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Abstract

In this thesis, we present an overview of numerical methods and approximations for calculating solar
neutrino fluxes at the Sudbury Neutrino Observatory in three flavours. We find that the daytime flux
is well approximated by a three flavour adiabatic propagation with a two-flavour jump probability.
We also introduce variable step size algorithms for the numerical propagation of neutrinos through
the Sun. A formula for the survival probability of solar neutrinos that have traversed the Earth is
presented in three flavours and the dependence on 6,3 is demonstrated. It is then shown that an
experiment for low energy solar neutrinos would provide the best constraints on 63 and that there
is a theoretical dependence of the day-night asymmetry on 613 but that the effect is too small to
be measured with current experiments. Finally, we show the effect of matter above an underground
detector, such as the Sudbury Neutrino Observatory, on a measurement of the day-night asymmetry

and conclude that the night bin should be longer than is implied in the literature.
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1 INTRODUCTION

1 Introduction

In this thesis, we seek to examine various methods for calculating solar neutrino fluxes in the context
of the Sudbury Neutrino Observatory (SNO) [2]. Throughout the thesis, we will present an overview
of most of the methods and approximations available in the literature for calculating these fluxes
as well as introduce our own, new, methods. We will examine the accuracy of these calculations
with the goal of providing the best tools for calculating solar neutrino fluxes in three flavours, using
neutrino oscillations. There is thus not much need for a distinct literature review, as this process

will be carried out in the body of the thesis.

1.1 Neutrino Oscillations

The possibility that neutrinos oscillate was first suggested by Bruno Pontecorvo in [3], in analogy to
oscillations in the K, — K, system of the quark sector [4], which then implied that neutrinos must
have mass. It was not until 1998 that the SuperKamiokande experiment [5] conclusively showed that
neutrinos oscillate. Neutrino flavour transformations (a strong argument for neutrino oscillations)
were then shown by the Sudbury Neutrino Observatory [6] to be the conclusive solution to the
longstanding solar neutrino problem. There had been an inconsistency dating from Ray Davis’
experiment in 1968 [7] between the measured solar neutrino flux and that predicted by the solar
models.

Neutrino oscillations occur because neutrinos are produced in weak eigenstates that are quantum
admixtures of the eigenstates of the Hamiltonian. The amount of mixing is governed by the mixing
matrix, which can be parametrized in terms of three angles and a complex phase, in exact analogy
to the CKM matrix in the quark sector. The three mixing angles, usually labeled 615, 623 and
013, govern the amplitude of the oscillations. The complex phase allows for the possibility of CP-
violation. Finally, the differences in masses squared between the energy eigenstates determine the
wavelengths of the oscillations. As there are three known flavours of neutrinos, only two of these
mass squared differences are independent, and we have chosen to label them Amsg; = m3 — m? and
Amgz; = m% — m?. Neutrino oscillations are then governed by six different parameters.

The first generation of neutrino oscillation experiments were designed to conclusively demonstrate
the effect, but it has turned out that they have been able to measure the mixing angles to an
acceptable degree of accuracy. In fact 12 and Amso; have been well constrained by solar and
reactor neutrino experiments ([8], [9]), whereas 023 and Ams; have been constrained by atmospheric

neutrinos [10]. The current focus for future experiments will then be to measure the last remaining
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mixing angle #1353 on the one hand, and verify the possible existence of a non-zero complex phase on the
other. The current accepted values are tan?(f12) = 0.45 and Amag; = 8 x 10~%eV? from [8]. We have
used slightly obsolete values throughout the thesis, tan?(f12) = 0.42 and Amsg; = 7 x 10~%eV? from
[6] when we refer to best-fit values. Similarly, one finds Amgz; = 2.8 x 10~3eV? and sin?(f23) = 0.52
from [11] although we have used slightly different values in this thesis, Amsz; = 1 x 1073eV? and
sin?(fa3) = 0.5, as the best fit values.

Neutrino oscillation experiments have thus progressed from showing that oscillations occur to
measuring the parameters involved. The main focus of this thesis is then to examine and provide
theoretical tools to model solar neutrino oscillation accurately so that the mixing angles can be
constrained further with the next generation of experiments. Our work was started by considering
the possibility of measuring 6,3 with solar neutrinos, in particular by using the day-night asymmetry,
and evolved into an overview of numerical methods.

We will thus examine various approximations and numerical procedures for the calculation of
neutrino oscillations. In particular, we will examine the adiabatic approximation [12] and the correc-
tion due to the Jump Probability ([13], [14]), and how it can be applied in a three-flavour framework.
We will also consider the effect that the Earth has on solar neutrinos and the resulting day-night
asymmetry that is expected in solar neutrino experiments. Our work on this subject is close to that
of [15] and [16], and we present an improved formalism for these types of calculations as compared

to [16].

1.2 Outline

We will start by introducing the theoretical framework of neutrino oscillations in section (2.1). The
formalism for treating neutrino oscillations in matter will then be presented and discussed thoroughly
in the two-flavour framework.

Section (2.2) will then provide an overview of neutrino oscillation calculations through arbitrary
media done numerically followed by various approximations presented in the literature. In particular,
the case of adiabatic propagation will be examined thoroughly as well as the extension using the
Jump probability. Section (2.2) will not contain any new material, but we believe that the material
is presented in a way to provide the reader with a good intuition about neutrino oscillations.

In section (2.3) we will take a very detailed look at the propagation of neutrinos in the Sun.
Relevant aspects of the solar model will be introduced followed by an examination of the numerical

propagation of neutrinos in the Sun, and the effect of the different parameters that influence the
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oscillations. We will then present numerical algorithms that we have derived in order to speed
up these numerical calculations while still preserving accuracy. Section (2.3) will then conclude by
examining the various approximations presented in section (2.2) when applied to solar neutrinos and
recommend the most computationally efficient and precise method for propagating solar neutrinos
in three flavours.

Section (2.4) will take a brief look into the propagation of neutrinos in the Earth. The effect of
the Earth’s density will be examined and it will be shown that the Earth can reintroduce coherence
into an incoherent beam of neutrinos.

Our original work is presented in section (2.5), where we examine solar neutrinos that also traverse
the Earth, and hence the day-night asymmetry. We will derive a formula that allows one to calculate
neutrinos fluxes accurately in three flavours as well as significantly decrease the computational load
in this type of calculation. The main aim of this formula is to model the day-night asymmetry in
SNO and look at the dependence on 613.

We will conclude this thesis with two brief sections in which we apply our theoretical findings.
Section (3.1) will consider more precisely the dependence of solar neutrino fluxes on 63 and suggests
two different methods that can be used to measure this mixing angle with solar neutrino experiments.
Section (3.2) will consider the effect of modeling an underground solar neutrino detector compared
to the approximation that the detector is on the Earth’s surface. We will show that the matter above
the detector has a small influence on the neutrino flux that is measured and should be included in
a rigorous calculation.

The bulk of our work consists in an overview of existing numerical methods for the propagation
of solar neutrinos. Throughout the thesis, we present tests of existing methods as well as our own,
new, methods for doing these calculations. In particular, in section (2.3), we introduce new variable
step size algorithms for the propagation through the Sun. The possibility of using a two-flavour jump
probability in the context of the three-flavour adiabatic approximation is also, to our knowledge, a
novel idea. Finally, although the formalism presented in section (2.5) is not new, we are the first to
fully develop the calculation for solar neutrinos traversing the Earth in three flavours.

Section (4) will provide a summary and conclusions of the thesis.



2 THEORY

2 Theory

2.1 Framework

In this section, the formalism that will be used to model neutrino oscillations is presented. Neutrino
oscillations were first proposed in 1957 by Bruno Pontecorvo [3] where he considered the possibility
of neutrino-anti-neutrino mixing, in analogy to the K0 — K system [4]. At the time, this was only
a speculation, but after the initial results from the Ray Davis experiment in 1968 [7], the possibility
of flavour non-conservation and mixing was developed further([17], [18], [19], [20]) for the case of
neutrinos, in an attempt to describe Davis’ results.

From the Standard Model, we know of three different types of neutrinos that couple through the
Weak Charged Current (W) to the electron, the muon and the tau particle, respectively. From the
decay width of the Z, boson, it is likely that the number of low energy leptonic flavours is restricted
to be three [21]. We hence infer the existence of exactly three types of neutrinos, which we label
Vo |*=%#7 | as the three flavours of neutrinos coupling to their corresponding charged leptons. We
model a neutrino as a quantum mechanical state that is, in general, a superposition of the three

flavour eigenstates:

v >= Aclve > +Aulv > +Ac s > (1)

that follows the Schrédinger equation:

d
i—|v(t) >= H|v(t) > (2)
dt
where H is the Hamiltonian. In the most general case, the eigenstates of the Hamiltonian, |v; >;=123,
are not the same as the flavour eigenstates, |Vo >aq=e,u,-. We thus infer the existence of a linear

transformation, U, that relates the two orthonormal bases to each other, and can be expressed in

terms of a 3 x 3 unitary matrix:

Vo >azepur=Ulvi >iz1,2,3 (3)

The evolution of the neutrino can then be expressed in either basis:

V() > = AdDlve > +AuOl > +A Ol >
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= Ai(t)|r1 > +Az(t)|ve > +A3(t)|vz >

(4)

The complex amplitudes A, (¢) (A;(t)) are time-dependent functions that represent the different
flavour (energy) eigenstate contents. The probability that a neutrino created as an electron type
neutrino (A.(t = 0) = 1) and is detected later as an electron-type neutrino is thus given by |A.(t)|?,
and we will call this the ‘Survival Probability’, which we also abbreviate as P... In the next sub-
sections we derive the formula for P,. for neutrinos travelling in vacuum in two and three flavours,

respectively and then we will show the case for neutrinos propagating in matter.

2.1.1 Two-Flavour Vacuum Oscillations

For the present section, we will go through the derivation assuming only two flavours of neutrinos.
This turns out to be a very accurate approximation for considering solar neutrinos, and the SNO
results are indeed analyzed in a two-flavour framework ([22]).

We label the eigenvalues of the Hamiltonian F; and FEs that correspond to the two energy
eigenstates |v1 > and |2 >, which we will also call the vacuum mass eigenstates. In two dimensions,
the most general unitary transformation between the mass and flavour bases can be parametrized
with a rotation through an angle, 6, which we will call the mixing angle. We also note that the most
general transformation matrix can be real, as any complex phase that is allowed would disappear

when a quantum mechanical probability is calculated. We can thus write the transformation as:

|Voz >o¢:e,,u = U|Vz >i:1,2
(5)
|ve > cosf sinf g >
= (6)
v, > —sinf cosd o >

We then write the time-dependent state vector for a neutrino in the form:

|v(z,t) >= Ai(x, t)|v1 > +Az(x, t)|ve > (7)

and impose the mass eigenstates to be one-dimensional plane waves that diagonalize the Hamiltonian:
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Ey O
H =
0 E5
Al(t) = kieipiteil%t (8)

where k; = A;(0) are the initial mass eigenstate contents of the neutrino. We have also taken the
ultra-relativistic limit & — ¢, where the neutrino travels essentially at the speed of light with units

where ¢ = 1 . The neutrino wavefunction is thus completely described by:

lv(t) >= klelplte_lTlth/l > —i—kge”’?te_zTch/g > (9)

One now assumes that both eigenstates were created with the same momentum (p; = ps = p) so
. . E
that one can then factor out the overall, unmeasurable, phase factor ePte=iTt which we will drop
for the rest of the derivation:

2 —

_ ipt ,—i2L¢ —iZ2Ey
[v(t) >=e"P'e (k1|v1 > +e kalva >) (10)

At this point we make a slight deviation from the ultra-relativistic limit and allow for a small
neutrino mass. We thus use the relativistic energy-momentum relation to express the energy in

terms of the neutrino mass.

mQ
E:p,/1+p—2 (11)

We then assume that the neutrino mass is much smaller than its momentum, which is consistent
with the limits on neutrino mass set by Tritium decay experiments [23] (of order a few eV) compared
to the energy of solar neutrinos (a few MeV). This allows us to consider only the first term in a
Taylor expansion, and we obtain:

2

m
E =~ — 12
p+ o (12)

We can now express the difference in energies between the two neutrino mass eigenstates:
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m2 —m? Am
Ey— B, = 22p L _ 2E21 (13)

where we have defined the "mass squared difference” Amsg; = m3 — m? and made the further
approximation that the momentum is equal to the energy (since the masses are so small).

One should note that conservation of energy does not appear to be violated, since the amount
of each mass eigenstate in the neutrino is a constant. That is, if one could measure the probability
of having a |v1 >, | < v1|v(t) > |2, one finds that it is a constant (= |k1|?). Hence if the neutrino
is ”"prepared” in a mix of energy (mass) eigenstates, that mix will stay the same in time. One
often hears confusing statements about neutrinos of different mass changing into each other, which
intuitively violates conservation of energy. One should not really interpret the electron and muon
neutrinos as having mass but rather as eigenstates of flavour.

We can now express the neutrino wavefunction in the mass eigenstate basis as:

W(t) >= kijvy > +e i TR thy|vy > (14)

For a neutrino that started out as an electron type neutrino we then have:

[v(0) > = |v. >=cosf|lv; > +sinflvg >
ki = cosf
ko = sinf (15)

Finally, we use the mixing matrix to express the mass eigenstates in term of the flavour ones and

obtain:

. Am
lv(t) > = cosblvy > +sinfe 75 Huy >

. Am
= cosf(cosf|ve > —sinf|y, >) +sinfe’ 257t (sin 0|v, > + cos Oy, >)

Amoq
Eh

2 .2, _jAmaiy : —i t
= (cos® 8+ sin® fe™"2En *)|v, > + cosfsinf(e" 2 -1y, > (16)

We now have a form where P,. can be easily expressed in terms of the mixing angle and the mass

squared difference:
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Pee = |A8(t)|2
.Am
= |(cos® 0 + sin® Ge =B 1)|?

. . . Amgy Amoq
= cos’@ +sin? O + cos® Osin? G(e " 2ER T 4 e ZER 1)

2Eh
- 1 . 9 Amgl
=1 5 Si (20) (1 cos< S5ET t>) (17)

One can thus see that the electron content of the neutrino oscillates sinusoidally in time, even

1 A
= cos® (1 —sin”6) +sin” 6(1 — cos™ 6) + 5 sin*(26) Cos< mglt)

though the energy (mass) content stays fixed. This process is called neutrino oscillation. It is now
widely accepted that neutrino oscillations occur in nature thus proving that neutrinos have mass.
One should note that oscillation experiments can only measure mass (squared) differences between
the neutrinos and not the actual scale of the masses. We can also see that we have had to introduce
two new parameters into the Standard Model, namely the mixing angle and mass squared difference.

One often expresses the survival probability as a function of distance by assuming that the

neutrino travels at the speed of light, and hence setting x = c¢t. One can thus extract a wavelength

4w Ehc
Amay *

for the oscillations A = In some cases such as the Sun (see, for example, Figure(18)), the
neutrinos are produced over a range of locations and the oscillating term is effectively averaged out.
It is thus worth noting that in these cases, the survival probability is simply a constant, which we

shall call the classical survival probability, given by:

Pe=1- %sing(%) (18)

2.1.2 Three-Flavour Vacuum Oscillations

In this section, the analogous formula for P.. is derived for the case of three flavours of neutrinos
traveling through vacuum. The procedure is the same as in the case of two flavours, however the
algebra is more tedious.

The key difference in three flavours is that the most general unitary matrix (in 3-dimensions)
can be complex. There are several ways of parameterizing this matrix and we will use the same
parametrization as the Cabibbo-Maskawa-Kobayashi (CKM) matrix in the quark sector, which is
defined in terms of three mixing angles and a complex phase. In the lepton sector, the mixing matrix

is usually referred to as the PMNS matrix, in honour of B. Pontecorvo, Z. Maki, M. Nakagawa, and
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S. Sakata ([24]), to distinguish it from the CKM matrix, since the mixing angles are different.

Again, we have:

Vo >azepur=Ulvi >iz12,3 (19)
where:
Uel Ue2 UeB
U = Uul ng UN3
U‘rl UT2 U‘r3
(20)
= Ra3 X R13 X Ry
(21)
1 0 0 C13 0 813671‘6 C12 si2 0
= 0 C23 S923 X 0 1 0 X —s12 c¢12 O
0 —S823 (23 —813€i6 0 C13 0 0 1
(22)
—i8
C12€13 S12€13 S13€
- i i
= —812C23 — C12823513€"  C12C23 — S12523513€" 523C13

i i
512523 — €12C23513€" —C12823 — S12C23513€"°  C23C13
(23)

We have thus introduced three mixing angles ;; with the notation c;; = cos;; and s;; = sin 6;;
that correspond to the three rotation matrices Ri2, Ro3 and R13. The complex phase is denoted §.
One notes that 015 is the mixing angle between the first two mass eigenstates, which is the same
angle that appears in the two-flavour oscillation formula. The two-flavour oscillation model will
thus be recovered when o3 = 613 = 0. In order to shorten the equations we have introduced the

nOtation Ul] = Otj|'(]1::172)3

¢ and we will thus avoid plugging in the actual angle dependence until the

desired formula is obtained. One also notes that, from unitarity, the inverse transformation is given
—1 *
by Uij =U i

For a neutrino that originates as an electron type neutrino, we have:

|l/(0) > = |I/e >= Ue1|l/1 > +Ue2|l/2 > +Ue3|l/3 >

ky = Ua
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ky = Ue

ks = Uss (24)

As before, the time dependence in the mass eigenstate basis is trivial, and we again choose to

. E
§=L

factor out the phase e~ Rt Having factored out the phase from the first eigenstate and expressing

the energies in term of the mass squared differences, we can write the Hamiltonian as:

1
H= ﬁ 0 Amg 0 (25)

0 0 Am31

And the time dependence of the neutrino is thus:

. Am CAm,
|V(t) >= k1|V1 > +e ! 2E%ltk2|l/2 > +e ! 2"‘3'%thl<,'3|l/3 > (26)

where we now have two mass squared differences. Hence the three-flavour neutrino oscillations now
involve six parameters (three mixing angles, a complex phase and two mass squared differences)
compared to only two parameters for the two-flavour oscillations.

