocks used to provide this timing information. 

The two clocks are used to verify each other, and if one fails, the other can provide 

the necessary timing information.

One clock is a 10 MHz clock that keeps the Coordinated Universal Time (UTC) by 

synchronizing with the Global Positioning System (GPS). Based on the 53-bit register 

that tracks the clock ticks, the clock is projected to keep time for 28.54 years, which 

encompasses the entire duration of the experiment, and is therefore said to keep the 

absolute time. This clock has an accuracy of 100 ns [53].

For verification of the 10 MHz clock and increased accuracy, the second clock, a 

50 MHz clock, is also used to track timing information. This clock determines the 

global trigger times. Due to the 43-bit register the 50 MHz clock ‘rolls’ over after 

2.036 days [57].

There is, in addition, a Pulsed Global Trigger (PGT) that simultaneously fires all 

of the enabled triggers and provides an unbiased picture of the detector systems. This

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3 Run List Selection 44

runs with a frequency of 5 Hz. Counting the number of PGT events can provide an 

estimate of the time. This system is not independent as it relies on the 50 MHz clock. 

However, it can be used as a verification tool [58].

The 10 MHz clock is synchronized to the GPS so that rare neutrino events, or 

bursts of events, can be linked and verified with other international neutrino experi

ments, as would be necessary in the case of a suspected supernova. The clock is kept 

in sync with the GPS through a series of electronic signals. At predetermined times a 

signal from the GPS is received on the surface and is transmitted along approximately 

4 km of optical fiber to the underground laboratory, this is called the sync pulse. At 

the same predetermined time global triggers are latched onto the underground 10 

MHz and 50 MHz counters and a pulse is sent to surface through a separate fiber op

tic cable, this is called the ping pulse. Once the ping reaches the surface it is reflected 

back along the cable, and is now referred to as the pong pulse. The ping-pong signal 

is used to determine the delay time for the original sync pulse, sent from the surface 

GPS receiver to the underground timing card. A comparison of the global triggered 

10 MHz clock tick is made to the time of the GPS sync signal to correct for any time 

discrepancies between the 10 MHz clock and the GPS [59,60].

Occasionally, service to the GPS has been lost. In these cases the 10 MHz clock 

was rebuilt from the 50 MHz clock [57]. These situations are often the result of severed 

fiber optical cables; a hazard of operating in an active mine.

3.3 Run List Selection

Throughout the operational phases of SNO the detector livetime has been broken up 

into runs, reflecting the various detector activities. The start and stop times of a run
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10 MHz Raw Livetime (day) 50 MHz Raw Livetime (day)

d 2o 312.93 312.92
Salt 398.59 398.58

Table 3.1: Raw livetimes for the 10 MHz and 50 MHz clocks.

are calculated with both the 10 MHz and 50 MHz clocks. The start of a run is tagged 

at the time of the earliest event, and the stop time by the last event. An event is 

classified as anything that meets the conditions set by any of the enabled triggers, 

and is likely not to be a neutrino event. Since the PGT runs at 5 Hz the maximum 

time between the actual start (end) of a run and the first (last) event is 0.2 seconds.

The task of SNO’s Run Selection Committee is to evaluate runs that are suitable 

for neutrino data analysis. There are obvious cuts made on runs tagged for detector 

calibration and maintenance. Other runs are cut based on electronic configurations, 

background levels, environmental conditions, and unusual disruptive activity.

After these cuts were performed 559 and 1212 runs were approved for neutrino 

analysis in the D2O and salt phases, respectively. The total raw livetimes for the 

10 MHz and 50 MHz clocks are calculated by summing the run lengths; these are 

shown in Table 3.1. There is a slight difference between the total clock livetimes; this 

difference is distributed throughout the runs, and typically amounts to individual run 

lengths that differ by times less than a second. This difference is not expected to 

effect this periodicity analysis which searches for periods on the order of days.

Within these neutrino runs there are several time cuts imposed to reduce potential 

backgrounds. These cuts reduce the livetime of a run, hence are referred to as dead 

time cuts. A dominant source of these dead time cuts is called the muon follower cut, 

used to reduce spallation products caused by cosmic ray muons that can mimic the NC
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Raw Livetime (day) Corrected Livetime (day) % Dead Time Cut

d 2o 312.93 306.39 2 .1%
Salt 398.59 391.43 1 .8%

Table 3.2: Livetime statistics for the approved neutrino runs. The corrected livetime 
corresponds to the amount of livetime after the dead time cuts. The dead time cut 
values have been taken from [39,56].

interaction. Muons passing through the detector can interact with the D2O to produce 

neutrons causing a background to the NC reaction, or can create spallation products 

in the surrounding materials which can also falsely mimic a neutrino interaction. The 

muon follower cut removes all data 20 seconds after a muon is identified, long enough 

for the half-life decay of most of the spallation products. Muon identification is based 

on the amount of light deposited at various positions throughout the detector. There 

are a handful of other dead time cuts that are applied to SNO’s neutrino analysis. 

Table 3.2 shows the raw livetime and corrected livetime for the 10 MHz clock in both 

phases.

Candidate neutrino events are selected from the approved runs within the live

times, after dead time cuts. For this analysis the raw livetime for each run is used, 

which is defined as the run start plus the total length, neglecting dead time cuts. The 

dead time cuts are ignored as the selected events do not come from these times, and 

per run the fraction of dead time is very small (see Table 3.2) compared to the periods 

of interest in this analysis, and is randomly distributed throughout the runs. The 50 

MHz clock has been used to define the run lengths. The distribution of run lengths 

for the D2O and salt phases are shown in Figure 3.2. There are a large number of runs 

corresponding to 1 day and 0.292 days (= 7 hours), a direct result of the maximum 

run lengths programmed into the SNO data acquisition software. The run boundaries
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(a) D 2 O run lengths. (b) Salt run  lengths.

Figure 3.2: Run lengths for the D20  and salt phases.

are used in this periodicity analysis to define certain criteria for the LS periodogram, 

explained in Chapter 4, and are also used to generate the Monte Carlo data sets, 

described in Chapter 5.

3.4 Event Selection

The approved runs are analyzed to find the candidate solar neutrino events. Typical 

event rates in the detector during a neutrino run can range from 15 to 30 Hz, so 

over the course of several hours, hundreds of thousands of events can accumulate. An 

event is classified as anything that meets any of the enabled trigger conditions.

3.4 .1  Trigger S ystem

There are 26 different triggers that can initiate the creation of an event file. For 

neutrino data analysis the triggers of importance are:
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NHIT
ESUM
OWL

100 20 
HI LO 
N HI LO

The NHIT triggers are used to determine the number of PMTs that fire within a 

given time window. This time window is 100 ns for NHIT 100, and 20 ns for NHIT 20. 

The NHIT signals are discrete pulses of uniform height for each triggered PMT. For 

NHIT 100 there are three trigger levels, NHIT 100 LO/MED/HI. Standard neutrino 

data acquisition requires NHIT 100 MED to be 16, implying that within a 100 ns 

time window 16 PMTs must meet their trigger condition. The ESUM triggers are 

a sum of the individual PMT pulses. ESUM HI and ESUM LO are triggers with 

high and low gain, respectively. The OWL triggers are equivalent to the NHIT and 

ESUM triggers, only these are for the 91 outward looking PMTs used for background 

reduction. OWL N is equivalent to NHIT 100, and OWL HI and OWL LO are like 

the ESUM HI and ESUM LO triggers.

When a trigger condition is satisfied the event is tagged with a global trigger. An 

event file is written that stores information about the event, such as the 10 MHz and 

50 MHz times, and PMT charge, timing, and location information. This information 

is used by the data builder to reconstruct events.

3.4 .2  B ackgrounds

The average solar neutrino interaction rate in the detector is on the order of ten 

events per day, so a majority of the events are due to backgrounds. Backgrounds can 

be broken up into a few categories:

• Neutron backgrounds : There are background neutrons that are generated inside 

and outside the D2O volume, typically as a result of radioactive decays.
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• Cerenkov backgrounds : These can occur as a result of radioactive decays.

•  Instrumental backgrounds : These backgrounds are caused by the detector elec

tronics.

•  Other backgrounds : This includes muon backgrounds, AV backgrounds, a  re

actions on elements, antineutrinos, and atmospheric neutrinos.

Neutron backgrounds can be generated by 208T1 and 214Bi, daughter elements in 

the decay chain of 232Th and 238U, if they produce a 7  with enough energy (> 2.2 

MeV) to break up the deuteron nucleus, mimicking the NC signal. This background 

is minimized by limiting the amount of 232Th and 238U in the detector components. 

There is a dedicated task to monitor these levels and ensure they remain below the 

target concentrations of 3.8 x 10_15gTh/gD2O and 30 x 10_15gU/gD2O [56]. For both 

phases, these radioactive limits were met. Measuring the levels of 232Th and 238U 

gives an upper limit on the number of these neutron backgrounds contaminating the 

neutrino NC signal.

These radioactive decays can also generate Cerenkov backgrounds. To determine 

the number of these backgrounds in the neutrino signal, Th and U sources are placed 

at various positions outside the D20 . The known concentrations from these sources, 

along with the measured Cerenkov events due to these sources, are used to estimate 

the number of events these backgrounds contribute, given the measured concentrations 

of 232Th and 238U in the detector components.

The detector electronics can create false events, these are classified as instrumen

tal backgrounds. One type of instrumental background is called a flasher. These are 

believed to be caused by static discharges of the PMTs. A signature of these back

grounds is the distribution of hit PMTs; there is a small area of hit PMTs near the
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flashing PMT, and a larger group of hit PMTs on the opposite side of the detector. 

Other instrumental backgrounds are caused by electronic pickup and breakdowns, and 

upon initiation of various water monitoring procedures. Most of these backgrounds 

are readily cut based on the signature charge and timing distributions of the triggered 

PMTs.

To reduce the amount of backgrounds from external sources that may creep into 

the interior volume, a fiducial volume less than the total D2O volume is chosen for 

analysis. For the D20  phase, only events reconstructed within a 500 cm radius from 

the center of the detector are analyzed. For the salt phase, this value is 550 cm. 

Backgrounds from radioactive decays are also reduced by examining events with a 

reconstructed kinetic energy greater than 5.0 MeV for the D20  phase, and 5.5 MeV 

for the salt phase.

