Internal Radioactive Source
Calibration of the Borexino Solar
Neutrino Experiment

Henning Olling Back

Dissertation submitted to the Faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirement for the degree of

Doctor of Philosophy
in
Physics

R. Bruce Vogelaar, Chair
John Ficenec
Ramaswamy Raghavan
Tatsu Takeuchi
Mark Pitt

September 14, 2004
Blacksburg, Virginia

neutrino physics, calibration, radiation, pulse shape discrimination

Copyright 2004, Henning Olling Back



Internal Radioactive Source Calibration of the
Borexino Solar Neutrino Experiment

Henning Olling Back

(Abstract)

A measurement of solar neutrinos below 1 MeV of energy will further our
knowledge of the neutrino’s mass and mixing properties and will provide a probe to
possible physics beyond the standard model of particle physics, as well as advance our
understanding of energy production in the Sun.

Borexino is a liquid scintillator detector that will measure the neutrino energy
spectrum to the lowest energy threshold to date. It has been designed to measure the flux
of the mono-energetic neutrinos produced by electron capture on 'Be in the Sun’s core,
which will produce a Compton-like edge in the energy spectrum. Because of the low
count rate, Borexino requires extremely low backgrounds, and a good understanding of
the backgrounds that do exist. Although the purification techniques used for the
scintillator lowered the radioactive contaminates to levels never before achieved, cuts
must still be made to the data.

At Virginia Tech, we have developed an internal source calibration program that
will be able to give us a thorough understanding of both the pulse shape discrimination
efficiency and the energy and time response of Borexino. Energy calibration for alphas,
betas, and gammas (energy scales) can be accomplished with such sources. When the
calibration source is used in conjunction with an accurate source location system any
spatial dependencies can be found. The system will use different types of sources at
various energies to give the required information to make the cuts needed to extract

believable physics from the detector.



“God gave us these neutrinos... now it’s up to us to make ‘em dance”

Homer J. Simpson (modified)

il
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Chapter 1: Introduction

The neutrino (v) was introduced nearly three quarters of a century ago [1], and has
remained quite elusive. It took a quarter of a century between prediction and discovery
[2], and we are still probing its basic properties today. The Sun, as a nuclear furnace,
provides a very strong source for electron-type neutrinos (ve). The neutrino has a very
small interaction probability and therefore the ones emitted by the Sun’s core travel
through the Sun and arrive at the Earth uninhibited. This makes the solar neutrino a
perfect probe of the Sun’s core, and has been studied for many decades.

In 1968 Raymond Davis built the first solar neutrino detector to study the Sun’s
core [3], but he measured less than 30% of the expected flux predicted by the solar model
[4,5]. This became known as ‘the solar neutrino problem’, and prompted more
experiments [6,7,8,9,10], which all measured a deficit in the solar neutrino flux.
However, this can be explained if the neutrino is not in a mass eigenstate, but is instead a
superposition of mass eigenstates. This property can lead to neutrino oscillations, which,
if true, would allow the v, born in the Sun’s core to morph into another flavor neutrino
(Vu, V) before they reach the Earth. The solar neutrino detectors up to this point were
primarily sensitive to the ve, which would explain why they have been measuring a solar
neutrino flux lower than expected if the neutrinos are oscillating.

The Sudbury Neutrino Observatory (SNO) [11] became the first detector to be
able to measure all flavors of neutrinos and differentiate the v. from the other flavors.
Therefore, giving it the possibility to measure the total neutrino flux, compared to only
the v, flux. In 2002 SNO showed that the total number of neutrinos reaching the Earth
match what the Standard Solar Model predicts [12], and that the neutrinos are changing
flavor before reaching the Earth.

Neutrino oscillations require not only a non-zero neutrino mass, but a non-zero
mixing angle. Currently a global fit to all the existing solar neutrino data, including SNO
and KAMLand [13] (a reactor-neutrino experiment), shows very strong evidence for a

solution in the mass-mixing angle phase space called the Large Mixing Angle (LMA)



solution [14]. This solution requires a matter enhanced oscillation mechanism called the
MSW effect [15,16], which comes about because solar v, interact differently than v, and
v; in an electron dense material.

Borexino is a liquid scintillator detector designed specifically to measure the
neutrinos produced in electron capture of 'Be in the core of the Sun, the so-called 'Be
neutrino [17]. This neutrino can be measured in real-time and has an energy of 863 keV,
which is far below the lower threshold of SNO and Super-Kamiokande [10] (another
solar neutrino detector), which are the only detectors with information about the solar

neutrino energy spectrum. When Borexino was first developed, its primary charge was to

measure the oscillation parameters 0, (mixing angle) and Am. E‘mf—mzz‘ (mass

differences between the mass eigenstates), and to find which of the several possible
solutions to the solar neutrino deficit was correct. Borexino will be able to confirm the
LMA solution result independently of other experiments and put better limits on the
mixing angle. However, Borexino’s charge has changed somewhat over the years and
other possible caveats in solar neutrino physics have come to light, which Borexino will
be able to explore.

If the LMA solution is correct, then neutrinos at lower energy will be dominated
by vacuum oscillations and not matter enhanced oscillations (MSW effect), which is the
main mechanism at the higher energies. Existing higher energy spectral data cannot probe
this transition, but the neutrino energy that Borexino will study is vacuum oscillation
dominated, if this effect is true. Borexino will also be able to provide some insight to the
luminosity constraint, which is the direct correlation between the radiative energy and the
neutrino energy emitted from the Sun.

The Borexino experiment measures the neutrinos through neutrino-electron
scattering in liquid scintillator [17]. This reaction does not have a very unique signature
and can be mimicked by alpha, beta, and gamma radiations. The energy of the 'Be-
neutrino falls in an energy range where natural radioactivity becomes the limiting
background. Uranium and Thorium are the major culprits, along with their many alpha
and beta emitting daughters. The background must be as low as possible to extract the
"Be-neutrino flux, so event tagging of the background is necessary. Pulse shape

discrimination is required to identify alphas in the detector, and it is possible to tag



daughters of the Uranium-238 and Thorium-232 chains with a time delayed coincidence.
A statistical subtraction can then be used to further lower the background. However, the
pulse shape discrimination’s efficiency is position dependent due to known and unknown
anisotropies in the detector. To remove the background events properly, the position
dependencies must be understood precisely.

To find the efficiency of the alpha/beta separation as a function of position and
energy we use alpha and beta calibration sources of various energies. These sources can
be placed throughout the detector with an insertion system developed at Virginia Tech,
and their positions can be found independently of the photomultiplier tubes to a high
accuracy with an independent location system. We have also made significant strides
towards the development of these sources. This dissertation provides motivation for the
use of radioactive sources, and reports on the development of the insertion and location
systems.

The dissertation is organized as follows:

Chapter 2 will begin by describing why the neutrino was introduced and how it
was found. Then we will briefly introduce neutrino properties and how mass enters into
the elementary particles and what consequence a massive neutrino has on particle
physics. The influence solar neutrinos have had on the search for the neutrino properties
will then be described, and finally we will give motivation for what a ‘Be-neutrino can
teach us about neutrino mass and solar physics.

Chapter 3 will give us a description of the Borexino detector. This will include
both the detector geometry and how it will measure the flux of 'Be-neutrinos. The
backgrounds and their reduction techniques will be detailed and finally the expected
performance of Borexino will be presented. This will give the basic motivation for
radioactive source calibration.

Alpha/beta separation based on pulse shape discrimination is one of the major
background reduction techniques. Chapter 4 presents a study performed on the spatial
dependence of alpha/beta separation, which gives further in-depth motivation for
radioactive calibration sources. We will also describe the design for the sources and list

possible sources and what can be learned from them.



Chapter 5 details the Source Insertion System, which is used to introduce and
manipulate the calibration sources in the detector. All the designs and concerns for every
component in the system are described, and the procedure for inserting sources will also
be described.

Chapter 6 contains everything about the source location system, which is needed
because the insertion system cannot provide the source location accurately enough. In
order to find the source position independently of the photomultiplier tubes, digital
cameras are used to find the source position to better than 2 cm anywhere in the detector.
These cameras can also be used for several other purposes, which will also be described

Chapter 7 will give a brief overview of the other calibration systems in place.
Because of the invasive nature of the radioactive sources, other calibration systems exist
to measure properties of the detector that the radioactive sources are not required for.

Chapter 8 will provide conclusions and outlook, with a brief explanation of the

August 2002 Borexino accident.



Chapter 2: Neutrino Physics

Our understanding of nuclear and particle physics changed drastically when the
neutrino was introduced over 70 years ago. Since then we have learned many things
about the neutrino and how the other elementary particles interact, culminating in the
construction of the Standard Model. However, it is only within the past decade that
experiments have started to yield answers to such basic questions as “do neutrinos have
mass?”’, and now it looks like the neutrino is on the verge of changing particle physics
again.

Solar neutrinos have played an important role in this development. Over 35 years
ago a deficit in the solar neutrino flux was found, and in 2001 SNO [11,18] finally found
direct evidence that these neutrinos were changing flavor. SNO put very stringent limits
to the neutrino mass parameters, but further studies of the solar neutrinos at much lower
energies will be able to further expand our knowledge of the neutrino, and finally answer
the question Ray Davis asked in 1968 with the first solar neutrino experiment, how does

the Sun work?
2.1 Neutrino hypothesis and discovery

2.1.1 Beta decay problem

At the beginning of the twentieth century, a problem arose with the electron
energy spectrum in Beta decay. Beta decay, at the time, was understood as an atom

changing into another atom by releasing an electron, which is a two-body decay (Figure

2.1).
G we

Figure 2.1: Two-body decay.
Energy and momentum conservation require the electron in this beta decay to be mono-

energetic. However, in 1913 James Chadwick, while at the University of Berlin, studied



the beta ray spectrum of Radium B+C and found a continuous spectrum for the emitted
electron, without the peaks that other measurements had seen [19]. To explain this Niels
Bohr had gone so far as to suggest that energy might not be conserved [20].

After Rutherford discovered the atomic nucleus [21] it was believed that the
nucleus of an atom consisted of electrons and protons. The neutron had not been
discovered at this point. Rather than using neutrons and protons to obtain the correct
mass and charge, only protons were added together to obtain the correct mass, and then
electrons were used to cancel the proton’s charge to match the charge of the nucleus. For
example, the nitrogen-14 nucleus has a mass of 14 atomic mass units (amu) and a charge
of +7e, where e is the elementary charge (1.6022 x 10" Coulomb); according to the
above theory, the "*N nucleus consists of 14 protons and 7 electrons. This theory also
described beta decay simply as the release of an electron from the nucleus.