In order to derive the formula for P,., we proceed in the same manner as for two flavours, by
re-expressing the mass eigenstates in terms of the flavour ones. To make the formulas shorter, we
also use the Einstein summation convention (summing over repeated indices). In order to use the
convention consistently, we need to index the time dependence; we will use f;(t) = e‘i%t, with
f1(t) = 1. In addition, indices with roman letters will run from 1 to 3 and Greek letters will stand

for e, p and 7.

<
—~
~
~
\Y
Il

fi (t)ki |V¢ >

fi(t)Uei|l/i >

[i®)UeiUjy Ve > (27)

We can now obtain the survival probability (by considering the term where a = e):

P. = |fi)ULULP

10
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|fz |Uez| |

= LA 2
‘|U81|2 + |U52|2671%t + |Ue3|2€7l%t

A
(|Uet|* + [Uea|* + |Ues|*) + 2|Ue1[*|Ue2|? cos <ﬂt)

2FEh
A Amgl + Am31
2 e 2 e, 2 5 2 e e, 2 - arx
b U PIUP?cos ( S ) 4 20 PUiaf cos (S BT
(28)
Plugging in the actual angle dependence, one finds:
1 A2m21
P, = 1- 5013 sin (2912) 1 — cos ST t
1 . AZm
- 3 sin?(2613) (1 — cos < 2Eh31 t))

1 A? A? A2

2512 sin?(2613) <cos< 22;131 t> - cos< m212£h a1 t))
(29)

We note that this formula does not depend on the mixing angle f23 or on the complex phase
0. This means that experiments looking for electron-type neutrinos in a beam of neutrinos that
started in the electron flavour are not sensitive to f23 or the complex phase. If the two mass squared

differences are not equal to each other, one will obtain two superimposed oscillation patterns, with

wavelengths \; = ‘nghf and Ay = ggff If the oscillating terms can be averaged out, then the

three-flavour classical survival probability is given by:

1 1
P.,=1- 50‘113 sin?(261) — 3 sin?(260;3) (30)

The general oscillation formula between a flavour o and (3 is given by:

Pap = | fi(t)UaiUj5/? (31)

and typically depends on all of the angles.

2.1.3 Matter Oscillations

So far, we have only considered oscillations in vacuum. These arise from the fact that the eigenbasis

for the Hamiltonian is different from the flavour eigenbasis. In matter, the neutrinos can interact

11
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through the charged and neutral Weak currents. Intuitively, this changes their (potential) energy,
and hence their Hamiltonian, which will now be diagonal in a new basis, which we will call the
matter mass eigenbasis.

In this section, we present the standard formalism for modeling neutrino propagation through
matter. The idea that matter can influence the propagation of neutrinos was first suggested by
Wolfenstein [25], and then developed by Mikheyev and Smirnov [26], and is called the MSW effect,
in their honour. Because normal matter (such as the sun) is composed of electrons (but not muons
and taus), the electron flavour neutrinos can scatter through the charged current with these electrons.
This is the basic idea that leads to the electron type neutrinos seeing a different potential in normal
matter than the other neutrinos. The neutral current scattering is the same for all flavours of
neutrinos and is thus equivalent to an overall potential term added to the energy, which has the final
effect of adding an unmeasurable phase factor to all neutrino states.

Following the work from ([27], [28]), the interaction part of the Hamiltonian for the charged

current between the electron-type neutrinos and the electrons can be written as a potential energy:

V =V2G;N, (32)

where Gy is Fermi’s constant and N, is the number density of electrons. We can then define an
interaction Hamiltonian, H. 2f , to account for the charged current interaction between electron flavour
neutrinos and electrons. Because the interaction affects only the electron flavour neutrinos, this part

of the Hamiltonian must be expressed in the flavour basis:

A0 0
1
ngﬁooo (33)
0 0 0

where we have introduced the variable 4 = 2v/2G N E for later convenience.
The total Hamiltonian is thus the sum of a vacuum part, H{, and a flavour part, H2f7 both of
which are expressed in different bases. We can hence express the total Hamiltonian in the flavour

basis as:

HI, = UHU'+ H]

12
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Ui Us U 0 0 0 a Un Un
1
= 55| Un Une U 0 Amgy 0 2 Upp Ul
Ui Uz Usrs 0 0 Amzy s Uz Urg
A 0 O
L L
5E 0 0 O
0 0 O

(34)

where we have used the mixing matrix U to perform a similarity transformation to convert the
vacuum Hamiltonian into the flavour basis.

There now exists a new basis, {|V]" >}i=1,2,3, the matter eigenstate basis, where the Hamiltonian
is diagonal. In this new basis the time evolution of the eigenstates is just e‘i%t, where E; are the
eigenvalues of the total Hamiltonian. It is a simple matter of linear algebra to diagonalize the
Hamiltonian to solve for this basis and find the similarity transformation, 7', back to the flavour

basis:

el TV > = El" >

lvp >f—epr = T >iz123 (35)

In the two flavour case, this procedure just results in a new mixing angle, usually referred to as

the matter mixing angle. The total flavour Hamiltonian in two flavours is given by:

1 Amagy — Amag cos(20) + 2A Ameay sin(20)
Hly = 15 (36)
Amay sin(20) Amay + Ama; cos(26)
The eigenvalues are then:
E - L (A + AF AMo)
1,2 = 1E ma1 + 21
AMy = \/A2m21 + A% — 2AAmo; cos(26)
(37)

where we have chosen the second mass eigenstate to be the heaviest. Note that we have defined the

‘matter mass squared difference’, AMs, , as F5 — E7, in analogy to the vacuum case so that the

13
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A Mo,

57> (see equation (13)). By solving for the normalized

phase between energy eigenstates is equal to
eigenvectors, one can then express the similarity transformation 7" in terms of a mixing angle, ,,,

which can be expressed as:

Amgl Sln(29)
20,,) =
tan(26m) Amgy cos(20) — A
. o Amgl sin(29)
sin(26,,) = Ay, (38)

One notes that the mixing angle depends on the density in the medium and can reach 7 when
A = Ameg; cos(26). This point is known as the MSW resonance, where the neutrinos undergo strong
flavour conversion, as the amplitude of the oscillations becomes the largest. In three flavours, one
typically solves only for the eigenvalues and eigenvectors that diagonalize the Hamiltonian, without
deriving the analogous matter mixing angles. One also notes that matter oscillations effectively
change the masses of the Hamiltonian eigenstates and thus result in a new mass squared difference,

AMasq, which now drive the oscillations, with a new matter oscillation length, \,,, = ‘Xr]ﬁff The

MSW resonance then takes place where AMos; is a minimum. In two flavours, the formula for P, in

matter of constant density is simply given by replacing 6 and Ams; by their matter counterparts:

Pop—=1— %sin2(29m)(1 — cos (2;—”’)) (39)

m

14
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2.2 Numerical Methods and Approximations Through Matter

The numerical methods for propagating neutrinos through matter as well as various common approx-
imations are presented and discussed in this section. We first investigate the effects of propagating
neutrinos through matter of varying density. This is of interest in order to better understand the
accuracy of numerical calculations as well as various approximations. We then introduce the flux
calculations for solar neutrinos at SNO.

In order to model the solar neutrino flux at SNO, one needs to understand how media with
different density profiles influence the behavior of P... In a basic numerical calculation, one just
divides the medium into slabs of constant density and successively determines the mass eigenstates
according to equation (35). The numerical calculation thus involves diagonalizing the Hamiltonian
in each slab, which can easily be programmed.

It is also of interest to consider what happens at the boundary between two layers of constant
density to understand better the numerical accuracy of such calculations. In one limit, consistent
with propagation through parts of the sun, the density does not change very much between slabs.
At the other extreme, the boundary between vacuum and the earth has a strong discontinuity in
density. Furthermore, the earth density is also discontinuous at the boundary between different

layers (for example, the mantle-core interface).

2.2.1 Propagation Through Matter

From considering the Hamiltonian in equation (34), one notes that matter effects should become
important when the flavour part of the Hamiltonian is of the same order as the vacuum part, or
when A = 2v/2G tNE ~ %. We shall call this density the critical electron density, NS. Below
this density, the neutrino oscillations are mostly driven by the vacuum mixing angle(s), whereas they
are dominated by the matter oscillations when the density is larger. This can be seen in Figure (1),
where the survival probability is plotted as a function of distance. The left panel shows essentially
vacuum oscillations at a density of N, = 0.01 NS and the right panel shows matter oscillations when
the density is increased to N, = 5N¢. The neutrinos have an energy of 10M eV consistent with solar
neutrinos. For simplicity, Figure (1) is calculated assuming two flavours of neutrinos, so that the
mixing angle can easily be calculated.

The expression given in equation (38) for the mixing angle is singular when A = Amo; cos(26)
and corresponds to a maximum amplitude of the oscillations (when 6,, = 7). This is the MSW

resonance which can be seen when sin®(6,,) is plotted as a function of A, as in Figure (2).

15
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Figure 1: Survival probability below (a) and above (b) the critical density as a function of distance
expressed in units of the Earth’s radius for two flavours of neutrinos. The mixing angle is chosen
as sin?(20) = 0.833, which is consistent with the mixing angle for solar neutrinos ([22]). The mass
squared difference is also taken from experimental data to be Amao; = 7 x 107°¢V2, and the energy
is set to 10MeV. The matter mixing angle in the left panel is given by sin® (260,,) = 0.837, which
is the same as for vacuum oscillations. In the right panel, the matter mixing angle is given by
sin?(26,,) = 0.160 and matter is seen to have a large effect.

One notes that as A — 0, 6,, — 6 (matter oscillations become vacuum oscillations) and that

us
2

when A — oo, 6,, — Z (no oscillations).

In Figure (3), one sees the effects of going through the MSW resonance. The upper left panel
shows A — Amag; cos(26) as a function of distance (in units of the Earth’s radius), and the density
was chosen to be a linear function of distance. The resonance occurs when A — Amgq cos(26) = 0, at
X ~ 0.2, that is, when the resonant density, NI = 1 cos(20)N¢, is reached. The bottom left panel
shows the electron neutrino survival probability and one notes that the center of the oscillations
shifts around the resonance. The upper right panel shows the matter mass eigenvalues (minus
the common term, see equation (37)) and one clearly sees that these are closest in energy at the
resonance. Finally, the bottom right panel of Figure (3) shows the probability of detecting the first
matter mass eigenstate (| < v*|v(t) > |?) as a function of distance, which appears to be roughly
constant.

We see that, throughout the propagation, the neutrino is mostly in the [v]* > state, even though
this state is time dependent. In fact, one easily makes the connection with the adiabatic approxi-
mation (see for example [30]) since the Hamiltonian is time dependent and the neutrino remains in
the same energy eigenstate (of the time-independent Hamiltonian at the beginning of the slab). If

the density profile is such that the propagation is adiabatic, one only needs to calculate the matter

mixing angle at the production and detection points to find the probability for a flavour transition.

16
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Figure 2: This plot is reproduced from [29] and shows how the matter mixing angle exhibits a
resonant behavior as a function of density. The plot shows the amplitude of the matter oscillations
(sin?(26,,)), as a function of A — Amaj cos(26), so that the resonance occurs at zero. At the
resonance, the probability for flavour change is maximized. The mixing parameters were chosen
with sin?(260) = 0.833 and Ama; = 7 x 107°eV2. One notes that when A = 0, the matter mixing
angle is indeed the same as the vacuum mixing angle. Also, at very high density, the matter
oscillations have an amplitude of zero, and the survival probability does not oscillate any more.
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Figure 3: Two flavour calculation. Panel (a) shows the density profile used to calculate the other
panels. One notes that the resonance is crossed around X = 0.2. The density increases linearly
from N, = 0.01NS to N. = 5N, which are the two extreme cases shown in Figure (1). Panel (b)
shows the eigenvalues of the Hamiltonian in (34), and these become closest at the resonance. Panel
(c) shows the survival probability, and one notes that the oscillations have a maximum amplitude
at the resonance. Finally, panel (d) shows the content of the first matter mass eigenstate, and one
notes that it remains roughly constant. The same mixing parameters as in Figure (1) are used.
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At the resonance, the two matter states are closest in energy (see Figure (3 (b)), and it is possible
for the neutrino to jump (tunnel) between states, in a manner exactly analogous to Landau-Zener
level-crossing [31]. This effect depends on the width of the resonance, which in this case is quite
large, and the difference in energy between the eigenstates. The small oscillation in the |v{* >
content thus come from the two mass eigenstates jumping back and forth between each other while
the energy difference between them is a minimum.

In three flavours, the situation is qualitatively different, as there are two possible resonances,
corresponding to the two mass squared differences. In Figure (4) the survival probability is plotted
in three flavours as a function of distance (in units of the Earth’s radius) for a density varying
exponentially from N, = 107!N7 to N, = 103°N?”, with N! given as the two flavour resonant
density from the above discussion. One notes that the average value of the survival probability shifts
two times, once at each resonance. The small oscillations superimposed on the longer wavelength
ones come from Amg;. Figure (5) shows the energy eigenvalues as a function of distance, and
one notes that there are indeed two resonances, that occur when two of the energy eigenvalues
become closest. The energy is set to 10MeV and the mixing parameters are sin?(2615) = 0.833,
Amg; = 7 x 107%eV?, sin®(2613) = 0.1 and Ams; = 1 x 10-3eV2. Again, we note by considering
Figure (6), that the propagation is adiabatic, as the matter mass eigenstate contents do not change
very much over the range of the medium. It seems however that the oscillations in the matter mass
eigenstate contents have a fairly big amplitude compared to the two-flavour case scenario discussed
above. This behavior is again consistent with the eigenstates tunneling into each other when the
difference in energy is minimal between them. The oscillations between |v{* > and |v3* > also have
a larger amplitude because the energy difference is smaller than between |[v5* > and |v§* > at the
corresponding resonance. In addition, the length over which these ‘tunneling’ oscillations take place

is longer because the resonance between |v{"* > and |v§* > is broader.

2.2.2 Adiabatic Propagation

We now consider the case of adiabatic propagation, mostly following the derivations from [29], and
for simplicity, examining the two flavour-case.

We start with the Schrédinger equation in matter for the neutrino in the flavour basis:

d
iaﬁf = H/v! (40)

where 77 is the neutrino state vector in the flavour basis and HY is the Hamiltonian in the flavour
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Figure 4: Three-flavour calculation. Survival probability as a function of distance in a medium
with density increasing exponentially from N, = 10~'N! to N, = 103°N!, such that the two
resonant densities are encountered. The energy is set to 10MeV and the mixing parameters are
sin?(2012) = 0.833, Amg; = 7 x 107%V?, sin*(260;3) = 0.1 and Amz; = 1 x 1073eV?2.
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Figure 5: Three flavour calculation. Matter energy eigenvalues as a function of distance in a medium
with density increasing exponentially from N, = 107'NT to N, = 1035N!, such that the two
resonant densities are encountered. The energy is set to 10MeV and the mixing parameters are
sin?(2012) = 0.833, Amag; = 7 x 107%V?2, sin*(260;13) = 0.1 and Amz; = 1 x 107 3eV2,
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Figure 6: Three-flavour calculation. Matter mass eigenstate content as a function of distance in a
medium with density increasing exponentially from N, = 107*N” to N, = 1035N’, such that two
resonant densities are encountered. The energy is set to 10MeV and the mixing parameters are

sin?(2015) = 0.833, Amag; = 7 x 107%V?2, sin*(260;13) = 0.1 and Amz; = 1 x 107 3eV2,

basis given by equation (36). If we let T be the transformation from the matter basis 7™ to the

flavour basis (#/ = T¥™) we can then write the propagation equation as:

i—v! = TH™T/
dt
iiTl/ = TH™™
dt
ZT£1/ +Z(%T)V = TH™v

(41)

where we have used the fact that Hf = TH™T" and H™ is the diagonalized Hamiltonian with the

eigenvalues given by equation (37). Finally, using the fact that 777 = 1 one can write this in the

form:
d d
iy m _ .t [ 22 —m
zdtV <H T <dtT>> v
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M, O o
= v
0 DM,
o cos(f,) —sin(6,,) —sin(ﬂm)dg—;” cos(&m)dg—;“ o
sin(6,,)  cos(f) —cos(ﬂm)dg—;" —sin(&m)dg—;“
M, —i%m
_ ! | pm (42)

As usual, we can factor out an overall phase (=M;7), by subtracting a term proportional to the

identity matrix from the Hamiltonian and obtain:

—a denz
i dom 0 T | gm
dt j3O0m  AMy
dt 2F
0 i Ama sin(26) dA
2A2 M. dt
_ 21 17m (43)
iAmzl Sil’l(29) ﬁ A Moy
2A2 Moy dt 2K

where we have used equations (37) and (38) in the second line to calculate the derivative. The
propagation is thus adiabatic when the off-diagonal terms are small, hence when the density varies

slowly as a function of time (distance). More precisely, one can compare the scale over which the

mixing angle changes with the wavelength in matter, \,, = ‘ZTAEZC:
do,, 1
— << — 44
dx Am (44)

When this condition is satisfied, the propagation is adiabatic and the survival probability can be
found simply by knowing the mixing angles at the start (say 1) and end of the medium (say 62). If

one averages over the phase, the classical survival probability is then simply given by:

2

Pee - Z Pl/c—>Vi (ol)Pui—we (92)
= cos?(61) cos?(fa) + sin®(6;) sin?(fz)
= % + % cos(264 ) cos(262)

(45)
As we have seen previously, the most likely point for the propagation to be the least adiabatic
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is when the matter mass (energy) eigenvalues are closest, as this allows for a tunneling transition
between those eigenstates. It is then convenient to introduce an adiabatic parameter, v, evaluated

at the resonance, using equation (44) and the fact that A, = %

Amgl sin2 (2912) <L dN€> -t

2SIzl 5 \&Yi2) ave 4
2hcE cos(26012) \ Ne dx (46)

Y=

so that the propagation is adiabatic when v >> 1. This choice follows from others in the literature
([29],[14]) and will be examined in section (2.3).

Figure (7) compares the survival probability from Figure (3) (through a slab with density varying
linearly across the resonance) along with the result calculated using the adiabatic approximation as
well as a numerical phase average (the neutrino content is averaged over the phase at each position).
The curves agree quite well indicating that the propagation is indeed adiabatic, as suspected earlier.
One notes that the adiabatic approximation becomes less accurate after the resonance and misses
some small oscillations in the survival probability. These oscillations (in the phase-averaged curve)

come from the mass eigenstate content oscillating slightly, as will be recalled from Figure (3).
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Figure 7: Comparison of the adiabatic approximation in two flavours with a numerical phase average.
The neutrino traverses a medium of length Rg with a density varying linearly from 0.01NS to 5NE.
The left panel shows the fully numerical survival probability and the right panel is drawn with a
scale that highlights the differences between the adiabatic and the (exact) phase averaged curves.