3 .4 .3  C and id ate Solar N eu tr in o  E vents

After these background cuts are applied the remaining events are primarily neutrino 

events, with a small contribution from backgrounds. As reported in [39, 56], the 

remaining candidate neutrino events are 29241 in the D20  phase, and 4722 in the salt 

phase.

As mentioned above, the candidate events are primarily neutrino events, however, 

the final data set does contain a small number of background events. MC simulations 

and measured values of radioactive isotopes provide upper limits on the amount of 

expected backgrounds remaining in the event data set. Table 3.3 shows the percentage 

of non-neutrino events included this analysis. These are minimal, on the order of five

1 There is a four event difference between th a t  quoted in th is  thesis and [39], due to  an additional 
background dead tim e cut th a t  was im plem ented in the  salt phase, and  retroactively applied to  the  
event list in the  D20  phase in 2005.
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d 2o Salt

Total Candidate Neutrino Events 
Total Estimated Backgrounds 
Purity of Events

2924
123.0
95.8%

4722
260.4
94.5%

Table 3.3: Background contributions to the total neutrino event rate. The breakdown 
of contributing backgrounds can be found in [39, 56] for the D20  and salt phases, 
respectively.

percent of the total events.

Using MC simulations of the three neutrino reactions, probability density functions 

(PDFs) are created for the characteristic energy, radial, and directional distributions 

for each signal. The CC reaction is distinguishable through its energy distribution. 

The ES reaction has a distinct directional distribution. When an incoming solar 

neutrino elastically scatters off an electron in the water the outgoing electron generally 

scatters in the forward direction, due to conservation of momentum. The NC reaction 

can be identified by its characteristic energy, radial, and light isotropy distributions. 

The rate for each of the three neutrino signals is found by fitting the candidate events 

to these PDFs using an extended maximum likelihood fit.

It is not possible to determine which of the three reactions initiated a single event, 

so this analysis will only examine the total candidate neutrino data set, and con

sequently only examine the periodic behavior of the combined signal solar neutrino 

rates.
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Chapter 4

Lomb-Scargle M ethod Applied to  

the SNO D ata

The information necessary to produce a LS periodogram is rate with a corresponding 

time, (see, eg. Figure 2.1). The SNO data provides run and event time information. 

The task is to group this data in such a way that meets the LS input requirements, 

and limits the loss of information. Then the data are analyzed to search for periodic 

behavior at a number of frequencies. This frequency range should be broad enough to 

maximize the data span, and limited to reduce potential aliasing effects. This chapter 

describes how the SNO data were used to produce the LS periodograms.

4.1 Input Variables

4.1 .1  B in  size

For this analysis the SNO data are put into 1-day bins. A bin size of 1-day was 

chosen because it provides sensitivity for periods of a few days, and with the average
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Bin (-1 to Bin i to + 24hrs Bin i+ 1 
----------------

RUNS

EVENTS
0 0 0 0 10

Figure 4.1: A graphical representation of how runs and events are put into bins with 
predefined time boundaries.

event rate on the order of 10 events per day, most bins have adequate statistics. A 

systematic test of the bin size choice was performed, where the bin size was varied

is described in Chapter 6 .

Figure 4.1 demonstrates the procedure. Bin i is defined as a 24 hour period, 

spanning some time t 0 to to +  24 hours. All candidate neutrino events recorded in 

this time are grouped, and give a raw number of events to that bin. The sum of all 

neutrino runs falling within this 24 hour period contribute to the livetime in that bin. 

In some cases, a run must be split between neighboring bins, depending upon run 

boundaries.

One input parameter for Equation (2.33) is the time, C corresponding to a given rate 

y(ti). The rate is proportional to the accumulation of all events occurring within the 

bin boundaries, and these events can only occur during run livetimes. Therefore, the 

effective bin time is chosen as a run-livetime weighted value, defined as,

from 1 to 5 days. The choice of bin size does not affect the outcome. The full analysis

4.1.2 T im e

w t  d t , where w
otherwise.

during livetime,
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Here bs and bf are the bin start and finish times, respectively. The definition of the 

time variable ensures an accurate representation of the time for binned candidate 

neutrino events. This choice results in an uneven time spacing of the data, which is 

why the LS method, described in Chapter 2, is applied to this data.

The first bin starts at t0 and ends at to +  24 hours, the second bin from t0 +  24 

hours to to +  48 hours, etc. In general, the nth bin has time boundaries of [t0 +  (n x 24 

hours)] to [to +  ( (n +  1) x 24 hours)]. The start bin boundary, t 0, is chosen as time 

t = 0.00 seconds on the day of the earliest run. To demonstrate the robustness of the 

method, and prove time invariance of the LS periodogram, this t0 was incrementally 

changed. The choice of to does not affect the outcome of the analysis. Further details 

can be found in Chapter 6 .

4.1 .3  R a te

A 1-day rate is calculated for every bin using the raw number of events and livetime. 

The resulting rate is a livetime corrected rate. If for example five events are detected 

in a livetime of 12 hours, then the livetime corrected rate is 10 events per day.

Unfortunately, binning has the potential to create low statistic bins. It is possible 

that the range of a given bin only encompasses a small fraction of livetime, leading 

to a low raw event rate. For example, if a bin has a total of one event in one hour, it 

is said that 24 events would be seen in one day. Even worse, if zero events are seen 

in a limited livetime, then the livetime correction would imply a rate of zero events 

per day. These low statistic bins provide a poor representation of the rate, and may 

bias the resulting LS power spectrum.

To avoid this potential bias, raw 1-day bins that have an expected number of 

events of five, or less, are combined with neighboring bins. The expected number of
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events is directly related to the amount of livetime, and is defined as,

(expected number of events)
total number of events

x (bin livetime) . (4.2)
total livetime

The condition that all bins have an expected number of events greater than five is 

important for statistical error assignment (discussed below), and necessary to provide

number of events is crucial when using the MC to determine the significance and 

sensitivity of the data, because the MC should reflect the same time distribution 

as seen in the data. An analysis was performed to ensure combining bins does not 

introduce a bias, this is explained in Chapter 6 . The limit of five events requires less 

than half of all bins to be combined, and therefore maintains a good sensitivity in the 

detection of a periodic signal.

If, and when, bins are combined, a 1-day rate is calculated from the new number 

of raw events and livetime. Similarly, a new time variable is calculated using Equation 

(4.1), where bs is the start of the earliest bin and bf is the end of the last bin. The 

final livetime corrected rates are the values for y{ti).

The modified LS method requires that each data point be weighted, allowing data 

points to have greater (or lesser) influence on the power calculation. For this analysis, 

the unnormalized weight, Wi (refer to section 2.3.2 for details on the (un)normalized 

weights), in bin i equals the inverse variance,

a Gaussian-like distribution of data. Combining based on expected versus observed

4 .1 .4  W eight

1
(4.3)
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The errors, cq, are assigned based on statistical fluctuations and livetime uncertainties 

of the data.

The LS periodogram is a null hypothesis test: it tests the data distribution against 

the hypothesis that the data are normally distributed, constant noise. The false 

alarm probability (FAP), and method of MC simulations, tests the significance of 

peak powers in the data against this null hypothesis. The raw statistical errors, ojaw, 

are chosen to reflect this model, and are taken to be the square root of the expected 

number of events,

<j[aw =  ^(expected number of events)i , (4-4)

see Equation (4.2) for the definition of expected number of events.

Similar to the method of livetime correcting the rate, the errors undergo the same 

livetime correction, such that,

maximum bin livetime 
1 [ (actual bin livetime)*

Bins with more livetime (maximum bin livetime /  actual bin livetime) ~  1 have a 

smaller error, and therefore have a larger weight in the analysis.

4.1 .5  Frequency R ange

The data under analysis is unevenly spaced in time. As discussed in Chapter 2 , there 

is no clear prescription for choosing the sampled frequency range. The data are put 

into 1-day bins, so by Equation (4.1), the difference in time between consecutive bins 

could be as small as a few seconds, or as large as several days. However, the Nyquist 

frequency defined for evenly spaced data will be applied to this analysis, assuming 

an even spacing of 1-day. By this logic the maximum frequency to be sampled is 0.5

(4.5)
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day-1 . Although, it may be possible to obtain information for larger frequencies, the 

statistics will be limited, and the risk of aliasing greater.

This analysis has chosen to sample to a maximum period of 10 years. Sensitivity 

to periods much greater than 8 years is not expected, due to the four year calendar 

span of the combined data sets.

The frequency interval is, again, arbitrary. The choice is limited by computer 

processing time, realistic expectations of possible periods, and resolution between 

neighboring frequencies. A minimum frequency of 1/3650 day-1 and a maximum 

frequency of 1/2 day-1 has been chosen. Sampling 7300 frequencies at an interval of 

1/(4 x 3650) day-1 is a convenient choice, and will sample a wide variety of frequencies 

in the defined range. This range will allow a search of the expected yearly solar 

neutrino periodicity, and the 20 -  40 day rotational periods of the solar layers. Due 

to the limited data, a search for the 11 year solar cycle will not be studied.

4.1.6  Sum m ary

Table 4.1 summaries the parameters that have been defined for the SNO data.

4.2 Lom b-Scargle A nalysis

The first two phases of the SNO experiment have been described in Chapter 3. This 

section now presents the LS analysis that has been performed on these two data sets.

4.2.1 D 2 O and Salt D a ta  S ep arately

A basic analysis is to analyze the distribution of neutrino events from the D20  and 

salt phases, separately. Table 4.2 provides a summary of the data from these two
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Variable Definition Comments

Bin size 24 hours initial bin boundary, to, 
t = 0.00 s on day of earliest run

Time L
*■ - ( / % * )  k ’ w t i t

w =  1 during livetime 
w = 0 otherwise

Rate y{ti) y(ti) = (raw number of events) x 
(maximum livetime /  bin livetime)

each bin has an expected 
number of events > five

Weight W i W i  =
__ m axim um  livetim e _raw

 ̂ (bin livetim e) * i

o[aw =  VexPected number of events

Frequency [ ^m in  , ^m ax  ]

[ 1/3650, 1/2 ] day- 1
~  4X3650 d&y 1

7300 frequencies sampled

Table 4.1: A summary of the variables to be used in this LS analysis.

phases. The data have been grouped in 1-day bins as previously described, resulting 

in 351 data points for the D20  phase, and 469 data points for the salt phase.

