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Abstract

The existence of a significant non-baryonic component to the Universe is
widely accepted, with worldwide efforts underway trying to detect this so-called
dark matter. The ZEPLIN-III detector utilises liquid xenon (Xe) as a target
medium in the search for the expected rare interactions of Weakly Interacting
Massive Particles, or WIMPs, with ordinary baryonic matter. The neutralino,
arising in supersymmetric extensions to the standard model of particle physics,
provides a particularly well-motivated candidate. The ZEPLIN-III experiment,
operating in two-phase (liquid/gas) mode, measures both the scintillation and
ionisation signatures produced during an interaction.

The first science run (FSR) of ZEPLIN-III was performed during three months
in 2008. The run culminated in a published result which excluded a WIMP-
nucleon interaction cross-section above 8.1 x 107% pb for a 60 GeVc=2 WIMP at
the 90% confidence level.

ZEPLIN-III then entered an upgrade period where the photomultiplier tube
(PMT) array, previously the dominant source of background, was replaced with
new, ultra-low background, PMTs. The radio-contamination of components used
to make these PMTs has been thoroughly studied and their impact on the back-
ground rates in ZEPLIN-III characterised. Additionally, a new 1.5 tonne plastic
scintillator veto detector was constructed, increasing the ability to reject WIMP-
like signals caused by neutron induced nuclear recoil events and improving the
~-ray discrimination capability of ZEPLIN-IIL.

The second science run (SSR) of ZEPLIN-III began in June 2010 and contin-
ued for 6 months, with a projected upper limit for the interaction cross-section
of 1.52 x 1078 pb for a 55 GeVe=2 WIMP at the 90% confidence level.
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Chapter 1

Introduction

For almost 75 years, cosmology has been evolving to the point where we have
what would appear to be an elegant and successful description of our Universe.
Many astrophysical observables can now be described by one model containing
just 6 parameters. ACDM (Cold Dark Matter, where A denotes the inclusion
of a cosmological constant) explains the accelerating expansion of the Universe,
the cosmic microwave background and the observed distribution of matter on
the largest scales. ACDM is also capable of describing the velocities of galaxies

within clusters and the velocity of matter in spiral galaxies.

The major problem facing the ACDM model is that the combination of all
astrophysical observables produces a result that lends only 4-5% of the mass of
the Universe to baryonic matter. This means that a large proportion of the mass

of the Universe must be of non-baryonic origin. The ACDM model points towards
23% of this being Cold Dark Matter.

Contemporaneously, in particle physics, a proposed solution to the hierar-
chy problem was developed. Supersymmetry postulates a new family of super-
symmetric partners to each of the standard model particles. These particles differ
in spin to their standard model partners by %h. Supersymmetry is described as a
broken symmetry as no evidence of supersymmetric particles has been seen in the
mass-energy range of the known standard model particles (<172.7 GeVc™2, the
mass of the top quark) meaning the supersymmetric partners of standard model
particles must have masses exceeding those of the standard model. Most Mini-

mal Supersymmetric Models (MSSM) predict that the Lightest Supersymmetric



Particle (LSP) would have a mass in the 100-1000 GeVc¢™2 range and also predict
that this particle could be stable. If this is true, then it is reasonable to assume
that this particle constitutes the vast majority (if not all) of the non-baryonic
mass. Some particle physics models also predict that this LSP will interact with

baryonic matter via the weak nuclear interaction.

These independent predictions, when taken together, complement each-other
elegantly. A problem discovered in cosmology “solved” by a potential solution to
a problem in particle physics and vice-versa. A direct detection of dark matter
particles by observable interaction with baryonic matter would solve two of the

biggest problems in modern science at the same time.

The ZEPLIN-III collaboration is a multi-national collaboration involving the
University of Edinburgh, Imperial College London, the STFC Rutherford Ap-
pleton Laboratory, LIP-Coimbra and ITEP Moscow. The collaboration is one
of many searching for the elusive signal that would confirm that dark matter
not only exists, but interacts with baryonic matter via a known mechanism.
The ZEPLIN-III detector is based at the Boulby Potash mine in Redcar and
Cleveland, UK. The detector uses liquid Xe as a detector medium and detects
interactions using the principles of scintillation and ionisation. The detector is
designed to have a sensitivity to a WIMP-nucleon weak interaction cross-section
of order ~107 pb ( 107%° c¢m?). Chapter 4| of this thesis will concentrate on the
design and commissioning of the detector culminating in a three month engineer-
ing science run. Chapter [5| concentrates on the radio-assaying measurements and
background simulation of the components used in the upgrade of the ZEPLIN-III
system. Chapter [6] concentrates on the ZEPLIN-III veto detector, in particular,
detector design and manufacture leading to the detectors calibration and analysis
of science data. Chapter [7| concentrates on the re-commissioning of ZEPLIN-III
in preparation for a second science run, the detector calibration, daily monitoring,
data analysis and finally the calculation of an upper limit on the WIMP-nucleon

weak interaction cross-section assuming a null detection.