2.2.3 Deviations from Adiabaticity-Jump Probability

We now examine the case when the propagation deviates slightly from being fully adiabatic, par-
ticularly in the case where the MSW resonance is encountered during the propagation. As stated
before, this case is analogous to Landau-Zener level crossing. In fact, panel (b) of Figure (3) is almost

the same as Figure(2) in [31] where the level crossing problem is considered for colliding molecules.
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The Hamiltonian is also similar to that in [31] and the problem can be solved in a similar fashion.
One would generally approximate the terms varying in space by a linear function which then yields
coupled equations that can be solved exactly. This is the approach first taken by Haxton [32] and
Parke [14] when they considered solar neutrinos and approximated the density as varying linearly
at the resonance. Kuo and Pantaleone have derived the solutions for various other analytical forms
for the density and a summary is provided in [29)].

When the propagation is non-adiabatic at the resonance, there exists a probability, P;, of ‘jump-
ing’ from one mass eigenstate to the other. This can only be found by solving the differential
equations (43) and this is only possible for (some) analytic forms of the electron density. One can
define P; as the probability | < v1(01)[v2(02) > |2 = | < v2(f2)v1(f1) > |? for the eigenstates on
each side of the resonance to have been converted into each other at the resonance, where 0,y is

the mixing angle at the production (detection) point. Equation (45) is then modified such that:

2

Pee = Z Pyc—wi (01)Pyi—>vk (Ng)Pyk—wc (02)
i,k

= cos?(61)(1 — P;) cos?(62) + cos?(61)(P;) sin?(62)
+ sin®(61)(1 — P;) sin®(62) + sin(61)(1 — P;) cos®(62)
1

= 3 + (% — Pj) cos(26,) cos(262)

(47)

where N is the density at the resonance and, by unitarity, (1 — P;) is the probability of one mass
eigenstate remaining in that state through the resonance. In this ‘corrected adiabatic’ approxima-
tion, one then calculates the mixing angles at the starting and ending points as well as a jump
probability at the resonance point. This can speed up numerical calculations substantially since
one doesn’t need to solve the propagation equation numerically at each point, but only in three
locations in the medium. One should also note that this equation breaks down when the neutrino
phase cannot be averaged out, which happens if the neutrinos are produced in a small region or
close to the resonance. Other relevant limits of this calculation are discussed in [33].

If one applies the result from Landau and Zener [31] to a medium with density varying linearly,
as was first suggested by Haxton [32] and Parke [14], one finds that the jump probability is simply

given by:
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PjParke _ e*%’Y(wres) (48)

in exact analogy to the result from Landau and Zener, where z,.s indicates that the the adiabaticity

parameter, v, (defined above) is to be evaluated at the resonance.

2.2.4 Three-Flavour Case

In three flavours, the adiabatic approximation can still apply as well as the ‘corrected adiabatic’ ap-
proximation. In the case of adiabatic propagation, one solves for the mixing matrix at the production
point (say T(M) and detection point (say T(*)) so that the classical electron survival probability can

be written as:

3
ZPVM (TP, ., (T?)

<T
I

1 1 2 1 2
= |1 “|| DR TS PITS P+ T IS

(49)

Figure(8) shows a comparison of the adiabatic approximation with the phase-averaged survival
probability from the case in Figure (4), where the density increased exponentially with distance. We
see that, even in the case where two resonances are crossed, the adiabatic approximation provides an
excellent approximation to the full numerical calculation. In addition, from Figure (6), it appeared
that the propagation was less adiabatic than in the example with the linear density, considered
previously, but the adiabatic approximation is still very accurate. In fact, it only misses small
oscillations in the mass eigenstate content, which are visible in the phase-averaged curve as well as
Figure (6).

In the case of a slight deviation from adiabaticity in three flavours, one can rewrite equation (47)

in the form:

3
Z vewi (TP oy o (N7 (Amig)) Py~ (T®)) (50)
i k
i,k

where the resonant density is now a function of the mass-squared difference that is relevant for the
transition. This modification arises since there can be more than one resonant density corresponding

to the different mass-squared differences. One must then solve the differential equations for the three
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Figure 8: Comparison of the adiabatic approximation in three flavours with a numerical phase
average for the same situation as in Figure (4). The neutrino traverses a medium of length Rg with
a density increasing exponentially from N, = 107! N7 to N, = 1035 N?. The mixing parameters are
the same as in Figure (4)

possible mass eigenstate transitions at the resonances. We will however see in section (2.3) that this
is unnecessary in the case of solar neutrinos, and that an excellent approximation can be achieved

by using only the transition between the first two eigenstates.

2.2.5 Three-Flavour Case - Decoupling

To better understand the three-flavour case, we follow work from [12] and [34] and consider situa-
tions that are well approximated by equivalent two-flavour models. We recall the equation (34) for

propagation in matter for three flavours of neutrinos expressed in the flavour basis:

d -, 1 -

Z%Vf = 5Yo) (R23R13R12HfRI2RI3Rg3 + Hg) vf (51)
where we have expanded the mixing matrix U in terms of the rotation matrices,?;;, that generate it.
One can now introduce a new basis {|vZ >}|i—1,2.3 that is given by the transformation vi=2 vz,

where Z is defined as Z = Ry3R;13. In this new basis, the 6,3 mixing angle disappears !, and the

Hamiltonian, HZ, is given by:

LAs noted earlier (section (2.1)), the electron survival probability will never depend on 623 in the chosen
parametrization of U.
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H? = Z'H'Z = R Ri,H'RosRy3
Acfg + Amgls%Q Amglslgclg 1401381367i[s
1
= 38 Ama1512€12 2y Amay 0

140138136i[s 0 As%?, + Am31

(52)
where 7 is given by:
13 0  si3e”®

Z = —s23813€"  Cog 523C13 (53)

is
—c23513€"  —S23  C23C13

In the case where Amis and A are small compared to Amgp, the three-flavour oscillations
effectively decouple into one single neutrino and a standard two-neutrino oscillation scheme. To

zeroth order in Acyzsise”* the Hamiltonian then becomes:

2AC%3 + Amgl (1 — COS(2912)) Amgl sin(2912) 0
1
HngC = E Am21 sin(2912) Amgl(l + COS(2912)) 0 (54)
0 0 Amsy

which is exactly the same Hamiltonian (in block form) as given by equation (34) in two flavours, if
the substitution A — Ac?, is made. This situation is relevant when the density is such that A never
becomes of order Amg;. One notes that the block part of the Hamiltonian cannot be neglected
as the eigenvalues would become degenerate. There is thus an inherent error of order Acizsiz in
the approximation, which is acceptable, since current bounds on #13 are consistent with zero. The

eigenvalues of this Hamiltonian are then given by:

1
Mlgé = 1B (Amzl +cl AT AM;’{)
1
MSBf = EAmZﬂ
AMS’lf = \/A2m21 + A2¢}, — 2Ac2,Ama; cos(2612)
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and the phase differences acquired between the matter mass eigenstates are thus:

3
b = AM3
! oF
Amg;

¢ = —

(56)

and the third neutrino does not mix with the first two. As usual, we can define a matrix 7' that

diagonalizes H? and relates the matter mass eigenstates ™ to the basis V%, so that vZ = Ty,

T = —sin(6,,) cos(fm) O
0 0 1
Amgl sin(2912)

tan(20,,) =
an( ) Amgl COS(2912) — AC%g

(57)

Finally, one can go from the matter mass basis to the original flavour basis using the relation

-

vl = Mv™, where M is given by M = ZT (and has the same form as U with the replacement

012 — 0,), so the survival probability is then given by (recall equations (28) and (17)):

20
I

¢ $o |2
‘|M€1|2 | Mo |2e %t 4 |M83|2e*172f‘
2

¢ ¢
‘|c%3 cos?(0n) + 25 5in2 (O )e Tt 4 s2ge T

= sh3+cls {cos4(0m) + sin?(0,,) + 2 cos?(6,,) sin?(6,, ) cos <@)]

I
t - t
+  2535¢35 cos?(0,,) cos (%) + 25%5¢35 sin’(0,,) cos (M)
t
~ 84113 + C%3P82€f|A4>AC%3 + 20%38%3 Cos <¢%>
N sipt 04113P826f|A—>AC?3 (58)

where we have assumed ¢o >> ¢ in the second-last line and then dropped the rapidly oscillating
term (cos (%)) P, Acz, is the standard two-flavour survival probability in matter with the
replacement of A with Ac?;. This approximation was first derived in [12] and is often used to correct

the two-flavour formulas for solar neutrinos, as it is believed that 613 is small but might have a slight
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effect at the order of this correction. The validity of this formula will be examined in more detail in
section (2.3). Equation (58) is relevant when the matter potential, A, can become of order Amy;,
which is the MSW resonance. In this case, the adiabatic approximation may also be used in three
flavours with a two-flavour jump probability, since the oscillations to the third mass eigenstate are
decoupled. In summary, equation (58) is appropriate when the neutrino propagates through the
Ameg resonance and Ama; << Amgy with small 613. This will be examined in section (2.3) and is
discussed substantially in the literature, ([34],[35]).

Lim, Ogure and Tsujimoto ([34]) have derived the formula to the next leading order for the same
case as above and showed some improvement in accuracy. The essential feature is in modifying 63
at the production point and adding a small correction, e. These formulas will be compared in section
(2.3) and are discussed substantially in their paper, so we will just present their version without

deriving it:

in?(26,3) A2
Ay = a4
ff €13 AAms,
A(t) sin(2913)
tan(2e(t =
an( 6( )) Am31 — S%zAmgl — A(t) COS(2913)
Pee = si3sin®(013 + €(0)) + cf5 cos® (013 + €(0)) P2 |4 a,
(59)
We note that the expression for € will be singular when:
sin2(2012)Am21 = A(t) COS(2913) — Amgl (60)

corresponding to a large correction to 613, and this formula will break down.

The reduction formulas that have been presented so far are relevant when the neutrino traverses a
matter resonance where the matter potential is of the same order as the first mass-squared difference
or when it sees no resonances. It is natural to consider the case when a resonance with the second
mass squared difference is encountered. In this case, a similar derivation can be done, setting

Z = Rs3. The Hamiltonian then becomes:

HZ(2) —

N
&=
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2 .2 2 —ié 2
$79CT3Amo + s{gAmg + A $12C12C13AMa1 c13s13€ " (Amagy — $5,AMmo1)
2 —i6
812612613Am21 012Am21 —S12C12813€" " Amoy
i& 2 i& 2 .2 2
61381361 (Amgl — 512Am21) —51261281361 Amgl 813812Am21 + 013Am31

(61)

In this case, we still assume Amsg; >> Amsa; and drop the terms of leading order in s12¢12Amay

(since these are negligible compared to A and Amg;) and obtain the Hamiltonian:

Z(2) _ 1
Hdec — 2E X

825023 Amay + s2;Amsz; + A 0 c13513 0 (Amay — s Aman)

12¢13 21 13 31 13913 31 12 21
2

0 leAmgl 0
00 2 2 2 2
c13813€" (Am31 - 812Am21) 0 813812Am21 + cBAmgl

(62)

which once again decouples into one uncoupled neutrino and a set of two-neutrino oscillations with

eigenvalues:

1
M5 = — (Bmay + A+ Amanst + M)

1
M23f = ﬁAmglc%Q

AMglf =

\/E — 2Ama152, (A + Amgy) — 4Amay AsTy 2y + 2Ams1 A(1 — 4c23) + A2mgicdy (35 — 2)
Y= A2m31 + Angl + A?

(63)

The main point is that the equations can be decoupled when the mass-squared differences are
well separated and only one of the resonances is encountered. If both resonances are traversed by the
neutrino, these formulas can still be applied, provided that the neutrino can propagate adiabatically
between them. In this case, one can use each Hamiltonian at the relevant resonance. The subject

of passing through both resonances is well discussed in [34] and [29)].

30



2.2 Numerical Methods and Approximations Through Matter 2 THEORY

2.2.6 Boundary Between Layers

We now consider what happens at the boundary between two slabs of (different) constant densities.
The left panel of Figure (9) shows the survival probability through a medium whose density changes
in the middle (at X = 0.5) from N, = 0.01N¢ to N, = 5N¢. The right panel show the corresponding
|7 > content. The length of each slab is 0.325Rg, where Rg, is the radius of the Earth. One notes
that the neutrino is mostly in the |7 > eigenstate before the interface (at X = 0.5) and mostly
in the |Vi* > state after the density change. The propagation between the slabs is thus strongly
non-adiabatic. In the first slab, the oscillations are essentially vacuum oscillations and 6, < 7 so
a pure electron neutrino is mostly in the first mass eigenstate. In the second slab, 6,, > 7 and the
neutrino is mostly in the second mass eigenstate, because, at the interface, the neutrino is mostly in
the electron flavour eigenstate (this comes from the specific lengths of the slabs that were chosen).
Although the parameters are the same as in Figure (1), one immediately notes that the oscillations
in the second slab have a different amplitude than in Figure (1b), and that this amplitude is not
simply given by sin?(26,,). This arises from the fact that the oscillation formula in the second slab
is not given by equation (39). The reason for this is simply that in the second slab, the neutrino
does not start as a pure flavour eigenstate. If the neutrino arrives in the second slab with a mix of

flavour eigenstates given by:

0.9 09F
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0.3F 03 _ =
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0.1 0.1
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0.2 04 06 0.8 1 0.2 0.4 06 0.8 1
0.65R® 065R®

(a) (b)

Figure 9: Probabilities as a function of distance, over a range of 0.65Rg, through two slabs of
constant density, Ne = 0.01NS and N, = 5N¢. Panel (a) shows the survival probability and panel
(b) the first matter mass eigenstate content. The same parameters as those of Figure (1) were used.
One notes that the amplitude of the oscillations in the survival probability in the second slab is no
longer given by sin?(26,,) = 0.160, since the neutrino is not in a pure electron flavour state at the
beginning of the second slab. The transition between the two slabs is strongly non-adiabatic, as can
be seen in panel (b) where the neutrino is mostly in the |v]* > state in the first slab and mostly
|v3* > in the second slab.
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[v(0) >= Aclve > +A,|v, > (64)
then equation (15) is modified to:
ET" = Accosl,, — A,sinby,
k3t = Acsin®,, + A, cosb,, (65)

and the probability of detecting an electron type neutrino, P,, then becomes:

A2 A2
P.(t) = |Ac(cos?b,, + sin? 9,,L<2*1A2IEWH21 ")+ A, cos b, sin 9,,1(671%}1:\‘4&21 t1)”?

1 AZM. A2
x5 sin?(26,,) cos ( 2Eh21 t) + 2cos®6,, sin Gm%(AeAze—lAzﬁm )

. 2
+ 2cosb,, sin® Gm%(A:A#eﬂ%t)

(66)

where R denotes the real part of an expression and only the oscillating terms are shown. Clearly, the
amplitude of the oscillations also depends on the initial flavour content. This is the reason the slabs
in Figure (9) were chosen to each have a length of 0.325Rg;, since it resulted in the neutrino entering
the second slab as mostly |v. >. In Figure (10), the slabs are slightly longer (0.425Rg) so that the
neutrino exits the first slab as mostly |v, > and one notes that in the right panel, the neutrino stays
mostly in the |v]" > state. In this case, we see that the energy eigenstate content changes less and
conclude that the phase of the neutrinos at the boundary is important, since varying the length of
a slab of constant density is equivalent to changing the phase that was acquired through the slab.
When it comes to the numerical accuracy of crossing the boundary, one can easily guarantee a
smooth behavior in the evolution of the flavour content. In order to do this, one writes a computer
program that tracks the flavour content. At the beginning of the slab, the matter mass eigenstate
content can be calculated from the matter mixing angle and the initial flavour content. The neutrino
can then be propagated through the slab, according to equation (14), and the flavour content can
then be updated. Hence, if one imposes the boundary condition that the flavour content is continuous
at the interface between slabs, a smooth survival probability is automatically achieved, even in the

case of a strongly non-adiabatic density change. The only numerical issue is then to make sure that
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Figure 10: Probabilities as a function of distance, over a range of 0.85Rg, through two slabs of
constant density, N. = 0.01N¢ and N, = 5N¢. Panel (a) shows the survival probability and panel
(b) the first matter mass eigenstate content. The same parameters as those of Figure (9) were used.

the oscillation length does not change very much across the length of the slabs.

2.2.7 The Effect of the Phase on Propagation Across Boundaries

We now briefly consider an interesting effect arising from the neutrino phase when crossing a bound-
ary between two different electron densities. As was noted from Figures (9) and (10), the phase
has an effect on the propagation through a boundary. We examine this further by considering a
neutrino propagated through vacuum, then through the same medium as in Figure (10) and then
vacuum again. That is, the density goes from 0 to 0.01NS then 5N and finally back to 0. The
survival probability is plotted for such a situation in Figure (11) where the two vacuum parts are
each one Earth radius in length and the non-zero density part is also one Earth radius in length
with a density change at X = 0. The mixing parameters are set to Amsy; = 2 x 107%eV? and
tan?(f) = 0.42 with an energy of 10MeV. The left panel shows the survival probability and the
right panel shows the first matter-mass eigenstate content. The first slab of non-zero density does
not affect the propagation very much, as we have seen earlier that when N. = 0.01N¢, the neutrino
is essentially in the vacuum regime.

The calculation was done by starting the neutrino in the electron flavour state and solving for

the mass eigenstate contents k1 and ks:

|v(0) >= |ve >= ki|v1 > +ka|ve > (67)

The neutrino is then initialized to have mass eigenstate contents k1 and ko, which is the same as
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Figure 11: Probabilities as a function of distance (in units of the Earth radius), through vacuum
then two different slabs of constant density and finally through vacuum again. Panel (a) shows the
survival probability and panel (b) the first mass eigenstate content. The mixing parameters are
Amg; =2 x 107%eV? and tan?(#) = 0.42 with an energy of 10MeV. The neutrino starts in vacuum
in the electron flavour according to equation (67). The propagation is physically analogous to that
of a coherent beam of neutrinos.

having a beam of coherent (electron flavour) neutrinos, and then propagating it through the medium.