The 1-day livetime corrected rate versus time, with associated errors, is shown 

in Figure 4.2. The mean number of events for each 1-day bin in the D20  and salt 

phases are 9.35 ±  0.17 and 11.85 ±  0.17, respectively. The increase in the mean rate 

during the salt phase is a result of the increased neutron capture efficiency, with the 

introduction of salt. This phase has increased detection of the total number of all 

active solar neutrinos. There is a 59 day gap in the data between the end of the D20  

phase and beginning of the salt phase, a reflection of the preparation and transition 

time.

A projection of Figure 4.2 onto the y-axis is shown in Figure 4.3, showing the 

distribution of rates. Recall that the LS method is testing the null hypothesis that 

the data have a Gaussian distribution, so a fit to a Gaussian function is shown. The 

fit probabilities are 38% and 51% for the D20  and salt phases, respectively. The rates
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(a) D 2 O Phase, w ith a m ean ra te  of 9.35 ±  0.17 events per day.
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(b) Salt Phase, w ith a m ean ra te  of 11.85 ± 0 .1 7  events per day.

Figure 4.2: The livetime corrected 1-day rate of events as a function of time for the 
(a) D20  and (b) salt phases.
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d 2o Salt

Number of events 
Run numbers
Calendar dates (dd/mm/yy) 
Number of Runs 
Total Raw Livetime (days) 
Number of 1-Day Bins

2924 
10000 -  16013 

0 2 /1 1 /9 9 - 28/05/01 
559 

312.93 
351

4722 
20684 -  33520 

26/07/01 -  28/08/03 
1212 
398.3 
469

Table 4.2: Statistics of the SNO data used in this analysis.

shown in this figure have not been weighted by their associated errors.

Figure 4.4 shows the time difference between consecutive bins. Both phases show 

a peak at At  ~  1 day. This reaffirms the use of the Nyquist frequency to reduce 

aliasing effects for frequencies greater than 0.5 day-1. As the time difference between 

neighboring bins is increased from 1 day, the number of bins with this time difference 

falls off.

The time spacing of the data points directly affects the number of independent 

frequencies, by the ability to resolve large frequencies. If the data were binned into 

less than a 24 hour period the time difference between consecutive bins would be 

smaller and there would be an increased ability to resolve larger frequencies.

4.2 .2  D 2 O and Salt D a ta  C om bined

A more complex analysis involves combining data from the two phases. This is mo

tivated by increased statistics, leading to better resolution of short periods; and a 

longer time span of the data, providing a sensitivity to longer periods.

The data sets can not be blindly combined, since the mean rates of both phases 

are different. The distribution of data under analysis should have a mean value y
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Figure 4.3: Distribution of the neutrino 1-day corrected bin rates for the (a) D20  
and (b) salt phases. Each distribution has been fit to a Gaussian, and the fit results 
shown.
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Figure 4.4: The time difference between consecutive bins for the (a) D20  and (b) salt 
phases.
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and variance a2. Combining the D20  and salt data sets would resemble a double 

Gaussian, centered on the respective mean rates. The D20  and salt data sets are 

similar in length, so combining these two data sets would yield a step function-like 

distribution of the the data. Such a distribution would create a false signal at a low 

frequency.

To avoid this problem, the rates in one phase must be adjusted, such that the 

two phases have an equal mean rate. This is achieved by multiplying each D20  bin 

by a common factor, bringing the mean rate up to match that of the salt rate. The 

multiplicative factor is the ratio of the mean salt rate to the mean D20  rate. The 

statistical uncertainty on this ratio of 2.4% is ignored, and the systematic error is not 

considered in this analysis. A similar technique can be used to adjust the salt rate 

down. Both adjustments have been performed, and as expected, both cases yield the 

same results. Appendix A describes the results of both techniques.

4.2 .3  R esu lts

The data from SNO’s D20  and salt phases have been analyzed separately, and then 

combined for analysis, following the procedures outlined above. The periodograms for 

the regular and modified LS methods are shown in Figure 4.5. The numerical results 

are displayed in Table 4.3. The frequency of largest powTer corresponds to periods 

of 2.45 days, 2.33 days, and 2.42 days for the D20  , salt, and combined phases, 

respectively, using the modified LS method.

All analyses sample the same 7300 frequencies, but the number of independent 

frequencies, in other words, the resolution of neighboring frequencies, increases with 

data. This is seen by the decreasing width of the frequency peaks with the increasing 

statistics in the D20 , salt, and combined data sets (see Figure 4.5). By Equation
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Phase Method Maximum Power Frequency (day *)

d 2o
R E G U L A R 7.911 0.408

M O D IF IE D 7.134 0.408

Salt R E G U L A R 7.601 0.498

M O D IF IE D 6.769 0.429

Combined R E G U L A R 9.093 0.413

M O D IF IE D 8.734 0.413

Table 4.3: The regular and modified LS periodogram results for the three data sets. 
The frequency corresponds to the frequency at the maximum power.

(2.29), as the number of independent frequencies increases, the FAP at a given power 

decreases. So the larger power in the combined phase of 8.73 does not necessarily 

represent a more likely periodic signal. The actual number of independent frequencies 

can not be quantitatively determined from these distributions, so the MC analysis in 

the following chapter will be used to determine the significance of any peaks.

The modified and regular LS methods produce slightly different periodograms. 

Figure 4.6 is a scatter plot showing the modified versus regular power at each of the 

7300 frequencies sampled in the combined analysis. The figure shows that the powers 

at each frequency are well correlated, where differences arise from weighting the bins 

by statistical and livetime uncertainties. Unless otherwise stated, the remainder of 

this thesis will only present the results of the modified LS method. This method 

includes more information about the data, hence gives more accurate results.
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Figure 4.5: Lomb-Scargle periodograms for the SNO data, D20  and salt separately, 
and the combined phases, using the (a) regular and (b) modified methods.
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Figure 4.6: The modified versus regular powers at all 7300 frequencies sampled in the 
combined analysis.
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Chapter 5 

M onte Carlo Analysis of the  

Periodogram Results

The LS analysis has been applied to the SNO solar neutrino data, and it is now 

necessary to determine if a significant periodic signal has been found. As a reminder, 

the analytic expression used to determine the probability of a power z, or greater, 

being obtained under the null hypothesis is called the false alarm probability (FAP),

Prob(Z > z )  = F(z)  =  1 -  Prob(Z < z) = 1 -  [1 -  e~z]M . (5.1)

The number of independent frequencies, M,  is an unknown function of the time dis

tribution of the data, number of data points, and to a lesser extent, the number of 

frequencies sampled. Since M  can not be found from the data alone, this analytic ex

pression can not be used to interpret the maximum power found in the data. Instead, 

a Monte Carlo (MC) study is used to interpret the data results.

MC simulations are used to replicate the characteristics of an experiment. In this
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case, the quantity of interest is the time distribution of the neutrino events. The SNO 

data set is reproduced 10000 times with MC techniques, to characterize the typical 

periodogram if the data have no periodic behavior. Each of these MC data sets will 

produce a periodogram. The distribution of 10 000 maximum powers obtained from 

each of the 10 000 MC experiments, will be compared to the maximum power in the 

data, and then used to determine the probability that the data are constant. The 

constant rate, null hypothesis is rejected if the chance probability for a power of z, or 

greater, to be obtained in a constant rate signal is less than, or equal to, 1%.

Also in this chapter, MC studies are used to determine the sensitivity of this 

analysis to various periodic signals, by examining the probability of rejecting the null 

hypothesis at the 99% confidence level (CL).

5.1 M onte Carlo G eneration

10 000 independent MC data sets were generated in likeness of both the D20  and 

salt phases. Each data set is generated with a random number of events, where this 

random number is normally distributed, centered on the actual number of events in 

the respective phases. Event times are randomly generated and only accepted if they 

occur within the actual SNO neutrino run boundaries.

These MC data sets have similar event time signatures as those of the data. The 

time difference between successive events should follow an exponential function,

f ( t )  = , (5.2)

where n is a constant, t is the time difference between neutrino events in the same 

run, and r  is the mean time difference between successive neutrino events. This r
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Figure 5.1: Average time between neutrino events for the salt phase and Monte Carlo 
data sets.

represents the average time between neutrino events, and is similar for the data and 

MC. Figure 5.1(a) shows the time difference between successive neutrino events for the 

salt data set. Fitting to an exponential function indicates that r  =  (1/0.0001729) =  

5784^92 seconds. Then, performing this same fit on 100 of the salt MC data sets, 

Figure 5.1(b) shows the histogram of these 100 r  values. The mean value from these 

100 MC is r  =  5711 seconds, in good agreement with the data distribution.

The MC data sets also share the same mean event rate as the actual SNO data. 

Figure 5.2 shows the distribution of mean rates for the 10 000 MC in both phases. 

These mean rates have been calculated using the weighted mean formula defined with 

Equation (2.36). These agree well with the mean data rates quoted in Chapter 4, of 

9.35 events/day and 11.85 events/day for the D20  and salt phases.
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Figure 5.2: Mean event rates for the 10,000 D20  (left) and salt (right) MC data sets 
with no periodic behavior.

5.2 N ull H ypothesis M onte Carlo

The MC data sets for each phase were analyzed separately, and then combined, using 

the same techniques as applied to the data, described in Chapter 4. The distribution 

of maximum powers are shown in Figures 5.3(a), 5.4(a), 5.5(a) for each of the three 

data sets. These represent the largest powers obtainable in a data set that has no pe

riodic behavior. Since these data sets have no intrinsic periodicity, the distribution of 

frequencies at these maximum powers should also be uniformly, randomly distributed 

in the sampled range of [0, 0.5] day-1. These frequency distributions are shown in 

Figure 5.3(b), 5.4(b), 5.5(b).

5.2.1 R ejectin g  th e  N u ll H y p o th es is

As previously described, the number of independent frequencies, and hence the FAP 

is primarily sensitive to the number of data points and time distribution of the data. 

To use the MC to determine the significance of a power, the MC must share the 

same number of bins and time distribution as the data. This is achieved because low
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(a) M aximum powers from 10 000 D 2 O phase null hypothesis 
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Figure 5.3: Distribution of (a) maximum powers and (b) frequencies at the maximum 
powers for the 10 000 D 20  MC data sets. These MC have been generated to simulate 
the null hypothesis.
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Figure 5.4: Distribution of (a) maximum powers and (b) frequencies at the maximum 
powers for the 10000 salt MC data sets. These MC have been generated to simulate 
the null hypothesis.
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Figure 5.5: Distribution of (a) maximum powers and (b) frequencies at the maximum 
powers for the 10 000 combined MC data sets. These MC have been generated to 
simulate the null hypothesis.
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statistic bins are combined when the expected number of events are five or less. The 

expected number of events is a reflection of the bin livetime and run boundaries, a 

trait common to the data and all MC1.