The ZEPLIN-III collaboration provides a unique situation, not present in
other particle physics experiments. The collaboration is sufficiently large to pro-
duce cutting edge scientific results but it is also small enough that each and every
member is able (and, indeed, is required) to take leading roles in many aspects

of the experimental process. Within ZEPLIN-III, I have taken leading roles in
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the calibration and parameterisation of the detector, including the characterisa-
tion of radiological impurities of the detector components. I have also taken a
leading role in defining and parameterising data cuts to remove spurious events,
which would be dominant above the detection of any (rare) potential WIMP
interactions.

During the upgrade period of ZEPLIN-III, I took a leading role in the radio-
assaying of components for the upgraded photo-multipier tube (PMT) array and
veto detector. This included measuring the radio-activity of individual compo-
nents and assessing the resultant impact on the backgrounds in ZEPLIN-III.

During the second science run (SSR) I maintained a leading role in the cali-
bration of and analysis of data from ZEPLIN-III itself. T also took a leading role
in building, testing and installing the ZEPLIN-III veto detector. I also took a
leading role in the measurement of the response of the plastic scintillator, syn-
chronisation of veto detector data with ZEPLIN-III data and its analysis.






Chapter 2

The Dark Matter Problem

For centuries, humankind has striven to understand how the Universe works
on the largest scale (beginning with early astronomical observations) and the
smallest scale. Until less than 100 years ago, it was believed that luminous
matter constituted all of the mass in the Universe. Modern estimates now place
this figure at around 1% of the mass-energy content. This, plus another 4%
of mass not found in stars, (e.g. interstellar gas) means that only 5% of the
entire Universe is composed of baryonic (standard model) matter. Evidence also
shows that the mass-energy content of the Universe is comprised of a 28% mass
component and a 72% energy component. This suggests that 23% of the Universe
is composed of non-luminous, non-baryonic, matter.

Research into the nature of missing (or “dark”) matter has been the subject of
experimental and theoretical endeavour for almost three quarters of a century and
remains one of the greatest unanswered questions in science [I]. The following
chapter will outline how cosmology and particle physics have converged to lead us
to the assumed Universal mass-energy components, beginning with an overview
of the cosmological and particulate theories underlying the ideas and leading on

to outlining the actual observations that support the theoretical postulations.

2.1 Cosmological Origins

The Big Bang theory is one of two key principles underpinning the current ideas

behind modern cosmology. The other is the so-called cosmological principle which
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states that the Universe is both isotropic and homogeneous. In effect, we do not
hold a special place in the Universe and, wherever we look, the laws of physics

remain the same.

The idea that the Universe is expanding was first potulated by Edwin Hubble
in his studies of distant galaxies. Hubble found that these galaxies were receding

at a velocity ¢ proportional to their distance away 7

The constant of proportionality in this equation, Hy, is known as Hubble’s param-
eter at the present time. The most recent measurements using Cepheid variables
have set a value of Hy = 72 + 8 (km/s)/Mpc [2].

This law suggests that, at earlier times, the galaxies in our Universe were
closer together. If this theory is extrapolated back to the beginning of time, it
leads to the conclusion that the Universe has evolved from a single point source
(size at most ~ the Planck distance) of infinite temperature and density, known
as a singularity. The transition from this singularity to a tenable state of matter

and energy is known as the Big Bang.

Another source of evidence comes from the observation that the average num-
ber of galaxies per unit volume in the Universe is almost constant across the sky.
This holds for the present epoch but has also been directly observed in the cos-
mic microwave background, which was discovered by Penzias and Wilson in 1965
[3]. The Cosmic Background Explorer (COBE) and the Wilkinson Microwave
Anisotropy Probe (WMAP) have found no anisotropies above the 107> and 107°
scale respectively and it is expected that the Planck satellite will further constrain

these values.