We now consider the probability of detecting an electron neutrino that started in the state
defined by equation (67), but shifted by half a wavelength, hence, with the replacement ky — koe'™.
When one looks at the probability of detecting an electron type neutrino, Figure (12a), one is not
surprised to see that the oscillations in the vacuum part before the medium are now out of phase
when compared to Figure (11). One does however note that the oscillations in the medium are not
exactly out of phase. Introducing this phase shift is analogous to the change in length we imposed
on the medium in going from Figure (9) to Figure (10).

The interesting aspect of this calculation arises when one averages over the phase (¢) of the
initial mass content, ky — koe’® . This is physically equivalent to considering a beam of incoherent
neutrinos. Figure (13) shows the probability of detecting an electron neutrino and the first mass
eigenstate content in such a situation. We see that in the vacuum part before the medium, the
probability of detecting an electron neutrino is now constant (as expected), however, the medium
reintroduces coherence and the neutrino beam becomes coherent after leaving the medium. This
situation happens in Nature when solar neutrinos, which are incoherent (as they originated in differ-
ent parts of the Sun), traverse the Earth and oscillate coherently in vacuum once they have left the
Earth. The explanation lies in the fact that as the beam enters the medium, there is now a common
point in space (time) for all the neutrinos. At this point, one of the mass eigenstates (Jv2 > in the

above example) gets created coherently for all the neutrinos. This surprising result will be examined
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Figure 12: Probabilities as a function of distance (in units of the Earth radius), through vacuum
then two different slabs of constant density and finally through vacuum again. Panel (a) shows the
survival probability and panel (b) the first mass eigenstate content. The mixing parameters are
Amg; =2 x 107%eV? and tan?(#) = 0.42 with an energy of 10MeV. The neutrino starts in vacuum
as an electron neutrino that has traveled half of a wavelength in vacuum, that is, in the state defined
by equation (67) with ks — koe'™. The propagation is physically analogous to that of a coherent
beam of neutrinos, out of phase compared to Figure (11).

when neutrinos traversing the Earth are considered. It is also interesting to note that the part of
the medium with Ne = 0.01N¢ actually does have an effect on the neutrino propagation, and one
can clearly see that this is where the coherent regeneration begins. We first used this density to
show that below the critical density, the matter oscillation regime is almost the same as in vacuum.
We now see that this has to be a qualified statement, and a small density is not the same as a zero

density, as it can reintroduce coherence.

2.2.8 Flux at SNO

We now briefly consider the steps needed in order to calculate the flux of solar electron flavour
neutrinos at the SNO detector. If one considers a distributed source of neutrinos (which is the case
for the ® B neutrinos that SNO sees), one must integrate the flux over the source distribution, ¢(7).
In the case of solar neutrinos, an azimuthally symmetric distribution can be assumed so that the

total flux, ®, can be written as:

T rRe
B(z) o /O /O Poc(dsno(Fo, L)) ¢(ro)r? sin(6s) dro dfe (68)

where 7 is the point in the Sun where the neutrino was produced and dgyo is the distance from
that position to the SNO detector, which depends on the earth-sun distance L. Since the oscillation

lengths relevant in the Sun are smaller than the solar radius, one must also integrate over the polar
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Figure 13: Probabilities as a function of distance (in units of the Earth radius), through vacuum,
then two different slabs of constant density and finally through vacuum again. Panel (a) shows
the survival probability and panel (b) the first mass eigenstate content. The mixing parameters
are Amao; = 2 x 107%eV? and tan?(f) = 0.42 with an energy of 10MeV. The neutrino starts in
vacuum as an incoherent superposition of neutrinos that originated at different locations (spread
over one wavelength) in the electron flavour. The calculation was done using equation (67) with the
substitution ks — koe " and the result was then averaged over ¢.

angle, 0 of the initial position (to model neutrinos from the far side of the sun, see Figure (14).
We are interested in yearly averages at SNO, so we must also integrate the flux over the earth-sun

distance:

1AU(14€) pm prRo
®(z) o / / / P..(dsno(7o, L)) ¢(ro)ra sin(0s) dro df dL (69)
1AU(1—¢) Jo Jo

where 1AU is 1 astronomical unit and € is the Earth’s orbit’s eccentricity. We have made the
assumption that the distribution of earth-sun distances is constant. This is motivated by the fact
that the neutrino oscillation wavelength in vacuum is smaller than this variation for the best-fit
mixing parameters. This assumption then allows one to change the average over earth-sun distances
into a simple average over one wavelength in vacuum. In effect, the mass eigenstates in the neutrino
beam then become incoherent (phase-averaged). Finally, in doing a yearly averaged flux, one must
also average over the trajectories through the Earth, which can be labeled by the Nadir angle 7, (see
Figure (14)), which is just 7 minus the zenith angle of the sun. It is reasonably straightforward to
calculate the theoretical distribution, ((n), of these trajectories over a year for a particular location
by using simple geometry and the parameters describing the Earth’s orbit. One typically refers to
this distribution as the zenith angle exposure function. For example, SNO has its own experimental
zenith angle exposure function, which is essentially just a histogram of the live-time of the detector

at each zenith angle of the sun. The total yearly flux is then obtained through the following 4-
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dSNO

L

Figure 14: Diagram showing a possible trajectory for a neutrino. All the neutrinos are assumed
to follow parallel trajectories and originate from the upper half of the Sun. The neutrino starting
position is labeled by the polar angle 6 and it’s starting radius r,. In the Earth part, the trajectory
is labeled by the Nadir angle 1, which is 7 minus the zenith angle a.. Spherical symmetry is assumed
in the Earth so that the Earth trajectories only depend on the Nadir angle. The general case of an
underground detector is shown. One notes that for a surface detector, one can define a day (night)

trajectory depending on whether the Nadir angle is bigger (smaller) than 7.

dimensional integral:

™ 1AU(14€) pm prRo
d(x) x / C(n)/ / / Pee(dsno(ro, 00, L,n)) qb(ro)rg sin(fg) sin(n) dro dfo dL dn
0 1AU(1—¢) Jo Jo

(70)

In a numerical calculation, this involves calculating P..(dsyo) many times, since it is different
for each parameter over which the flux is integrated. A basic program will then have four nested
loops in order to calculate an average flux, which we have noted to be a very CPU-intensive task.
One is then motivated to find ways to speed up such calculations, which is the main theoretical focus

of this thesis.
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2.3 Neutrino Propagation in the Sun

In this section we examine the propagation of neutrinos through the Sun. We will start by briefly
introducing the relevant parts of the standard solar model that treat B neutrinos whose energy is
in the range that the SNO detector can see. We will then give an overview of numerical propagation
in the Sun, and show the influences of this medium on the survival probability. We will also examine
numerically the dependence on the mixing parameters. Various algorithms for numerical propagation
through the Sun will then be presented. Finally, the approximations presented in section (2.2) will
be examined in the context of propagation through the Sun and we will conclude by recommending
the most computationally efficient and numerically accurate methods for the calculation of solar

neutrino fluxes in three flavours.

2.3.1 The Solar Model

Much work has been done in trying to model the Sun, and we will limit the discussion to aspects
relevant to 8B neutrinos. Most of the leading research on solar physics has been carried out by the
late John Bahcall and his collaborators who have been publishing up-to date solar models roughly
every two years since 1998 ([36], [37]). The work in this thesis has mostly been carried out using
the 2000 Bahcall-Pinsonneault solar model [36], which will be referred to as the BP2000 model.
We will not go into the details of solar physics and simply state that the hydrodynamic stability
of the Sun results from the balance between its self-gravity and the outward pressure of the nuclear
fusion reactions that take place in the interior. The nuclear reactions produce neutrinos, and some
produce intermediate states that S-decay and produce additional neutrinos. For example, the 3B

neutrinos are produced through the following branch of reactions in the p-p chain:

H+H — ?H+4+eT 4,
H+H — 3He+~
SHe+3He — H+ H+*He

‘He4+3He — "Be+~

"Be+H — B%B+y

8B — ®Be*+et 41, (71)
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Figure (15) shows the energy spectra of all the neutrinos produced in the Sun and is taken from
the 2005 solar model [37]. One notes that 8B neutrinos are responsible for most of the flux that
SNO sees, since the detector is sensitive to energies between approximately 4MeV and 15MeV (for
the Charged-Current reaction). One also notes that the uncertainty on the number of B neutrinos

is 16%, which is bigger than the uncertainty on the flux as measured by SNO [8].
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Figure 15: Solar neutrino fluxes with uncertainties as a function of energy at 1AU, taken from [37].
Above 2M eV, the flux is dominated by ® B neutrinos.

The 8B neutrino production region is required in order to calculate the flux of electron-flavour
neutrinos using equation (70) and is shown in Figure (16) where the fraction of B neutrinos produced
at each radius (¢(r)r? dr) as a function solar radius is plotted. One notes that the source of these
neutrinos is reasonably well localized.

The final piece of data required from solar physics in order to calculate neutrino fluxes is the
density profile of the Sun. This is shown in Figure (17) where the logarithm (base 10) of the electron
density is plotted as a function of solar radius. One notes that the density decreases exponentially

throughout most of the Sun.
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Figure 16: Fraction of ® B neutrinos produced at each solar radius, from [36]. The distribution of
8B is actually peaked at the center of the Sun, but most neutrinos come from a little further out,
simply due to the volume of the shells at the center being essentially zero. This is why the fraction
of neutrinos produced, ¢(r)r? dr, is plotted instead of the 8B distribution, ¢(r).
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Figure 17: Logarithm (base 10) of the electron density (in em™3) in the Sun as a function of solar
radius, from [36]. The density decreases exponentially from the center, except close to the outer

edge.
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2.3.2 Numerical Survival Probabilities: Overview with Mixing Parameters Consistent

with Experimental Data (Two Flavours)

In the following sections, we examine the dependence of the survival probability through the Sun
on the mixing parameters in a two-flavour scheme. We will assume that neutrinos are produced in
the center and consider how the solar medium affects the neutrino flavour content. We will start
by considering the case where the mixing parameters are consistent with experimental data, then
consider the more general case, for completeness.

In Figure (18), the survival probability through the Sun is plotted in two flavours for a neutrino
that started at the center with an energy of 10MeV and mixing parameters set to Amg; = 7 X
107%eV? and tan?(f12) = 0.42. Figure (19) shows the same plot for a neutrino with an energy of
5MeV and the same mixing parameters. One notes that the oscillation wavelength is much smaller
than the radius of the Sun as well as the size of the region where 8 B neutrinos are produced in either
case. In Figure (20) the matter-mass squared difference is plotted as a function of radius for 5MeV
and 10M eV energy neutrinos, and one notes that the solar density is such that the MSW resonance
occurs (when the mass squared difference is a minimum). One also notes that the resonance is
reached at lower radii for lower energies and that the matter mass-squared difference reaches its
vacuum value about half-way through the Sun. That is, matter effects (at these energies and mixing
parameters) become negligible at a radius, R, bigger than 0.5Rs. The resonances are seen more
clearly in Figure (21) where the matter mixing angle is plotted as a function of distance.

Figure (22) shows the second matter mass eigenstate content, which is almost constant, indicating
an adiabatic propagation. The neutrino thus starts off in mostly the |vJ* > eigenstate and remains
that way throughout the Sun, indicating that the adiabatic approximation is well suited for solar
neutrinos at these energies and mixing parameters.

Finally, Figure (23) shows the survival probability as a function of energy for the mixing param-
eters Amg; = 7 x 107°eV? and tan?(612) = 0.42, integrated (numerically) over the Sun according to
equation (68), using the B distribution from Figure (16). This is the spectral distortion expected
for 8B neutrinos and will be referred to as the ‘LMA plot’ (Large Mixing Angle). The transition
from vacuum oscillations at low energy to matter oscillations at higher energies is clearly visible.
At low energies, one indeed notes that Pe ~ 1 — 3 sin*(2612) = 0.58 (for tan?(6;2) = 0.42) (recall

equation (18)).
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Figure 18: Survival probability in two flavours through the Sun for a 10M eV neutrino with Amg; =
7 x 107%eV? and tan?(f12) = 0.42. One notes the oscillation length is very small compared to the
region where ® B neutrinos are produced (see Figure(16)).
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Figure 19: Survival probability in two flavours through the Sun for a 5MeV neutrino with Amag; =
7x107°eV? and tan?(f12) = 0.42. The oscillation amplitude is larger than at higher energies, Figure

(18).
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Figure 20: Matter mass-squared difference as a function of distance through the Sun for neutrino
energies of 5MeV and 10MeV with mixing parameters Ama; = 7 x 10~°eV? and tan?(f12) = 0.42.
The MSW resonance occurs at the local minima.
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Figure 21: Matter mixing angle as a function of distance through the Sun for neutrino energies of
5MeV and 10MeV with mixing parameters Amsg; = 7 x 107°eV? and tan?(6;2) = 0.42. The MSW

resonance occurs at the local maxima.
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Figure 22: Second matter-mass eigenstate content as a function of distance through the Sun
for neutrino energies of 5MeV and 10MeV with mixing parameters Amsy; = 7 x 107°eV? and
tan?(012) = 0.42. The propagation is very close to being adiabatic as the mass eigenstate content
does not change very much.
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Figure 23: Solar neutrino LMA energy spectral distortion calculated numerically with two flavours,
averaged over ® B production region (r and #) and Earth-Sun distance in vacuum. Mixing parameters
are set to their experimental values, tan? (012) = 0.42 and Amg; =7 X 10~ %eV2.
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2.3.3 Numerical Survival Probabilities: Dependence on Mixing Parameters (Two

Flavours)

The calculations through the Sun so fa were focused on the mixing parameters consistent with current
experimental limits. The behavior can change dramatically depending on the mixing angle and mass-
squared difference and we will only briefly examine these changes in this section, as the main focus
is to perfect three-flavour calculations within the current range of experimental parameters.

We will note the amazing consequence of the MSW solution, as it allows large flavour changing
oscillations even with a very small mixing angle. Before the measurement of mixing parameters
by experiments such as SNO, it was assumed that the mixing between flavour generations would
be small, in analogy to the already known mixing matrix elements in the quark sector. When
neutrino oscillations were first proposed, it thus seemed unlikely that they would cause the factor of
three depletion in the solar flux that was measured. However, Mikheyev, Smirnov and Wolfenstein
([25], [26]) proposed the matter-enhanced oscillations that could cause large flavour conversion even
with very small mixing angles. This is illustrated in Figure (24) where the survival probability is
plotted as a function of distance through the Sun for 10MeV neutrinos created in the center with
Amg; = 7 x 107%eV? and sin?(2615) = 0.039. If only vacuum oscillations take place, one would
expect a classical survival probability of the order P, ~ 1 —% % 0.039 = 0.98, however, it is clear that
after going through the MSW resonance, the electron neutrinos become almost entirely converted
into muon type neutrinos.

Since the oscillation lengths in the Sun are small, it is more convenient to look at the phase
averaged survival probabilities to make comparisons for different values of the mixing angle. That
is, at each point in the propagation, the electron flavour content is calculated by averaging over
the phase between mass eigenstate contents. This is done in Figure (25) where P is plotted as a
function of distance through the Sun for 10MeV neutrinos with Amsy; = 7 x 10~%eV?2 and various
mixing angles. We have chosen to label the curves with tan?(f;5) since sin®(26;5) is degenerate for
2 > 7. One notes that the survival probability is close to one for (very) large mixing angles.

We now consider the influence of the vacuum mass-squared difference. One should recall that as
the mass-squared difference becomes smaller, the resonant density also becomes smaller and moves to
a higher radius in the Sun. Inversely, as the mass-squared is increased, a point will be reached where
the resonance does not occur in the Sun (as is the case with Amg;). This is illustrated in Figure
(26) where the survival probability as a function of distance in the Sun is plotted for different values

of the mass squared difference for 10MeV neutrinos with tan?(f12) = 0.42. For the resonance to
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Figure 24: Survival probability through the Sun for a very small vacuum mixing angle for a 10MeV
neutrino with Amg; = 7 x 107%¢V? and sin®(2615) = 0.039. The important effect of the MSW
resonance is illustrated.
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Figure 25: Phase-averaged survival probability through the Sun for 10M eV neutrinos with Amao; =

7 x 107°eV?2 and different values of the mixing angle.
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occur at the center of the Sun, a mass-squared difference of Ama; ~ 3.8 x 10~ 4eV? is required (with
the given mixing angle). One notes from Figure (26) that for the curve with Amag; = 7 x 10~ %eV?2,

matter has a small effect and the phase-averaged probability is almost equal to that in vacuum.
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Figure 26: Phase-averaged survival probability through the Sun for 10MeV neutrinos with
sin?(2015) = 0.833 and different values of the mass-squared difference. The mass-squared differ-
ences are chosen so that the MSW resonance occurs throughout the Sun.

The resonant radius is plotted as a function of 6;2 and Agzl in Figure (27). The current
experimental value is approximately marked by a star for an energy of 10MeV. One should recall

that there is no resonant radius if 615 > since the resonance is given by Amag cos(2612) = A

)
and would then occur at a negative value of A. As Ama; becomes large, the solar density is never
large enough to have a resonance. However, since the solar density decreases exponentially, there is
always a point on the edge where the density is small enough to produce a resonance for very low
values of Amoy.

Finally, Figure (28) shows the phased-average probability for neutrinos that started in the center
of the Sun as a function of 615 and %, and the features discussed earlier are visible over the

entire range of mixing parameters. We will adopt this type of contour plot throughout most of the

following sections, as it conveniently shows the dependence on both mixing parameters.
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Figure 27: Contour plot of the location of the MSW resonance (in units of the solar radius) as
a function of log;(sin?(#;2)) and log;lo(mg21 ). The point marked with a star is for Amg; = 7 X
10~%eV? and tan?(26012) = 0.42 at an energy of 10MeV.
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Figure 28: Contour plot of the phase-averaged P, for neutrinos originating in the center of the Sun
as a function of log,o(sin®(612)) and log,(£22t). The point marked with a star is for Ama; =
7 x 107%eV? and tan?(26012) = 0.42 at an energy of 10MeV.
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2.3.4 Numerical Survival Probabilities: Dependence on Mixing Parameters (Three

Flavours)

We proceed in a similar fashion as the previous section to examine the dependence of the survival
probability on the mixing parameters with three flavours of neutrinos. That is, we will focus on
phase-averaged survival probabilities for neutrinos that started in the center of the Sun. We will fix
the two-flavour mixing parameters to their best-fit experimental values (Amgy; = 7 x 107°eV? and
tan?(26012) = 0.42) throughout this section, unless stated otherwise.