Using the 10000 MC maximum powers, the probability for a power z, or greater, 

to be the result of a constant signal is found. For example, in the combined phase 

maximum power distribution, Figure 5.5(a), 21.7% of the MC data sets had a maxi

mum power of 9.0 or greater. So if a maximum power of 9.0 is obtained in the SNO 

combined phase data sets, there is a 21.7% probability that this power would be ob

tained for a data set that is constant in time. This corresponds to a FAP of 21.7% in 

Equation (5.1).

In a similar way, given a probability, the corresponding power can be found. Table 

5.1 shows the powers necessary to obtain 50%, 10%, 5%, and 1% probabilities of the 

null hypothesis. For the combined phase, if a power of 12.24 is found there is a 1% 

probability that this data set is constant. Therefore, if a power of 12.24 or greater is 

found the null hypothesis is rejected at the 99% CL. Otherwise, the null hypothesis 

can not be rejected. The maximum powers for the null hypothesis combined phase 

MC have been re-plotted on a logarithmic scale in Figure 5.6 with a smaller bin size. 

The darkened maximum powers are the 100 MC with maximum powers greater than 

or equal to 12.24.

5.2 .2  F it for th e  N u m b er o f In d ep en d en t F requencies

Equation (5.1) can be used in conjunction with the MC maximum power distributions 

to provide an estimate for the number of independent frequencies. Equation (5.1)

1 There is slight variation  of the  num ber of d a ta  points between MC files, since th e  expected 
num ber of events relies on the  to ta l num ber of events, and th is varies between MC files. B u t th is 
variation is small (RMS =  1.577 bins) and is not expected to  affect th is  analysis.
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Maximum Power

Figure 5.6: The 10 000 combined phase MC maximum powers, where the y-axis is 
shown with a logarithmic scale. One percent of the MC files with the largest maximum 
powers are shaded.

50% 10% 5% 1%

d 2o 7.00 8.93 9.67 11.15

Salt 7.20 9.11 9.90 11.43

Combined 7.91 9.84 10.56 12.24

Table 5.1: Power values corresponding to the probability that noise fluctuations would 
yield this power in the various data sets under analysis. These powers have been found 
using the MC maximum power distributions.
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Figure 5.7: The 10 000 combined phase MC maximum powers, fit with Equation (5.4) 
to find the value for M.

is the reverse cumulative probability distribution of the powers. The cumulative 

probability distribution is just,

1 -  p{z) = Prob(Z < z) = [1 -  e~z]M . (5.3)

Taking the derivative of this cumulative probability distribution,

f ( z )  = Me~z( 1 -  e~z){M- l) (5.4)

gives the probability density function (PDF). By fitting this PDF to the maximum 

power distributions in Figures 5.3(a), 5.4(a), 5.5(a), a value for M  can be obtained. 

To demonstrate this, Figure 5.6 has been fit with Equation (5.4); this fit is shown in 

Figure 5.7. Table 5.2 shows the general fit results for every phase.

The small fit probabilities are because Equation (5.4) does not completely describe 

the maximum power distributions. However, they both provide a method of inter-
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SNO Phase Fit for M x 2/ d°f Probability (%)

d 2o 740 ±  8 42.83 /  21 0.3
Salt 902 ±  10 36.59 /  23 3.6
Combined 1832 ±  20 38.82 /  22 1.5

Table 5.2: Using the MC maximum power distributions and Equation (5.4) to fit for 
the number of independent frequencies.

preting the powers found in the data periodograms. Substituting the values for M  

into Equation (5.1) one can find the powers necessary to obtain a FAP of 1%. For 

the D20  data set this power is 11.23, for the salt data set this is 11.40, and for the 

combined data sets this power is 12.11. These values are in good agreement with the 

actual power values obtained using the MC maximum power distributions shown in 

Table 5.1.

The approximate fits for M  prove that as a general trend, the number of inde

pendent frequencies increases with data, which impacts the interpretation of a given 

power in each data set.

5.2 .3  Sum m ary

The MC maximum power distributions are used to shed light on the results of the 

data, and determine the sensitivity of this analysis. The null hypothesis is rejected 

at the 99% CL in the D20  data set if a power of 11.15, or greater, is obtained. This 

power is 11.43 for the salt phase, and 12.24 for the combined phases.
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Periods (day) 2.1, 2.5, 5, 10, 20, 50, 100, 500, 1000

Amplitudes (%) 5, 6 , 7, 8 , 9, 10, 11, 12, 13, 14, 15, 17, 18, 20, 22, 25

Table 5.3: 1000 MC data sets are generated for each period and amplitude pair.

5.3 M onte Carlo S en sitiv ity  Study

Suppose the SNO data did have a periodic distribution of the neutrino times, given 

the methods employed in this thesis, would this periodic signal be distinguishable 

from the null hypothesis? The answer is a function of both the period and amplitude 

of the periodic signal. To determine the sensitivity to periodic signals in the SNO 

data, MC data sets are again utilized, as in the previous section, only now these data 

sets are generated with a sinusoidal distribution of the neutrino event times.

5.3.1 G enerating  P eriod ic  M on te C arlo D a ta  S ets

For each period and amplitude pair listed in Table 5.3 1000 MC data sets were gen

erated for both the D20  and salt phases. The MC data sets are generated using the 

accept/reject method, with the function

n(t) = A  + B  sin(27rut) , (5-5)

such that A + B  =  1, A  is greater than or equal to B,  and B / A  is the signal amplitude, 

u is the signal frequency, and t is the candidate neutrino event time. The time, t, is 

randomly generated, and passes the first test if it occurs within the approved runs, 

as before. However, now event times are accepted only if the value of n(t) is greater 

than a second random number generated in the range [0 , 1].
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tA

Figure 5.8: Demonstration of sinusoidal functions used in the accept/reject method 
to generate the periodic MC. Both functions n\(t) and n2(t) have the same frequency.
The function ni(t) has a larger amplitude of 60%, the function n2(t) has an amplitude
of 10%.

Figure 5.8 demonstrates this idea. Consider two sinusoidal functions obeying 

Equation (5.5), each with the same frequency u 0 , but n x ( t )  with an amplitude of

B xf A x = 0.60 (where Ax =  0.625, B x =  0.375) , (5.6)

and n2(t) with an amplitude

B2/ A 2 = 0.10 (where A 2 = 0.909, B 2 = 0.091) . (5.7)

Now let the random time value be some value The corresponding values for ni(f^) 

and n2(tA) are marked on the y-axis. Now a second random number is generated in 

the range [0, 1]. If this second number is less than the value of nj(C0 (and the event is
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within the run boundaries) then the time is accepted for the periodic MC following 

ni(t). For all n(t), the event time has the greatest probability of being accepted if the 

time t sets sin(27rut) =  + 1, since n{t) will be equal to 1, (A  +  B).  The probability 

of accepting a time is at a minimum when sin(27rz4) =  — 1 because n(t) will have the 

lowest value (A — B).  This implies the event distribution will be periodic in time with 

the form,

x{t) = A  + B  sin(27xut) . (5-8)

This method creates periodic behavior in the neutrino rates. The periodic MC 

listed in Table 5.3 are generated according to this method and are used to determine 

if the analysis is sensitive to signals with frequencies in the search range.

5.3.2 S en sitiv ity  A nalysis

Selected periodic MC from Table 5.3 are analyzed using the same LS analysis as all 

previous data and null hypothesis MC data sets. For the 1000 periodic MC data sets 

of one periodic behavior, defined by a period and amplitude, the maximum powers 

are found. These maximum powers are used to calculate the probability of rejecting 

the null hypothesis, for this periodic behavior.

Sample distributions of the maximum powers obtained for a 20 day period with 

amplitudes of 10%, 15%, 20%, and 25% in the combined phase are shown in Figure 

5.9, with the null hypothesis shown in black at the far left. As the amplitude of 

the periodic signal is increased, the average mean maximum power also increases, 

increasing the ability to resolve the signal from the null hypothesis.

For the same 20 day period, Figure 5.10 separately examines the maximum power 

distributions at amplitudes of 8%, 9%, 10%, and 11%. With an amplitude of 8%,
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Figure 5.9: Maximum powers obtained for the combined phase periodic MC data sets 
with periods of 20 days, and amplitudes of 10%, 15%, 20%, and 25%. Each period 
and amplitude pair has 1000 entries.

shown in Figure 5.10(a), 48.8% of the 1000 periodic MC data sets had a maximum 

power greater than 12.24. If the combined SNO data set has this periodic behavior, 

the analysis has a 48.8% probability of rejecting the null hypothesis. Figure 5.10 

again shows that as the amplitude increases, the probability of detecting the signal 

and rejecting the null hypothesis also increases. This trend is true for all periods.

The sensitivity of the method to periodic signals is also seen by plotting the 

frequency at these maximum powers. Again, using the 20 day period as the example, 

Figure 5.11 shows the distribution of frequencies at maximum power at four different 

amplitudes. The frequency of the maximum power is often found at the exact signal 

frequency, or close neighboring frequencies. Neighboring frequencies are often found 

with large powers because the number of independent frequencies is less than the 

number of sampled frequencies, due to the limited data set. This idea is examined
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Figure 5.10: Distribution of maximum powers for a 20 day period with amplitudes 
8%, 9%, 10%, and 11%, for the combined data sets. The shaded portions of the 
distributions show those MC data sets with maximum powers greater than 12.24, and 
represent the probability of rejecting the null hypothesis.
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in Chapter 6 . With increasing amplitude the probability of finding the correct signal 

frequency also increases.

If the method does not find the correct signal frequency, the maximum powers 

are smaller. In this case, the frequency at maximum power is likely to be random 

within the sampled frequency range. A scatter plot of the 1000 maximum powers 

versus frequency at maximum power is shown in Figure 5.12 for a 20 day period with 

an amplitude of 10%. The largest maximum powers correspond to the MC data sets 

where the signal frequency is correctly identified. The ability of the analysis to find 

the correct signal frequency is another tool to identify the sensitivity.

The LS analysis rejects the null hypothesis if the power in the combined data set 

is greater than, or equal to, 12.24. Hence, the maximum powers in the periodic MC 

are used to determine the sensitivity of the analysis, by finding the percentage of data 

sets with maximum powers greater than this value.

