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Abstract

It is believed that a large fraction of the heat produced by the Earth could origivaie duc to the decay
of radioactive elements. A signature of this decay should be visible to us at the surface in the form of
the flux of antineutrinos. Therefore the geo-neutrino flux is of fundamental importance in the field of
geophysics where it is belicved that it will enable us o determine the amount and possibly location of
heat producing elements within the Earth. SNO+ will begin gathering data later this year, including
a measurement of the geo-neulrino flux. In this study we outline the method employed to predict the

geo-neulrino flux that will be p present L
We predict that the total geo-neutrino ﬂux at SNO |- will be (5.27 £ 0.31) x 10'°m~2s~! corresponding
to a signal rate of (45.6 +£2.7) TNU. In addition the MSW effect was considered and was found to rednce

the geo-neutrine signal rate to (41.5 +11) 'I'NU. Cood agreement was obsorved not on
& ; \ ) BT

- and use this to estimate the signal rate that will observed.

ly between these
results and those predicted in previous studies, but also the ﬂux predicted for the locations of previous

geo-neutrino experiments, Kamioka and Gran Sasso, demonstrated concurrence with the experimental
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1. Introduction

The existence of the particle we now know as a neutrino was first suggested in 1930 by Wolfgang
Pauli {1] who proposed that a third particle, in addition to the proton and beta particle, must be
produced in beta decays in order to explain the spectrum of beta energies observed. We now know
that this prediction was correct, but that the particle he proposed was in fact the electron antineutrino.
However at the time neutrinos were incredibly diflicult Lo observe due (o their small interaction cross
section, indeed after estimating a neutrino cross-section of ¢ < 10~**cm? in 1934 Bethe concluded there
was no practical way to detect the neutrino [2]. This was proved to be untrue in 1956 when Cowan et
al succeeded in detecting neutrinos produced in a nuclear reactor by searching for coincidence between
the interactions of the two inverse beta decay products [3]. It is now known that the rcason neutrinos
proved difficult to detect is due to their low mass and lack of charge, causing them to interact primarily
through the weak force.

Geo-neutrinos arc clectron antincutrinos that arc produced during the beta decay of radioactive
elements within the Earth. The idea that the earth should be producing large quantities of geo-neutrinos
was first suggested by Ider in 1966 [4). It is believed that the radioactive elements within the Karth
should produce antineutrinos when they decay which ought to in theory be measurable to us at the
surface thanks to the highly penetraling nature of ncutrinos. Presentlly the study of geo-neutrinos is
a considerably active arca of research in the physics community. Tt brings together the ficlds of high
energy physics and gcophysics in order to help answer some fundamental issucs such as the source of the
Earth’s internal heat.

It is well known that the Earth is emitting heat, in [5] it is cstimated that the total heat How from
the Earth is 44.2 + 1'TW. While it is dillicnlt, to fully quantify the sources of this heal it is unlikely that it
can be completely explained by the energy released from the gravitational collapse during the formation
of the Earth. This energy is estimated to be 2.24 x 10* J using the gravitational binding energy for a
sphere as seen in equation 1, which if lost a constant rate could account for the heal flow seen today.
However as the Earth formed slowly from an accretion disc it is likely that a large fraction of this energy
would have been lost during this formation period and hence the fraction due to gravitational energy
now is likely to be much smaller.
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Presently it is belicved that radioactive dccays could contribute a large portion of the Earth’s hcat; an

(1)

Upron =

estimate of the fraction of the heat produced by radioactive decays is 21 - ATW, obtained by assuming
similarities between the content of the Earth and chondritic meteorites [6} However one cannot. directly
measure the amount of radioactive nuclides in the Bartl, the deepest hole that has ever been dug is a
mere 12km (7], and therefore we rely on indirect methods. As geo-neutrinos are produced in radioactive
decays, and due to their alorementioned small cross-section, it is believed they can carry information
about the distribution of the heat producing clements to the surface. By carrying out experiments to
measure the geo-neutrino flux one can estimate the abundances of the radioactive clements within the
carth, which can be used as an analysis of the various Barth models.

So far there have been two experimental studies on geo-neutrinos; SNO-- will be the third when it
begins taking data later this year [8]. "The primary method of detecting geo-neutrinos is via inverse beta
decay, illnstrated by equation 2, whereby an electron antineutrino converts a proton into a neutron and
creates a positron.

Vet p—n+e’ (2)

As with the experiment by Cowan et al, the modern day approach to detecting geo-nentrinos in a liquid
scintillator is to look for coincidence between the two photons emitted. The first by the annihilation of
the emitted positron with an electron, and the second hy the capture of the nentron by a proton, which
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on average occurs approximately 200us later. However due to the mass difference between the proton
and the products, this interaction imposes a neutrino energy threshold of 1.806MeV. There are thought
to be three main isotopes of heat producing elements (HPE) within the Earth, 238U, 232Th and %°K.
The maximal neutrino energy in either of the “°K decay chains is 1.311MeV, preventing geo-neutrinos
produced by Potassium from being detectable via this method.