Figure (29) shows the phased average survival probability as a function of distance through
the Sun for different values of 613 compared to the two-flavour solution (613 = 0) at an energy of
10MeV. The second mass-squared difference is set to Ams; = 1 x 1073eV2, consistent with results
from atmospheric neutrinos ([10]) and long-baseline experiments ([38]). One notes that as the mixing
angle is increased, P,. decreases, since there is now another flavour to oscillate into; as the mixing

angle increases, so does the possibility of mixing with the extra flavour.
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Figure 29: Phase-averaged survival probability as a function of distance through the Sun for different
values of sin2(2913) at an energy of 10MeV and Ams; =1 x 107 3eV?2.

We now consider the dependence on the second mass-squared difference. To illustrate this, we
have chosen the usual two-flavour mixing parameters (Amo; = 7 x 107°eV? and tan?(26,2) = 0.42)
as well as sin2(2913) = 0.4, which is unrealistically large but increases the effect of Amg;. The

results are shown in Figure (30) where one notices that as the mass-squared difference increases past

49



2.3 Neutrino Propagation in the Sun 2 THEORY

1 x 1072eV2, it ceases to have a perceptible effect. Also, Amg; does not have a large influence on

P.. when it is varied about its experimental value.
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Figure 30: Phase-averaged survival probability as a function of distance through the Sun for different
values of Amg; at an energy of 10MeV with sin2(2913) = 0.4. The curves for Amsg; = 1 x 107212
and Ams; =1 x 10~ teV? overlap.

Figure (31) shows the influence of 615 on the phase-averaged survival probability when it is
varied along with Amag; for tan?(f12) = 0.42. The general effect of increasing 03 is to decrease
the survival probability, as observed above. We note that this is more pronounced at lower values
of Amg;. Figure (32a) shows the contours in P.. over the 612-Ams; plane when sin2(2913) = 0.5.
These contours are to be compared with Figure (28), and we see that the shape does not change very
much, but that, as anticipated earlier, P.. decreases by the same amount over most of the plane.
Figure (32b) shows the difference between Figures (28) and (32a), and we note that adding 63 does

not change the survival probability very much in the range of the experimental parameters.

2.3.5 Numerical Algorithms for Propagation through the Sun

In this section, we examine numerical methods for propagating neutrinos through the Sun. The
aim is to determine the fastest algorithms based on physical arguments that can be employed in
numerical calculations. The most rudimentary approach for propagating a neutrino through the Sun
is to divide each path that the neutrino takes into IV steps and propagate through the Sun using

brute force. One must determine the value of IV through trial and error until the results converge
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Figure 31: Contour plot of the phase averaged P, for neutrinos originating in the center of the Sun
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Figure 32: Contour plot of the phase-averaged P.. with sin?(2613) = 0.5 (left) and difference

with P.. when sin2(2913) = 0.5 for neutrinos originating in the center of the Sun as a function
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to the same value as when N is (almost) infinite. The number of steps to achieve convergence also
depends on the mixing parameters and energy of the neutrino and one would have to set a very big
value for N based on the least convergent situation, when this would be over calculating in other

situations. Such an algorithm would look like:

BRUTE_FORCE()
{
RADIUS =0
STEPSIZE = SUNEADIUS
FORI =1TON
RADIUS = RADIUS + STEPSIZE
SET_NEUTRINOPOSITION(RADIUS)
STEP_.NEUTRINO(STEPSIZE)
END FOR
}
where we have assumed the neutrino started at the center of the Sun. STEP_.NEUTRINO() is a
function that would calculate and diagonalize the Hamiltonian based on the neutrino position in the
Sun and then evolve the mass eigenstate contents through a length STEPSIZFE assuming a constant

density for that length of slab, and finally update the flavour content:

STEP.NEUTRINO(STEPSIZE)
{
ELECTRON_DENSITY = GET_SOLARDENSITY (NEUTRINOPOSITION)
SET_HAMILTONIAN(MIXING_ANGLES, ELECTRON_DENSITY)
SET_MASSCONTENT(MIXING_MATRIX, FLAVOURCONTENT)
DIAGONALIZE(HAMILTONIAN)
FORI =1TO NFLAVOURS

PHASE[I] = EIGENV ALUE|I] « STEPSIZE

MASSCONTENTI(I] = MASSCONTENT|I| « EX P(PHASE[I))
END FOR
SET_FLAVOURCONTENT(MIXING_MATRIX, MASSCONTENT)
}

where we first calculate the mass eigenstate content based on the flavour content from the last
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step (this guarantees a continuous flavour content through strongly non-adiabatic interfaces), then
diagonalize the Hamiltonian to update the mixing matrix and energy eigenvalues.

However, from considering the solar (electron) density as a function of radius (see Figure (17))
as well as the fact that the propagation is mostly adiabatic (see Figure (22)), it is noted that a
variable step size algorithm can be attempted. The aim is to take more steps where the flavour
content changes the most, which is, in essence, a similar concept to using the jump probabilities,
since this will happen at the MSW resonance. In this work, two such algorithms were created, and
it was found that a combination of the two was actually the most efficient.

The first algorithm chooses the step size for the next step so that the density changes by a
constant amount. Because the density decreases exponentially, the step size increases exponentially
as the neutrino is further from the center of the Sun. The idea behind this algorithm is that more

steps should be taken where the density changes most. We shall call this the LOGSTEP algorithm:

LOGSTEP()
{
RADIUS =0

STEPSIZE = SUNEADIUS
DENSITYCHANGE = 0.01 x GET_SOLARDEN SITY (0)
DO
RADIUS = RADIUS + STEPSIZE
SET_NEUTRINOPOSITION(RADIUS)

STEP_NEUTRINO(STEPSIZE)

STEPSIZE = FACTOR « RENSHYCHANGE
WHILE RADIUS < SUNRADIUS
}
where FACTOR is just some numerical factor to convert a fractional change in density to a radial
distance in appropriate units. In the above example, the density is required to change by 1% of the
density at the center and the first step is carried out with the same step size as the BRUTE_FORCE()
algorithm. The algorithm also assumes that the electron density was set by STEP_NEUTRINO()
and will thus be different at each iteration. This algorithm does not need to be tuned for numerical
accuracy once one has determined a suitable percent change in the electron density.

Figure (33) shows the step size as a function of solar radius as calculated by an algorithm similar

to LOGSTEP. One notes that the step size increases exponentially with radius. At about R = 0.8R¢
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the step size appears to become smaller again; this is simply because the algorithm prevents the step
size from overshooting the edge of the Sun. The step size is logically independent of the neutrino
energy and mixing parameters. Figure (34) shows a histogram of the number of steps carried out
at each radius and one notes that only 1 step is taken after the step size starts to become smaller.

This algorithm is thus very efficient at higher radii.

| LOGSTEP (1116 steps) |

oo
o
N

0.4 0.6
X/Rg

Figure 33: Step size (in units of Rg) as a function of distance through the Sun as calculated by
an algorithm similar to LOGSTEP. The algorithm guards against overshooting the edge of the Sun
and reduces the step size when appropriate.

The second algorithm that was designed calculates the step size based on the oscillation length
in matter. The idea here is that steps should be slightly smaller than the distance over which
the oscillation length in matter changes. As will be recalled from Figure (18), there are many
oscillations in the Sun, but their average value only changes around the resonance. One can thus
step over several oscillation lengths as long as it does not change very much over the step. We shall
call this the FIGENSTEP algorithm, as it bases the step size on a difference in energy eigenvalues
(as calculated by STEP_NEUTRINO() ):

EIGENSTEP()
{
RADIUS =0

_ SUNRADIUS
STEPSIZE = SUNRADIUS
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Figure 34: Histogram showing the number of steps taken at each radius by the LOGSTEP algorithm.
The last step is taken at 0.8Rg.

DO
RADIUS = RADIUS + STEPSIZE
SET_NEUTRINOPOSITION(RADIUS)
STEP_.NEUTRINO(STEPSIZE)
STEPSIZE = FACTOR * pres
WHILE RADIUS < SUNRADIUS

}
where FACTOR is again some number to convert the oscillation phase into units of length. As it
stands, this algorithm bases the step size on the oscillation length (proportional to the inverse of
the phase) and steps over a ‘few’ wavelengths (determined by FACTOR). Again, this algorithm only
needs to be tuned for the number of oscillation lengths to be stepped over. It also has the pleasing
feature that the step size now depends on the mixing parameters.

Figure (35) shows the step size as a function of radius calculated using the EIGENSTEP algorithm
for different energies with the mixing parameters set to Ama; = 7 x 107°eV?2 and tan?(612) = 0.42.
One notes that the step size is smaller for lower energy neutrinos, because their oscillation length
is smaller. The step size increases to a maximum value at the resonance, then becomes constant
once the resonance is traversed, since the propagation is essentially in the vacuum regime. Figure

(36) shows a histogram of the number of steps taken at each radius (for the same energies). One
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notes that this algorithm takes fewer steps at low radius than LOGSTEP, and the reverse is true
at higher radii. The problem with this algorithm is that it does not increase the step size once the
vacuum regime is reached. The particular algorithm shown here set the step size to be ~ 2.5 times

the oscillation wavelength.

EIGENSTEP

—— 15MeV (615 steps)
---- 10MeV (828 steps)
,,,,,,, 5MeV (1527 steps)

<)
o
()
1N
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o
o
—h

0.6
X/Rg

Figure 35: Step size (in units of Rg) as a function of distance through the Sun as calculated by
an algorithm similar to FIGENSTEP for different energies and mixing parameters set to Ameo; =
7 x 107°eV? and tan?(f12) = 0.42.

As can be noted from Figures (33) and (35) the step size has different behaviors for the two
algorithms. The goal is to have the longest step size possible throughout the Sun. In the LOG-
STEP approach, the step size near the center of the Sun is very small, because the density changes
significantly in that region, so LOGSTEP takes many steps in that region. The pitfall is that the
oscillation amplitude does not change very much near the center of the Sun, because the density
is so large that the matter mixing angle is small and completely dominates. The LOGSTEP ap-
proach then takes steps that are too small near the center. The FIGENSTEP approach takes steps
that are too small after the resonance, since the steps are based on the oscillation length, which
remains small throughout the Sun. The best approach is then to combine the two algorithms, by
using EIGENSTEP near the center, before the resonant radius and then switch to LOGSTEP after
the resonance, once the oscillations are essentially in the vacuum regime. We shall call this the

VARSTEP algorithm:
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Figure 36: Histogram showing the number of steps taken at each radius by the EIGENSTEP algo-
rithm for different energies and mixing parameters set to Amg; = 7 x 10~°eV2 and tan?(012) = 0.42.

VARSTEP()
{
RADIUS =0

STEPSIZE = SUNEADIUS

DENSITYCHANGE = 0.01 « GET_SOLARDEN SITY (0)

STEPTYPE =0

DO
RADIUS = RADIUS + STEPSIZE
SET_NEUTRINOPOSITION(RADIUS)
LASTPHASE = PHASE
STEP_.NEUTRINO(STEPSIZE)
CURRENTPHASE = PHASE
PHASECHANGE = CURRENTPHASE — LASTPHASE
IF STEPTYPE =0

1
STEPSIZE = FACTORI * pgacy

PHASECHANGE
IF CURRENTPHASE >0.01

STEPTYPE =1
END IF
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END IF
IF STEPTYPE =1

STEPSIZE = FACTOR2 + RENSITY CHANGE

ENDIF
WHILE RADIUS < SUNRADIUS
}
which starts off by setting the step size to be a ‘few’ wavelengths (using EIGENSTEP) at the
beginning of the iteration. Once the algorithm detects that the phase (the difference between energy
eigenvalues) did not change by more than 1% it switches to using LOGSTEP. This algorithm turns
out to be very stable (numerically) and was used for all the solar numerical calculations presented
in this thesis. The pleasing aspect of this algorithm is that it will change the step size to be suited
for different mixing parameters and energies and really only needs to be tuned once.

Figure (37) shows the step size as a function of radius calculated using the VARSTEP algorithm
for different energies with the mixing parameters set to Ama; = 7 x 107°eV?2 and tan?(612) = 0.42.
The step size is small near the resonance and then switches to increasing exponentially with radius.
The algorithm that was used switches from EIGENSTP to LOGSTEP when the matter mass squared
difference changed by less than 1% from the previous step. It also forces the use of EIGENSTEP
until the neutrino is at least 0.15Rg out from the resonance, which can be seen in the sharp increase
in stepsize around 0.4Rg. Figure (38) shows a histogram of the number of steps taken at each
radius (for the same energies). One notes that this algorithm always takes fewer steps than either
LOGSTEP or EIGENSTEP. 1t correctly takes more steps before and around the resonance and
then changes to exponential steps when the vacuum oscillation regime is reached.

We thus conclude that a variable step algorithm is appropriate for propagating solar neutrinos
numerically and recommend it be used. Through trial and error, it was determined that about 3000
steps need to be taken in the Sun for a brute force algorithm to converge consistently, but have

shown here that a factor of = 10 in speed can be gained by using variable step size routines.

2.3.6 Two-Flavour Approximations

We now consider various approximations in order to determine the best technique for calculating
solar neutrino fluxes with three flavour of neutrinos. The goal is to define the fastest three-flavour
algorithm that is still accurate.

We will follow the order of approximations presented in Section (2.2), and start by examining

the adiabatic approximation in two flavours. We have already noted from Figure (22) that the
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Figure 37: Step size (in units of Rg) as a function of distance through the Sun as calculated by
an algorithm similar to VARSTEP for different energies and mixing parameters set to Amo; =
7 x 107%eV2 and tan?(f12) = 0.42. The steps size changes around 0.4R; from EIGENSTEP to

LOGSTEP.
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Figure 38: Histogram showing the number of steps taken at each radius by the VARSTEP algorithm
for different energies and mixing parameters set to Amg; = 7x 10~%eV? and tan?(612) = 0.42. More
steps are taken near the center of the Sun, then very few are taken after the resonance.
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propagation in the Sun is very close to being adiabatic. This can be examined further by looking
at the adiabatic parameter, v, defined in section (2.2) for different mixing angles and mass squared

differences. We recall the definition:

Amgl Sil’l2(2912> (L dN(i)_l (72)

1) = B cos20s) \Ne da

Figure (39) shows how ~ varies as a function of % and sin?(f12). The adiabatic parameter is
evaluated at the resonance, since this is where the energy eigenvalues are closest to each other and
the probability of tunneling is thus the largest. The contours where the adiabadicity parameter is
of order unity is where the adiabatic approximation is expected to break down. One should note
that the scale is set in order to highlight the region where v ~ 1, and is thus misleading, since
the adiabatic parameter actually becomes many orders of magnitudes larger than implied by the
scale. One notes that the propagation is expected to be adiabatic over a fairly large range of mixing
parameters, in particular in the region of the experimental parameters (indicated by the star for a

10M eV neutrino).
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Figure 39: Adiabadicity parameter (as defined by equation (72)) plotted as a function of
log(sin?(612)) and log;y(£22t). The scale is fixed so that the line where v ~ 1 is clearly visi-
ble, and in some regions, the adiabadicity parameter is several orders of magnitudes bigger than
indicated on the scale.

Figure (40a) shows the adiabatic survival probability over the same range of mixing parameters,

and Figure (40b) shows the relative difference with the survival probability calculated with a nu-
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merical phase average (Figure (28)). One notes that in the region where the current experimental
parameters lie, the adiabatic approximation works very well. This was anticipated from Figure (39),

and confirms that the adiabatic approximation breaks down when v ~ 1.
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(a) Adiabatic approximation (b) Relative difference from phase aver-
aged Pee

Figure 40: Contour plots of P, calculated with the adiabatic approximation (left) and relative

difference from P.. calculated with a phase average (right) for neutrinos originating in the center

of the Sun as a function of log;,(sin?(#12)) and loglo(%). The point marked with a star is for

Amg; = 7 x 107°eV? and tan?(2612) = 0.42 at an energy of 10MeV.

We now consider the effect of modifying the adiabatic approximation by introducing the jump
probability at the resonance. Several authors have derived analytical formulas for this result, de-
pending on analytical descriptions of the density at the resonance. The most basic approach, first
used by Landau and Zener, while considering atomic collisions, is to approximate the density as
varying linearly with distance. This is a reasonable approach, as long as the resonance is narrow,
which is often the case in Sun. Their result was first applied to neutrinos by Haxton [32] and Parke

[14] for a linearly varying density who found the jump probability, PJP arke o be:

Park _xAmysin®(2019) | 1 dNe I
prarke o7 2 3RcEcos(2013) | Ne dz |#=%res
J
_x
= e 27(377“63) (73)

where the derivative of the density is evaluated at the resonance. Kuo and Pantaleone present more

general formulas for various density profiles [29] in the form:

PR = ¢m 87wl (74)
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where F' depends on the specific density profile. For example, in the case of an exponentially
decreasing density, Ne oc e™", F' = 1 — tan?(12). This particular case, which is most relevant for
the Sun, was first solved by Petcov [13]. The survival probability is shown as a function of 615 and
% in Figure (41), calculated using the two jump probabilities. We note that these agree quite
well (with each other and with Figure (28)) and are valid over a much larger range than the adiabatic
approximation, as expected. We did not plot the relative difference from the phase-averaged result as
the agreement is to within fractions of a percent. There is a very small region of large disagreement

(up to 80%) along the line where v ~ 1, but we chose not to plot this, since the region is so small.
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(a) Linear (Parke) (b) Exponential (Petcov)

Figure 41: Contour plot of P.. calculated with the two jump probabilities (in two flavours), for
neutrinos originating in the center of the Sun as a function of log,,(sin®(612)) and loglo(m]g21 ). The
point marked with a star is for Amg; = 7 x 107%eV? and tan?(2612) = 0.42 at an energy of 10MeV.

Figure (42) shows the percent difference between the survival probabilities calculated with the
exponential and linear approximations to the density. We see that the region where these two disagree
in the Sun is very small, far from the experimental parameter space and that the disagreement is
mostly smaller than one percent.