Another problem that was coming into light at the time was the problem of spin.
If the proton-electron model of the nucleus were true then a nucleus needed to have
enough protons to give the right charge, and enough proton-electron pairs to give the
right mass. The spin of the resultant nucleus would have either whole or half-integer spin,
because the electron and the proton both have spin-’%. The problem was found with the
Nitrogen-14 nucleus. The proton-electron model says that this nucleus consists of 14
protons and 7 electrons, for a total of 21 spin-Y2 particles together equaling a half-integer
spin nucleus. In 1929, Franco Rasetti, at the California Institute of Technology, found
that the '*N nucleus has a spin equal to one [22], but this is not possible if the nucleus has

21 spin-%2 constituents.

2.1.2 Pauli’s Neutronen

Enter Wolfgang Pauli. To solve the problems of electron energy in beta decay,
and the nuclear spin, Pauli suggested a new particle he named a “neutronen”, or neutron”
in German. The neutronen was first proposed in a letter Pauli wrote to his colleagues at a
workshop in Tiibingen on December 4, 1930. A translation of the letter Pauli wrote to
these members is shown here as translated in reference [23], (Reprinted with permission

from L. M. Brown, “The idea of the neutrino”, Physics Today, September 1978, p23,

" The Neutron was not discovered until 1932 by James Chadwick [24]



Copyright 1978, American Institute of Physics). The neutron mentioned in this letter does

not refer to James Chadwick’s neutron, but to Pauli’s neutronen.

Dear radioactive ladies and gentlemen,

As the bearer of these lines, to whom I ask you to listen graciously, will explain
more exactly, considering the “false” statistics of N-14 and Li-6 nuclei, as well as the
continuous f-spectrum, I have hit upon a desperate remedy to save the “exchange
theorem” of statistics and the energy theorem. Namely [there is] the possibility that there
could exist in the nuclei electrically neutral particles that I wish to call neutrons, which
have spin % and obey the exclusion principle, and additionally differ from light quanta in
that they do not travel at the velocity of light: The mass of the neutron must be of the
same order of magnitude as the electron mass and, in any case, not larger than 0.01
proton mass. — The continuous [-spectrum would become understandable by the
assumption that the sum of energies of the neutron and the electron is constant.

Now the next question is what forces act upon the neutrons. The most likely
model for the neutron seems to me to be, on wave mechanical grounds (more details are
known by the bearer of these lines), that the neutron at rest is a magnetic dipole of a
certain moment u. Experiment probably requires that the ionizing effect of such a neutron
should not be larger than that of a y ray, and thus u should probably not be larger than
e 10 cm.

But I don'’t feel secure enough to publish anything about this idea, so 1 first turn
confidently to you, dear radioactives, with the question as to the situation concerning
experimental proof of such a neutron, if it has something like about 10 times the
penetrating capacity of a y ray.

I admit that my remedy may appear to have a small a priori probability because
neutrons, if they exist, would probably have long ago been seen. However, only those
who wager can win, and the seriousness of the situation of the continuous p-spectrum can
be made clear by saying of my honored predecessor in office, Mr. Debye, who told me a
short while ago in Brussels, “One does best not to think about that at all, like the new
taxes.” Thus one should earnestly discuss every way of salvation. —So, dear radioactives,
put it to the test and set it right. —Unfortunately I cannot personally appear in Tiibingen,
since I am indispensable here on account of a ball taking place in Ziirich in the night
from 6 to 7 December. —With many greetings to you, also to Mr. Back, your devote
servant,

W. Pauli

With Pauli’s neutronen as a constituent of the nucleus beta decay is understood to
be a three-body decay (Figure 2.2). Now it is possible to have a continuous electron
energy spectrum in beta decay, with the neutronen carrying away part of the energy
undetected. The '*N spin problem was also solved by having 7 protons, 14
proton/electron pairs and an odd number of neutronens. Now, there were an even number

of spin-2 particles that could add up to a spin one nucleus.

(rens) ) (mc) s @ o @

Figure 2.2: Three-body decay.



In 1932 James Chadwick discovered the neutron, and the picture we had of the
nucleus changed forever [24]. As mentioned earlier, up until two years prior, it was
believed that the nucleus of the atom was made up of electrons and protons, and Pauli’s
neutronen was just a hypothetical particle. Nature was believed to be simple, and
suggesting that there were more than just three elementary particles as the building
blocks of matter was not heading in the right direction. Pauli had been afraid to publish
his idea of the neutronen, and Chadwick also resisted suggesting that the neutron was an
elementary particle. Dmitri Iwanenko and Werner Heisenberg changed all this. Iwanenko
in a paper took the leap to say that the neutron was an elementary particle [25].
Heisenberg’s proton-neutron model changed the way we thought of the atomic nucleus
[26]. Heisenberg completely removed the electrons from the nucleus, thereby proposing
that the electron, in beta decay, was created during the decay, and not simply released
from the nucleus. This was not so crazy, for another elementary particle was known to be
created, namely the photon, and Dirac had worked extensively on the quantum mechanics
of its creation in the 1920s. While at the Niels Bohr Institute in 1926, Dirac wrote the
first paper on quantum electrodynamics that describes the creation and annihilation of
photons [27].

In 1933, Fermi combined Heisenberg’s neutron-proton model of the nucleus,
Pauli’s neutronen, and Dirac’s idea of creation and annihilation to form the now famous
Fermi’s theory of beta decay. This theorized that the neutron converted into a proton by
emitting an electron and a neutrino [28]. Fermi was the first to coin the term neutrino,
meaning “little neutral one”, since Chadwick had used neutron to describe his heavy
neutral particle.

Although Bethe and Peierls had calculated the neutrino cross-section to be less
than 10 cm? [29], it was now time to find the neutrino experimentally. This would not

happen until two decades latter.

2.1.3 Hanford and Savannah River experiments

In 1953 Fred Reines and Clyde Cowan set up a detector near the nuclear reactor
in Hanford Washington to measure the neutrinos emitted from the reactor’s core. At the

time the anti-neutrino was not known, which is actually what is created in a reactor.



Antineutrinos inverse beta decay with protons in the detector to create a positron and a

neutron.
V,+p—o>e +n
The positron annihilates with an electron producing two gamma rays in the detector’s

liquid scintillator and the neutron later captures on the Cadmium (Cd) dissolved in the
scintillator, which produces gammas.

et +e - y+yand n+'Cd—-"""Cd + y's
This gave the experimenters a delayed coincidence to tag neutrino events. The problem
was the background from cosmic rays, which produced false coincidences, and in the end
a definitive identification of neutrino detection could not be made [30].

To confirm the results of the experiment at the Hanford reactor, a second larger
experiment was built near the newly constructed Savannah River nuclear reactor in South
Carolina. The Hanford experiment had relied on the inverse beta decay reaction taking
place inside a single volume where accidental coincidences could take place. To
overcome this in the Savannah River experiment, Reines and Cowan used a sandwich
detector configuration. Two tanks containing cadmium chloride in a water solution acted
as the target for the neutrino. Here, the neutrino would convert a proton to a neutron and
emit a positron. The positron would quickly annihilate with an electron and produce two
gamma rays. The neutron would then capture on the cadmium with a characteristic time,
and would produce gamma rays. These cadmium loaded water tanks sat between three
liquid scintillator layers where the gammas would be detected. This experiment was able
to efficiently tag the neutrino events in the water/cadmium target by looking for
coincidences between the two scintillation counters on either side of the target. The
Savannah experiment confirmed the Hanford reactor experiment, proving for the first
time that neutrinos exist [31]. In 1995, Fred Reines was awarded the Noble Prize in

physics for the detection of neutrinos at Hanford.

2.1.4 More than one neutrino

In 1937 a new particle was found which showed the same properties of the
electron but with a far greater mass, the muon (p) [32], and in 1962 a neutrino associated

with the muon was found [33], which earned Leon Lederman the Nobel prize in physics



in 1988. The neutrino that Reines found was associated with the electron and is now
called the electron neutrino (v.); in other words, it carried an electron flavor whereas
Lederman’s neutrino carried muon flavor and is called the muon neutrino (v,). The muon,
electron, and their associated neutrinos are part of a family of particles called leptons. In
1975, a third charged lepton was found with a very heavy mass (~1.8 GeV), which was
named the Tau lepton (t). Since the other leptons have neutrinos associated with them, it
was assumed that there also existed a tau neutrino (v;), and it was detected by the
DONUT collaboration in 2001 [34]. But how do we know that there aren’t more flavors
of neutrinos?

By studying the width and the total mass of the Z boson produced in e'e’
collisions, it is possible to discern how many flavors of active light neutrinos there are
(“light neutrinos™ are defined as having a mass less than half the Z mass). First we need
to measure the partial width of decays which are not seen in the detector, but are known
to exist. This invisible partial width I,y is found by subtracting all the measured partial
widths from the total width of the Z, and is assumed to be due to neutrino events. So, if
one takes the ratio of I,y to the charge lepton partial width I';, we can compare that to the
calculated ratio of the neutrino partial width I'y and charged lepton partial width. From

this, one obtains the number of neutrino flavors N, to be:

r, (T
= _(_lj = 2.994 + 0.012
1—‘l SM

14
Equation 2.1: Number of active light neutrinos [14].

2.2 Neutrinos in the Standard Model and Beyond

Fermi’s theory of beta decay was very successful, but it is not complete. At higher
energies it is not able to predict the outcome of reactions accurately enough. To explain
the interaction between the elementary particles at higher energies, the Standard Model of
Fundamental Particles and Interactions (the standard model) was developed. The standard
model reduces to Fermi’s theory in the low energy limit. It contains all the fundamental
particles, which form the universe we live in, and describes all the interactions among
them. Table 2.1 shows a list of all the particles in the standard model, and some of their

properties.
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Fermions matter constituents
Spin 1/2, 3/2,5/2, ...

Leptons spin = 2 Quarks spin = 2
Flavor Mass Electric Flavor Aprox. Mass Electric
(GeV/c?) Charge (GeV/c?) Charge
Ve <3x10” 0 u 0.0015 to 0.0045 2/3
€ 0.000511 -1 d 0.004 to 0.008 -1/3
Vu <0.00019 0 C 1.15to0 1.35 2/3
I 0.1056 -1 S 0.080 to 0.130 173
174.3 direct observation of't
v <0.0182 0 ' 178.1 Standard model EW fit 23
4.1to 4.4 (34s mass
’ 1777 1 b 4.6 to 4.9((1s mass)) 13
Bosons force carriers
Spinl,2,3,...
Unified Electroweak spin = 1 Strong (color) spin = 1
y <6x107=0 | <5x10"=0 g | 0 |0
\\'A 80.4 -1
W' 80.4 +1 All values taken from [14]
7 91.18 0

Table 2.1: Table of the elementary particles and some of their properties.

There are three fundamental forces in the standard model. The strong force holds
quarks together to form Baryons (protons, neutrons, etc.) and Mesons (pions, Kaons,
etc.). The weak force and the electromagnetic force are just manifestations of a combined
electroweak force, which drives such things as beta decay. The neutrino only interacts

through the weak force.