The first reported experimental detection of geo-neutrinos was by the KamLAND collaboration in
2005 based on results obtained from the Kamioka Observatory in Japan. In [9] they claim a detected
total geo-neutrino flux of 1.62 x 107ecm=2s~! at the 99% confidence level. KamLAND is a lkton liquid
scintillator based detector located 1km underground. Like most current geo-neutrino experiments the
main form of detection is to look for scintillation light produced by the positron emitted in an inverse beta
decay event. However it must be noted that due to the large difficulty in separating geo-neutrino events
from others such as reactor and background neutrinos, the validity of these results merits questioning.
The number of geo-neutrino events detected over the runtime of 749.1+0.5 days is reported to be between
4.5 and 54.2 at the 90% confidence level. Thercfore based on these results alone it is debatable as to
whether this experiment truly does show geo-neutrino detections at all.

The second experiment to report geo-neutrino detections is that by the Borexino collaboration [10].
The detector at Borexino is located at the Gran Sasso National Laboratory in Italy. The detector itself is
similar to that used at KamLAND, consisting of a vessel filled with liquid scintillator and surrounded by
photo-multiplier tubes, although the containment vessel at Borexino is less than a third of the diameter
of that at KamLAND. Also as with KamLAND, the method for detection of geo-neutrino is the inverse
beta decay. At Borexino they report detecting 9.9f§f’2;6 geo-neutrino events at the 3¢ confidence level
over the coursc of their measurements. Although once again this is a fairly large uncertainty, it does
likely suggest the actual detection of a geo-neutrino. While Borexino does not suffer quite so much as
KamLAND from the presence of reactor neutrinos, it is limited by its relatively small detector which
will reduce the chance of detecting a gco-neutrino.

The difficulty in accurately determining whether an event was caused by a geo-neutrino is due to
fake events being caused by alternative sources of neutrinos in the same energy range. There are two
main causes of these fake events. The first is background neutrinos whereby contaminants have entered
the detector, most likely from the liquid scintillator, which then decay after a time emitting a neutrino.
And secondly reactor neutrinos which are neutrinos emitted from nearby fission reactors. The latter is a
particularly large source of uncertainty for the KamLAND experiment where at the time of measurement
there were 21 reactors within 200km alone [7]. One of the key sources of background neutrinos arises from
*?2Rn contamination in the detector. Through this decay chain alpha particles will be emitted which
produce neutrons through the *C(a, n)'®0 reaction. 1t is estimated that a large source of uncertainty in
the KamILAND experiment comes from predicting the cross section, and hence likelihood of occurrence,
for this reaction. The cross section employed by KamLAND was that given by JENDL [11] which gives
an uncertainty in the cross section of 20%. Howcver if one uses the value given by [12] the uncertainty
in this measurement drops to 4%, which leads to a count of 31*]; geo-neutrino events at KamLAND.
This result suggests the detection of geo-neutrinos with much higher confidence.

As a measurement of the geo-neutrino flux can be used to analyse the structure of the Earth, the
reverse is also true; the geo-neutrino flux at a given location can be predicted based on accurate models
of the Earth. The aim of this study was to predict the geo-ncutrino flux at SNOLAB in Sudbury,
Canada. While the main aims of SNO+ are in other areas of neutrino physics such as the hunt for
the illusive neutrinoless double beta dccay it will also function well as a geo-neutrino detector. The
SNO+ detector will be a similar set-up to that employed in both KamLAND and Borexino but with a
12m diameter vessel containing 780tons of liquid scintillator. In addition to being a considerably larger
detector than Borexino. it is estimated that the {lux from reactor neutrinos will be a factor 5 times less




than that present at KamLAND [8]. Additionally it is believed the relatively thick continental crust near
SNO+ compared to KamLAND should yield a larger geo-neutrino flux which in turn will be more easily
distinguishable from the various backgrounds.

In the following section we shall detail the methods used in order to calculate the geo-neutrino
flux and signal at SNO+ and other locations. This consists of an analysis of the Earth models used, a
method for calculating the survival probability of geo-neutrinos, the energy spectrum for geo-neutrinos
and an approach for estimating the geo-neutrino signal rate from the flux. We shall then present the
results obtained for the geo-neutrino flux and signal rate at SNO+ and other locations. Finally we
will thoroughly discuss our results including the relative effects caused by the assumptions that were
employed.

2. Method

The flux of geo-neutrinos of energy Ej, originating from an element X and arriving at a location R
is given by the following integration over the volume of the Earth

o577 () = [ av B SO ()P (0, = 70 )
Here p(7) represents the density of the Earth at a given point, ax (7) is the abundance of element X at this
point, and Cx, 7x, and my are the concentration, lifetime and mass of the neutrino producing isotope
of this element. The factor fx (Ej) represents the normalised neutrino energy spectrum produced by the
decay chain of element X and P..(Ejp, lﬁ — 7]) is the survival probability of an electron antineutrino of
given energy that has travelled a certain distance. As mentioned previously, there are just two relevant
isotopes of HPEs that will emit detectable geo-neutrinos, Uranium and Thorium. This allowed the
following simplification to be made in that we reduced the factor that governs the neutrino rate to just
one value for each element as per equation 4.