At this point, we can finally understand all of the features in the Figures similar to Figure (41).
The main triangular feature, often referred to as the MSW triangle, is the region of parameter
space where matter has an important effect on the survival probability. The horizontal line at
the top of the triangle delimits the region above which the MSW resonance cannot occur in the
Sun (as illustrated by Figure (27)). The diagonal line on the bottom delimits the region below
which the jump probability is non-negligible and, finally, the vertical line on the right of the triangle
corresponds to a vacuum mixing angle of 7. For mixing angles above this value, the MSW resonance

cannot occur, as it would require a negative density or the neutrinos to be anti-neutrinos.
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Figure 42: Percent difference between solar survival probability calculated with Petcov and Parke

jump probabilities as a function of logy, (sin?(#;2)) and loglo(mg21 ).

2.3.7 Three-Flavour Approximations

We now consider the three flavour approximations presented earlier along with the adiabatic ap-
proximation in three flavours. We have noted that varying Amg; around its experimental value does
not have a large effect and we will hence only consider the influence of 615. Figure (43a) shows the
survival probability calculated with the adiabatic approximation as a function of % and 60,3 for
tan?(612) = 0.42, and we note that it agrees quite well with Figure (31). Figure (43b) shows the
relative difference in percent between the two methods, and we note that for this value of #15 the
agreement is excellent over a large range of the plane.

Next, we consider using the adiabatic approximation in three flavours together with the jump
probability in two flavours. This will work if the only important jump probability is between the
first two eigenstates, as it will completely ignore the 2-3 transition. This is expected to be a valid
assumption since only the 1-2 resonance is crossed in the Sun. We consider this approximation in
the case where sin®(26;3) = 0.5 so that the results can be compared to Figure (32). The results are
shown in Figure (44), where the left panel is the survival probability calculated with the three-flavour
adiabatic approximation with a two-flavour (Parke) jump probability and the left panel shows the
relative difference (in percent) with the results from Figure (32). The agreement, once again, is seen

to be excellent over most of the plane and we conclude that this is a very good approximation.
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Figure 43: Contour plot of P, in the adiabatic approximation (left) and relative difference with the
result calculated with a phase average (right) for neutrinos originating in the center of the Sun as a
function of log,o(sin?(613)) and logy(222L) for tan?(12) = 0.42.
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Figure 44: Contour plot of P, in the three-flavour adiabatic approximation using the two-flavour
Parke jump probability (left) and relative difference with the result calculated with a phase average
(right), as a function of log;,(sin(#12)) and log;o(2221) for tan?(f12) = 0.42 and sin®(2013) = 0.5.
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Finally, we consider the approximations that correct the two-flavour calculation to include the
effect of 613 in the case when the three-flavour oscillations can be decoupled. We will refer to these at
the first and second order approximations (see section (2.2)). We will use the Parke jump probability
to calculate the two-flavour survival probability and compare the results with Figure (32), for the
case where sin? (2013) = 0.5. The survival probability calculated with the first-order approximation
is shown in Figure (45) along with the relative difference (in percent) from the numerical phase
average. One notes that the results are almost the same as the three-flavour adiabatic with the
two-flavour jump probability. This is to be expected and shows that the third neutrino is indeed
decoupled. Figure (46) shows the same results when calculated with the second-order approximation.
We note that both approximations agree very well in the region of experimental parameter space, and
that the first-order approximation maps out the MSW triangle more accurately. The second-order
approximation is seen to break down for a line where the expression for € is singular (recall equation
(60)). This only happens because we have chosen a particular neutrino energy when calculating
the plot, and this singular line can easily be ‘pushed out’ of the graph by doing the calculation
with a lower energy neutrino. It does however seem that the three-flavour adiabatic approximation
using the two-flavour jump probability is a slightly more accurate approximation, which is the main

conclusion of this section.
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Figure 45: Contour plot of P.. using the first-order correction for non zero #,3 and the two-flavour
Parke jump probability (left) and relative difference with the result calculated with a phase average

(right), as a function of log;(sin?(#;2)) and loglo(A%m) for tan?(A12) = 0.42 and sin?(26,3) = 0.5.
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Figure 46: Contour plot of P, using the second-order correction for non zero 613 and the two-flavour

Parke jump probability (left) and relative difference with the result calculated with a phase average

(right), as a function of log;(sin?(#12)) and loglo(mg”) for tan?(61) = 0.42 and sin?(26;3) = 0.5.
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2.4 Neutrino Propagation in the Earth

In this section, we briefly examine the effect of the Earth on the propagation of neutrinos. We
will see that the Earth has a small effect on the survival probability of neutrinos in the range of
the experimental parameters and that the largest effect occur at energies higher than those of solar
neutrinos.

The Earth is quite different than the Sun in the density profile that it presents to neutrinos.
Figure (47) shows the electron density of the Earth as a function of radius and one notes that it
contains several discontinuities. The Preliminary Earth Reference Model (PREM), [39] , from 1981
was used and seems to be the most widely accepted. The density profile is inferred from seismological
considerations, and although it is named “Preliminary”, most of the community still uses it to this
day, and some authors just refer to it as the REM. Apart from the density discontinuities, we have
also used a standard chemical composition to calculate the electron density as a function of mass
density. This is a simple two layer chemical model where the ratio of protons to nucleons changes
from Z/A = 0.467 to Z/A = 0.497 at an Earth radius of 3480km, where the core-mantle interface
is located. This is also consistent with approximations made by the rest of the neutrino physics

community [40].
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Figure 47: Electron density profile for the Earth based on the PREM model and a two layer chemical
distribution where the ratio of protons to nucleons changes from Z/A = 0.468 to Z/A = 0.497 at an
Earth radius of 3480km, marked by the vertical line.

It was already argued in section (2.2) that the discontinuities do not present any inherent prob-
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lems in numerical calculations as long as the flavour content is taken as continuous through any
interface. In Figure (48), the survival probability is plotted for a neutrino that starts one Earth
radius away from the Earth, then travels through the center and again one radius in vacuum after
that. The energy is set to 10M eV, with Amg; = 2 x 10~%eV? and tan?(6;2) = 0.42. A smaller mass
squared difference was chosen in order to make the wavelength bigger and the oscillations easier to
see. One clearly notes the effect from the Earth’s matter in the transition from vacuum oscillations
to matter oscillations. The mantle-core interface is also visible and is the only point where the

electron density changes enough to alter the matter oscillation amplitude significantly.
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Figure 48: Survival probability (two flavours) for a neutrino that started one Earth radius away
from the Earth, then traverses the Earth, and finally travels one more Earth radius in vacuum. The
energy is set to 10MeV, with Amao; = 2 x 107%eV? and tan?(012) = 0.42.

2.4.1 Incoherent Beam of Neutrinos arriving at Earth

When examining solar neutrinos, one must consider the effect from the Earth on an incoherent beam
of neutrinos. The incoherence is due to neutrinos being generated in different locations in the Sun
but can also arise from the fact that a detector will have a finite energy resolution and that the
Earth-Sun distance varies. This section briefly introduces some of the surprising features that arise
when an incoherent beam of neutrinos traverses the Earth. This discussion was already introduced
in section (2.2).

Neutrinos from the Sun were shown to exit in mostly the |v2 > eigenstate. We thus examine the
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behavior of a neutrino that starts in vacuum in the following state:

v >= V01| > +v0.90]z > e (75)

where we have chosen a mass content consistent with solar neutrinos and introduced a phase ¢ over
which the results will be averaged. We have chosen a two flavour model as the addition of the third
flavour does not introduce any qualitatively different behaviors. Figure (49) shows the probability
of detecting an electron type neutrino as a function of distance for a neutrino that started out in
the state given by equation (75) as well as the corresponding |v{* > content. The neutrino is again
started one Earth radius away in vacuum, it then goes through the center of the Earth and finally
travels one more Earth radius in vacuum. The left panels of Figure (49) are done for a value of
¢ = 0 and the right panels show the same plots for ¢ = m. As expected, the vacuum oscillations in
the two figures are out of phase. However one notes that the matter oscillations are not out of phase
and that, in the case where ¢ = m, the |v]* > content is regenerated. One also notes that the v >
oscillates and is not constant. This is because the density reaches the resonant density so that there
is a non-negligible jump probability allowing the |v]* > eigenstate to tunnel back and forth to the
|v3" > state. This can be seen more clearly in Figure (50) where the matter mixing angle and matter
mass squared difference are plotted as a function of distance. One notes that the resonant density is
reached in the core, which does not actually happen with a mass squared difference consistent with
experimental limits. This will be examined further in the next section.

Finally, we can look at the probabilities averaged over the phase ¢, shown in Figure (51), where
we see that, as anticipated earlier, the Earth can reintroduce coherence into a beam of neutrinos.
Again, this is because there is now a particular point in space (time) where the |v]* > eigenstate is

regenerated (coherently).

2.4.2 Survival Probability in the Earth : Dependence on Mixing Parameters

It is of interest to know the behavior of the survival probability through the Earth, for a neutrino
that started at the edge of the Earth in the electron flavour. This is shown in Figure (52) where the
survival probability is plotted along with its phase average, the |v]* > content, the matter mixing
angle and the matter mass squared difference for a 10MeV neutrino with Amg; = 7 x 107 %eV?
and tan?(f12) = 0.42. We see that, in this case, the resonant density is never encountered and that
the Earth has a very small effect on the average flavour content, which remains close to its vacuum

average.
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Figure 49: Survival probability and matter mass eigenstate content for a neutrino that started one
Earth radius away from the Earth, then traverses the Earth, and finally travels one more Earth
radius in vacuum. The energy is set to 10MeV, with Amo; = 2 x 107%eV?2 and tan2(912) = 042
and the neutrino started in the state defined by equation (75) with the phase set to 0 (left) and =
(right).
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Figure 50: sin?(26,,) and AMy; as a function of distance for the case illustrated in Figure (49).
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Figure 51: Survival probability and matter mass eigenstate content for a neutrino that started one
Earth radius away from the Earth, then traverses the Earth, and finally travels one more Earth
radius in vacuum. The energy is set to 10MeV, with Amo; = 2 x 107%eV?2 and tan2(912) = 042
and the neutrino started in the state defined by equation (75) but the probabilities are averaged
over the phase. One notes that the Earth reintroduces coherence in the neutrino beam.
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Figure 52: Survival probability, matter-mass eigenstate content, mixing angle and matter mass
squared difference as a function of distance through the Earth for a 10M eV neutrino, with Amag; =
7 x 107°eV? and tan®(f12) = 0.42. The Earth has a small influence on the flavour content.
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Figure (53) shows the relative difference (in percent) between the phase averaged survival prob-
ability through the Earth (diametrical trajectories) and the classical survival probability in vacuum
over a range of mixing parameters. This illustrates the range of parameter space where the Earth
has a substantial influence beyond vacuum oscillations. One notes some regions at high energy
where the difference is quite significant due to the resonance density being reached in the Earth.
The effect is also more pronounced at small mixing angle where the oscillation length can become
comparable to the lengths of the mantle and core. This has been termed the ‘resonant wavelength’

and is discussed in [40] and [41].

Figure 53: Relative difference (in percent) between vacuum classical survival probability and phase
averaged survival probability for a trajectory through the Earth’s core as a function of loglo(Angl)
and log;(sin(f2)). The star corresponds to the experimental parameters at an energy of 10MeV.
The Earth has the biggest effect at small mixing angles and large energies.
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2.5 Solar Neutrinos Propagating Through the Earth

In this section we seek to derive a formalism for calculating fluxes of solar neutrinos when these also
traverse the Earth. This is relevant in modeling the night flux at SNO and taking into account the
effect of the Earth’s matter on the survival probability. It will turn out that, in most cases, one need
not do the lengthy integral presented at the end of Section (2.2) and that a very good approximation
can be used. Instead, we will show how it is possible to calculate the average over the Earth
trajectories separately from the average over the Sun. This will remove one of the nested integrals,
which turns out to save considerable amounts of computing time. The theoretical motivation for
this section is to consider the possible effects that 613 can have on solar neutrino experiments and if

a day-night asymmetry measurement can provide independent bounds on 613.

2.5.1 Introduction to PSE

The key to separating the Earth and solar integrals is the approximation that neutrinos from the
Sun reach the Earth in an incoherent beam. Incoherence is achieved in several ways. Primarily, it
comes from the neutrinos being produced in different locations in the Sun. As long as the neutrino
wavelength in matter is small compared to the production region, incoherence will be assured.
Furthermore, when one considers solar neutrino experiments such as SNO, even if the neutrinos are
in a coherent beam, the detector will introduce an incoherence due to the energy resolution. That
is, if an experiment is trying to measure neutrino oscillations by looking at the flux at different
distances from a source, it will not be able to measure the oscillation length accurately if it has
a poor energy resolution, since it depends on L/E (where L is the distance between the source
and the detector). Hence, a detector with poor energy resolution will not necessarily be able to
distinguish a coherent beam from an incoherent one. Another reason that a SNO type detector
would introduce incoherence is from the fact that it does not see very many neutrino events per day
(around 10 or so). Hence, to provide a statistically significant measure, many days of livetime need
to be used. However, since the Earth-Sun distance will change over this livetime, a new incoherence
is introduced.

One should thus be convinced that solar neutrinos reach the Earth incoherently. This condition
is only violated if the neutrino energies are very large and result in an oscillation length that is
comparable to the Earth-Sun distance. The particular requirements for solar neutrinos to reach the
Earth in an incoherent beam are discussed in [42]

The goal of this section is thus to derive a formula for calculating the survival probability, Psg,
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for solar neutrinos having traversed the Earth in the case when the solar neutrinos reach the Earth
incoherently. The aim of this formula is to allow one to separate the Earth out from the integral in

equation (70) and examine the dependence on ;3.

2.5.2 Derivation of PSE

We will closely follow a derivation done by Baltz and Weneser in ([43], [44]), but extend their work
to three flavours. A similar three-flavour derivation has already been done by Kim and Lee [16],
although they did not consider the final result as a function of the mixing angles and sought a
numerical method for the calculation. Similar work on the subject has also been carried out by
Ohlsson et. al. in [15], who reach similar conclusions as us, although their approach is different.
We start by considering the wave-function for a single neutrino that exited the Sun, has traveled

through vacuum and now reaches the Earth in the state:

|Z/S >= fz(t)kﬂyl > (76)

where f;(t) are the phases of the vacuum mass eigenstates |v; > acquired during the trajectory, and
k; are the vacuum eigenstate contents, which can be taken as real numbers. The index S on the
neutrino wave-function indicates that this is the wave-function after the Sun, but before the Earth.
Throughout this section, we will adopt the convention that repeated indices are to be summed over,
roman letters run from 1 to 3 and Greek letters run over the neutrino flavours (e, p, 7). One can

re-express the neutrino wave-function in the flavour basis:

> = Balva >

Unifi(t)kilvi >

(77)

where U is the PMNS mixing matrix from the vacuum to the flavour basis. Hence, the flavour
contents, (B,, are given by:

Ba = Ug; fi(t)ki (78)

In general, for an incoherent beam of neutrinos we then have:

Bal* = Usifi (ki Uasfi(0)k;
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= |Uail*lkil?
(79)
and
BaBy = Unifi()kiUsy;f5(t)" k;
= U:in’Yi|ki|2
(80)

where we have imposed f;(t)* f;(t) = d;; and d;; is the Kronecker delta. This condition is valid if
one can average over the neutrino phases as we have assumed an incoherent beam. One can thus

identify some of these quantities with probabilities averaged over the Sun:

|ﬁe|2 = p;sz*»ye
|6M|2 = PIIQC—HIM
|67'|2 = pSHuT =1- Pli‘”’e - p’i‘”’u

(81)

where, for example ]52 is just the survival probability for neutrinos averaged over the Sun as

— Ve
well as the Earth-Sun distance, as given by equation (69).
We now introduce ‘Earth Transmission’ functions, W¢(*7) to represent the wave-functions for

a neutrino which has traversed the Earth having started out as an electron (muon, tauon) flavour

neutrino. Expressed in the flavour basis, these can be written as:

T >= 0l > +C5 v, > +C2 s > (82)

and one can make the following identifications:

Py, = |CiP
Py, = |cp
Pue?.—u/c = |(;’;:|2 = 1_PV62—’V¢ _Puei_’l’c
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We can now express the wave-function for a neutrino that arrived at the Earth in the state
defined by equation (77) and has traversed the Earth. The result is simply a linear combination of
the Earth Transmission functions:

VF >= B, |0 > (84)

where we have now indexed the wave-function with SF, to indicate that the solar neutrino has now
traversed the Earth. The probability of detecting an electron neutrino, Psg, can now be expressed
by separating out the Earth and Sun terms:

Psgp = | < I/€|I/SE > |2
= [8:C¢ + Bu.Cl + B-CL?

1 * e *

= [BalPICE + 5 (BB + c.o)(CECE +cc)
+  (Befr A4 cc)(CCIT + c.c.) + (BuBr + c.c)(CECT" + c.c.)
+  (BeB), — c.c)(CECE™ —c.c.) + (Beffy — c.c)(CECL™ — cc)
+(Buy - ce)(CLCT —ce))

(85)

At this point, one can easily calculate the different quantities over the Sun and Earth separately.
Since the terms separate, one can average (numerically) the quantities |3q|* and 3,32 (|C|* and
CeCY*) over the Sun (Earth) trajectories. This is essentially the point where the Kim and Lee
derivation leads. We are however interested in examining how this formula depends on the various
mixing angles and how it can be further simplified. We first note by considering equations (79) and
(80) that one can re-express (3,/3; in terms of solar probabilities, by using equation (79) to solve for

the |k;|%. If we introduce the matrix U;; = |U;;|* we have:

1Br* = Unilki|?
k> = U85
Baby = Uails;U 1B

(86)

where we have assumed that I/ is an invertible matrix. One should thus keep in mind that this

derivation cannot be done in the case where the determinant of U is zero. In this case, one must
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keep everything in terms of the |k;|?, and this situation in two flavours is discussed in [42]. To lighten

the notation, we will also introduce:

c = oy
6&7 = 6&6;
(87)
We can then rewrite equation (85) as:
Psgp = |5el2pfzwe + |5M|2PISE—>V€ + |ﬂ‘r|2pzj‘iﬂue
+ 2RO RC) + R(Ber)RCT) + R R(CHT)
— () 3(CH) = S(Ber)I(CT) = S(Bur) S(CT) ) (88)

where R () stand for the real (imaginary) parts of an expression. We now use the property that,

for two complex numbers, a and b, one has? :

so that one can rewrite Psg as:

Psp = Bl ., + 18Py 0, +16-1"P .,
+ 2(R(BuC) + R(Ber C7) + R(BurC))
= BB, + 18P, + 18- P,
+  2R(UaiUZ,CUL)|BA?