2.2.1 Interactions of the Standard Model

The standard model describes interactions as the exchange of force carriers, which
couple to “charges” the elementary particles carry. These charges are conserved
quantities, which must remain constant through the reaction. The force carriers in the
standard model are the bosons, which are emitted or absorbed in every interaction.

In the electroweak force, there are two charges and four force carriers. The W'
and W™ bosons couple to the isospin (I3) of the particle, while the Z° couples to both
isospin and hypercharge. The photon (y) couples to electric charge (Q), which is a
combination of isospin and hypercharge (Y).

O=c(l; +Y2)
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The W’s are charged with isospin equal to +1, but they have no hypercharge, which
combines to give them electric charge. To conserve total isospin of a reaction involving a
W, the isospin of the particle absorbing or emitting the W must change by 1. Since the
W’s carry charge, interactions involving them are called “charged current reactions”, and
reactions involving the Z° are called “neutral current reactions”. Figure 2.3 illustrates

electroweak interactions for the electron and the electron neutrino.

e v, e eorv,
| |
o — - o v, %—( e orv,
\L l—j (P
W- W

¥ )Zﬂ
. . _ - J
~ ~ ~
Electromagnetic interaction Charged weak interaction Neutral weak interaction
mediated by photon couples to mediated by chlarged' W boson mediated by neutral Z boson
electric charge (Q) couples to isospin (1) couples to hypercharge (Y)

Figure 2.3: Electroweak interactions.

In the standard model a particle can be either left or right handed, which means
that the particle’s spin is either parallel to its momentum (right-handed) or the spin and
momentum are anti-parallel (left-handed). This handedness is called chirality.
Experimentally it has been found that the W’s only interact with left-handed particles,
and therefore only left-handed particles can have isospin. If we think of right- and left-
handed particles as being two different particles then we can construct a list of all the

leptons charges, Table 2.2.

In 7y = I 7y =
g |8 F 2 g |8 :ém 57
g |8 B e g 2 | g S g &
<) =. < B = (<) =. Q B 3
o =} c |= & o =] G =8
~ =a e —~ = (v
-y £ o &5 & g oS
~ |l [P ~ | |8
o |o 3 ° 12
= ¢} = ¢}
~ ~
N SN
left-handed right-handed
e | -2 | -1 -1 er | 0 22 | -1
w | -%% | -1 -1 pr | 0 22 | -1
T |-~ | -] -1 ww |0 22 | -1
VeL | V2 -1 0
v | 2 -1 0
ViL Y -1 0

Table 2.2: The electroweak charges of the known leptons.

A problem in the standard model is mass. If a particle has mass then it cannot

move at the speed of light, which means that it is possible to Lorentz boost into a frame
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that is moving faster than the particle. When we perform such a boost the momentum of
that particle will change direction, but the spin will not, which is a flip in chirality. This
indicates that a massive particle cannot have definite chirality. It is a mixture of both left-
and right-handed components. Indeed, mass is actually a chirality changing interaction,
which changes a left-handed particle into a right-handed one, and vise versa. Such a

transition demands that the isospin changes by +%, which violates isospin conservation.

2.2.2 Masses in the Standard Model

To incorporate mass into the standard model we must have a mechanism for
changing the particle isospin by +)2 without violating isospin conservation. We can do
this if we assume that there is an infinite sea of isospin available. A new isospin-’2 boson
is introduced which couples the left- and right-handed particles together. When this
boson “condenses” in the vacuum, it acts as the infinite isospin reservoir (Figure 2.4).

This is known as the Higgs mechanism, and the new boson is called the Higgs boson (o).

X

j/\q)
l, =%  1,=0

€ €r

Figure 2.4: The Higgs mechanism.
The Higgs mechanism is able to give all the fermions their masses. In this mechanism,
the Higgs boson carries isospin from the isospin sea to the particle, or takes isospin from
the particle and gives it to the isospin sea.

The exception is the neutrino. Since neutrinos were thought to be massless, no
Higgs mechanism for the neutrino was assumed, and the right-handed neutrinos were not

included in the standard model.

2.2.3 Dirac and Majorana masses

Evidence for neutrino mass has grown over the years, which requires the

introduction of the right-handed neutrino and its coupling to the left-handed neutrino
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through the Higgs. By definition the right-handed neutrino has no isospin, electric charge,
and hypercharge (Table 2.3).

(o] =~ ] =~
g% |5 EF T2 S[EF
(= O T o2 Q = £ Q
o =8 @ |B g o =. @ |5 =
o =} c |= a8 o =] G |8

—~ = | —_~ =

5 £ oS 5 g oS

~ |uw |8 ~ | s

o o = (¢} o =

~ % ~ %

S =

left-handed right-handed

€L - -1 -1 CRr 0 -2 -1
UL - -1 -1 HR 0 -2 -1
TL - -1 -1 TR 0 -2 -1
VeL Y -1 0 VeR 0 0 0
va | % |1 0 | [ve| 0] 0] 0
v | Y2 | -1 0 v.r | 0 0 0

Table 2.3: The electroweak charges including right-handed neutrinos.

The chargeless right-handed neutrinos cannot be observed at all, because all the force
carriers have nothing to couple to, except through the Higgs. These neutrinos will be
completely invisible until it becomes left-handed through the Higgs again. The mass the

neutrino acquires through the Higgs mechanism is called a Dirac mass (Figure 2.5).

X

l, =% i

v \%
L mp R

Figure 2.5: Neutrino Dirac mass.

An observed conservation in the leptons is a quantity called lepton-number (L).
Each lepton has L = 1 and the anti-leptons have L = -1. There is only experimental
evidence for this conservation, because there is no “flavor” charge on the leptons that a
force couples to. If we allow lepton-number violation then the right-handed neutrino
could change into its own anti-particle, which would be left-handed. This transition is

also a chirality flip, i.e. a mass called a Majorana mass.

-
VR Mg @:(V)L

Figure 2.6: Neutrino Majorana mass.
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A Majorana mass is unique to the right-handed neutrino, and its anti-particle. For all the
other particles of the standard model a Majorana mass would violate charge conservation.

We can now write done the complete mass term for the neutrino.

0
v, vR]{ "y }[ZL};Q.C.
mp My || vy

where mp are the Dirac masses and Mg is the Majorana mass term. A non-zero Mp
requires isospin to change by one unit, but the Higgs can only change isospin by Y5.

By diagonalizing the mass matrix, we can describe the neutrino masses as pure
Majorana masses, even if Mgr = zero. The mass eigenvalues corresponding to the

eigenstates of the diagonalized mass matrix are:

m, = %l(MR)i\/M; +4m§,J

If we also assume that Mg >> mp, as suggested by Grand Unified Theories, then
we find that the lighter mass eigenvalue is m, ~ —m,m,'m,. This tells us that if the

Majorana mass is very large, then the measurable neutrino mass will be very small even
if the Dirac mass were comparable to the charged leptons. This is the so-called See-saw
mechanism, which explains why the neutrinos have such small masses compared to the

other leptons.

2.2.4 Neutrino mass measurements

A method to measure the absolute mass of the v, is to look at the end-point of the

beta decay spectrum. This will actually give us the mass of the v,, but we have no reason

to believe that their masses are different. As we described earlier, beta decay is a three-
body decay where all three particles share the energy and momentum of the parent. Since
the parent and daughter nuclei are much more massive than the electron and neutrino, we
can assume that all the kinetic energy goes into the electron and neutrino. If the neutrino
does not have a mass, then it is possible for the electron to receive all the kinetic energy.
However, if the neutrino has a mass then some of the total energy must go into the
neutrino mass. Figure 2.7, illustrates how the electron energy spectrum will change if the

v, had a mass, compared to the massless case.
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dE

Electron Energy v

Figure 2.7: Electron energy spectrum in beta decay. The maximum Kinetic energy the electron can
have depends on the neutrino mass.

The current upper limit of 3eV for the v, mass has come from such endpoint

experiments of tritium beta decay [14]. The next generation experiment called KATRIN
is under construction and hopes to be able to measure a neutrino mass of only 0.2 eV/c?

[35].

2.2.5 Neutrinoless double beta decay

A nucleus with atomic number A and proton number Z is not able to beta decay to
a (Z+1,A) nucleus if that nucleus is at a higher energy than the parent, but if the (Z+2,A)
nucleus is at a lower energy than the (Z,A) nucleus, then double beta decay is possible,

(Z,4) > (Z +2,4)+2e +2v,

Now if the neutrino has a non-zero Majorana mass term (Mg), then an interesting process
can happen. A left-handed neutrino can change into a right-handed neutrino through the
Higgs mechanism. This right-handed neutrino can then change into an anti-right-handed
neutrino, because of its non-zero Majorana mass. It can then couple to the Higgs field

again, and become an anti-left-handed neutrino.
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Figure 2.8: The neutrino is its own anti particle. If the lepton number conservation is violated and the
neutrino has a non-zero Majorana mass then such a transition can occur.

If this process is allowed in double beta decay, the neutrinos can annihilate each
other and give all the kinetic energy to the electrons. This process is known as

neutrinoless double beta decay.

Nucleus (Z,A) 2 Nucleus (Z+2,A)

Figure 2.9: Diagram for neutrinoless double beta decay. The neutrinos are only virtual particles and
are not seen in the final state, thereby violating lepton number due to the Majorana mass term.

The only ‘positive’ result for neutrinoless double beta decay comes from the
Heidelberg-Moscow experiment, which used enriched "°Ge. They claim to have found
28.75 £ 6.86 counts for neutrinoless double beta decay and an effective mass of <mgg> =
440 meV. These results are very controversial so I will refer readers to the original papers
listed in references [36,37,38].

Several experiments are underway, and more are proposed to continue to search
for neutrinoless double beta decay in detectors using greater masses and various isotopes.

Table 2.4 lists the experiments and the proposed isotope.
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Neutrinoless Double Beta Decay Experiments [39]
Experiment Isotope Experiment Isotope
CAMEO ocd GSO '9Gd
CANDLE *Ca Majorana "*Ge
COBRA MOON %Mo
CUORE 0Te MPI bare Ge "Ge
DCBA “Se Nano-crystals various
EXO B%e Super-NEMO BSe
GEM "Ge Xe PoxXe
GENIUS Ge XMASS PoxXe

Table 2.4: Proposed future neutrino-less double beta decay experiments.