Cx
€x = (4)
TXMX
Where the values used for the relevant isotopes in this study were ey = 7.41 x 107kg_ls‘1 and eTp =

1.62 x 107kg ™ 's™1 [7].

2.1. Earth Model

The flux of geo-necutrinos at the surface depends heavily on the structure and composition of the
Earth, in the form of the density and abundance of HPEs. However as mentioned previously one cannot
directly measure either of these parameters to any meaningful depth. Therefore in order to predict
the geo-neutrino flux we rely on indirect methods to produce a density profile for the Earth. In this
study we chose to use the Preliminary Reference Earth Model (PREM) [13] for the density of the inner
layers of the Earth. The PREM is the result of a committee set up to create a standard Earth model
for future use in the scientific community. It consists of an isotropic model of the Earth divided into
nine layers, wherein the density is calculated by analysis of seismology. The densities from the PREM
used in this study can be seen in table 1, obtained by fitting a polynomial to the radius dependant
density estimations. While the assumption of isotropy presents a convenient solution to work with, it
is suggested in the paper that it does not strictly fit all data, indeed it is observed that for the crust
itself averaging over the anisotropies creates a result that is unlike any part of the real crust. In the
case of calculating geoneutrino flux, the inverse square of the distance weighting nccessitates that the
local region of the detector be known accurately therefore this model, while suitable for the inner areas
of the Earth, needs refinement before it can be applied to the crust. For this reason the outer layers
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of the Earth were described in this study using the CRUST2.0 model [14]. This model features a more
advanced description of the crust, releasing the assumption of isotropy by defining the properties of the
crust on a 2x2 degree scale. The CRUST2.0 model defines the crust in terms of seven layers, combining
these with the PREM components yields the complete Earth model assumed in this study, as shown in
figure 1.

Region Radius Density
(km) (gcm™3)
Inner core 0—1221.5 13.0885 — 8.8381zx2
Outer core 1221.5 — 3480.0 12.5815 — 1.2638z — 3.642622 — 5.5281%3

Lower mantle

3480.0 — 5701.0

7.9565 — 6.4761z + 5.5283z% — 3.08072*

Upper mantle

5701.0 - 5771.0
5771.0 — 5971.0
5971.0 — 6151.0
6151.0 — 6346.6

5.3197 — 1.4836x
11.2494 — 8.0298z
7.1089 — 3.8045x
2.6910 + 0.6924x

Lower crust

6346.6 — 6356.0

2.900

Upper crust

6356.0 — 6368.0

2.600

Table 1: The density values taken from the PREM where @ = /R and the Earth mean radius is taken to be R = 6371.0km

Sed Ice

Figurc 1: Schematic of the Earth Model used in this study. The inner core (IC), outer core (OC), lower mantle (LM) and
upper mantle (UM) are defined isotropically as in the PREM. The remaining layers, the lower crust (LC), the middle crust
(MCQC), the upper crust (UC), the sediments (Sed), water (W) and ice are defined in three dimensions as in the CRUST2.0
model. The discontinuity between the upper mantle and lower crust, known as the Moho, is also the three dimensional
boundary between the two models.

As with density the position dependant abundance of HPEs in the Earth is impossible to measure
directly. We therefore rely on indirect methods to estimate the average abundance in each of the Earth
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layers. The abundances in the sediments are obtained from a paper by Plank and Langmuir [15]. These
are calculated by averaging over local values obtained through either direct measurement of sediment
composition or by using known correlations between the HPEs and other elements such as Aluminium.
The composition used for the continental crust in this study was taken from [16]. The upper crustal
abundances are found by studying trends between these elements and Lathanum in Loess, a type of
sediment, while the abundances in the middle crust are calculated by averaging over previous studies.
The lower continental crust abundances are taken directly from a previous study [17]. The abundances
for the oceanic crust and mantle elements are given in [18]. These values are found by reviewing studies
on the topic and choosing either the most accurate or an average of the results. For the core it is
estimated that there is no uranium or thorium present [6] based on the fact that these elements are by
nature lithophilic and hence will not be found in the core. A summary of the abundances used can be
seen in table 2.

Abundances

Earth Section B i st Source
. Continental 2.8 10.7
Hediments QOceanic 1.68 6.91 Lo
Upper 27£06 10510 0
Continental Crust Middle 1.3+04 6.5+0.5
Lower 0.2 1.2 [17]
Oceanic Crust 0.10+£0.03 0.22+0.07 [1§]
Upper 305+12 108+3.2
Mexztle (ppb) Lower 173447 6044163
Core 0 0 6]

Table 2: The abundances of Uranium and Thorium found insidc the Earth, valucs arc in ppm by mass (j29/g) unless stated
otherwise

2.2. Neutrino Oscillations

In order to calculate the geo-neutrino flux as given by equation 3, the survival probability for a
neutrino of given energy after travelling a given distance must be known. Despite the small interaction
cross-section of neutrinos, this probability is not unitary due to the phenomenon of neutrino oscillations.
A long standing issue in particle physics was the so called Solar Neutrino Problem, whereby a deficit in
the predicted number of solar neutrinos was observed. It is now believed that this phenomenon can be
explained if one allows the neutrinos to oscillate between flavour states. This effect was first quantified
by Maki et al in 1962 [19] where mixing between two flavour states was proposed. We now know that
neutrino mixing is a consequence of each of the three neutrino flavour states consisting of a superposition
of the three mass states. As a neutrino propagates the mass eigenstates evolve independently which causes
the proportion of each mass state and hence the flavour states to alter. The relationship between the
flavour statcs and mass states is given by the mixing matrix U, the form of which used in this study is
seen in equation 5, taken from [20].