(90)

where it is understood that each combination of flavour indices appears only once (a < 7). It is now
convenient to highlight the separation of earth and solar probabilities by explicitly writing out the

linear combination of solar probabilities (|3x]?) in the form:

2This relation was (re)discovered by accident and is shown here as it does not appear to be common knowledge!
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RUaUSCOUZNBA = telBel® + tulBul* + t-15- (91)

where the coefficients, ¢, are given by

th = 2R(CUL U UL (92)

v

One can easily check from equation (92) that t.+t, +¢, = 0 from the orthogonality properties of
the mixing matrix U. Thus, there are only two independent coefficients ¢, and these only depend on
Earth probabilities, or cross-terms between them. In general, this shows that out of three possible
Earth transmission functions, only two are independent, which is equivalent to the conclusion reached

by [45]. If we now use equations (81) and (83), we can write Psg as:

Psp = |Bl*P ., +IBu*PS _, +(1— 18> = 1B )A =P, — P )
+ (|5€|2(2t8 + tu) + |ﬂu|2(2tu + te) —te — tu)

(93)

which shows that one can now calculate the result by propagating one neutrino through the Sun
and two through the Earth. Indeed, |8¢|> and |3,]? can both be obtained from the same initial
conditions in the Sun (|v(0) >= |v. >), and we will show how one can calculate . and ¢, from two
neutrinos propagated through the Earth instead of three, as suggested by equation (92). We will

first demonstrate the use of this formalism in two flavours, where the algebra is significantly easier.

2.5.3 Interlude: Two-Flavour Case

In order to better understand the derivation and formula for Psg, it is helpful to consider the

two-flavour case. We start by rewriting equation (79) for two flavours of neutrinos:

|ﬂa|2 = |Uai|2|ki|2
1Bl = cos?(0)|k1]? + sin®(0) k2 |?
1Bu> = sin®(0)]k;|* + cos?(0)|ko|?
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One can then easily solve for the matrix &/ ~!:

a1 cos?(f)  —sin?() o5
cos20) | _sin®(8)  cos2(9) )

and note that this is only allowed when 6 # 7. The expressions for t. and t,, given by equation

(92), are thus:

th = 2R(CULULUL)
1
— - ep( . 2 _ N -2
te cos(20) 2R (C(— cos(6) sin(6) cos? () — cos(8) sin(f) sin”(6)))
t, = @2% (C(cos(0) sin(f) sin®(0) + cos(8) sin(6) cos®()))

(96)
and one easily verifies that t, = —t.. We can now rewrite equation (93) in the two flavour case
where we now have |3, =1 —|8.|* and t, = —t.:

P = 1BPPS . + (=180 = BE_,) + (182t + (1= 8.) (1))
= 1- |Be|2 + PIEEHVQ (2|Be|2 - 1) + t8(2|ﬁe|2 - 1)
(97)

so that Pgg only depends on \ﬂe|2 and t.. We now show how one can express t. in terms of a

probability through the Earth and define Pé{ as the probability, averaged over the Earth trajectories,

that a neutrino that started in the state with | ﬂe|2 = Y. is detected as an electron flavour neutrino

after traversing the Earth:
2

P = Pop(Bel® = xes 1Bul* = x0 =1-x0)

= 1= xel? + P2y, e’ = 1) +te(@xe” — 1)

(98)

One can then trivially solve for t.:

2
:PE{_1+X3_}5€B

t
e 2X8 1 Ve— Ve
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and finally obtain the two-flavour formula for Pgg, where x. is simply a number between zero and

one:

_ P2 14
2 Xe
P =1-P7_, +-HL -2

Ve—Ve 2X 1 (215@ - 1) (100)

Ve—Ve

In order to calculate the function Pé{, one needs to know the mass eigenstate content that
corresponds to the desired average flavour content (x.). This is required since we assumed an
average flavour content, Y., in dropping the phases in equation (79). When one wants to calculate

Pé{, one then starts a neutrino in a state:
|I/ >= k1|V1 > +k2€i¢|V2 > (101)

and averages the electron flavour content, after the propagation, over the phase, ¢ as well as all the

possible Earth trajectories. k; and ks are real numbers such that:

Xe cos®(0)|ky|* + sin?(0) |k |*
Xp = sin?(0)|k1)? 4 cos?()|ko|?

(102)

In order to determine k1 and kg, one needs to invert equation (94). Several restrictions then become
apparent; the determinant of the equation must be non-zero and most importantly, the solutions
for k1 and ko must be physical. This is not guaranteed since information was lost when the phases
between mass eigenstates were dropped. For example, since all the terms in equation (102) must be
positive, there is no way that one can solve for k1 and ks if one of the x is zero. One does however

note that the sum of the |k;|? is still guaranteed to be equal to one. Inverting equation (102) gives:

1 .
k1?2 = cos(20) (cos2(9)xe — SIHQ(G)XM)

ko2 = (—sin®(0)xe + cos®(0)x,)

COS

(

1
(26)
(103)

Then, if we assume that § < T (thus restricting cos(20) to be positive), and then require that

0 < |ki|?, we obtain the following inequalities on the y:

sin2(0) < xe <cos?()
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sin®(0) < x, < cos?(0)

(104)

which are reversed if & > 7. One notes that in the case where 6 = 7, equation (103) breaks down,
and one cannot use this derivation for Pgg in this case, which is discussed in [42]. This corresponds
to the general case where the determinant of U is zero.

The two-flavour formula for Psg is well know in the literature, it was first discovered by Baltz and
Weneser ([43], [44]) who present a version that used two Earth transmission functions, and Mikheyev
and Smirnov [46] first presented the formula that is presented here, although our formalism is more
general. Mikheyev and Smirnov’s formula corresponds to the choice where y, = sin® (0), where P}%{
is then the probability of detecting an electron flavour neutrino for a neutrino that entered the Earth
in a pure |vo > eigenstate. This particular choice is advantageous due to the fact that one need
not average over the phase in equation (101) to calculate Pg{ and is further motivated by the fact
that neutrinos from the Sun were noted to emerge predominantly in the |vo > eigenstate. With this

particular choice of x., Psg takes the simple form:

P®_ —sin?(0) - P®_, (2P9_, —1)
P _ Ve—Ve V3 — Ve Ve 2 Ve 105
SE cos(26) (105)

which is the version that appears most often in the literature and where we have relabeled P}%{ as
pP® since it now represents the probability of detecting an electron neutrino from a neutrino

Vo —Ve?

that started in the |vo > mass eigenstate.

2.5.4 Back to Three Flavours

We now show how to re-express the t) in terms of simple probabilities in three flavours. We thus
introduce two, new, functions, Pg; and Pgs. We will define Pg; as the probability averaged over
the Earth of detecting an electron neutrino from a neutrino that started in a state with | 6€|2 = Xle
and |5u|2 = X1p- Similarly, Pgo will correspond to the case of a neutrino entering the Earth in the

state with |Be|? = x2e and |8,|* = x2,. We thus define:

Pgy

PSE(We|2 = Xle> |ﬁu|2 = Xlu)

Xlepzslz%ye + Xl,uplj.iﬂlje + (1 — Xle — Xlﬂ)(l - plj.iﬂlje - Pgiﬂue)
+ t€(2X1€ + Xip — ]-) + tp,(2X1p, + X1e — ]-)

(106)
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and

Pro

PSE(|6€|2 = X2e; |5ﬂ|2 = XQ#)
= XQEPSHVQ + Xz,uplj.iﬂlje + (1 — X2e — X2M)(1 - Plj.iﬂlje - Pgiﬂue)
+ t€(2X2€ + X2u — 1) + tp,(2x2p, + X2e — 1)

(107)

One can then easily solve equations (106) and (107) to express t. and t, in terms of Pg; and

Ppgo. After some simple rearrangements, one finds that the dependence on szﬁye and ]55‘3 _,, has
vanished and that Pgg can be written as:
L 50
Psp = 5P (Pe2(l=3x1) = Pea(l = 3x2) + X1u = X2u)
1 _
+ WP”CS_’"“ (Pe1(1 = 3x2¢) — Pe2(1 = 3X1e) + X2e — X1e)
1
+ WPEl(XQe — X2u) + Pe2(X1u — X1e) + X1eX2u — X1uX2e
(108)
where we have defined:
W = 3(X1eX2n — X1uX2e) + Xip + X2e — X1e — X2u (109)

As in the two flavour case, one should note that not all choices of y are permitted, since these
must be consistent with equation (86). For example, none of them can be equal to zero or one, as
there is no vacuum mass eigenstate content that, when averaged over the phases, will give a neutrino
in a pure flavour eigenstate3. Again, one can write a set of inequalities that must be satisfied by
the , simply by requiring that the mass eigenstate contents, as given by equation (86), be positive

(the unitarity of U already guarantees that they will sum to one):

0< U xe+Us X+ 1 —UL —ULHA = xe — Xp)
0 < Upg Xe + Uy X+ (1= Uy — Uy, )1 = Xe = Xp1)

0< U Xe+Us X+ (1= Uz —Us (L= xe — Xu) (110)

3This can only happen if the mixing matrix is the identity matrix, in which case the mass eigenstates are in fact
the same as the flavour eigenstates
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It is not helpful to solve these inequalities in the general case, since one does not know, a priori, the
sign of the denominator of /. One should however keep in mind when calculating Pg; and Pgo that

not all choices are possible for the initial flavour contents.

2.5.5 Calculating and Choosing Pr; and Pgo

We now discuss Pg1 and Pgo and how they are to be calculated. These functions were chosen to
represent the probability of detecting an electron neutrino that entered the Earth in a given average

flavour content, x. and x,. In other words, we require that a neutrino starting in the state:
|l/ >= k‘1|V1 > +k26i¢2|yz > +k36i¢3|yg > (111)

have the required average flavour content if one calculates the flavour content and then averages
over the phases of the vacuum states. This is the requirement that we imposed in equation (79) so
that we could express (3,45 in terms of |4|? by relating both of these quantities to the |k;|>. The
formula we derived for Psg is thus only valid in this case, and represents the probability of detecting
an electron neutrino from an incoherent beam of neutrinos emerging from the Sun.

Pgy and Pgs can then be calculated by starting a neutrino in the state given by equation (111),
propagating it through the Earth, and averaging the resulting electron flavour content over all
possible values of the phases, ¢2 and ¢3. Once this average over the phases is obtained, one then
averages this result over all the possible Earth trajectories, which are determined by the zenith angle
exposure function, to finally obtain Pg; and Pgo.

In order to calculate these probabilities quickly, it can be seen that choosing the initial content
to be in a pure mass eigenstate eliminates the need to average over the phases. A particularly good
choice is to calculate Pgy for a neutrino that starts in the |1 > eigenstate and Pgs for a neutrino
that starts in the |v5 > eigenstate, as this eliminates the need to calculate the phase average. This

then corresponds to:

Xle = |Uel|2 = 0%20%3

Xip = Ul =|-s12c23 — c12893513¢" > = §79C35 + Cl835573 + &
X2e = |Ue3|2 = 3%3

X2p = |Uu3»|2 = 3%30%3

(112)
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so that the final three-flavour formula for Pgg takes the form:
1 _
Psgp = WPVQC—u/e [Puei—u/e(l - 33%2033 - 30%23335%3 —3¢) — Pf—mc(l - 33%30%3)]

1 _

+ WP”Qﬁ_’”ﬁ [5%2033 + cTysy8Ts + € — 5%30%3}
1 _

+ W'Puee—w# [PE—WC(l - 35%3) - Pl%—mc(l - 30?20%3) + 5%3 - 0%20%3]
1

+ W [PE—WC (sT3 — s33c1s) + PVEE—WC (879033 + CTas33573 + & — 0%20%3)]
1

+ W [(0%3 — $73)cla853 — S13(sTaCh3 + 3]

W = sf5+ (1= 3s75)(s57035 + o535 + &) + 13(3cTas83;5 — ¢iy — s35)
(113)
where we have defined £ as the term that depends on the CP violating phase:
1. . .
&= 5 sin(2612) sin(26013) sin(613) cos(d) (114)
and renamed Pg; and Pgo with Puefﬁye and Pl%_,l,c, respectively, since we have restricted them

to correspond to probabilities for neutrinos that started in the first and third mass eigenstates.

Equation (113) is the main theoretical result of this section.

2.5.6 Dependence of Psp on the Mixing Parameters (Two Flavours)

In this section, we briefly examine how the formula for Psp depends on the two-flavour mixing
parameters, in analogy to section (2.3) where the dependence of the solar survival probability was

examined. We will also introduce the day-night asymmetry, A —p:

Py — Pp

Ay_p =2———"=
N-D Py + Pp

(115)

which is a measure of the relative difference between the solar neutrino flux at night-time (Py) and
in the day-time (Pp), when the neutrinos do not traverse the Earth. The day-night asymmetry is

thus a measurable quantity that is proportional to Pgp — P9

Ve—Ve*

Solar neutrino experiments such
as SNO can then make two independent measurements to constrain both the mixing angle and mass
squared difference by measuring the daytime flux as well as the day-night asymmetry.

The easiest way to illustrate the effect of the Earth on solar neutrinos is to examine the spectrum
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of the survival probability. This is shown in Figure (54a) where the probability of detecting an
electron neutrino from a solar neutrino is plotted as a function of energy with Amg; = 4 x 107%eV?2
and tan?(#) = 0.42. The survival probability from the Sun is calculated using the two-flavour jump
probability along with the adiabatic approximation. The three curves show the survival probability
in the day (no Earth), at night and averaged over a year using the zenith angle exposure function
(Figure (55)) for SNO. The night curve is also weighed by the zenith angle exposure function for
nadir angles between 0 and m. The Earth is noted to have the largest effect at higher energies.

Figure (54b) shows the corresponding day-night asymmetry as a function of energy.

0.9F o 12
0.8F

0.7 ?

©

S

o3 TR

»

Y}

0.2 ?

Ay [%]
°
T T T T T T

1=

o

| | | | | | | x10°
6 8 10
Energy [MeV]

6 8 10
Energy [MeV]

(a) Day, night and yearly average sur- (b) Day-Night Asymmetry
vival probability

Figure 54: Survival probability of electron solar neutrinos as a function of energy at SNO with
Amg; = 4 x 107%eV? and tan?(#) = 0.42 during the day, night and averaged over a year (left) and
corresponding value of the day-night asymmetry (right) in percent. As expected, the yearly average
curve lies between the day and night curves. The Earth is seen to have the largest effect at higher
energies and regenerates the electron neutrino component of the beam. When integrated over the
8 B flux between 5MeV and 15MeV, the total day-night asymmetry in this case is found to be 6.0%

Figure (56a) shows the day, night and yearly survival probabilities calculated using the best fit
values of the two flavour mixing parameters. As one clearly notes, the day-night asymmetry is quite
small (Figure (56b)), and SNO indeed measures a value that is consistent with zero [8].

Figure (57) shows how the day and night survival probabilities vary for different values of the
mixing angle with Amsy; = 7 x 107°eV? and Figure (58) shows the corresponding day-night asym-
metry. One notes that the mixing angle has a rather small effect on the day-night asymmetry around
the best fit value, so that a measurement of Ay _p does not constrain the mixing angle very much.

Figure (59) shows how the day and night time fluxes depend on the mass-squared difference and
Figure (60) shows the corresponding day-night asymmetry. We note that in this case, the effect of the
mass squared difference is large and conclude that measuring the day-night asymmetry constrains

the mass-squared difference much better than the mixing angle.
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Figure 55: Zenith angle exposure function for SNO as a function of Nadir angle (in radians), taken
from [1].
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Figure 56: Survival probability of electron solar neutrinos as a function of energy at SNO with
Amg; =7 x 107%eV? and tan?(#) = 0.42 during the day, night and averaged over a year (left) and
corresponding value of the day-night asymmetry (right) in percent. With the best fit values of the
mixing parameters, there is almost no day-night asymmetry, as measured by SNO. When integrated
over the 8B flux between 5MeV and 15MeV, the total day-night asymmetry in this case is found
to be 2.3%
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Figure 57: Day and night time survival probabilities as a function of energy for different values of
the mixing angle with Amso; = 7 x 107°¢V2. The mixing angle is observed to have a small influence.
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Figure 58: Day-night asymmetry as a function of energy for different values of the mixing angle with
Amg = 7 x 107%eV?2, corresponding to Figure (57). The mixing angle is observed to have a small

influence when it is smaller than I
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Figure 59: Day and night time survival probabilities as a function of energy for different values of
the mass squared difference for tan?(#) = 0.42. The mass squared difference is seen to have a large
effect.
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Figure 60: Day-night asymmetry as a function of energy for different values of the mass squared
difference for tan?(6) = 0.42, corresponding to Figure (59). The mass squared difference is seen to
have a large effect.
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2.5.7 Dependence of Psg on 63

In this section, we consider how the day-night asymmetry varies with 613. We will assume that
Amg, is fixed to 1 x 1073eV? by atmospheric neutrino experiments and have verified that, although
the complex phase appears in the formula for Psg, the day-night asymmetry does not vary as a
function of §. Furthermore, the mixing angle 623 also has no influence on Psg, even though it
appears explicitly. The main goal is to consider whether solar neutrino experiments are sensitive (in
principle) to #13 when a measurement of the day-night asymmetry is made. Section (3.1) will focus
more carefully on the measurement of 6,3, and we only intend a proof of principle in this section.
In general, it is difficult to factor out the 613 dependence from our formula for Psg. A qualitative
idea on the dependence on #13 can be obtained if one neglects the term £. It is then easy to show

that Psg can be parametrized in the form:

C%B(Alplf?ﬂue + AQPSEH% + A3) =+ (BlPS?Hue + BQP:%HVE + B3)
ch%3 + D2

Psp = (116)

where the A and B contain solar probabilities, mixing angles and Earth probabilities and the D
contain only mixing angles. The authors in [47] have obtained approximations for the functions
pP® and PP that appear in the A and B by deriving series expansions in the matter potential

Vi—VlVe V1i—Ve

term. We will not go into the details of their derivation, but simply quote their results:

D _ 2 2
Py, = cizlaicis +az)

7] _ 2

va—ve = L= Ci3

(117)

where a1 and as depend on integrals of the matter potential through the Earth. We can then

re-parametrize Psg as:
- Alc??, + Agc%g + Agc%g + B

Pop = 118
5B ch%3 + Do ( )

where A and B now depend only on solar survival probabilities and mixing angles. This is to be
compared with the result in [15] where it is claimed that the day-night asymmetry is proportional
to ¢f5. The authors in [15] make several approximations, in particular that the Earth has a constant
density. Furthermore, they make the approximation that the third neutrino is decoupled (hence using
the first-order formula that we presented in section (2.2)) and that the solar survival probability is

then proportional to cf;. In our case, if we also assume that the solar survival probability goes as
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ci; we can express Psp as an eighth order (even) polynomial in c3:

B
Psg = Alcifg + AQC?g + Agcilg + A4C%3 + By + 0_2 (119)
13

This formula should give a qualitative idea on the dependence of the day-night asymmetry on 613,
and it is not very enlightening to show the actual content of the coefficients A and D. In particular,
we note that one expects a smaller asymmetry for large value of 6;3.