2.2.6 Neutrino mixing and the MNSP matrix

If neutrinos have mass then the flavor eigenstates ve, v,, and v, need not be mass

eigenstates. In general, a neutrino flavor eigenstate is a superposition of mass eigenstates

3
|V/> = ZU1m| Vm>
m=1

where Uy, is a unitary mixing matrix. If the Uy, is not the identity matrix and if the mass
eigenvalues are non-degenerate, then a neutrino born with momentum p, at time =0 will

evolve in time as:

Vo)

‘Vl (‘xa f)> = i Ulmei(va*Emt)
m=1

for py>> m; and E,, = py

2
. m;
—1 t

3
~ Py (x—1) 2p,
~e Z U,e

m=1

Vm >

This leads to a phenomenon known as flavor oscillation. If we restrict ourselves to two

neutrinos then our mixing matrix only involves one angle:

v, Vv, cosd sinf\ v,
= U =
V, v, —sind cosd )\ v,

To find the probability that a neutrino born as v. oscillates into a v, after a distance L,

assuming that the neutrino is traveling at ¢ we get:
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e

P(ve - vﬂ)=‘<v

2
V (L)>‘2 =sin’ stinz(A}Z x£j

E

It implies that after the neutrino has traveled a distance away from its creation point, it is
possible to measure it as a different flavor. In other words, the v, has changed into a vy,
but this can only happen if there is a nonzero mixing angle 6 and squared mass difference
Am’. In the three neutrino case, a similar mixing matrix occurs but needs three mixing
angles and produces two Amzij’s (Am?}; + Am’,3 = Am?;3) in the probabilities.

—is
C2Cr3 S12C13 S;3€

i5 i5
U — 81203 T Cp83813€ C1pC3 — S1p83513€ §23C3

m =

i5 i5
S1pCo3 — Cp8353€ T CpSy3 T S1pC83€ C3C3

Figure 2.10: MNSP mixing matrix.

where ¢;=cos; and s;=sin6);. The €” is a CP violating phase. If the neutrinos have non-
zero Majorana masses then there will also be two Majorana phases.
This matrix can be split up to reflect which types of experiments can probe which

parts of the matrix:

is
1 0 0 C3 0 se C, Sy
Up =0 ¢y sy 0 1 0 S G
is
0 -5, cu)\—s53° 0 ¢ 0 0 1

This is done because in the analysis of the various experiments the two neutrino limit in
the mixing is assumed, and found to be a good approximation. We list here how each
matrix is studied:

e The first matrix is associated with the Atmospheric neutrino experiments,
which measure the oscillation of v, into v..

e The elements of the second matrix are studied primarily by long base-line
accelerator and reactor based neutrinos. The mixing angle 6;; is very small
and therefore is very hard to measure. The CHOOZ experiment has
measured the current upper limit, by using the Am,3 implied by the

atmospheric and solar neutrino results, to be sin’® 26,; < 0.1 [40]. In order

to find CP violation in the lepton sector this mixing angle must be
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measurable. When it is found, we can see if CP violation happens in the
lepton sector, or if it is a rarity only seen in the quark sector.

e The final matrix is represented by the solar neutrino experiments, which
primarily measure the change of v into v,.

The types of oscillations discussed so far are called “vacuum oscillations”,
because they occur without the interaction of the neutrino with the surrounding medium.
However when the neutrinos are traveling through electron dense material the v, will gain
an “effective” potential energy which the v, or v; will not. This is because the v, can
interact with electrons through the charge current in addition to the neutral current,
whereas the v, and v; only interact through the neutral current. The added potential

energy the neutrino in electron density n, sees has the form,
Vv, = V26 o,
where Gris the Fermi constant.

If we again only look at the two neutrino case, then we obtain effective masses for

the v; and v, states in matter.

My, = %(ml2 +m; + 2EVVve)J_r [(Am2 cos20 - EJV, )2 + Am’ sin’ 29]%
where E, is the neutrino energy. One still has the same mixing matrix, but this will have
an effect on the survival probability (v, |v, (L)>‘2. We can introduce an effective matter
mixing angle (0,,) for the neutrinos in an electron rich atmosphere to see what happens
with different electron densities.

Am” sin 26

sin26, =
\/(Z\EaneEv — Am’ cos 26’)2 + (Am2 sin’ 20)2

For very low electron densities, the matter mixing angle is nearly equal to the vacuum

mixing angle and the mass eigenvalues are nearly the same. In this case, v, is equivalent
to the v, and v, corresponds to v,. However, when the electron density is very high, then
the matter mixing angle is very large, 6,,~ 7/2, and the correspondence between the mass
and flavor eigenstates is flipped; in other words vi~ v, with mass = mfr and vo~ ve, with

mass = Mesp.
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A very interesting area is where 0,= m/4. At this angle the mixing is maximal.
This resonance will only happen at a specific electron density for a particular neutrino

energy, namely:

2
n,(resonant) = ;cos 20 Am

232G ; E,

This is particularly interesting for solar neutrinos. These neutrinos are produced in the

core of the Sun where the electron density is very high. They travel through an ever
decreasing electron density until they reach the surface of the Sun where the electron
density approaches the vacuum. The Sun only produces ve, but at the very high electron
densities this corresponds to v, with eigenvalue mes», which corresponds to v, at lower
electrons densities. While traveling out from the core, the neutrino will pass through the
resonant density for that energy where the mixing is maximal and if the electron neutrino
stays in the mass eigenstate v,, it will oscillate into a v,. Figure 2.11 shows an illustration
of this effect. This effect is called the Mikheyev-Smirnov-Wolfenstein or MSW effect
[41,42].

Ly
m2
- V“ -— \)“
Vacuum
n=0
/'\‘1 [
-« Vc |

n,(resonant) Electron density - n,

Figure 2.11: MSW effect in the Sun. The resonant electron density allows the electron neutrinos to
oscillate into a muon neutrino with a higher probability than in a vacuum.
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2.3 Solar neutrinos

Sir Arthur Eddington, in 1926, in an attempt to explain the age of the Sun and the
Solar System, proposed that the Sun does not chemically burn hydrogen, but that there
are other effects that produce energy [43]. Hans Bethe later suggested that this energy
production is nuclear fusion in the Sun’s core and developed the first model to describe
this [44]. The light emitted from the surface of the Sun, which is all we can see, does not
hold the clues to tell us what is happening in its core. Energy produced in the core takes
several tens of thousands of years to reach the surface, which is then sent to the Earth as
light. Helioseismology, which is the measure of sound waves through the Sun, can teach
us many things about the interior of the Sun, but not much about fusion reactions taking
place there. However, if the Sun does have a fusion reactor at its core, then the neutrinos
emitted in those fusion reactions can reveal to us the workings of the Sun’s reactor. The
neutrino’s very small cross-section means that they effectively do not react in the Sun and
can reach the Earth within minutes, since they are nearly massless. Once we understand
the solar interior, we can then use the Sun as a neutrino source to answer some of the

questions about the neutrinos’ mass and mixing, as well as other properties.

2.3.1 SSM and the solar neutrino problem

The standard solar model (SSM) describes how the Sun works [45]. It models the
delicate balance between gravitational contraction and radiative and particle pressures;
while matching radiative energy output with nuclear fusion energy input. In our case, the
most important part of the SSM is the description of the core of the Sun, and how it burns
hydrogen into helium through the so called pp-chains. Figure 2.12 shows the pp-chains,
with the reactions marked in red being the ones which produce neutrinos. The predicted

spectrum of the neutrinos from the Sun is shown in Figure 2.13.
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The pp-chains
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Figure 2.12: The pp-chains in the Sun. This describes energy production in the core.
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The Sun is therefore a very good source of neutrinos. In 1968 Ray Davis
measured the flux of neutrinos from the Sun using a radio chemical experiment, and in
2001 was awarded the Nobel Prize in physics for that work. His goal was to probe the
core of the Sun to confirm that it is indeed a nuclear furnace. He made use of the
following reaction to measure the neutrinos:

ICl+ve > YAr+¢
A tank filled with 615 tons of Perchloroethylene was allowed to build up the argon over
several weeks. Then the argon was removed and counted. This resulted in a measurement
of the neutrino flux, which corresponded to about 30% of the SSM prediction [4,5] . This
deficiency in the solar neutrino flux became known as “The Solar Neutrino Problem”.

Several other experiments also measured the flux of neutrinos from the Sun with
similar results. Two more of these experiments used the radio chemical technique;
however this time gallium was used ("'Ga + v, & "'Ge + ¢) in order to lower the energy
threshold. These experiments were the Soviet American Gallium Experiment (SAGE) [6]
and the GALLEX experiment [7], which later became GNO [8]. The radio chemical
experiments have the limitation that they only see an integrated flux above a threshold,
and therefore cannot provide the energy spectrum of the neutrinos they detect. Neither
can they provide any time or directional information.

Initial spectral measurements were made by the Kamiokande [9] and later Super
Kamiokande [10] experiments. They measure the Cerenkov light produced in water by
the recoil of an electron after being hit by a neutrino. However, they can only measure the
flux at energies high enough to produce sufficient Cerenkov radiation in water greater
than background for detection (>5MeV). Up to this point in history, the measured
neutrino flux was still far below the expected value predicted by the SSM. Figure 2.14

shows the comparison of measure rates in the experiments and their expected fluxes.
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Figure 2.14: The expected fluxes for each solar neutrino experiment, and the total measured flux
[45].

The newest experiment is the Sudbury Neutrino Observatory (SNO) [11]. It is a
detector in a class of its own, and uses a unique detection method. The target/detector
material is heavy water, which allows it to measure neutrino/nuclear reactions. The
electron neutrino can interact through both the charged and neutral current, but the muon
and tau neutrinos can only interact through the neutral current. SNO is able to discern
between neutral and charge currents through the following reactions:

e Charge Current: ve+d 2> p+p+e
e Neutral Current: vy +d =2 p +n + vy
e Electron Scattering: vy + ¢ =2 vx t €

By being able to tell the difference between neutral and charge currents SNO is
able to measure the °B v, flux and the total flux of all flavors of neutrinos from the Sun.
What SNO showed is that the *B flux of neutrinos reaching the Earth is equal to the SSM

prediction, however some are no longer v.’s (Figure 2.14) [46].
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2.3.2 What can solar neutrinos tell us about neutrino

properties?