Table 5.4 shows the percentage of data sets with a maximum power greater than, 

or equal to, the power necessary to reject the null hypothesis, for the different periodic 

MC. This table shows a limited range of the period-amplitude space that was analyzed 

for each phase. The full range of results is provided in Appendix B.

The percentage of MC data sets with a power greater than, or equal to, the 99% 

CL power reflects the probability of detecting this signal from the null hypothesis. 

As the quantity and time interval of data increases, the sensitivity to periodic signals 

increases. For example, a signal with a period of 50 days and an amplitude of 10% the 

D20  phase has a 21.6% probability of detecting this signal. This probability increases 

to 59.4% in the salt phase, and 87.8% in the combined data sets.
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Figure 5.11: Frequencies at maximum power for a 20 day period at amplitudes of :
9%, 10%, and 11% for the combined data sets. A 20 day period corresponds to a 
frequency of 0.05 day-1.
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Figure 5.12: Maximum power versus frequency at maximum power for 1 000 combined 
MC data sets with a period of 20 days and amplitude of 10%.

5.3.3 S en sitiv ity  R egion

For each period, the amplitude at which there is a 50% and 90% probability of rejecting 

the null hypothesis is found by interpolating the known values, from Appendix B. The 

relationship between the amplitude of a signal and the probability of detecting the 

signal is not linear, but it is taken to be linear in this interpolation, since the upper 

and lower points lie close together.

The 50% and 90% probabilities of rejecting the null hypothesis for the combined 

phase are shown as a sensitivity contour in Figure 5.13. The x-axis shows a logarithmic 

scale of period, and the y-axis shows the amplitude. The space above the 50% and 

90% lines corresponds to the increasing ability to detect signals with periods and 

amplitudes in this region. For example, if the SNO data are periodic with a 10 day, 

11% amplitude signal, there is a 90% probability of detecting this signal.
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Figure 5.13: The sensitivity contour for the combined data set. The region above the 
contour lines represents increasing sensitivity to periodic behavior.

At periods smaller than 10 days the detection sensitivity decreases. This is ex

pected since the data are assembled into unevenly spaced bins, and the time separation 

between these bins is on the order of days. As the period increases towards 1000 days, 

the limited calendar span of the data reduces the sensitivity of detecting these periods.

5.3.4 Sum m ary

The sensitivity analysis shows that the LS method would be able to detect a periodic 

signal if it were present in the SNO data set. In general, there is a 50% probability of 

detecting a signal, and rejecting the null hypothesis at the 99% CL in the combined 

SNO data sets, if the data are periodic with a period of 5 to 500 days, with an 

amplitude greater than
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d 2o

10 11

Amplitude (%) 

12 13 14 15

2.5 4.1 7.2 9.9 12.8 18.9 28.6
& 5.0 13.7 21.2 28.9 40.1 52.7 65.2

20.0 19.8 29.0 40.6 54.6 69.7 78.4
Td0 50.0 21.6 33.3 44.8 61.4 72.9 83.7
fn
CD 100.0 18.6 28.9 42.2 56.1 69.7 80.7

Ph 1000.0 1.1 1.9 2.2 3.6 4.0 5.1

Salt Amplitude (%)

10 11 12 13 14 15

2.5 15.3 25.9 36.6 52.5 65.6 75.0
& 5.0 43.9 63.4 78.9 87.9 94.5 98.8

3 - 20.0 56.0 68.6 82.4 91.8 97.8 99.3
"■00 50.0 59.4 75.1 88.4 95.8 98.6 99.6

S - i
< D 100.0 56.2 75.4 86.0 93.9 98.0 99.5

P h 1000.0 31.6 42.6 60.3 75.4 87.6 93.0

C om bined Amplitude (%)

10 11 12 13 14 15

2.5 43.4 57.4 75.8 87.6 94.1 97.3
5.0 80.9 91.2 96.8 99.3 99.7 100.0

3 - 20.0 90.4 96.5 99.3 99.7 100.0 100.0
0 50.0 87.8 96.7 99.3 99.8 100.0 100.0
Sh0) 100.0 87.6 96.4 99.2 99.5 100.0 100.0

Ph 1000.0 58.9 76.7 90.5 97.5 99.3 99.9

Table 5.4: The percentage of periodic MC data sets with maximum powers greater 
than, or equal to, the 99% CL power. The 99% CL powers have been taken from the 
MC null hypothesis analysis, and correspond to 11.15 for the D2O phase, 11.43 for 
the salt phase, and 12.24 for the combined data.
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Chapter 6

System atic Checks

The LS method, described in Chapter 2 , was applied to the SNO data. There were 

imprecise parameters in this method, such as bin size and number of sampled frequen

cies. These parameters were defined in Chapter 4, and were based upon information 

in the data, such as the time span of the data, daily rates, and run boundaries. To 

ensure that these choices have not imposed a bias in the results, systematic checks of 

these variables have been performed, and are discussed in this chapter. This chap

ter also examines potential systematic effects of the SNO experiment, specifically 

the variability of the detector acceptance, and time varying backgrounds, that could 

potentially impact the results of this periodicity analysis.

Unless otherwise stated, all of these checks have been performed on the combined 

data sets using the modified LS method.
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6.1 A lternative B in  Size

To test the robustness of the LS periodogram, the SNO data from the combined phase 

have been reanalyzed using 101 different bin sizes in the range of 1 to 5 days, with a 

step size of 3456 seconds. To reduce effects of aliasing, the maximum frequency sam

pled is modified for each bin size to reflect that predicted by the Nyquist frequency 

assuming even spacing of the data. The frequency interval of (4x3650) day-1 is main

tained throughout, and only the number of frequencies sampled, iVfreq, is changed,

-/Vfreq =  (4 x 3650)/(2 x bin size) , (6-1)

where the bin size is in units of days. For example, a 3-day bin samples 2433 fre

quencies, up to a maximum frequency of 1/6 day-1, and a 5-day bin samples 1460 

frequencies, to a maximum of 1/10  day-1.

6.1.1 D a ta  R esu lts

The maximum power for each of the 101 bin sizes is shown in Figure 6.1. The largest 

maximum power is 11.05, and occurs when the data are put into a bin size of 3 days. 

The period of this maximum power is found to be 10 days. The distribution of the 

maximum power is wide, and reflects the change in the number of data points and 

sampled frequencies with each trial.

The frequency at each maximum power is shown in Figure 6.2. The frequency 

at maximum power is not the same for all bin sizes. The number of times a given 

frequency appears with the largest power appears to fall off with increasing frequency. 

This is because with increasing bin size the analysis is sampled to a smaller maximum 

frequency.
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Figure 6.1: The maximum power found at each of the 101 different bin sizes in the 
range of 1 day to 5 days for the combined phase data. The largest maximum power 
is 11.05 at a frequency of 0.10089 day-1 when the data are binned in 3 days.
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Figure 6.2: The frequency at maximum power for 101 different bin sizes in the range 
of 1 day to 5 days, for the combined phase data.
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Figure 6.3: The maximum power in 100 MC files that have been sampled with 101 
different bin sizes.

6.1 .2  M on te  C arlo S tu d y

MC data sets are used to determine the FAP of the largest maximum power of 11.05, 

found when the data are put into 3-day bins. There is a trials penalty that must be 

considered when reanalyzing the same data in multiple ways. Joint FAP functions 

must be examined to determine the likelihood of a power when multiple methods are 

simultaneously applied to the same data set. This is equivalent to sampling the same 

number of frequencies in the MC, as in the data, to determine the FAP of periodogram 

powers in the data.

A total of 100 MC event files with a constant rate, were analyzed with the same 

101 bin sizes. Figure 6.3 shows the maximum power found in each of the 100 MC 

when they are analyzed with the same 101 bin sizes. The maximum power in the 

data, of 11.05, falls approximately in the middle of this MC distribution. Hence, 

the largest maximum power in the data falls within the expected range of a data set
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that resembles a constant rate. In other words, there is a 50% chance that this data 

resembles a constant rate when analyzed with 101 different bin sizes.

Thus, the SNO data remains consistent with pure noise, even when analyzed with 

a multitude of bin sizes.

6.2 Vary B in  Start B oundary

In the primary analysis, the first bin begins at to = 0.00 seconds on the day of the 

earliest run. All bin boundaries are then defined with reference to this starting value, 

t0, so all bins begin at t = 0.00 seconds on their respective days.

To show that the results of the LS analysis do not change under this choice, the bin 

start boundary is allowed to vary in increments of 4320 seconds (an arbitrary choice). 

On a given day, there are 20 choices for to- Many of the individual bin rates, y(U), 

and times, U, will change with each definition of to, since the new bin boundaries may 

distribute the events and livetime differently among neighboring bins.

The default bin start time is t0 =  0.00 seconds on November 2, 1999. If instead 

it is defined as to =  0.00 seconds on November 1, 1999, there is no change in the 

periodogram, since a shift by exactly 24 hours when putting the data into 1-day bins 

should not effect the result, as long as all of the data are still included. Figure 6.4 

shows the periodograms when t0 =  0.00 seconds on November 1 and November 2. As 

expected, both periodograms are identical.

This is true for all times shifted by 24 hours, before the start of the first run. Us

ing this logic, it is only necessary to examine the power spectrum for the 20 different 

to values within a 24 hour period. Figure 6.5 shows the maximum powers and fre

quencies at each maximum power obtained for each of the 20 different to values. The
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Figure 6.4: Periodograms when to = 0.00 seconds on November 1 (top) and November 
2 (bottom), 1999.

frequency of maximum power at 0.4 day_1occurs in 40% of the trials. The deviation 

in the maximum powers is not large, with the largest maximum power being 8.98 and 

smallest 6.08. This small deviation is expected, since it is the same data set, only 

with events and livetime shuffled between neighboring bins.