Ve €12€13 S12€13 s13 n
Uy | = | —S12023 — 12523813  C12C23 — 812523513 823C13 7 (5)
Ur 812823 — C12823813  —C12823 — S12C23813 C23C13 U3

The convention used is that s;; = sin(6;;) and ¢;; = cos(6;;), where 0;; represents the mixing angle
between two mass states ¢,j. This form of the mixing matrix ignores the CP violating phase factor
4 based on the fact that it has not been experimentally confirmed as of yet. This allows the survival
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probability of an electron antineutrino with energy E; after travelling a distance L to be calculated from
equation 6.

3 2

Pee =1—-4 . Z UeZiUgj Sin2 (A‘,Z;;;L) (6)
i>j=1

However as one of the three mass differences remains unknown it was chosen to use the hierarchical

model whereby it was assumed that Am2; ~ Am?; » Am?,. This allows the survival probability for

electron antineutrinos in a vacuum to be approximated as equation 7.

v

2 2
P,. = 1 —sin? (20;5) cos* (0;3) sin® Attial _ cin? (26,3) sin® Ayl (7)
4FE; 4F

The mixing parameters used in this study were obtained from a review by the Particle Data Group [21].
They were Am?, = (7.50 + 0.20) x 10~%eV2, Am?, = (2.32%0:32) x 10~2eV?, sin” (26,2) = 0.857 +0.024,
sin? (26013) = 0.098 + 0.013 and sin® (2053) = 0.95.

The survival probability given in equation 7 assumes that the neutrinos do not interact with their
surroundings as they pass through the Earth. However the possibility that the oscillations between flavour
states of neutrinos, and hence survival probability, might be affected by interactions with surrounding
matter was proposed by Wolfenstein in 1978 [22]. This matter effect on neutrino oscillations is now
known as the MSW effect after it’s three original proponents, Mikheyev, Smirnov and Wolfenstein. For
the case of solar neutrinos the MSW effect has now been experimentally confirmed by SNO [23]. On the
other hand due to the lower density of matter in the Earth, relative to the Sun, the effect has yet to
be observed for neutrinos passing through the Earth. Despite this we propose a method to predict the
consequence of the MSW effect on geo-neutrinos. As a geo-neutrino propagates through the Earth it will
interact via the weak force with electrons in the matter. There are two forms of this weak interaction,
the neutral current interaction which occurs through the exchange of a Z boson and the charged current
interaction which is mediated by the W boson. These are shown diagrammatically in figure 2.

Ve Veur Ve e

ZO w*

@) (b)

Figure 2: The neutral current (a) and charged current (b) interactions of antineutrinos with Earth matter. While all
three flavours can undergo the neutral current interaction, only the electron antineutrino can undergo the charged current
interaction. Time runs horizontally.

As only the electron antineutrino can undergo the charged current interaction, due to lepton number
conservation, this introduces a potential only felt by the electron flavour state. This potential causes an
alteration to the electron antineutrino propagation with respect to in a vacuum, and as such will cause
the survival probability of geo-ncutrinos to change. In order to describe this cffect mathematically it
is necessary to first introduce the Hamiltonian for neutrinos in a vacuum and as measured in the mass




basis.
0 0 0

0 Am2, 0 (8)
0 0 Am3,

Hi =
R,

This can then be transformed into the flavour basis via the relationship H* = UTH'U, where U is the
mixing matrix as defined in equation 5. The potential for the matter interaction can then be included
to obtain the complete time dependant Hamiltonian for neutrinos passing through matter as measured
in the flavour basis.

a(t) 0 0

o = Tyt

HZ(t) UHU + 55| 0 00 (9)
0 00

Where a(t) represents the charged current potential felt only by the electron antineutrino. The form of
this potential at a location within the Earth z is given in [24] and has the form shown in equation 10.

T E
a(z) = 2v/2GpEpne(z) ~ 7.56 x 10%eV? (#) (Ger;/) (10)
Where G and n.(z) denote the Fermi constant and electron number density respectively. The neutrino
equation of state is then given by the following Schrédinger equation.

Ve (t)
m%%(t) S= HE(1)|7at) > where [7a(t)>= | 2,(0) (11)

7, (t)

Here the neutrino state vector contains elements which are effectively the probabilities of finding the
neutrino in a given flavour state after a time ¢t. The general solution to this Schrodinger equation is as
follows.

t
—+ (HZ (t')dt’

lpa(t) 2=6 ¢ IVQ(O) > (12)
The integral in equation 12 can then be trivially converted to that over the path of the neutrino by
assuming that the neutrinos travel at the speed of light. This allows the integration to be calculated
using the following.