The precise measurement of the neutrino flux as a function of energy from the
Sun can tell us many things about neutrino properties, particularly the masses and mixing
angles. Before the SNO experiment there were a few islands of possible solutions in
Amj,* — sin®0;, space, Figure 2.15, but after SNO the Large Mixing Angle (LMA)
solution seemed preferred, which is a matter-enhanced oscillation solution. Figure 2.16
shows the results from a global fit to all the solar neutrino data; it also shows the fit if
KAMLand [13] results are included, which looked in the LMA solution. KAMLand is a

reactor neutrino experiment which searches for v, — v oscillations via the

disappearance of v,, unlike solar neutrinos which are v, .
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Currently the best-fit point for Am;,> and tan®0;, with the new SNO data and
KAMLand results are:
o Am} =71 x107elV?
e 0, =32.5%" degrees
Future solar neutrino experiments will be able to either confirm the LMA solution and
put better limits on the mixing angle and mass differences or find something unexpected.
Atmospheric neutrinos put good limits on 6,3 and with that we can have better knowledge
of 0;3. Nevertheless, experiments dedicated to measuring 0,3 will be able to provide a
result independent of 6,3 and 0,.
The LMA solution is a matter enhanced oscillation effect, indicating that the
MSW effect is true. The MSW oscillations give us an effective Hamiltonian for two-

neutrino mixing in matter:

Am® c0s26,, V2G,n, Am’ sin 26,
4AE 2 2E,
H =
Am’ sin 26, Am’ cos 20, N \/EGf.ne
2E, AE, 2

The variables are the same as we have used previously. This Hamiltonian has both

a vacuum oscillation term and an MSW terms in it. To find which is more dominant at
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various energies, MSW or vacuum oscillations, a parameterization quantity, f3, is defined
[48]. From the Hamiltonian above, we define 3 to be:
232G, n,E,
B Am®
When we find the survival probability for the electron neutrinos, using the LMA
solution, we find that neutrinos will either oscillate more through the vacuum oscillation
or matter dominated oscillations, depending on their energy. For f<cos20,, the survival
probability is dominated by the vacuum oscillation, where if f>1 then it is matter
dominated. Figure 2.17 shows an example of this transition. For solar neutrinos there are
critical energies where the transition from vacuum-dominated to matter-dominated
happens. This depends on which reaction in the pp-chains the neutrinos are from in the
Sun, because they happen at different locations from the Sun’s center.
o "Bv>E=1.8MeV
e 'Bev>E=22MeV
e pp-v—>E=32MeV
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Figure 2.17: Transition from Vacuum to Matter dominated oscillations.

The energy where the transition happens for the *B-neutrinos is much lower than

we have spectral information about. Super Kamiokande, Kamiokande, and SNO rely on
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the production of Cerenkov radiation, which gives them a threshold of about 5 MeV.
Such a high threshold makes the *B-neutrinos measured to date matter dominated.
Measurements of lower energy neutrino spectrum will be able to give us insight into this

effect.

2.3.3 A "Be-neutrino experiment: the next step

The solar neutrino experiments have been enormously successful in broadening
our knowledge of the neutrino. The possibility of neutrino oscillation was first observed
in solar neutrino experiments, beginning with Ray Davis’ Chlorine experiment. SNO’s
discrimination of the neutral and charged currents has shown that the number of *B solar
neutrinos reaching the Earth are what we expect, and when included in a global fit with
the other experiments shows compelling evidence for LMA.

Although the circumstantial evidence is very strong, there is no smoking gun for
LMA. Additionally, the only spectral information we have of the solar neutrinos is above
~5 MeV, but this accounts for much less than 1% of the total solar neutrino flux.
Observation of the vacuum to matter dominated oscillation transitions would show strong
support for LMA and oscillations. Then a question arises: are there other effects at lower
energies that have not yet been seen?

Although a real-time measurement of the entire neutrino spectrum, including the
pp neutrinos, would be ideal, the technology for this measurement is still in the R&D
phase [49]. However, a real-time measurement of the 'Be neutrino is at hand. The 'Be
neutrino accounts for over 7% of the total solar neutrino flux and currently has the
greatest errors. Even with all the solar neutrino experiments and the reactor experiments
the 1o uncertainty in the 'Be neutrino flux is still +40%, and therefore demands a direct
determination of its flux [50].

In addition to verification of the SSM, the 'Be neutrino flux will give us the first
insight into the luminosity constraint. If Hans Bethe’s prediction for energy production in
the Sun is correct, then the energy emitted by photons should correlate with that emitted
by neutrinos. This constraint is used very often in analysis of the solar neutrinos, but it
has never been experimentally proven. A 'Be neutrino experiment will give us the first

true insight into this, but only a measurement of the pp neutrinos can prove the
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luminosity constraint. If it proves to be false, then there are either other energy
production mechanisms in the Sun, or the steady state assumption for the Sun may be

incorrect.

30



Chapter 3: The Borexino detector

Borexino is a solar neutrino detector designed to measure the flux of the so called
"Be neutrino produced in the core of the Sun. By measuring this flux one obtains initial
insights into the energy spectrum of neutrinos below the current lower limits set by
Super-Kamiokande [10] and the Sudbury Neutrino Observatory (SNO) [11], which have
a lower limit near 5 MeV. Better limits will also be placed on the mixing parameters in
the solar neutrino sector, namely 0;, and Amy,®, which provides an independent
verification of the Large Mixing Angle (LMA) solution in the mixing parameter space.
The measurement will be the next step towards understanding the luminosity constraint,
which limits the energy emitted by solar neutrinos by the energy emitted by photons. A
violation of the luminosity constraint could provide motivation to consider such things as
new energy production mechanisms or perhaps the Sun is not in a steady state as we
expected, which was detailed more in the pervious chapter. If the LMA solution to
neutrino oscillations is true then an interesting phenomenon arises whereby the low
energy neutrino will oscillate predominately through the vacuum oscillation rather than

through matter-enhanced oscillations.

3.1 Borexino design

Borexino is a liquid scintillator detector designed to measure the neutrino-electron
scattering of mono-energetic ‘Be neutrinos. Neutrino-electron scattering does not have a
unique signature so in the end we will have to extract the 'Be neutrino flux from the
background produced by radioactive contamination both internal and external to the
detector. The mono-energetic nature of the 'Be-neutrinos means that they will leave a
Compton-like edge in the spectrum due to the recoiling electron in neutrino-electron
elastic scattering. This Compton-like edge has a maximum value of 660 keV [17];
however, the background within the neutrino window imposed by the detector

configuration (250 keV to 800 keV) needs to be low enough to recognize this effect.
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The basic detector concept is quite simple; it is a scintillator viewed by
photomultiplier tubes (PMT). The scintillator produces light when it is excited through
collisional excitation or ionization by the recoil electron from neutrino-electron
scattering, and the PMTs measure this light. The amount of light produced is proportional
to the energy deposited in the scintillator. Since alphas, betas and gammas can excite the
scintillator, as well as neutrinos, they become the major background, and the overall
design of the detector is driven by the reduction of events that yield these particles. The
external backgrounds, primarily gammas from the detector materials and other sources
outside the detector, dictate the amount of shielding needed throughout the detector, and
the intrinsic radioactive contamination of the scintillator requires an efficient purification

system.

3.1.1 External backgrounds

Solar neutrinos arrive at the Earth at a rate of approximately 65 billion per cm?
per second, but since the neutrino-electron scattering cross-section is on the order of 10
cm’ only a very few of them will ever interact in the Earth let alone in a detector. On the
other hand, cosmic rays, which include deeply penetrating muons, although not as
plentiful as neutrinos, do interact quite readily and become the dominant background in
neutrino detectors that are positioned at the surface. To suppress this background,
Borexino is placed approximately 1 mile underground in the Istituto Nazionale di Fisica
Nuclaere’s (INFN) Laboratori Nazionali del Gran Sasso (LNGS) located east of Rome in
Italy’s Abruzzo region. This overburden eliminates all the cosmic rays except for a
portion of the muons whose flux is reduced by a factor of one million, down to about 1
muon per square meter per hour.

The problem now becomes the radioactivity from the surrounding rock, namely
the gamma emitters, which can penetrate deep into the detector. These are eliminated
with a water shield, which is over 2 meters thick. Borexino’s water shield is an 18 meter
diameter water tank, concentric to the stainless steel sphere (SSS) that houses the detector
material/target. A drawing of the Borexino detector is displayed in Figure 3.1, and will be

referenced throughout the description of Borexino’s design.
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Figure 3.1: BOREXINO design.

A Stainless Steel Sphere (SSS) 13.7 meters in diameter lies concentric to the
water-tank, and is the mounting point for 2214 PMTs, 1800 of which have light
concentrators to increase the light collection efficiency. At this point the gammas from
the rock have been blocked, but now the radioactivity of the building materials
themselves becomes a problem. Gamma emitters from the SSS and PMTs could reach the
inner detector, and therefore the detector is self shielded. This means that we use a buffer
liquid between the SSS and the scintillator to block the gammas from the construction
materials. A clear nylon vessel, 8.5 meters in diameter, concentric to the SSS, contains

300 tons of active liquid scintillator. The active scintillator is produced by mixing a fluor
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and a solvent; where as the buffer liquid is made of the scintillator solvent and a quencher
(dimethylphtalate), which does not scintillate. This reduces the amount of strength the
nylon vessel needs to have against any buoyant force, thereby making it as thin as
possible.

This vessel is called the inner-vessel (IV), because in addition to this there is an
outer-vessel (OV) with an 11.5 meter diameter. The OV is used to block the propagation
of **’Rn released by the various detector materials due to *°Ra contamination; for this
reason the OV is also called the “Radon Barrier”. Radon can diffuse through the nylon
vessel and can therefore enter the IV. Radon emanation happens because **°Ra is a solid

222Rn, which is then emanated from the material. All the

that decays into the gaseous
materials in the detector are tested for their radon emanation as well as contamination
from gamma emitters, which are of concern to Borexino [51].

To further reduce the background from gammas emitted by the detector materials,
including the nylon vessels and radioactive contamination on their surface, a data taking
region is defined in space. This trustworthy or “fiducial” volume contains 100 tons of
liquid scintillator and is approximately 6 meters in diameter. This method requires
precise determination of the event position so that if it falls outside of the fiducial volume
it can be eliminated from the data sample. This final shielding reduces the number of
background events due to external gammas from approximately 5000 events per day, if

the entire IV where used, to much less than 1 per day when a 100 ton fiducial volume is

used [52].

3.1.2 Internal backgrounds

The mountain, the water-tank, the outer buffer (between the SSS and OV), the
inner buffer (between the OV and V), and the fiducial volume cut all form an onion skin
type shielding where each progressive layer shields from the previous. This approach
nearly eliminates external backgrounds from the data. What remains are the intrinsic
backgrounds due to radioactive contamination in the scintillator itself. These
backgrounds include alpha, beta, and gamma emitters, whose energies fall within the
neutrino window. The alphas are a special case because their light yield is only 10% that

of a similar energy beta.
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Three types of natural radioactivity are especially bothersome because they have

emissions in the energy window for 'Be neutrino detection. They are:
e Primordial radioactivity: *’K, and the ***U and ***Th decay chains
e Noble gases: **’Rn and **Kr (from atmospheric nuclear weapons testing)
e Cosmogenic activities: '*C and 'Be

The "*C is particularly dangerous because the scintillator is based on an organic
solvent (pseudocumene), made almost entirely of carbon. Although the end point of the
1C beta spectrum is 156 keV it tails into the neutrino window due to limited energy
resolution and pile-up, and for this reason Borexino requires '*C/'*C ~ 10" g/g. It is
reduced by using pseudocumene produced from crude oil, where the natural '*C has all
decayed away. The only '*C in the pseudocumene is produced through cosmogenics
during its time on the surface of the Earth, and activation from the radioactivity in the
rock of the oilfield. The "Be is also minimized by limiting the time the pseudocumene is
not underground.