The 1% FAP power for the combined data set analyzed with one value of t0 is 12.24, 

as explained in Chapter 5. By increasing the number of trials applied to the same 

data set, the 1% FAP power will increase to a value greater than 12.24. Therefore, 

this analysis concludes that there is no significant peak in the data when the value 

of to is varied, and the choice of % =  0.00 seconds on the earliest run day does not 

mask, or falsely produce, a signal.
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Figure 6.5: Distribution of (a) maximum powers and (b) frequencies at the maximum 
powers when the data are analyzed with 20 different values for the start bin boundary, 
t0-

6.3 Sam pled Frequencies

The SNO data are fit with 7300 frequencies in the range of 1/3650 day-1 to 1/2 

day-1, at a constant interval of 1/(4 x 3650) day-1. The large number and range of 

frequencies was chosen because it was not known a priori the frequency of a periodic 

solar neutrino rate. To maximize the range of frequencies, the full calendar span of 

the data set and bin size were used as limiting parameters in choosing the minimum 

and maximum sampled frequencies. This section examines the frequencies that are 

sampled to determine if they are sufficient to find a signal within the sampled range, 

even if the exact signal frequency is not explicitly sampled. This relates to the ability 

of resolving neighboring frequencies, given the finite data. If the sampling width 

between consecutive sampled frequencies is sufficient then for a signal that is not one 

of the 7300 sampled, the next closest frequency, and possibly its neighbors, should 

have powers reflecting the power obtained if this signal had been sampled.
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Figure 6 .6: Periodograms for the combined phases when the data are fit to 3650, 7300, 
and 14600 frequencies in the range of 1/3650 day-1 to 1/2 day-1 .

6.3.1 Sam pling th e  D a ta  A gain st A ltern a tiv e  F requencies

As mentioned above, the original analysis sampled 7300 frequencies. The data have 

been reanalyzed with half the number of frequencies, 3650, at a frequency interval 

twice as large, 1/(2  x 3650) day-1. And then re-analyzed with twice as many frequen

cies, 14 600, at an interval of 1/(8 x 3650). The same frequency range is maintained 

in all cases. Figure 6.6 shows the combined phase periodograms for these three cases, 

with increasing number of sampled frequencies. These periodograms are essentially 

identical, and again no significant periodic behavior is found in any case.

The width of a frequency peak is a reflection of the dependence between neigh

boring frequencies. These periodograms can be used to determine if the number of
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independent frequencies changes with the number of sampled frequencies, by exam

ining the frequency widths. Figure 6.7 shows the data periodograms for the D20 , 

salt, and combined phases, zoomed into the frequency range 0.048 -  0.053 day-1 , for 

the 3650, 7300, and 14 600 sampled frequencies. The amount of data increases with 

each phase, moving from left to right across a row. For this case, as the amount of 

data increases, the width of the frequency peak decreases, reflecting an increase in 

the number of independent frequencies.

By looking from top to bottom along one column it is seen that increasing the 

number of sampled frequencies from 3650 does not alter the frequency peak widths. 

In other words, the independence of neighboring frequencies does not change when 

more frequencies are sampled. Indicating that sampling 7300 frequencies does not 

miss a signal that might otherwise be sampled in a coarser sampling interval.

6.3 .2  M on te  C arlo E vent F iles

The width of the peaks shown in Figure 6.7 is directly related to the dependence 

between neighboring frequencies. To determine if this width, and dependence on 

neighboring frequencies is constant for all frequencies, MC data sets with periodic 

behavior are used. The periodic MC, described in Chapter 5, are generated with spe

cific known frequencies. The dependence of powers between neighboring frequencies 

implies that for sufficient amplitudes, the signal frequency will have a large LS power, 

along with the neighboring frequencies.

Consider periodic MC with signal frequencies of 0.4, 0.2, 0.1, 0.02, 0.01, and 0.02 

day-1, each with an amplitude of 15%. Figure 6.8 shows a portion of the periodograms 

for each of these six types of MC, centered on the signal frequency, shown within 

±0.00025 day-1. Each of these distributions has been fit with a Gaussian function
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Figure 6.7: Data periodograms when (a) 3650, (b) 7300, and (c) 14600 frequencies 
are sampled, zoomed into the frequency range of 0.048 -  0.053 day-1. In the figure 
the points represent frequencies that are actually sampled, the smooth contour line 
joins these points.
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to determine the peak width. For the signal frequency of 0.4 day" 1 the Gaussian fit 

probability is 99.9% and fits the mean frequency as 0.4 day-1 and standard deviation 

as 0.000289 day-1 . This fit is done for all of these signal frequencies, within ±0.00025 

day-1 of the imposed signal frequency. For all six signals the fit to a Gaussian is 

good, with the smallest fit probability of 7% at a frequency of 0.002 day-1. Fitting 

the standard deviation of the Gaussian distribution is a good measure of the width, 

and hence the dependence between neighboring frequencies. Note that in all cases 

the sampled neighboring frequencies also have large powers, greater than the 99% CL 

power.

This exercise has been repeated for a total of 100 MC data sets at each signal 

frequency listed above. The Gaussian fits for sigma are shown in Figure 6.9. The 

general width for all cases is on the order of 0.0003 day-1 . A scatter plot of the 

signal width and frequency is shown in Figure 6.10. It appears from this limited test 

that the dependence upon neighboring frequencies is constant across the frequency 

domain. When 7300 frequencies are sampled in the combined data sets, powers at 

signal frequencies tend to influence several neighboring sampled frequencies on either 

side of this signal frequency.

6 .3 .3  Sum m ary

It has been shown that sampling 7300 frequencies is sufficient to find a significant 

periodic signal within the sampled frequency range. The number of independent 

frequencies is less than the number sampled frequencies, which results in a correlation 

between neighboring frequencies. The degree of dependence appears to be constant 

across the frequency domain.
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Figure 6 .8 : Periodograms of periodic MC zoomed into their respective signal frequen
cies. A Gaussian function is fit to these distributions.
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Figure 6.9: Fits for the frequency width surrounding periodograms for periodic MC. 
The variable f s indicates the signal frequency. The mean fit for a from the Gaussian 
fits is shown under each plot.
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Figure 6.10: Width of a frequency peak versus the mean frequency surrounding the 
signal frequency for periodic MC. 100 MC data sets have been analyzed for each of 
the six signal frequencies.

6.4 Com bining C ondition

In this LS periodicity analysis low statistic 1-day bins are combined with neighboring 

bins. This is done to ensure an approximate Gaussian distribution of the rate, and 

avoid possible biasing effects that low statistic bins might create. Low statistic bins 

are characterized by the amount of livetime in a one day bin, and are defined as any 

bin that has an expected number of events less than, or equal to, five. The expected 

number of events in bin i was defined in Equation (4.2) as:

where the total number of events and livetime is across the respective phases.

This section compares aspects of the modified LS analysis under two scenarios:

(expected number of events)
total number of events

x (bin livetime) . (6 .2)
total livetime
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1. When low-statistic bins are combined if the number of expected events in a bin 

are less than, or equal to, five.

2. When no bins are combined.

For the D20  phase, there are a total of 435 bins that have livetime, upon combining 

low statistic bins, 351 bins remain. For the salt phase, there are a total of 518 bins 

that have livetime, and after combining low statistic bins, 469 bins remain. Figure 

6.11 shows the distribution of 1-day rates for the D20  and salt phases when low 

statistic bins are, and are not, combined. When livetime correcting the raw number 

of events to get a 1-day rate, the raw number of events in a bin is multiplied by a 

factor proportional to the livetime. For bins with a small amount of livetime, it is 

possible that the raw number of events will be zero. Thus, when multiplied by any 

value, bins with zero events will have a 1-day rate of zero events, which may not be 

an accurate representation of the true rate. This explains why Figures 6.11(b) and 

6 .11(d) show a large, anomalous peak in the zero events/day histogram bin.

When these low statistic bins are combined, there is a decrease in the number 

of data points that enter into the LS periodogram calculation. For the D20  and 

salt phases this represents a loss of 84 and 49 bins, respectively. Does this loss 

of information affect the resulting LS periodogram? And, to what extent is the 

sensitivity of the method compromised?

6.4.1 A nalysis o f  C om bined  D a ta  Set

To address the first question, the LS analysis has been performed on the combined 

data sets using both scenarios. Figure 6.12 shows a scatter plot of the power obtained 

at each frequency when bins are not combined, versus when bins are combined. The
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Figure 6.11: One day bin rates for the D20  phase when bins (a) are, and (b) are not 
combined. Similarly, for the salt phase when bins (c) are, and (d) are not combined.
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Power, Bins Combined

Figure 6.12: Powers for the combined phases when low statistic bins are, and are not, 
combined with neighboring bins.

powers are clearly correlated, indicating that the loss of 133 bins does not change the 

outcome of the analysis. There is no evidence that a periodic signal is lost in the data 

when combining the low statistic bins.

6.4.2 M onte Carlo S en sitiv ity  S tu dy

To answer the second question, the sensitivity analysis described in Chapter 5 has been 

redone for the D2O phase, in the case where no bins have been combined. This will 

be compared with the sensitivity of the original D20  phase, when bins are combined. 

First, it is necessary to determine the power at which the null hypothesis can
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be rejected at the 99% CL. This will be different for both scenarios, since the total 

number of bins are different. In the original analysis, the power for the 99% CL in the 

D20  phase was 11.15. When no bins are combined, the power for the 99% confidence 

level is found to be 11.59. This value has been obtained by examining the maximum 

LS power distribution of 1000 MC event files with no intrinsic periodicity.

To determine the sensitivity, MC files with predefined periodicity have been an

alyzed using both methods. A range of periods with various amplitudes have been 

sampled, with each period and amplitude pair having 1000 MC event files. If 50% of 

the maximum powers in the periodic MC have a maximum power greater than the 

99% CL power, it can be said that at this period and amplitude there is a 50% chance 

of rejecting the null hypothesis at the 99% confidence level.

The 50% contour line is shown on a sensitivity contour for the D20  phase in Figure 

6.13, for both scenarios. For periods greater than 10 days, both methods have the 

same sensitivity. As the period decreases from 10 days, the method of combining bins 

becomes less sensitive. When bins are combined there are a minimum of two calendar 

days that ‘merging’. Instead of having a time and rate associated with two separate 

days, there is now only one data point to represent the two days, obviously decreasing 

the sensitivity at these low periods.

6.4 .3  Sum m ary

There is a loss of information when data are put into bins of any size. The LS analysis 

has been performed with data put into 1-day bins. When these 1-day bins have a 

small amount of livetime, they are combined, to provide a better representation of the 

true solar neutrino rate. The sensitivity analyses have shown that the method is most 

sensitive to periods in the range of 10 days to several hundreds of days, which is the
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Figure 6.13: D20  50% contour sensitivities in the case where low statistic bins are 
and are not combined with neighboring bins.

primary range of interest, based on results from previous solar neutrino periodicity 

searches. For periods less than 10 days, combining bins slightly reduces the sensitivity, 

but this loss is small, and is not expected to impact the results.