L
t fa(z)dz 0 0
f He ()t = Luteiy + — | ° (13)
n Cc 2E5c 0 00
° 0 00

If the operator in equation 13 commutes with itself at two different times or equivalently at two different
locations then this produces the neat solution seen in equation 14.

|Pa(Bp, z) >= Y, eXE>®)|\,(Ep, 3) >< Xi(Ep, 7)|7a(0) > (14)

Where \;(Ep,z) and |X\;(E5,x) > are the eigenvalues and eigenvectors of the operator in equation 13
for a antineutrino of energy E; evaluated at a position z. However it was found that this operator
only commuted at two different positions = and z’ if a(z) = a(z’), specifically that the density needed
to be homogeneous along the neutrino path. In order to save on computation time the assumption
was made that the density observed for each geo-neutrino was constant along its path, and equal to
the average density along this path. This allowed the use of equation 14 and hence allowed the final
geo-neutrino state to be calculated by using the fact that the initial state was known to be that of
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an electron-antineutrino. The survival probability could then be calculated for an antineutrino passing
through matter using equation 15.

P.c(Ep, L) = |< Te|Ua(E5, L) >|* where |7, >=|7,(0)>=]| 0 (15)
0

2.8. Geo-neutrino Spectrum

The geo-neutrino flux in equation 3 is dependant on the neutrino energy in the form of the survival
probability. This made it necessary to constrain the antineutrino spectrum seen due to beta decay so
that the relative probability of a geo-neutrino with given energy being emitted could be calculated.
The antineutrino spectrum used in this study was obtained using the method outlined in [7]. The
antineutrino spectrum f; r.x(E5) for a beta decay from nuclide 7 to j into a state k can be obtained from
the corresponding well-known electron spectrum ¢; ;.x(W) using energy conservation such that

fi,j;k(EFi) = ¢'i,j;k(W) where W = Wy — Ep (16)

The electron energy W has an upper limit of Wynaz = mec? + Emaz Where Epnq, is the maximum energy
available to the antineutrino for the given transition ¢ — j. The antineutrino spectrum in equation 16
could then be calculated using the following form for the electron spectrum

1 = ;
645 (W) = T W Winaz — W)A(W? —mZct)T /2™ [D(y + iy) (17)

W
VWZ —mZcf
Using the knowledge that o is the fine structure constant, Z is the charge of the daughter nucleus and
N is a normalisation constant, this allowed the geo-neutrino spectrum to be calculated which in turn
allowed the calculation of the energy dependant geo-neutrino flux.

Yy=4/1—(aZ)?, y=aZ (18)

2.4. Fluz Calculation

With all the components of equation 3 obtained the arrival flux could be calculated. For this we
used the Monte Carlo VEGAS algorithm from the GNU Software Library. This is an adaptive numerical
integration routine and as such attempts to focus the integration arguments into the areas of highest
variation in order to improve the accuracy of the result. The integration was performed separately over
a number of cones of differing angular direction with respect to the detector, and the results for each
summed to obtain the total flux. This allowed the relationship between flux and angle of incidence to
be probed, as in principal it may be possible to determine the direction of propagation of detected geo-
neutrinos. This would allow further tests of Earth models as it would allow the differentiation between
the geo-neutrinos produced from the crust, which would primarily enter the detector laterally, and the
mantle produced geo-neutrinos which would come from lower angles.

2.5. Geo-neutrino Signal

The number of expected geo-neutrino events at SNO+ can be estimated based on the neutrino
flux, the relevant cross-section and the properties of the SNO+ detector. In [7] the geo-neutrino signal
produced from an element X is given as

S(X) = Np-[dEr,c‘:(Er,)O(Er,) %‘T(Eﬁ) (19)

where N, is the number of target protons inside the detector, (Ey) is the efficiency of the antineutrino
detection process, which in principal depends on the neutrino energy, o(Ej5) is the antineutrino - proton
cross-section and ¢¥"(Ep) is the geo-neutrino flux arriving at the detector as given by equation 3.
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As mentioned previously the primary method of detecting geo-neutrinos is via the inverse beta decay
process (2). The cross-section for this antineutrino - proton interaction, neglecting the neutron recoil is
given in [25] as

2R3 1/2

U(E'r,) = W(Eﬁ s AMCZ) [(Ef, = A]M'Cz)2 - (mec2)2] (20)

where f and 7, are the phase space factor and lifetime of the neutron beta decay and are found to be
1.71465+0.00015 [26] and (880.1+1.1)s [21]. AM = (1.29333217+0.00000042)MeV is the neutron-proton
mass difference [21]. Based on the assumption that SNO+ will be a similar detector to that employed at
Kam[LAND, the approximation was made that the efficiency of the two detectors would be roughly equal,
and independent of energy within the geo-neutrino energy range. This allowed the efficiency of SNO+ to
be approximated as e = 0.687 4 0.007 as was used by KamLAND [9]. However, this calculation could be
further simplified by instead using an average cross-section as in [7]. We defined an average cross-section
for each of the two HPESs, such that < ¢ >y= 0.404 x 10~**cm? and < ¢ >7p= 0.127 x 10~**cm?2. This
allowed a signal rate to be calculated per 1032 target protons using the following equations.