The other activities are different from the '*C in that they can be removed from
the scintillator, because they are not an inherent part of the pseudocumene. However,
until Borexino the purity requirements (K ~ 10*g/g, U/Th ~ 10"°g/g) had not been
achieved on a multi-ton scale. To remove the metallic and gaseous contaminants several
methods are employed: vacuum distillation, water extraction, filtration, and nitrogen
stripping [53]. To measure this purity level, and to verify the purification techniques, a
prototype of Borexino named The Counting Test Facility (CTF), was constructed. The
CTF will be described in more detail later in this chapter.

With the radioactivity at the lowest levels possible the question may arise: is this
low enough? Can we extract the 'Be-neutrino flux measurement out of the background
produced by the internal activity still left in the detector? The answer is no. The expected
neutrino rate in Borexino is on the order of tens of neutrino events per day. If we assume
a purity level of 10° g/g for 2**U and ***Th and 10™* for natural K then the total number
of background events in the neutrino window in the fiducial volume is 122 events per
day, several times greater than the neutrino rate in the fiducial volume. To have a signal

to noise ratio near 3:1 we still need to remove the background events by tagging them.
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3.2 The scintillator

Scintillator is a material which is transparent to the light produced within it when
excited. In Borexino this scintillator is a cocktail of 1,2,4 trimethylbenzene or
pseudocumene (PC) as the main solvent and 2,5 diphenyl oxazole (PPO) as a fluor at a
concentration of 1.5 g/l. When excited, the scintillator will emit light in a narrow band of
wavelengths. The PPO in Borexino’s scintillator acts as a wavelength shifter, or fluor,
which shifts the wavelength (Stoke’s shift) of the emitted light to a longer wavelength
than the emitted light of pure PC. This happens through non-radiative transfer to lower
energy states, which will make the scintillator more transparent to its own light, but also
matches the quantum efficiency of the PMTs. Figure 3.2 shows how the PPO shifts the
wavelength of the emitted light and how well that matches the quantum efficiency of the
PMTs.

/ﬂ —PpMT
- ——PC

e ==PC+PPO

quantum efficiency (%)

u T T T T T T T T

2000 230 300 350 400 0 450 300 S50 600 650

Emission spectra (a.u.) and PM1

Wavelength (nm)

Figure 3.2: Emission spectra and PMT quantum efficiency. By mixing PPO in with the PC the final
cocktail becomes more transparent to its own light, which matches the quantum efficiency of the
PMTs very well.

When a charged particle excites the PC it creates excited m-electrons, and when

they decay down to the ground state they produce scintillation light. The PPO is at such a

36



small concentration that its direct excitation is negligible. There are also other excitations
in the molecules, but these do not lead to scintillation light and therefore are not
considered. However this has the effect that the energy deposited in the scintillator will
not match that emitted as scintillation light; generally only 5% of the deposited energy is
emitted in detectable light.

Figure 3.3 shows the energy levels of the singlet and triplet states of a scintillator.
Excitations into the singlet states are primarily collisional excitations, where transitions to
the triplet states are possible through ion-recombination or intersystem crossing. The
intersystem crossing is a spin-orbit coupling that allows an electron to cross between the
singlet and triplet states. These triplet states may decay radiatively through
phosphorescence with lifetimes on the order of 100us, which is a very long lifetime, and

therefore does not contribute to the scintillation light collected in the time window of the

detector.
830
Sy —mm———————1, 7 A
820 r 3
T3
—————————————————— To
Sy 31t T2
Sy ————- K1 "1 r~———"—"""""""—
311 --*r1Ttr--- o mmmmmmm oo La
10 ~.  TTTTTTTmmmmmmmems 12
I e T ¥11
re —
@ Syst 10
c 2 C-"Ossj €m o
= 2 " 2
o
ey w
S g 8
el o [}
< = o
YR I 0 I N I I il ) I 1)y 5 _____
803 ||| | ¥ 1l w
802 BE RN R B -
01 _—-_—--__-_______-“— ___________________ A o -~————=-
Soo

Figure 3.3: Energy levels for m-electrons in the scintillator [52]. Only charged particles are able to
excite the scintillator into the triplet states, and therefore only a and B calibration sources can be
used to probe this effect.

Massive charged particles are able to ionize the scintillator, and therefore the
number of triplet state excitations due to ion-recombination is ionization density

dependent. Therefore the longer lived ionization-recombination triplet state excitations

37



are more favored by alphas than betas, and can explain the alpha energy quenching. The
alpha produces many more triplet excitations than betas, and since only a fraction of
these will cross over to a singlet state the amount of scintillation light produced is much
less than a beta with equivalent energy. The singlet states decay with characteristic times,
but since the intersystem crossing also takes time, energy from these excitation will be
delayed. An alpha and beta may create the same amount of scintillation light, but the
alpha will emit more of its light later due to the extra excited triplet states. This gives one
a way to distinguish alphas from betas through pulse shape discrimination, and thereby
facilitate further reduction of background by tagging unwanted events.

Gammas will also have a different quenching factor than the betas and alphas. A
gamma can Compton scatter several times before being absorbed, effectively creating not
one but several low energy betas each of which will be quenched at lower energies.
Figure 3.4 shows the energy spectrum of gammas with and without an additional gamma

quenching factor. Although the difference is small it is evident.
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Figure 3.4: Gamma quenching. These results are simulations of gammas in Borexino, run with and
without an additional quenching factor [52].

The quenching factors depend on impurities in the scintillator. Of greatest concern
is oxygen, which could change the quenching factors for alphas, betas, and gammas.

Therefore they must be understood quite well.
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3.3 Background subtraction

Having different pulse shapes for alphas and betas, Figure 3.5, gives us a method
for tagging alpha events through pulse shape discrimination. We can also look for
decayed coincidences in the U and Th chains, which can then be used to statistically

subtract other background events.
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Figure 3.5: Photon time distribution. This graph shows scintillation light pulses for 750 keV betas
and alphas whose emitted energy has been quenched to 750 keV. This data comes from Monte Carlo
of the Borexino detector. All the events are from the center of the detector. The shapes are different
enough to be able to distinguish them in Borexino so that the alphas events can be removed.

3.3.1 Pulse Shape Discrimination

Borexino measures the recoiling electron in neutrino-electron scattering. This will
produce the same scintillation pulse shape as a beta, but since alphas have a different
shape we can cut them out of the data by pulse shape discrimination. A simple method
for alpha/beta separation is the tail-to-total ratio. In this method the tail of the pulse after
a characteristic time threshold is integrated and divided by the total integrated pulse.
Since alpha pulses have a longer tail, they will have a higher ratio than an equivalent
beta. Figure 3.6 shows a histogram of the tail to total ratio for alphas and betas with
equivalent energies. The crucial part is the amount of overlap between the alphas and
betas. The neutrino events appear as betas, so we want to keep as many betas events
while minimizing the number of residual alphas kept in the analysis. Figure 3.7 shows a

graph of the tail/total ratio versus energy in the CTF. Visually we can see that the higher
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energy events are well separated, but the lower energy events are not, and this effect will
lead to more alpha events bleeding into the final beta energy spectrum to be fit. One
major question is whether performing position dependant alpha/beta separation will

significantly reduce the residual alphas.
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Figure 3.6: Sample Tail/Total ratio histogram. This histogram was created from Monte Carlo data of
the tail to total ratio for alpha and beta events from the center of Borexino. The data used in this
histogram is the same as in Figure 3.5. The overlap of the histograms causes some alphas to be tagged
as betas and some betas to be tagged as alphas.
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Figure 3.7: Tail to Total ratio from the CTF [54]. The higher ratios are from alphas, because of their
longer tails. The energy dependence means that there are more alphas at lower energy incorrectly
tagged as betas than at higher energies.
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3.3.2 Delayed coincidence and Statistical subtraction

In the Uranium and Thorium chains, Figure 3.8, there are two isotopes that decay
close enough in time so that they can be tagged due to this characteristic time. In the **U
chain *"*Bi will beta decay into *'*Po which alpha decays later with a lifetime of 164ps.
Likewise, in the 2**Th chain a fraction of the *'?Bi beta decays into *'*Po and then it alpha

decays with a 299ns lifetime.
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Figure 3.8: The **U and ***Th chains. These chains are the major part of the background in
Borexino; however there is a delayed coincidence in each chain between Bismuth and Polonium.

When the Bi-Po coincidences have been found, then it is possible to say
something about the rest of the chains. We know what the rest of the chains look like, and
they must come later once we have tagged the Bi-Po. If we assume secular equilibrium
then we can also calculate how many of the previous decay products in the chains should
have been in the data before the Bi-Po. This technique has limitations due to the very
long lifetimes of some of the parents, but right before the Bi-Po there are several parents
with lifetimes on the order of minutes. By using a Monte Carlo to determine their spectra
we can statistically subtract them from the overall spectrum.

A delayed coincidence also exists for *’Kr, which has a 0.43% chance of beta
decaying into a metastable state of Rubidium (**™Rb), which gamma decays to its ground

state. The lifetime of *™Rb is 1.46ps, which makes it a great candidate for delayed
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coincidence. For every one of these tagged events there will be ~231.5 normal *Kr beta

events [55].

3.4 The Counting Test Facility (CTF)

The CTF was built in order to test whether it is possible to produce a scintillator
pure enough for Borexino, and to show that event tagging and removal would work,
thereby allowing Borexino to determine the 'Be-neutrino flux. It is effectively a mini-
Borexino, but there are some pronounced differences. The CTF uses an inner vessel with
a two meter diameter, which contains nearly 4 tons of the PC/PPO scintillator. As a
buftfer/shielding liquid the CTF uses water in an 11m tall, 10 m diameter cylindrical tank,
and because of the differences in density there is a strong buoyant force that requires a
thicker nylon film. The original CTF did not have a radon barrier, but in 2000 a new set
of vessels were installed, which included an outer vessel to decrease the number of radon
events in the IV. The shielding in CTF is not as great as Borexino, but the CTF was not a
singles experiment like Borexino but rather a coincidence experiment searching for the
Bi-Po coincidences in the 2**U and ***Th chains to prove that they could be removed to
the levels Borexino requires. The IV is viewed by 100 PMTs all of which have light
concentrators, and are mounted to a structure made from stainless steel tubing rather than
a sealed sphere like Borexino. Figure 3.9 shows a picture of the interior of the original

CTF without the OV.
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Figure 3.9: Original CTF. Unlike Borexino the PMT are supported by an open structure. This photo
does not have the radon barrier, which now exists in the CTF.