6.5 E xperim ental System atics

In a periodicity analysis one must ensure that the experimental conditions do not 

falsely produce an apparent signal, or hide the true signal in the data. For this 

analysis on the SNO data, the two experimental conditions that are of concern are 

effects of detector performance, and the small number of background events in the
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data sample.

Admittedly, these issues are of key importance when a periodic signal is found. 

However, based on the MC analysis presented in Chapter 5, the SNO data appears 

not to have any significant periodic behavior. Nevertheless, a small discussion on 

these topics is presented in this section.

6.5 .1  D etec to r  A ccep tan ce

A colleague in the SNO collaboration, Oser, examined the stability of the detector as 

a function of time using two calibrations sources [61]. The response of the detector is 

characterized by the ability of the detector to detect a neutrino event. This includes 

all aspects of the detector, from the hardware in the D20  volume, to the exterior 

electronic components.

If the detector response various with time, with some periodic behavior, this could 

affect the neutrino rate as measured by the detector, and result in a false periodic 

signal in the neutrino rate. Since the presence of a signal is not observed in the data, 

this topic is not investigated further.

An effect of the detector response that could affect this analysis, is if the detector 

response randomly creates a background potentially making a true signal difficult to 

detect. This would imply that at a time t the detector has some detection efficiency 

e, and a later time t' a detection efficiency of e'. With the assumption of random 

noise, e at t is independent of e' at tf. Generally speaking in this model, there is no 

relationship between the ability of a detector to accept events at different times. This 

model of random variations in the detector acceptance was used by Oser to determine 

the maximum systematic uncertainty of the detector at any given time.

The SNO 16N calibration source emits 6.13 MeV y.s, and is used to calibrate the
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energy response of the detector. These 16N calibration runs have been performed 

frequently throughout the D20  and salt phases, and typically last from several hours 

to one day. Oser found the scatter of reconstructed energy in the D20  phase to be 

0.25% per day, and 0.18% per day in the salt phase. Assuming the worse variation of

0.25% per day on the energy scale, it was necessary to determine the variation this 

may cause in the number of observed neutrino events. As described in Chapter 3, in 

the D20  and salt phases the 2924 and 4722 candidate neutrino events have a kinetic 

energy greater than, or equal to, 5.0 MeV and 5.5 MeV, respectively. Oser increased 

the analysis energy threshold by 1% (keeping all other thresholds the same), and there 

was a change in the total number of events by 1.8% in the D20  phase, and 1.4% in 

the salt phase. When the energy scale is varied by 1% the number of events is altered 

by a maximum of 1.8%. Therefore, a variation of 0.25% in one day, would vary the 

number of events seen in one day by 0.45%.

The second calibration source used in the analysis was a Cf source. This source 

produces neutrons at a known intensity and so the ability of the detector to measure 

these neutrons can be found. Using the calibration data available for this source, Oser 

found the variation of the neutron detection to be 1% per day (see Figure 4.2).

These two calibration sources were used because they are performed frequently, 

and therefore provide a good representation of the detector acceptance across the full 

data set under analysis.

W ith the method described, the largest detector variation was found to be on the 

order of 1% per day. This uncertainty can be taken as a systematic uncertainty, and 

added in quadrature to the statistical uncertainty, such that each data point in the 

LS analysis is weighted by the usual statistical uncertainty and the new systematic
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Figure 6.14: Difference in combined data sets powers at each of the 7300 frequencies, 
between the primary analysis in which the statistical error is used, and combination 
of the statistical and detector systematic errors.

uncertainty,

Wi = \  , where now of = us2tat +  cr2 . (6.3)
° i

The statistical error has been discussed in Chapter 4. And the systematic variance 

is taken as 1% of the 1-day rate in each bin. The LS periodogram for the combined 

data set was computed with this additional uncertainty. The difference in powers at 

each frequency between the statistics only, and statistical plus systematic analysis is 

shown in Figure 6.14. There is virtually no change in the periodogram when this 

small detector variability is included as a systematic error. The 1% effect is expected 

to be small since the statistical error alone is far greater, on the order of 30%.

6.5 .2  B ackground S y stem a tics

In the 7646 candidate neutrino events, there are expected to be 383.4 non-solar neu

trino background events. The breakdown of these is shown in Table 6.1. These back
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ground events come from a variety of sources, and are assumed to occur randomly 

in time. It is unlikely that these backgrounds are periodic, and even less likely that 

all 383.4 events would be periodic with the same period. The presence of randomly 

distributed non-solar neutrino events could create a background noise to the neutrino 

rate, if the neutrino rate is periodic.

If a periodic signal was found in the SNO data with some periodicity, a MC 

analysis could be employed to determine if this signal could have been caused by these 

background events. With that technique, MC event files with 383 events would be 

generated, using the same MC techniques as described in Chapter 5. These 383 events 

would be periodic, with periods at the found signal frequency, for various amplitudes. 

By binning these events, and subtracting these bin totals from the original data bins, 

the data could be reanalyzed (minus the assumed periodic backgrounds), to determine 

if the periodic signal is still found. If it is not found, then it is possible tha t these 383 

events spread across four years could create a false signal.

The primary source of background events is neutrons originating exterior and 

interior to the D2O. It has been suggested to perform a periodicity analysis on a data 

set with an increased radial cut or decreased energy cut, allowing a larger fraction 

of these background events to contaminate the data set, to see if a periodic signal is 

found. This is possible, although not pursued in this thesis. W ith such an extension, 

the previous MC analysis of the powers would not apply, and new MC would need to 

be generated and analyzed reflecting the larger data set, to determine the significance 

of any peak found in the periodogram. If a significant periodic signal had been found 

in the SNO data set, this path would have been explored.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.5 Experimental Systematics 110

d 2o Salt Sub-Total

Internal neutrons*
Internal 7 s
Cerenkov events inside the D20  
External backgrounds

51 
0

23.6
52

125.1
3.2
3.6

128.5

176.1
3.2

23.6
180.5

TOTAL 123.0 260.4 383.4

Table 6.1: A breakdown of the background events that contaminate the solar neutrino 
data for the combined D2O and salt phases, [39,56]. *A large fraction of the internal 
neutrons are the result of the photodisintegration of D20  due to the radioactive decays 
of 232Th and 238U, and 24Na (in the salt phase).

6.5 .3  Sum m ary

The effect of detector performance has been discussed in this section, and is treated 

as nothing more than noise that could impact the sensitivity of detecting a signal. 

Including the systematic variation of 1% on a 1-day event rate proved to have little 

effect on the periodogram. A more stringent approach to dealing with these sys

tematics would be necessary if a significant periodic signal had been found in the 

data set. If a signal were found with a specific frequency, the detector acceptance 

and background time variations would be analyzed in greater detail at the suspected 

signal frequency. Without detecting a periodic signal in the data, these potential sys

tematics could have an infinite combination of periods and amplitudes. At present, 

there is no experimental or theoretical motivation to further pursue these sources of 

systematic uncertainty.
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Chapter 7

Summary and Conclusion

7.1 Sum m ary

This thesis opened with a review of solar neutrino physics, and presented motivations 

to search for periodic behavior in the neutrino rate. This was followed by a descrip

tion of the Lomb-Scargle (LS) periodogram, a mathematical tool used to search for 

sinusoidal periodic behavior in unevenly sampled data. The remainder of this the

sis focussed on applying this LS technique to the solar neutrino data taken by the 

Sudbury Neutrino Observatory (SNO), in the first two phases of the experiment. In 

the D2O phase 2924 candidate neutrino events were detected, and in the salt phase 

4722 candidate neutrino events events were found. The events from the D20  and salt 

phases were analyzed as separate data sets, and then combined. In going from the 

D20 , to the salt, and to the combined data sets the amount and calendar span of the 

data increased, thereby increasing the overall ability to detect a periodic signal in the 

8B neutrino flux.

The largest LS power in SNO’s D20  data set is 7.1 at a frequency of 0.4082 day-1 .
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o 14
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Frequency (day1)

Figure 7.1: The combined D20  and salt phase LS periodogram. Superimposed are 
the 50%, 90%, 95%, and 99% CL of rejecting the null hypothesis, based on the MC 
analysis presented in Chapter 5.

At this power, 46% of the constant rate, null hypothesis Monte Carlo (MC) data 

sets had a maximum power of this value, or greater. Implying that there is a 54% 

probability of rejecting the null hypothesis. For the salt data set, the largest power 

is 6 .8 , at a frequency of 0.4292 day-1, with a 35%) probability of rejecting the null 

hypothesis. And finally, when these data sets are combined, the largest LS power is 

8.7 at a frequency of 0.4132 day-1. In this case, there is a 73% probability of rejecting 

the null hypothesis.

Figure 7.1 shows the LS periodogram for the combined data sets. Superimposed 

are the probabilities of rejecting the null hypothesis at the 50%, 90%, 95%, and 99% 

confidence level (CL), obtained from the MC analysis. The null hypothesis is rejected 

at the 99% CL if the combined data set shows a power of 12.24, or greater. For the 

D20  and salt data sets, this 99% CL power is 11.15 and 11.43, respectively.
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Figure 7.2: Sensitivity contours for a 50% probability of detecting a periodic signal 
for the separate D20  and salt phases, and when these two phases are combined.

Figure 7.2 shows the characteristic period and amplitudes a periodic signal would 

need to have in each data set, to have a 50% probability of being detected. As the 

amount of data are increased, so too is the ability to detect a wider range of periods 

with decreasing amplitudes.

7.2 Com m ents on Two Specific Frequencies

In this section two frequencies are investigated in more detail. There is motivation to 

believe that the neutrino rate should, or could, be periodic at these frequencies.

The first is the modulation of the solar neutrino flux by the Earth’s orbital ec

centricity. This would occur at a frequency of 1/365.25 =  0.00273785 day-1 . The 

eccentricity of the Earth’s path around the Sun is 1.7%, which should cause a yearly 

modulation of the flux with an amplitude of approximately 3.5%. This is a small

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7.2 Comments on Two Specific Frequencies 114

£  4.5

3.5

2.5

0.5

0.002 0.0022 0.0024 0.0026 0.0028 0.003
Frequency (day"1)

Figure 7.3: Periodogram from the combined data sets, zoomed into the yearly fre
quency of 1/365.25 =  0.00273785 day” 1.

effect, and based on the sensitivity analysis, the probability of detecting a signal with 

this amplitude in this analysis is less than 50%. Taking the periodogram from the 

combined D2O and salt phases, and focussing on this frequency, the closest frequency 

sampled was 0.002739 day-1 and was found with a power of 2.27. The portion of this 

periodogram is shown in Figure 7.3.