S(ZBSU) — (I,llzjr'r'
——— =404 x 107 's™ e 2
1032protons 0w 1% e 10%cm—25—1 20
S(***Th) oy sy T
SO . = . -
1032protons fizHl e 106cm—2s—1 22)

Where ®§" represents the total energy integrated geo-neutrino flux arriving at the detector due to a
HPE X.

3. Results

We predict a geo-neutrino flux due to Uranium of (2.8040.12) x 10*°m~2s5~! when using the vacuum
survival probability as given in equation 7. This falls to (2.55 + 0.50) x 10'®m—2s~! when considering
the MSW effect as in equation 15. These results correspond to a predicted signal rate of 24.5 TNU and
22.3 TNU respectively where the terrestrial neutrino unit (TNU) is defined as one event per 1032 target
protons per year. For Thorium the predicted flux is (2.47 + 0.10) x 10°m~2s~! when using the vacuum
survival probability and (2.25 +0.43) x 10'®m~2s~! when considering the MSW effect. This corresponds
to a signal rate of 6.8 TNU and 6.2 TNU respectively for Thorium. The total predicted signal rate is
therefore (31.3 4 1.8) TNU when ignoring any matter effects or (28.5 + 7.8) TNU when considering the
MSW effect.

For comparison the flux with no neutrino mixing is predicted to be (5.11 + 0.62) x 10'*°m~2s~! due
to Uranium and (4.52 £ 0.54) x 101°m~2s~! due to Thorium. This would correspond to a geo-neutrino
signal of (57.2 +9.7) TNU. A map of the predicted geo-neutrino flux at all points on the Earth surface,
due to Uranium only and when assuming no mixing, was produced with 2x2° resolution and is seen in
figure 3. The exact flux as predicted for key locations including those where prior geo-neutrino studies
have taken place are shown in table 3.

4. Discussion

We presented a prediction of the geo-neutrino flux, and corresponding signal that will be seen, once
SNO+ begins taking results in the previous section. A first evaluation of the credibility of the results
can be obtained by comparing those produced in this study to those listed in similar studies carried out
previously. In an alternative study by Fogli et al [18] a signal rate of (47.86 + 3.23) TNU is reported.
However this value is predicted based on an antineutrino detection efficiency of 1. If this assumption
is applied to the results obtained in this study, the total signal rate rises to (45.6 + 2.7) TNU for the
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Figure 3: The predicted flux due to Uranium at locations across the Earth neglecting the effects of neutrino mixing. The
colour scale is in units of m—2s~1.

Flux (101%m~2s71)
Location Uranium Thorium
Vacuum Mixing MSW Mixing Vacuum Mixing MSW Mixing

Sudbury
(46.5N,81.2W) 2.80 +0.12 2.55 + 0.50 2.47 + 0.10 2.25 +0.43
Gran Sasso
.89 + 0. : X f ) 98 + 0.
(42N, 14E) 1.89 +0.12 1.71 + 0.50 1.63 + 0.09 2.98 + 0.51
Samioka 1954010 1774039 1674008  151+0.32
(36N,137E) AR ; . . / 5140.
Central Australia
2.63 + 0.47 2.42 + 0.4 2.30 + 0.37 4.95 + 0.4
(258,133E) + +0.48 + 5+0.48
Himalayas
68 +0. : ; .30 + 0.45 .03+ 0.4
(33N, 85E) 3.68 + 0.53 5.09 + 0.59 3.30 + 3.03 + 0.47
Hawaii
0.79 £ 0.21 72 £0.21 0.59 £ 0.1 81+0.1
(20N,156W) st 0.72£0 9+015  0.81+0.19

Table 3: The geo-neutrino flux as predicted at key locations on the Earth surface

vacuum mixing case, which is in good agreement with the prediction made by Fogli et al. Similarly the
signal predicted at Sudbury ignoring detection efficiency was given as (49.5 + 7.4) TNU in [27]. This
strongly suggests that the methods used within this study to predict the geo-neutrino signal are to the
best of our knowledge reliable. The geo-neutrino signals at the three locations of the current neutrino
observatories as predicted by this and previous studies are shown in table 4. While good agreement is
observed between the predictions at both Sudbury and Kamioka, the signal obtained for Gran Sasso
appears to be lower than those predicted elsewhere. One possibility is that this may be due to the use
of different HPE abundance estimates.