The CTF detector was able to show that the scintillator purity levels sought by
Borexino were achievable with purification, and that the alpha/beta separation technique
could sufficiently reduce the remaining backgrounds. The purity levels achieved were:

o MC/MC=(1.94£0.09) x 10" g/g
o ’Th=(4.4+1.5-12)x 10" g/g
o PU=(3.5£13)x10" g/g
which are not good enough, but Borexino has a better surface to volume ratio than the

CTF and therefore we hope that there will be fewer internal contaminates.
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After the prototype phase, CTF was to be used as a screen to measure the '*C
content of the scintillator, so that pseudocumene with large amounts of '*C are not used
in Borexino. However the CTF has also been used to study whether any of the fluid
handling systems contaminate the scintillator with radio-impurities or contaminates
which may affect the quenching factors. Since it has been running for so long, it has also
been very fruitful in putting several limits on physics, some of which have been included

in the 2004 Particle Data Book. For example:

e “Search for neutrino radiative decay with a prototype Borexino detector.” Derbin A.,
Smirnov O. JETP Lett. Vol 76, No 7 (2002) 409-413.

e  “Search for electron decay mode e — y + v with prototype of Borexino detector.” H. O.
Back et al. Physics Letters B 525 (2002) 29. {PDG 2004}

® “New limits on nucleon decays into invisible channels with the BOREXINO Counting
Test Facility.” H. O. Back et al. Physics Letters B 563 (2003) 23. {PDG 2004}

e “Study of the neutrino electromagnetic properties with the Prototype of the Borexino
Detector.” H. O. Back et al. Physics Letters B 563 (2003) 37. {PDG 2004}

e “New experimental limits on heavy neutrino mixing in B-8 decay obtained with the
Prototype of the Borexino Detector.” H. O. Back et al. JETP Lett. Vol 78, No 5 (2003)
261-266.

3.5 Borexino expected performance

Since Borexino measures the neutrino through neutrino-electron scattering, and
not by neutrino absorption, the neutrino will only deposit a fraction of its energy in the
scintillator. This will produce a Compton-like edge in its energy spectrum, with a

maximum energy at

2E,
where E), is the energy of the neutrino. The neutrino energy spectrum is then hidden
under all the background. Shielding and purification are able to eliminate nearly all the
backgrounds; but if the LMA solution is correct then Borexino will only see
approximately 25 'Be-neutrinos per day [17]. The expected signal from Borexino, if the

neutrinos were not changing flavor, is presented in Figure 3.10. The background assumed
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is 2%U and **Th ~ 10 g/g. We can see that the neutrino spectrum is indiscernible from

the background.

. 232Th

. 238

* 'Be-neutrinos

Counts/year/4 p.e

Energy (p.c.)

Figure 3.10: Borexino Monte Carlo fitted spectrum before cuts. All the backgrounds present before
PSD, delayed coincidence, and statistical subtraction cuts and the standard solar model neutrino flux
prediction. The neutrino signal is clearly buried in the background [52].

To get rid of the background we must go through the pulse shape discrimination,
delayed coincidence tag, and a statistical subtraction described in sections 3.3.1 and 3.3.2.
When we take what we have learned from CTF and apply that to the Monte Carlo and

make these subtractions we get the spectrum displayed in Figure 3.11.

Counts/year/4 p.e

Energy (p.c.)

Figure 3.11: Borexino Monte Carlo fitted spectrum after cuts. All the backgrounds and the standard
solar model neutrino flux prediction after the all the cuts mentioned in the text. The background
must be very well understood in order to extract the total "Be neutrino flux [52].
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In this spectrum the “shoulder” that is produced by the 'Be-neutrinos is much
more pronounced, however we must remember that it appears that the LMA oscillation
solution to solar neutrino deficit appears to be correct, and that Borexino will only detect
approximately 50% of the neutrino flux because the neutrinos have changed flavor.
Neutrino-electron scattering occurs with all flavors of neutrinos, but because the electron
neutrino can interact through both the neutral and charged currents Borexino is much
more sensitive to them. The neutral current cross section is approximately 1/5 that of the
charged current cross section. Therefore in Borexino the neutrino energy spectrum will
be about 50% of that shown in Figure 3.10 and Figure 3.11.

There are several points to keep in mind when studying Figure 3.10 and Figure
3.11. Neutrinos, because of the scattering, act like betas in Borexino, but this has a
different quenching factor than the alphas, and thereby the absolute energy scales of the
alphas and betas are different. In order for us to accurately predict the backgrounds and
thereby make a fit to the spectrum, we must know the energy scales and the shape of the
background spectrum very well. The predicted shape of the background, which will in the
end be fit to Borexino’s spectrum, is dependent on the knowledge of the alpha/beta
separation efficiency as a function of energy. If there is an unknown energy dependence,
then the background will be fit incorrectly, thereby lowering the accuracy of the extracted
"Be-v flux. Figure 3.12 shows an extreme example where the actual residual ***Th alphas
suddenly decrease due to better alpha/beta separation efficiency above a certain energy
threshold. Although extreme, this shows that if the energy dependences are not properly
taken into account then the final fit may be incorrect. Therefore the alpha/beta separation
efficiency must be well understood throughout the detector and over the energy window

of the detector.
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Fitted line to predicted
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Predicted 22Th |, "
Actual 22Th

Energy (p.c.)

Figure 3.12: Hypothetical spectrum with poor alpha/beta separation. If the actual 22Th spectrum is
much different from the predicted spectrum, then the final fit will be incorrect, and the accuracy in
the extracted 'Be-v flux will decrease.

The Monte Carlos are also run with a known fiducial volume cut, however in the
final geometry we will need to measure the accuracy for defining the fiducial volume.
The only signature in Borexino for the solar nature of the 'Be-neutrino is the 7% change
in the flux due to the eccentricity of the Earth’s orbit. The fiducial volume needs to be
known well enough to measure this effect. Any error in the fiducial volume leads to an
error in the absolute flux Borexino will measure. Every centimeter error in the fiducial
volume radius, assuming a 300 cm radius, equates to a 1% error in the neutrino flux.

A _ar
r |4

LAV =%1= Ar =1em

In order to learn as much as we can about the detector, so that a high precision
measurement of the 'Be-neutrino flux can be extracted, we must carefully calibrate the
detector. The absolute energy scales must be known accurately as well as the alpha/beta
separation efficiency, and thereby the delayed coincidence tags and our statistical
subtraction ability must also be found. Other unknown position dependencies in the same
quantities may also exist. All of this can be measured if known radioactive calibration
sources are positioned accurately throughout the detector, which is the basis for the rest

of this dissertation.
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Chapter 4: Internal source calibration

In order to understand Borexino and to extract the most precise measurement of
the "Be-neutino flux from the Sun, a rigorous calibration of the Borexino detector must
take place. The separate energy scales of alphas, betas, and gammas must be known, and
the efficiencies for tagging alphas and betas needs to be maximized and known.

To extract the ‘Be-neutino flux from the output spectrum of Borexino we need to
perform a combined fit of the various backgrounds and the shape of the recoil electron
spectrum from the "Be-neutino. Such a fitting routine assumes we know the basic shape
of the background spectra for the various isotopes and the neutrino spectrum, and must
account for any alpha/beta separation energy dependence. Any unforeseen energy
dependence will decrease the precision of the final determination of the "Be-neutino flux,
and thereby the confidence level of Borexino measurement.

Borexino will likely have a density of radioactive contaminants as described in
chapter 3, and they can be used for some of the calibration if they can be identified
accurately. It is also possible to study some of the scintillation properties through
excitation by ultraviolet light. UV lasers can study scattering and absorption through the
inner vessel scintillator and other laser sources can study scattering and absorption in the
buffer liquid. There are also laser sources that are able to excite m-electrons up to their
singlet states, where the scintillation light comes from. However the lasers are not able to
study the longer lived part of the scintillation pulse; only massive charged particles can
fully ionize the scintillator into triplet states, which contain the information about particle
identification (section 3.2). Chapter 7 details some of the ultraviolet laser calibration
systems, but a more rigorous discussion of these systems can be found in [52].

Borexino’s expected final spectra after the alpha/beta separation, delayed
coincidence and statistical subtraction cuts, shown in the previous chapter in Figure 3.11,
assumes a purity of the scintillator about a factor of five better than what was found in the
CTF. If in Borexino a better purity is not achieved then event tagging will become even

232

more important. For example if there is much more ““Th than assumed, then the low
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energy “hump” will be larger and the "Be-neutrino shoulder may be lost in the tail of this
background. To overcome this possible effect, alpha/beta separation must be optimized,
which must include any spatial or energy dependences that exist.

For the most complete understanding of the detector’s alpha, beta, and gamma
energy scales and particle tagging efficiencies, calibration sources that emit alphas, betas,

and gammas of various energies must be used.

4.1 PSD spatial dependence

A Monte Carlo was run to study the possible spatial dependencies on alpha/beta
separation efficiency in Borexino due to known anisotropies in its geometry and
scintillator effects. If such a spatial dependence does exist in this simulation then there
may be additional unknown non-uniformities which could effect the overall extraction of
the 'Be neutrino flux. The only way to determine the alpha/beta separation throughout the
detector is with radioactive calibration sources.

Borexino is not perfectly spherically symmetric in its light collection efficiency.
The vessels are mounted to the top and bottom poles of the SSS with a support structure,
which displace some PMTs and can block the light from events. There is also a 3 meter
port near the bottom of the SSS used for access during detector assembly. This port is not
flush with the rest of the SSS when closed and therefore the PMTs on it lie several
centimeters further from the center of the detector; more significant than the distance
from the center is that there are missing PMTs due to the structure of the port, which
decreases the light collection efficiency is this area of the detector. The legs of the SSS
also prevent installation of several PMTs on the lower hemisphere near the equator.
Figure 4.1 shows a map of the holes in the SSS, where you can see the missing PMTs,
which are crossed out.

In addition to the light collection anisotropies there are other phenomena which
affect the propagation of light in the detector. Light scattering and absorption in the
scintillator should not be position dependent, but they are photon path length dependent
[56]. The further from the center of the detector an event occurs, the closer it will be to
PMTs on one side of the detector and the further it will be from others. This changes the

amount of time photons spend in the detector.
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Reflections will also have an effect on the alpha/beta separation efficiency. Light
reflected off of the SSS, the PMT light collector, or the PMT photocathode will travel
even further in the scintillator, and will be delayed by its time of flight (10’s of
nanoseconds). These photons are indiscernible from the non-reflected photons. Therefore
they will show up at a later time in the pulse, and can only be taken into account through
simulation. The tail of the pulse is where the information about particle identification

resides, and these reflections may therefore influence the particle identification.
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Figure 4.1: Layout of holes on Borexino SSS. Missing PMTs are marked by X’s.