The second frequency of interest, is a frequency of 9.43 yr-1. Some authors [35-38] 

claim the Super-Kamiokande solar neutrino data displays periodic behavior at this 

frequency. A frequency of 9.43 yr-1 corresponds to a frequency of 0.02583 day-1 . 

This portion of the combined phase periodogram is shown in Figure 7.4. The closest 

frequency that is sampled is 0.02582 day-1 , and is found with a power of 0.38.

At both of these specific frequencies there is no evidence of any significant periodic 

behavior. The yearly modulation has a small amplitude, and is therefore difficult to 

detect; in parallel with the fact that the data only spans a four year period, limiting the 

statistics at this period. The claimed solar neutrino signal in the Super-Kamiokande 

data, at a frequency of 9.43 yr-1, has a reported amplitude of 7%. Based on the
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Figure 7.4: Periodogram from the combined data sets, zoomed into a frequency of 
9.43 yr-1 or 0.02583 day-1.

sensitivity analysis, there would be approximately a 50% probability of detecting a 

signal with this periodic behavior. It is not seen in the SNO data.

7.3 Future P rospects

Although no evidence for a periodic solar neutrino rate was found in the SNO data 

sets, there are additional analyses that can performed.

The SNO data presented in this thesis can be, in principle, joined with the data 

from the Super-Kamiokande experiment. This would increase statistics, and possibly 

remove systematic effects in the experimental setups.

SNO has the unique ability to be able to measure the rate of the total number 

of solar neutrinos using the neutral-current reaction. And in a separate charged- 

current interaction, measure just the rate of the solar electron-neutrinos. The third 

interaction measured by SNO, the elastic scattering interaction, is sensitive to all 

neutrino flavours, but with a larger sensitivity to the electron-neutrino flavour. In the
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D2O and salt phases it is almost impossible to determine on an event-by-event basis 

which of the three interactions generated the triggering Cerenkov light, so a flavour 

sensitive periodicity analysis would be very difficult to pursue.

Chapter 1 outlined methods by which only the rate of solar electron-neutrinos 

would be periodic, but the total rate remain constant. If this were true, the large 

number of neutral-current events in the data set could wash out this signal, by adding 

a noisy background to a signal that would be present only in the electron neutrino 

rate. An alternative possibility is that the total solar neutrino rate is periodic, this 

would effect all three signals in the SNO data set. This is best probed by examining 

the events from all three interactions, as has been done in this thesis.

SNO is currently taking data for the third, and final phase of the experiment. The 

neutral-current detectors are essentially an independent experiment that measure only 

the total rate of solar neutrinos. The neutrino events detected in these counters can 

be used to perform an event-by-event periodicity analysis on the total rate.

In this third phase, the PMT-D20  detection system is still active and recording 

neutrino events. By combining the data from this phase with the previous phase, the 

total calendar span of data will be seven years, and may allow a search for longer 

periods, including the 11 year period related to the solar magnetic activity. Including 

additional data will also increase the sensitivity of seeing periodic behavior, and lower 

the sensitivity contours.

7.4 The Last W ord

Based on the Monte Carlo studies performed in this thesis, the solar neutrino rate, as 

measured by SNO in the D20  and salt phases, can not reject the null hypothesis of a
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constant rate distribution of the data. Despite the lack of evidence of a periodic solar 

neutrino rate, it is still possible that one exists, outside the frequency and amplitude 

regions of sensitivity. It is important to continue to test neutrino properties, since 

with each passing decade this elusive particle continues to reveal new properties.
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A ppendix A

Comparison of Adjusting R ates for 

the Combined Analysis

This appendix compares the results of

1. adjusting the D20  phase rates up, such that the mean D20  phase event rate 

equals the mean salt phase event rate (D20  up),

2 . adjusting the salt phase rates down, such that the mean salt phase event rate 

equals the mean D20  phase event rate (salt down),

for the combined analysis. For the first option, each D20  bin is multiplied by the 

ratio of
mean salt phase rate 
mean D20  phase rate ’

and the second option multiplies each salt bin by the ratio

mean D20  phase rate 
mean salt phase rate
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Method Mean D20  Rate Mean Salt Rate Ratio (D20  up) Ratio (salt down)

Regular
Modified

9.389 ±  0.177 
9.345 ±  0.173

11.847 ±  0.177
11.848 ±  0.172

1.262 ±  0.030 
1.268 ±  0.030

0.793 ±  0.0190 
0.789 ±  0.0190

Table A.l: Mean values and ratios used to adjust the rate of one phase to match the 
other when the two phases are combined.

It must be noted that the regular LS method uses the standard mean definition, 

and the modified LS method uses the weighted mean definition. The difference is 

subtle, but reflects the subsequent mean value calculations that follow in the respec

tive LS periodograms. Table A .l summarizes the (weighted) mean rates and ratios 

that were used in the combined data analysis. The periodograms for the modified 

method, for both adjustment options are shown in Figure A.l. As can be seen, the 

periodograms are identical.
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Frequency (day'1) Frequency (day '1)

(a) D 2 O phase ra te  adjusted up to  the  salt (b) Salt phase ra te  ad justed  down to  th e  D 2 O 
phase rate. phase rate.

0.2

0.15

0.05

-0
-0.05

- 0.1

-0.15

-0 .2,
0.1 0.2 0.3 0.4 0.5

Frequency (day'1)

(c) Difference in powers between the  two 
m ethods.

Figure A.l: Periodogram for the combined data sets when the rates of the (a) D20  
phase are brought up to match the salt phase rates, (b) salt phase are brought down 
to match the D20  rate. The difference between the powers at each frequency is shown 
in (c).
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A ppendix B

D etailed Sensitivity Analysis

Please refer to the following pages for the detailed sensitivity analysis for the D20 , 

salt, and combined phases.

Note that for each period and amplitude pair 1000 MC data sets have been ana

lyzed. The table entries with a dash (-) have not been analyzed.
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B .l  D 20

10 11 12 13 14

Am]

15

d itude

17

(%)

18 20 22 25 30 35

£  2-1 2.6 2.7 3.6 5.2 8.0 11.0 20.3 - 38.0 52.6 78.4 96.2 -

3  2.5 4.1 7.2 9.9 12.8 18.9 28.6 43.8 57.3 72.7 87.4 97.3 - -

"g 5.0 13.7 21.2 28.9 40.1 52.7 65.2 84.0 91.0 97.9 - - - -

‘S lo .o 18.9 32.0 41.4 56.9 69.3 79.9 94.1 97.6 99.7 - - - -

^  2 0 . 0 19.8 29.0 40.6 54.6 69.7 78.4 94.5 97.0 99.6 - - - -

50.0 21.6 33.3 44.8 61.4 72.9 83.7 96.1 98.3 99.6 - - - -

100.0 18.6 28.9 42.2 56.1 69.7 80.7 93.7 97.2 99.7 - - - -

500.0 11.1 18.1 30.2 43.7 54.8 68.3 89.6 94.1 98.7 - - - -

1000.0 1.1 1.9 2.2 3.6 4.0 5.1 10.9 12.8 23.4 - 53.3 79.2 95.8

Table B.l: The percentage of D2O phase MC data sets that had a maximum power greater 
than 11.15, the power necessary to reject the null hypothesis at the 99% CL.

30

25

20
90%

15

50%10

5

0
10

Period (day)

Figure B.l: 50% and 90% probability of rejecting the null hypothesis in the D2O phase. 
These values have been interpolated from the data in Table B.l.
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B .2  Salt

8 9 10 11

Ar

12

nplituc

13

e (%) 

14 15 17 18 20

?  2.1 2.7 5.3 8.9 13.2 22.0 31.8 44.0 57.4 79.9 86.7 96.3
2 -  2.5 - - 15.3 25.9 36.6 52.5 65.6 75.0 92.4 - 99.3
^  5.0 - - 43.9 63.4 78.9 87.9 94.5 98.8 99.7 99.9 100.0
55 10.0 22.6 37.7 56.7 74.7 84.5 94.2 98.3 99.2 99.9 100.0 100.0
^  20.0 20.0 37.2 56.0 68.6 82.4 91.8 97.8 99.3 100.0 100.0 100.0

50.0 24.4 40.3 59.4 75.1 88.4 95.8 98.6 99.6 99.9 100.0 100.0
100.0 26.3 37.5 56.2 75.4 86.0 93.9 98.0 99.5 100.0 100.0 100.0
500.0 15.2 24.9 41.2 61.0 75.3 87.6 93.2 96.6 100.0 100.0 100.0

1000.0 - - 31.6 42.6 60.3 75.4 87.6 93.0 99.0 99.8 100.0

Table B.2: The percentage of salt phase MC data sets that had a maximum power greater 
than 11.43, the power necessary to reject the null hypothesis at the 99% CL.

OJ
3
I*
<

90%

50%

10210
Period (day)

Figure B.2: 50% and 90% probability of rejecting the null hypothesis in the salt phase. 
These values have been interpolated from the data in Table B.2.
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B .3  C om bined

7 8 9 10

Ampli

11

tude (9 

12

i )

13 14 15 17

& 2.1 - 6.4 10.4 18.6 29.9 46.6 56.6 70.2 84.8 96.6
3 -  2.5 - - - 43.4 57.4 75.8 87.6 94.1 97.3 -

"3 5.0 - 41.2 62.7 80.9 91.2 96.8 99.3 99.7 100.0 -

'S 10.0 - 48.7 70.7 86.2 95.7 99.6 99.7 100.0 100.0 -

^  20.0 - 48.8 73.7 90.4 96.5 99.3 99.7 100.0 100.0 -

50.0 30.4 55.7 76.2 87.8 96.7 99.3 99.8 100.0 100.0 -

100.0 29.0 50.7 73.2 87.6 96.4 99.2 99.5 100.0 100.0 -

500.0 32.1 56.8 75.9 91.2 96.5 99.7 99.7 100.0 100.0 -

1000.0 - - 39.4 58.9 76.7 90.5 97.5 99.3 99.9 -

Table B.3: The percentage of combined phase MC data sets that had a maximum power 
greater than 12.24, the power necessary to reject the null hypothesis at the 99% CL.

<D-Oo
1“
<

50%

10
Period (day)

Figure B.3: 50% and 90% probability of rejecting the null hypothesis in the combined 
phases. These values have been interpolated from the data in Table B.3.
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