The theory of General Relativity, attributed to Albert Einstein [4], is a frame-
work by which the gravitation and curvature of space can be equated. At the
centre of this theory are the so-called Einstein field equations. For an isotropic
and homogeneous Universe, the expansion (or collapse) of space with mass den-
sity p and pressure p is given by the Friedmann equations. These equations are
derived from the Friedmann-Lemaitre-Robertson-Walker (FLRW) [2] solution of

Einstein’s field equations of general relativity.

The relative expansion rate of the Universe can be calculated by solving the
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Einstein field equations, as long as the matter and energy content of the Universe
is known. Assuming the cosmological principle is valid, energy and matter can

be described as a perfect fluid:

p
T = (p+ )0y + DG, (2.2)
where T}, is a tensor relating energy and momentum, g,, is a metric tensor, p is
the pressure of the fluid and p the density. Pressure and density can be related

by the equation of state:

p=(y—1)pc. (2.3)

This equation of state can be neatly solved using just three values for +. In
the past, the Universe was dominated by radiation. In this radiation dominated

era, v,= 3 which gives p, = 1p,c%.

This is a good approximation for the early
Universe which was hot and dense and where matter and radiation were in near
thermal equilibrium. The present time is described by ~,,=1 which leads to p,,
= 0. This is a good description of the current matter dominated Universe where
the pressure-free matter dominates over the energy density of the electromagnetic
radiation in the Universe. In the future, it is expected that vacuum energy will
dominate. In this case v, = 0 giving p, = -p,c?. It is thought that there was
a brief period in the history of the Universe where a similar equation of state
existed. During this period, known as inflation and occurring 1073¢ s after the

big bang, vacuum energy pressure caused a rapid expansion.

Solutions of the Einstein field equations lead to the so called “Friedmann-

equations” one of which is described below:

H? — = 2.4
~—~—~— + a? 3 Ps ( )
Expansion ~~ S——

Curvature Density

where the terms describe the expansion, curvature and energy-mass density of

the Universe.

In a flat universe with no curvature (v = 0), equation reduces to an

equation that describes a so-called critical density:
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Figure 2.1: A graphical representation of various scenarios for Universal evolution

dependent on the mass-energy composition. When comparing to equation 2.6
Q=Q,,+Q,.

3H?
- 8rG

If the density is greater than p., a closed Universe is described which will

Pe (2.5)

eventually contract to a “Big Crunch”. If the density is less than p., an open
Universe is described which will expand indefinitely. A graphical representation
of this can be seen in Figure 2.1, The density parameter () is the ratio of the

actual Universal density compared to the critical density:

p 8nG

With ©Q = 1 representing a flat universe, the individual components due to
each constituent of the Universe can be calculated. ) is, therefore composed of
a constituent part for radiation (€2,.), matter (€2,,) in both baryonic (£2,) and non-

baryonic (€2;) forms, and dark energy (€24). The latest calculated values for each
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of these components are given in Section [2.3.1, ACDM predicts a Universe which
is open and accelerating and, even without the inclusion of dark energy, there is

still a requirement for a significant dark matter component in the Universe.

2.2 Observational Evidence

2.2.1 Redshift Measurements of Galactic Clusters

In 1933, Fritz Zwicky was the first to propose the idea of missing mass or dark
matter [5]. Zwicky looked at eight galaxies in the Coma cluster. He assumed that
the cluster was spherically symmetric so that the mutual gravitational forces
of the galaxies attract each one towards the centre and that, on average, the
outermost galaxies would obey Newtonian mechanics under the influence of a
mass equal to that of the cluster. Zwicky determined the average velocity of the
galaxies by measuring the Doppler shifting of emitted light and also determined
the radius of the mass of the cluster.

Zwicky was then able to use the virial theorem to calculate the total mass
needed to produce the galactic motions observed. At the same time, assuming
that the amount of light emitted is proportional to the mass of the object, he
calculated an independent value for the mass of the cluster. When comparing the
two answers, Zwicky realised that the virial mass calculation gave a mass about
400 times greater than the luminous mass. This suggested that a large proportion
of the mass was non-luminous. Zwicky did not try to postulate the nature of this
dark matter but suggested that gravitational lensing would be a viable technique

to measure the mass of galaxies.