Figure (61) shows how the day and night time survival probabilities behave as a function of energy
for different values of #13. The two-flavour mixing parameters were chosen as Amg; = 4 x 107%eV?
and tan?(f13) = 0.42, in order to amplify the day-night asymmetry. We note that the difference
between the day and night flux is bigger for smaller 63, which is shown more clearly in Figure (62)

where the corresponding day-night asymmetry is shown.
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Figure 61: Day and night time survival probabilities as a function of energy for different values of
613 with tan?(12) = 0.42 and Ama; = 4 x 107°eV2. A larger 63 is seen to decrease the effect of
the Earth.

Figure (63) shows the day-night asymmetry as a function of 613 divided by the corresponding
day-night asymmetry with 613 = 0 for a neutrino energy of 10MeV with Amsy; = 7 x 10~ %eV? and
two different values of 612 (30 and 40 degrees). This is to be compared with Figure (4) from [15] and
we note that our agreement with their results is excellent. The small difference between our plot

and theirs come from the fact that we have used a fully numerical calculation through the Earth
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Figure 62: Day-night asymmetry as a function of energy for different values of 613 with tan?(6;5) =
0.42 and Amg; = 4 x 107%eV?2, corresponding to Figure (61). A larger 03 is seen to decrease the
day-night asymmetry.

compared to their approximation of a constant density and furthermore, from the fact that we set
the neutrino energy, whereas they set the neutrino energy based on an electron detected in a CC
reaction.

In Figure (64), we have plotted Psg minus the daytime survival probability as a function of
cos(f13) to better illustrate the effect of 613, and verify the qualitative behavior of Psg as a function
of 813. We have thus also shown two fitted curves, one corresponding to the eighth order polynomial
in equation (119) and the other to a simple term in c,, as suggested by [15]. Table (1) shows the
relative size of the coefficients for the fit to equation (119) to give an idea of their importance. It is
clear that both expressions fit very well in general, and that equation (119) agrees extremely well.
We note from Table (1) that the term in c}5 is not negligible compared to the term in c$;. The
excellent agreement suggests that the first-order decoupling formula for solar neutrinos is very good
(as was already shown in section (2.3)) and that the expansions suggested by [47] are also a very
good approximation to P, and P, .

The main conclusions from this section are then that a measurement of the day-night asymmetry
is primarily sensitive to Amo; and we have shown that, in principle, it is also sensitive to 6i3.
Unfortunately, solar neutrino experiments are not likely to be able to claim a non-zero measurement

of 013 as the effect is small, due to the particular value of Amsq, and would thus require an extremely
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Figure 63: Day-night asymmetry as a function of 613 divided by the asymmetry when 613 = 0 for a
neutrino energy of 10MeV with Amo; = 7 x 107°eV?2 and two different values of #15. This figure
is to be compared with Figure 4 of [15] and confirms our work as well as their approximation of the
Earth as having a constant density.
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Figure 64: Psgp minus daytime survival probability (i.e. Psp — P,j@eﬂue ) as a function of cos(f13)
for a 10M eV neutrino with Amsg; = 4 x 107%eV? and tan?(#;2) = 0.42. We also show the fit to the
eighth order polynomial in equation (119) (see Table (1)) as well as a fit to a term in c§5. Both fits

are very good, and the eighth order polynomial is overall a more accurate description.
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Ay 0.0207
A, -0.0145
As 0.0035
Ay 0.0035
B; | 2.05 x10~°
By | -4.25 x1078

Table 1: Fit parameters for the eigth order polynomial in equation (119) for the curve in Figure (64)

accurate measurement.
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3 Applications

In the following sections, we examine numerical results obtained using the approximations presented
in the Theory section. The calculations were all done using a C++ library written to take advantage
of the various approximations and calculate solar neutrino fluxes in the day and at night using the

formula for Psg.

3.1 Measuring #,3 with Solar Neutrinos

The original motivation of our work was to look at the possibilities of measuring 6,3, in particular
using the day-night asymmetry, with SNO and solar neutrinos, which we consider in this section.
The main difficulty in doing this is that if one wants to measure 613, then the solar flux will have to
be fitted to four parameters: Amaq, 012, Amg; and 613. In practice this means that four independent
measurements need to be made. We thus make the assumption, in this section, that Amg; can be
obtained from atmospheric neutrino measurements and that Amso; can be obtained from reactor
neutrino experiments, in particular the KAMLAND collaboration. Their experiment is sensitive to
both of the two-flavour mixing parameters, however, they have shown to be more sensitive to Ama;
than 612 [9]. We hence assume that the mass-squared differences are fixed from other experiments
and that SNO then only needs to make two independent measurements to constrain the two mixing
angles that are involved in the electron flavour survival probability. Throughout this section we will
use Amg; = 7 x 107%eV? (which is slightly below the latest ’solar+KAMLAND’ fits ([8], [9])) and
Amg; = 1 x 1073eV?2, which is also slightly below the best fit value from [11], although compatible,
and as we have seen earlier, has very little impact on solar neutrinos.

SNO obviously has the ability to make more than two different measurements, so we must seek
which ones give the best constraints on 613. The first possibility is to make two measurements of the
flux at different energies, to see how the two depend on 63, and the second possibility is to look at
day and night time measurements, since the day-night asymmetry was shown in section (2.5) to also
depend on #13. One can then imagine combining these different sets of measurements. The aim of
this section is to show this theoretical dependence without actually fitting the data for the angles,

which is beyond the scope of this thesis.

3.1.1 With the Day-Night Asymmetry

We will first consider the possibility of constraining 613 with measurements of the day-night asym-

metry. When we started this work, this was a novel idea; however, other authors, in particular
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[15], have looked into the same idea and published results while we were still doing research. Our
approach is however quite different, although we draw similar conclusions.

We have already seen in section (2.5) that there is not a very large day-night asymmetry with
the current experimental values of the mixing parameters. We hence already know that such mea-
surements will have to be made with a high degree of accuracy, and in fact this will necessarily
be beyond the capabilities of SNO, which currently measures an asymmetry consistent with zero.
Nonetheless, it is still of theoretical interest to consider the possibility that might be of use for the
next generation of experiments.

This section will only focus on the day-night asymmetry integrated over the 8B spectrum. The
next section will consider the energy dependence. In order to measure the two mixing angles, we
find it convenient to plot the survival probability as a function of these two angles, in order to look
at the correlation between the two. We will also focus on a region of parameter space around the
experimental values of the mixing angles. We will examine the dependence for 0.3 < tan?(f15) < 0.7,
which is roughly a 20 bound from [8], and we will impose 0 < sin® #13 < 0.3 (see [11]).

Figure (65) shows the survival probability in the day, that is, averaged over the Sun and Sun-
Earth distance, but with no matter effect from the Earth, as a function of 615 and 6;3 integrated
over the 8B spectrum between 3MeV and 15MeV. The calculation was done using the three-
flavour adiabatic approximation with the two flavour jump probability and the formula for Psg that
was derived in section (2.5). In an experimental situation, one would then measure the survival
probability (in SNO, this is related to the CC/NC ratio), and hence the corresponding contour in
Figure (65). A very qualitative estimate would then require a measurement of the solar survival
probability to within ~ 3% to pick out a contour.

The second measurement can be done by considering the day-night asymmetry, Ax_p. Figure
(66) shows the average night time survival probability and Figure (67) shows the corresponding
day-night asymmetry in the 615-613 plane. Again, if one were to use a measurement of the day-
night asymmetry to deduce the corresponding contour, this should be done with a precision around
~ 3%. For comparison, the last SNO measurement of the day-night asymmetry [8] is of the order
of 100% (consistent with no asymmetry) and there is thus not much hope in using this type of
measurement to fit for 613 with current experiments. It is however interesting to note that an
accurate measurement of a small day-night asymmetry would be sufficient to claim a non-zero value

for 63, as the correlation with 615 appears to be small.
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Figure 65: Daytime flux integrated from 3MeV to 15MeV as a function of tan?(6;5) and sin®(6;3)
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Figure 66: Night time flux integrated from 3MeV to 15MeV as a function of tan?(f;5) and sin®(6;3)

averaged over the zenith angle exposure function of SNO for Nadir angles between 7 and .
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Figure 67: Day-Night asymmetry (in percent) integrated from 3MeV to 15MeV as a function of
tan?(f12) and sin®(613). The values are calculated using Figures (65) and (66)

3.1.2 With Fluxes at Different Energies

The idea of using the fluxes at different energies appears to have been first proposed by [48] who used
the concept to fit and obtain a non-zero value for 613 with results from solar neutrinos, although
the measurement is not statistically significant. For completeness, we use our own computer code
to illustrate the effect and discuss how it might be used to measure 63.

In our version of the analysis, we plot the survival probability as a function of 615 and 613
integrated over different ranges of energies. Figure (68) shows the day-time survival probability over
two different ranges in energies (1 to 6 MeV (left), and 6 to 15MeV (right)). The corresponding
day-night asymmetry is not useful in a measurement at different energies as we have shown in section
(2.5) that there is virtually no day-night asymmetry at low energies.

One notes that there is a qualitatively different behaviour at different energies. Future experi-
ments sensitive to low-energy solar neutrinos should be able to make these measurements and help
to constrain #13. In particular, the lower energy range appears to be the best for constraining 613, as
the contours are almost horizontal. It appears that one 5% measurement alone, in this energy range,
could be sufficient to claim a non-zero value for ;3. This appears to be a very exciting conclusion
as several proposals for low energy solar neutrino experiments are now being seriously considered.

The main conclusions of this section are that, in principle, solar neutrinos can be used to measure
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Figure 68: Day time flux integrated from 1MeV to 6MeV (left) and from 6MeV to 15MeV (right)
as a function of 012 and 613.

f135. Although we have seen that the day-night asymmetry is much more dependent on 613 than 6;2,
we have shown that one would require an extremely accurate measurement to determine a non-zero
value for 613. The best hope for measuring 6,3 with solar neutrinos is then to measure accurately

the (day-time) survival probability at lower energies.
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3.2 Defining the Night Bin for Underground Detectors

In this section, we examine how the matter above an underground detector affects the flux of
neutrinos. We will see that the night bin should be defined for Nadir angles between 0 and 7 + ¢,
where € is a small angle making the night bin longer. The difference comes from the detector being
underground and thus leaving a non-negligible path through the Earth when the Nadir angle is equal
to 5 (see Figure (14)).

To illustrate this effect, we consider a detector 2km underground, consistent with the SNO
location. We use a model that involves propagating neutrinos through the Earth by starting them
in a given mass eigenstate mixture which is essentially the same method as presented in section

(2.4). Consider neutrinos in the state:

|V >= k‘1|l/1 > +I€2|V2 > €7i¢ (120)

In Figure (69), we show the survival probability as a function of energy and Nadir angle for
neutrinos that started in the state defined by equation (120) and averaged over the phase ¢. The
mixing parameters were chosen as tan?(f12) = 0.42 and Ama; = 7 x 10~5%eV? corresponding to the
best-fit two-flavour case. Several features are visible on this plot, the most striking being the vertical
line corresponding to the mantle-core interface. One also notes the vacuum oscillations in distance
(proportional to cos(n)) that are approached when n = 7 as well as the fact that the Earth has a
larger effect at higher energies. One can also see the effect of the LMA spectrum, giving a higher
survival probability at lower energies and washing out the effect of the Earth at those energies. The
mass eigenstate contents in equation (120) were calculated as a function of energy from the Sun. We
have tested this model with the mass eigenstates being constant as a function of Energy and came
to the same conclusions.

When this plot was first made, it seemed that the various features were quite large and might
be observable with the SNO detector. Since SNO does not have the resolution to distinguish the
features that are energy dependent 4, one can integrate Figure (69) over the B spectrum to obtain
the dependence on the Nadir angle. Obviously, the detector’s resolution of the Nadir angle is
excellent, since all neutrino events are tagged in time. Figure (70), shows this energy integrated
survival probability as a function of Nadir angle. We note the survival probability having two
different average values, corresponding to the night flux (when n < ) and day flux (when n > 7).

The difference between these two is then the day-night asymmetry.

4SNO has a resolution of about 1MeV on electron energy
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n

Figure 69: Survival probability through the Earth as a function of Nadir angle (in radians) and
energy (in eV') for a detector 2km underground and neutrinos that started in the state defined by
equation (120) and averaged over the phase. The mixing parameters are set to tan?(f12) = 0.42 and
Amop =7 X 10~ %eV/2.

One notes that the average between the day and night fluxes actually changes slightly above
n = 5. This comes from the fact that at n = 7, the path length through the Earth is still about
160km and there is still a chance for the coherence acquired at the boundary with the Earth to
have a (small) effect since the vacuum oscillation length for 10 MeV neutrinos is about 350km when
Amay; = 7 x 107%eV2. However, it is noted that with the current experimental values of the mixing
parameters, the effect of the Earth is quite small, as seen in previous sections.

Finally, we can use Figure (70) to extract values for the day-night asymmetry, depending on the
size of the night bin. The values for the day (D) and night (N) time fluxes, as well as the day-night
asymmetry, Ay_p, are shown in table (2), for the usual bin size and when one uses a non-zero value

for epsilon (given in degrees):

e | An_p (%)
0 2.29
13 1.99

Table 2: Day-night asymmetry for two different sizes of the night bin (e given in degrees). Results
were obtained by integrating Figure (69) with the zenith angle exposure function for SNO, and the
8 B spectrum between 5MeV and 15MeV.

First, we note that in either case, the asymmetry is very small and would require a measurment
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Figure 70: Same as Figure (69) but integrated over the 8B spectrum between 3 and 15 MeV, as

a function of Nadir angle (in radians). The dotted line corresponds to n = 7, and ¢ is the extra

amount the night bin should be extended. In this plot, € is approximately 13 degrees.

with the corresponding accuracy. Second, there is a difference between the two values, with a relative
difference of about 13% of the value when the night bin extends to n = 7 + e. The surprising
conclusion is that the asymmetry is actually smaller for the case with € not equal to zero, since this
case 'weighs in’ values of the survival probability that are lower than the average night value.

The conclusion of this section is that, in order to be rigorous, one should extend the length of
the night bin, if one wants the day-night asymmetry to be a measurement of the effect of the Earth
on solar neutrinos. Regrettably, this makes the day-night asymmetry even smaller and harder to

measure conclusively.
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4 Summary and Conclusions

In this thesis, we have provided an extensive overview of the oscillation calculations for solar neutri-
nos. We started by introducing the theoretical framework for neutrino calculations in section (2.1)
and then applied them to the propagation of neutrinos through arbitrary media in section (2.2).
We showed that the numerical propagation of neutrinos is not affected by discontinuous density
boundaries as long as one imposes the condition that the flavour content be continuous through the
interface. Various approximations were also introduced in section (2.2) and in particular, it was
shown that the adiabatic approximation is very accurate for media with smoothly varying density
profiles.

In section (2.3), we examined the propagation of neutrinos in the Sun, in light of the approxima-
tions that were introduced in section (2.2). We also presented our own numerical algorithms for the
propagation of solar neutrinos and showed that the step size is best chosen by an algorithm that uses
the wavelength in matter before the MSW resonance and then switches to exponentially increasing
steps in the parts of the Sun where the oscillations are close to the vacuum regime. We concluded
this section by recommending that the fastest and most accurate method of propagating solar neu-
trinos is a combination of the three-flavour adiabatic approximation used with a two-flavour jump
probability. This is consistent with the idea that the third mass eigenstate is effectively decoupled
from the first two.

Section (2.4) examined the propagation of neutrinos in the Earth. The case of an incoherent
beam arriving at the Earth from vacuum was considered and it was shown that the interface with
the Earth reintroduces coherence in the beam. It was seen that this was the result of one of the
mass eigenstates being regenerated at a particular point in space. We also examined the influence
of the Earth on the survival probabilities as a function of the mixing parameters and showed that
the Earth has a small effect with the current best-fit values of the mixing parameters.

In section (2.5), we presented our most significant contribution, when we examined the survival
probability for solar neutrinos when they traverse the Earth. We introduced a three-flavour formula
that allows one to calculate the survival probability separately in the Sun and in the Earth and
then combine these to obtain the final result. In addition to providing a computationally efficient
formalism, we also showed how the day-night asymmetry behaves as a function of #;3, in a manner
consistent with the results found by others in the literature. We concluded by showing that the
day-night asymmetry is most sensitive to Amo;. We also showed that the asymmetry depended on

013 more than on 61-.
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We presented two examples of applications of our theoretical findings. We first examined how
a solar neutrino experiment could measure 613 in section (3.1). It was shown that the day-night
asymmetry provided a useful tool for constraining €13 in theory, but that the required precision
was unrealistic for current experiments. We concluded section (3.1) by showing that a low-energy
measurement of the day solar survival probability would provide the best constraint for #13. Finally,
in section (3.2) we considered the effect of modeling a solar neutrino detector underground, as is the
case for the Sudbury Neutrino Observatory. We showed that a rigorous definition of the day-night
asymmetry required extending the night bin to account for the matter effect on Earth-skimming

neutrinos, as the path length through the Earth is comparable to the oscillation length in that case.
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