The signals predicted for both Kamioaka and Gran Sasso can also be compared to the experimental
results obtained by the KamLAND and Borexino experiments respectively. The results reported for
KamLAND in [9] list a geo-neutrino signal rate of 51733 TNU. If assuming a detection sensitivity of
0.687, the results obtained in this study correspond to a signal rate of (21.7 + 1.5) TNU. Therefore the
results are in agreement, although the large relative uncertainty on the result reported by KamLAND
diminishes the relevance somewhat. A recent, but as of the time of writing unpublished, report by Bellini
et al of the Borexino collaboration proposes a detected geo-neutrino signal rate of (38.8 +12) TNU ([28].
In this report, a detection efficiency of 0.84 +0.01 is claimed, and if this is applicd to results of this study
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Geo-neutrino Signal (TNU)
Location = Mantovani et al  Fogli et al

27] 18] This study

Sudbury 495+74 47.86 +3.23 45.6 + 2.7
Gran Sasso 404+ 6.3 40.55 +2.86 30.6 + 2.6
Kamioka 34.7+ 5.7 31.60 +2.46 31.5+ 2.2

Table 4: A comparison of the geo-neutrino signals predicted by this study and previous studies at the locations of neutrino
observatories, ignoring detection efficiencies.

a geo-neutrino signal rate of 25.7 + 2.2 is obtained. Once again our prediction is in agreement with the
results obtained from experiment.

A further analysis of the results can be obtained from studying the angular variation in the geo-
neutrino flux. The flux due to Uranium arriving at SNOLAB as a function of incidence angle is seen in
figure 4. For small values of @ the flux is uniform and small, as expected, as this direction points outwards
through a small amount of continental crust so there is little variation in the flux. The flux reaches a
maximum at values near 6 = 7/2 which also follows logically as this direction will point along the crust,
which contains the highest abundance of HPEs. The flux arriving from larger values of # is smaller due
to the fact that this direction looks along the centre of the Earth where either the abundance will be
lower, as with the inner layers of the Earth, or the inverse square dependence on distance will cause the
geo-neutrino flux to be greatly reduced as from the crust on the far side of the Earth. Apart from small
anisotropies the flux is roughly independent of ¢, the reason being that this angle is the rotational angle
around the detector and the inner layers of the Earth are assumed spherically symmetric so it is only
the crust that will contribute to variations with respect to this coordinate.

Figure 4: The predicted flux due to Uranium at SNOLAB as a function of incidence angle, neglecting the effects of neutrino
mixing. The angle @ is defined such that it is the elevation angle from the axis which points directly to the surface of the
Earth, while ¢ is the rotational angle measured from the axis pointing locally north. The colour scale is in units of m~2s~1.

The results show that the flux at SNOLAB will be much higher than that present at either the
KamLAND or Borexino experiments. In theory a larger flux should be easier to detect and easier to
separate from backgrounds, which would allow for a more accurate test of Earth models than previously
available. However separating this signal from the backgrounds may not be simple. One possible source
of fake signals could be due to solar antineutrinos. It is believed that if the neutrino is a Majorana
particle, that is its particle and antiparticle are identical, and it possesses a magnetic moment there
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may be a process whereby a measurable solar antineutrino flux is produced. This flux is given as
¢3! < 3.8 x 10734(®B) based on data from the KamLAND experiment [29] where the solar flux due to
the 8B decay is given in [30] as ¢(®B) = 5.05 x 106cm~2s~1. Combining these results one obtains a solar
antineutrino flux of ¢5° < 1.9 x 108m~2s~1, which is roughly 0.5% of the geo-neutrino flux predicted at
SNOLAB so this effect should be small but is nonetheless worth considering.

As mentioned previously another significant source of fake events is those due to the decay of
contaminants that have entered the detector. While the process of searching for the coincidence between
two events for the detection of geo-neutrinos reduces the chance that scintillation caused by sources
other than antineutrinos will result in fake signals, there are some interactions that can mimic this
geo-neutrino signal. Neutrons with kinetic energy of a few MeV can ionize hydrogen atoms within the
detector creating scintillation light, and will then later be captured by protons creating a second signal,
similar to that observed for the inverse beta decay interaction of antineutrinos. In order for this effect
to be a significant hindrance on the observation of geo-neutrinos, there needs be a suitably large source
of these so called fast neutrons. One possible source was touched on previously, the («,n) interactions
whereby an alpha particle interacts with a low mass isotope within the detector emitting a free neutron.
To cause a meaningful effect this in turn requires a large number of alpha producing radioisotopes within
the detector. In a master’s thesis it was noted that the most significant source of alpha particles in the
detector at KamLAND with energy high enough to create neutrons was 210po which originated from the
decay of 21°Pb [31]. The alpha particles from this decay have an energy of 5.3MeV which leaves just three
isotopes, that will be contained within the liquid scintillator, with a threshold low enough to undergo this
(a, m) interaction, *C, 70 and '80. Based on their natural isotopic abundances, 13C is by far the most
common of the three isotopes so it is this that will cause the greatest number of fake events. Overall in
the master’s thesis it is proposed that the total signal rate due to the 1*C(a,n)'®0 interaction within the
detector will be 106 TNU. This is a considerable effect when considering the predicted geo-neutrino signal
and demonstrates the need for purification, it may however still be possible to detect the geo-neutrino
signal on top of this background if it is well constrained. The last major form of backgrounds is that due
to reactor antineutrinos. In [31] the reactor antineutrino signal rate at SNOLAB within the geo-neutrino
energy range is predicted to be 44 TNU when using an average survival probability of 0.57.