2.2.2 Gravitational Lensing

The first gravitationally lensed objects were seen in the 1960s. Even so, it is only
relatively recently that Zwicky’s predictions that gravitational lensing could be
used to determine galactic masses has been proven correct. Gravitational lensing
exploits the fact that, in accordance with the laws of general relativity, light
will follow the curved space caused by a massive object. This being the case,

the object (when viewed from the earth) becomes distorted to an extent directly
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Figure 2.2: Gravitational lensing is used to determine the distribution of mass
through the effect of the curvature of space-time due to the mass of the interme-
diate body. The schematic shows this effect and how a distant object would be
observed.

proportional to the mass of the intermediate object (see Figure .

Strong lensing occurs when the intermediate object is very large and the lensed
object is close by. The light from the object is able to take multiple paths, usually
causing a series of distorted arcs around the object (see Figure . Very rarely,
if the intermediate object it directly in the line-of-sight between the observer and
the distant object, a complete halo may be formed around the object, known as
an “Einstein Ring”.

The properties of the arced light (curvature, geometry, number of arcs, etc.)
are used to determine the mass distribution of the lensing object. The cosmolog-
ical constant can be constrained by determining the volume of space between the
observer and the source. Surveys of radio lensing galaxies give a result for the
energy density of the Universe (due to the cosmological constant) of 2, ~ 0.73.
If the properties of the source object vary with time, the images observed will
also vary. Due to the curvature of space-time around the lensing object, there are
time delays in the changes in the images that can be used to calculate the Hubble

constant, Hy, the value of which is consistent with independent measurements
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SLACSJ0737+3216

1 arcsec
o L —— s 1 £

Figure 2.3: Colour composite image of the SLACSJ0737+3216 gravitational lens
system, made from Hubble (blue and green) and Keck (red) data. The blue ring is
the tiny background galaxy, stretched by the gravitational pull of the foreground
lens galaxy at the centre of the image [6].
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[7]. The Cosmic Lens All Sky Survey (CLASS) has observed 22 lensing systems
in detail and, from determining their parameters, found results consistent with a

flat Universe and a cosmological constant with €, = 0.317037 [8].

2.2.3 Galactic Rotation Curves

Spiral galaxies, including our own galaxy, the Milky Way, and the nearby An-
dromeda galaxy, M31, consist of a central bulge and a thin disk. The disk is
stabilised against radial collapse by angular momentum conservation. By mea-
suring the orbital velocities of the disk using the red-shift of spectral lines, one
can determine the orbital velocity as a function of radius. The luminosity of
the galaxy falls exponentially with radius so it would be expected that most of
the galactic mass would be concentrated within a few scale-lengths of the central

bulge. If this were the case, the orbital velocity outside the central bulge would

Vrot (1) = 1/ w, (2.7)

where Gy is the universal gravitational constant and M is the central mass of the

follow Kepler’s third law:

galaxy contained within a radius, r. The velocity would then behave in analogy

~1/2 The galactic curves of around 1000 galaxies

to the Keplarian law v, ~ 1
have been collected through optical studies [0, 10} [1T].

Purely optical studies do not provide the most convincing evidence for un-
expected galactic rotation curves, (this arises from the study of the 21 cm radio
emission from galactic hydrogen), since optical observations only allow informa-
tion to be gathered out to about 2 - 4 scale lengths of the central bulge. The
emission of hydrogen lines can be observed to much greater radii. It is also possi-
ble to observe the ratios of the two CO transitions (wavelengths 2.6 and 1.3 mm)
out to large radii to trace the abundance of galactic hydrogen. Figure [2.4] shows
that, in almost all cases, the orbital velocity remains constant after a sharp rise
near the galactic centre.

The difference between observed and expected rotation curves can be at-
tributed to the gravitational effects of dark matter. A constant orbital velocity
can be obtained by placing the galaxy in a spherical ‘halo’ component so that the

total mass M(r) oc r and the density p(r) oc r=2 (see Figure [2.5).
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Figure 2.4: Rotation curves for many spiral galaxies obtained by several different
methods (optical, H, I, Ha and CO line spectroscopy). The rotation curves
generally show a steep rise in velocity close to the centre followed by a constant
velocity out to large radii [12].
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Figure 2.5: Rotation curve for the galaxy NGC 3198. The graph shows the
disk and dark matter halo contributions that would lead to the observed galactic
rotation curve [12].
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2.2.4 Modified Newtonian Dynamics (“MOND”)