4.1.1 The Monte Carlo

The Fortran tracking code of the Borexino Monte Carlo simulation developed at
the INFN in Milan was run to conduct the alpha/beta spatial dependency study. Figure
4.2 shows the global structure of the Borexino event generation and reconstruction. In our
simulation we replaced the full event generator code, GENEB [57], by inputting 450 keV
and 750 keV betas, and alphas with equivalent beta energies placed at several points
throughout the detector. The photons produced in these events are tracked through the
detector until they reach a PMT photocathode, where a photoelectron may be created

depending on the quantum efficiency of the PMT.
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The simulation event coordinates effectively map out four lines in the detector:
from the center toward the top of the SSS, from the center to the bottom of the SSS, from
the center toward the 3 m port (which points 60° below the SSS equator toward north),
and from the center to the east which is orthogonal to all the other lines. Table 4.1 lists all
the points and their coordinates, where the center of the SSS is the origin, the z-axis is
vertical, the x-axis points south, and the y-axis points east. The theta and phi coordinates

are measured from the x-axis (south).

Borexino Global Code Structure

Simulation Reconstruction

=
L

=
L

Figure 4.2: Borexino global code structure.
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Point R Theta Phi X y z Line in
(meters) | (degrees) | (degrees) | (meters) | (meters) | (meters) | SSS

1 4.0 90 0 0 0 40
2 35 90 0 0 0 35 A
3 3.0 90 0 0 0 3.0 -8
4 25 90 0 0 0 25 R
5 2.0 -90 0 0 0 2.0 g g
6 1.5 90 0 0 0 15 s
7 1.0 90 0 0 0 1.0 .
8 0.5 90 0 0 0 05
9 0.0 -90 0 0 0 0 Center
10 0.5 90 0 0 0 0.5
11 1.0 90 0 0 0 1.0 Q
12 1.5 90 0 0 0 1.5 2
13 2.0 90 0 0 0 2.0 =
14 2.5 90 0 0 0 2.5 £
15 3.0 90 0 0 0 3.0 "3’
16 35 90 0 0 0 35 g
17 4.0 90 0 0 0 40
18 0.5 60 180 0.25 0 0.433
19 1.0 60 180 -0.50 0 -0.866 Q
20 15 60 180 0.75 0 -1.299 z
21 2.0 60 180 -1.00 0 1.732 3
22 25 60 180 -1.25 0 2.165 ES
23 3.0 60 180 -1.50 0 2.598 a
24 35 60 180 -1.75 0 -3.031 g
25 4.0 60 180 2.00 0 3.464
26 0.5 0 90 0 0.5 0
27 1.0 0 90 0 1.0 0 g
28 15 0 90 0 1.5 0 g
29 2.0 0 90 0 2.0 0 s
30 2.5 0 90 0 25 0 g
31 3.0 0 90 0 3.0 0 s
32 35 0 90 0 35 0 2
33 4.0 0 90 0 4.0 0

Table 4.1: Simulation source coordinates. The coordinate origin is the center of the SSS and

The simulation takes into account all scintillation effects such as absorption,
scattering, and scintillation light production processes. It also includes reflections from
the SSS, but not reflections from other sources in the detector. It also does not include
some detector infrastructure such as the mounting support for the vessels. The missing
vessel end regions mean that effects due to the light normally blocked by them will not be
included. Our study will show that there are spatial and energy dependences with a
simple Monte Carlo.

In our study, we only wanted to look at the raw output of the detector so that any
electronic or reconstruction effects would be removed. Our reconstruction takes into
account the known position of the event, the time of the event, and the time of each
photoelectron detected in an event. The time of flight for each photoelectron in an event
is subtracted from the detection time of that photoelectron. Since we know where the

event took place and the coordinates of the PMTs which detected the photoelectron, then
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we can find the unscattered path length for the photon. Knowing that the index of
refraction for the scintillator is 1.5 makes it trivial to find the time of flight. However, this
time of flight calculation cannot distinguish direct photons from photons reflected off the
SSS, which means that a time of flight ambiguity. This scenario is the same as in the final
Borexino.

The time of the first detected photon, after the time of flight correction, is found
and subtracted from the corrected times of the remaining photons in the event. This will
give us the final time distribution of photons for a single event, where the first photon is
detected at time t = 0, which assumes a perfect trigger. The time distribution of the
accumulative events of the simulation at the center of the detector was shown in the
previous chapter, Figure 3.5.

In our analysis we use the tail to total ratio method for alpha/beta discrimination.
The number of photoelectrons arriving after a set time threshold are divide by the total
number of photoelectrons in that event. Since the alphas have longer tails they will have a
higher ratio than the betas; thereby making them differentiable. In our analysis we used a
time threshold of 25 ns for the tail/total ratio, which was found to be the best for the

Borexino scintillator in reference [58].

4.1.2 Alpha/beta separation spatial dependence

The neutrino-electron scattering in Borexino is indistinguishable from beta decay
and therefore the main objective of the pulse shape discrimination is to keep as many beta
events while minimizing the number of alphas events. Figure 4.3 shows the tail/total ratio
for 450 keV events at the center of the detector. While the alpha and beta events are
nearly separated, there is an overlap, which will lead to a bleed-through of alpha events
into the beta spectrum. In Figure 4.4 we can see that the higher energy events have a
smaller overlap, and are therefore better separated. Figure 4.5 shows a contour plot of the
tail/total ratio for both 450 keV and 750 keV alphas and betas. From these figures we can
start to see an energy dependence in the alpha/beta separation. We now need to define a
cut ratio where events with lower ratios will be kept as beta events, while the higher

ratios are discarded as alphas.
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| TaillTotal ratio, cut @ 25 ns (Pos.9, 450keV Beta) | T —————
Entries 10000
Mean 0.3448
RMS  0.04096
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Figure 4.3: Alpha/beta separation with 25ns time threshold for tail for 450 keV events.

| TaillTotal ratio, cut @ 25 ns (Pos.9, 750keV Beta) | e
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Figure 4.4: Alpha/beta separation with 25ns time threshold for tail for 750 keV events. Visually this
is more separated than the 450 keV events.
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| Number of Photons: Tail/Total vs. Total (Pos.9) |
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Figure 4.5: Contour plot of tail/total ratio versus total number of photoelectrons for both 450 and 750
keV events.

To make our comparison of alpha/beta separation versus position we make our
ratio cut at the point were we only loose 5% of the betas. This ratio threshold is found by
fitting a Gaussian to the beta tail/total ratio histogram and finding the ratio where 5% of
the betas are in the tail that overlaps the alphas. In Figure 4.3 that ratio is equal to ~0.41,
where for the 750 keV events, Figure 4.4, that ratio is ~0.40. This “optimum” threshold
ratio was found for every position in the simulations and plotted as a function of radius
for both 450 keV, Figure 4.6, and 750 keV, Figure 4.7. We can see that there is a strong
radial dependence, which changes the ratio by nearly 10% from the center out to 4
meters. The fiducial volume stops at 3 meters, but there is still nearly a 5% difference
between there and the center. We can also see a slight difference between the two

energies, however there is not much difference between points at the same radii.
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| Cutpoint vs. Distance from Center (Efficiency 95%, 450 keV Beta) |
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Figure 4.6: Threshold ratio to tag 95% of the betas versus radius (for 450 keV events).

| Cutpoint vs. Distance from Center (Efficiency 95%, 750 keV Beta) |
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Figure 4.7: Threshold ratio to tag 95% of the betas versus radius (for 750 keV events).

If we now take these optimum cut ratios found for each position and integrate the
alpha tail/total ratio histogram below that point, then we can find how many residual
alphas are left in the beta spectrum at each point. In Figure 4.8 and Figure 4.9 we see

again a strong radial dependence where the alpha/beta separation efficiency is greater the
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further we go from the center of the detector. We can start to see a difference in the
number of residual alphas at the points at the same radius from the center. The most
striking difference we see is the energy dependence. The higher energy events are far

better separated than the lower energy events.

| Ratio of Residual Alpha's in Fit vs. Distance from Center (Efficiency 95%, 450 keV Beta) |
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Figure 4.8: Ratio of residual alphas to total alphas versus radius (450 keV).
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Figure 4.9: Ratio of residual alphas to total alphas versus radius (750 keV).
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4.1.3 Conclusion

The alpha/beta separation has an obvious spatial dependence in even our simple
separation technique (tail/total ratio). Although the spatial dependencies we find are
primarily a function of radius, we do see the beginnings of efficiency differences as a
function of azimuthal and polar angles. The radial dependence we have found is due to
very well known scintillator effects and geometries of Borexino, and does not take into
consideration several other known non-uniformities, let alone any unknown ones (for
example scattering in the vessel film, light blockage due to the seams on the vessel, etc.).
The most striking difference in the separation efficiencies is between the two energies. At
lower energies the alpha/beta discrimination is not as efficient as at higher energies and
causes the “hump” in the expected Borexino spectrum after the various cuts are made, as
shown in Figure 3.11 in section 3.5.

It can be argued that we can use the intrinsic radioactive contamination to study
the alpha/beta separation, but this requires a good understanding of detector effects and
the spectrum of the events (whether the U and Th chains are in secular equilibrium or
not). At 122 background events per day the statistics do not allow spatial dependence
studies. This background rate is approximately one event per ton per day, which means
that we would need a very long time if we wanted to study per ton effects (3 years to get
1000 background events per ton).

By using radioactive calibration sources of various energies and particle types
throughout the detector we can find the optimum alpha/beta separation efficiency for the
detector as a whole. Added non-uniformities may further separate the number of residual
alphas in the beta spectrum as a function of position, which further strengthens the case
for radioactive source calibration. These sources can also be used to do an energy
calibration for alphas, betas, and gammas, without having to fit to the spectrum of

background events.

4.2 Method

A 100% effective calibration source would mimic the natural radioactivity
exactly. However the isotopes need to be contained and they need a support structure. All

of which may distort the energy deposited in the scintillator or the light output of the
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scintillator. The design of the calibration sources minimizes the light blockage and
maximizes the energy deposition of the energy from the alphas or betas.

To have effective sources we would like to have statistically significant data at
several positions in the detector, and have it all done in a reasonable amount of time.
However this must be balanced by the risk to the detector. If a source isotope is released
into the detector then the background may increase significantly. However if we use a
short lived source then we can wait for it to decay away, if an accident were to occur. If a
long lived source must be used, then it should be removable by Borexino’s scintillator
purification system. Currently the sources have 10-100 Bq of activity, which will give us
a 1% rate measurement after less than a quarter of an hour. The design of the source
minimizes the risk to the detector by making them completely sealed, and by having an

insertion system (chapter 5) that prevents the source from dropping into the detector.

4.2.1 Design

The overall design of the sources is the same. A one inch in diameter quartz vial
is loaded with scintillator in which the source material is suspended, Figure 4.10. The
quartz is fus