While the results presented in this study are in general in good agreement with both previous
predictions and experiments there are refinements that could be made in order to more accurately
predict the geo-neutrino flux and signal. The most prominent area for improvement is in the Earth
model, particularly for the inner layers. Due to both the age of the preliminary reference Earth model
and its isotropic assumption one would initially assume a large amount of improvement could be gained
via refinement. However when we considered only the crustal layers of the Earth the flux at SNOLAB
was found to be roughly 78% of the total, suggesting that unless the inner layers nearest to Canada
are considerably deviant from those predicted by the PREM, improvements to this area of the model is
unlikely to yield much improvement. On the other hand corrections to the local area around the detector
in both density and HPE abundance would almost certainly improve the results; in [31] it is noted that
roughly 60% of the geo-neutrino flux at Sudbury originates within 500km of the detector. This area is
described by just a few 2 x 2° tiles, so by increasing the resolution within this area improvements in the
result would follow. Additionally Canada is well known to have large deposits of Uranium, which are
not described by our radial HPE abundance model, and would certainly impact the geo-neutrino flux
arriving at the detector.

It is also worth discussing the result that including the MSW effect had on the geo-neutrino flux.
For the majority of locations the flux predicted using the MSW effect was reduced by around 9% when
compared to vacuum mixing, as seen in table 3. However due to the large amount of time it took to run
the MSW simulation, we were unable to reduce the uncertainty arising from the variation in the result of
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the numerical integration. Therefore the results obtained for the majority of locations are inconclusive;
while they suggest a noticeable reduction in the geo-neutrino flux as caused by the MSW effect, it is
one of questionable accuracy. Some of the locations seem to show a large increase in the geo-neutrino
flux when considering the MSW effect. However these results do not appear to be consistent with one
another, for example disagreement between the effect for Thorium and Uranium at a given location.
This implies that it was caused by a lack of computation time resulting in poor numerical integration
accuracy.

SNO+ is not the only experiment currently planned that will attempt to measure the geo-neutrino
flux. Hanohano is a planned neutrino observatory to be located in Hawaii which will also be able to detect
antineutrinos via the inverse beta decay [32]. While Hawaii is expected to receive a much smaller geo-
neutrino flux, we predicted a flux of (0.79+0.21) x 101°m=2s~1, it does have certain benefits. The absence
of nuclear reactors significantly reduces the background, and the relatively small effect that continental
crust has on the geo-neutrino signal reduces the effect that it’s uncertainty has on the expected signal
rate. Another detector being planned is the Low Energy Neutrino Astronomy (LENA) detector [33].
Although the exact location has yet to be decided it will likely be located in either Finland or France,
with the aim to find a location that will reduce the backgrounds from reactors and cosmic rays to as
great an extent as possible. This detector will be the largest neutrino observatory yet containing 50kton
of liquid scintillator which should vastly increase the detection sensitivity.

5. Conclusion

The geo-neutrino flux is of fundamental importance in geophysics as it allows us to probe the Earth
at a much deeper level than is available through direct measurement. Furthermore it makes possible one
of the few available methods of quantifying the source of the Earth’s internal heat. The source of the
Earth’s heat is of great value as it will enable a more detailed image of the history of the Earth and
indeed information as to it’s future. Additionally as geo-neutrinos originate from HPEs it remains to
be seen whether, with the advance in neutrino detectors, positional dependant fluxes become available
and as such help to yield the location of deposits of HPEs within the crust. Finally it may also be
possible to detect geo-neutrinos originating from the decay of Potassium in the future via alternative
interactions such as electron scattering, this interaction would have the added benefit that the direction
of the scattered electron would be parallel to that of the incident neutrino, allowing a direct measure of
the directional geo-neutrino flux.

In this study we used a numerical integration routine to predict both the geo-neutrino flux and
signal that will be observed once SNO+ begins taking measurements. We used a combination of the
PREM and CRUST2.0 models in order to define the density throughout the Earth and conducted a
thorough review to find the current best estimates for the abundances of HPEs. The results obtained
demonstrated good agreement with both previous predictions and experiments at different locations. We
predict a geo-neutrino signal rate of 45.6 + 2.7 TNU at SNO+; this is larger than the predicted signal
rate at either KamLAND or Borexino and as such reinforces the suggestion that SNO+ will be able to
gain the most accurate measurement of the geo-neutrino flux to date. While the backgrounds due to
nuclear reactors and a contamination may present a significant hindrance, it is believed that this effect
should be smaller than that for the previous experiments. Therefore the results that SNO+ obtains
with regards to geo-neutrinos will help immensely to further constrain the effect that HPEs have on the
heating of the Earth.

We have also presented an implementation of the MSW effect for geo-neutrinos, assuming an average
Earth density for each antineutrino, and found that there is likely a slight reduction in the expected flux
due to the result it has on the antineutrino oscillations. However the implication of this effect is limited
due to a lack of computation time and as such further work is needed to test whether this will be a
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significant and measurable effect in the detection of geo-neutrinos. This is an exciting time for geo-
neutrino physics, as more experiments are conducted across the globe the variation in the geo-neutrino
flux can be further constrained to achieve an increasingly accurate image of the distribution of HPEs
within the Earth.
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