Modified Newtonian Dynamics (MOND) [I3] is an empirical theory proposed
to explain observed galactic rotation curves without the need for an unknown
dark matter component. It suggests that, at very small accelerations (a < cHy ~
7x1071% m s72), there may be deviations from Newtonian gravity. The Newtonian
acceleration, ay can be modified as ay — anp(a/ag), where ag is a natural
constant of rate 1.2 x 107% m s72. The function p ~ 1 for a > ag, and pu ~ a/ag
for a < ag. At large radii, the accelerations experienced by objects become
comparable to ag, and in a simple circular orbit, v = /G May. In effect, at large

radii, radial dependence vanishes and a flat velocity profile is seen.

When applied to the Coma cluster, however, MOND predicted a mass x4
greater than the actual mass. Two solutions were proposed where the first was
that ag is about 4x greater for clusters than for galaxies; the second was that
there is some kind of clumping of dark matter on the scale of a cluster but not on
the scale of a galaxy. Dark matter clumping would, effectively, rule out cold dark
matter but would be compatible with a ~ 2 eVe™2 neutrino [14]. The density of
these neutrinos would be €2, =~ 0.1. Having neutrinos as a dark matter candidate
would require a large component of additional baryonic dark matter but a 2 eVe =2
neutrino mass dark matter component has been ruled out to a > 95% confidence

limit [I5] using studies of large-scale structure.

An alternative version of MOND was hypothesised to apply to the evolution
of large-scale structure in the Universe [16] which was found to be compatible
with observations of the cosmic microwave background and type la supernovae.
Again, the mass deficit in the Universe was overcome by postulating a 2 eVc¢ ™2
neutrino with no need for dark matter. However, studies of strong lensing galaxies
show an incompatibility with this MOND framework without the inclusion of a

significant dark matter component.

A recent addition to the plethora of theorised dark matter alternatives is the
idea of Conformal Cyclical Cosmology (CCC) [17]. This theory proposes the
existence of a time before the big bang where events happen that directly effect
events within our universe. The theory proposes that these events would be
observed as concentric rings of anomalously low temperature variance. The paper

claims that such concentric formations have been observed with a confidence level



16 2.2 Observational Evidence

Figure 2.6: An artist’s impression of the interaction in the Bullet cluster collision.
The interstellar gas collides, causing a shock front in the X-ray spectrum, whereas
the dark matter components and, indeed, galaxies pass by each other relatively
undisturbed.

of 60 in both the WMAP T7-year data and the BOOMERanG98 data. These

claims have been refuted by several sources [18, [19] 20].

An interesting feature in the Bullet cluster (see Figure was discovered
in 2006 [21I]. The Bullet cluster is a pair of galaxy clusters which have collided.
Observed in the visible spectrum, it is possible to see that the galaxies contained
in the two clusters pass by each other without being greatly altered, apart from
some gravitational slowing. The hot interstellar gas (which makes up the majority
of the ordinary, baryonic matter in the cluster) interacts electromagnetically,
causing the gases of both clusters to slow much more than the galaxies. In
a MOND framework, by definition, dark matter does not exist so it would be

reasonable to expect that the lensing mass of the cluster would follow the hot
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interstellar gas. However, weak lensing shows that the majority of the mass from
each of the two clusters passes through the mass of other and the majority of the
mass is located in the same region as the visible galaxies. This provides support
that the majority of mass in the cluster is in the form of non-interacting (or, at
least, weakly interacting) matter.

Recent studies of the collision dynamics of the bullet cluster have cast into
doubt the strength of this argument for dark matter. It has been argued that the
shock velocity observed is 23% higher than should be reasonably expected in a
cold dark matter scenario [22]. MOND is an idea that will evolve with time and,
while it is possible that supersymmetry and weakly interacting dark matter may
be discovered in the near future, it is important to remember that alternative

theories should be considered.

2.3 ACDM

ACDM is a model of the Universe built upon the Friedmann equations (see equa-
tion for one example) which gives a description of the history of the Universe.
Directly after the big bang, is a period known as the very early universe. Any
ideas concerning this period are purely speculative as accelerator experiments
have not been able to probe the energies needed to provide any significant in-
sight. It is proposed (after this very early period) that the Universe then moves
through three stages of force unification. The first of these is the Planck epoch
(up to 107%3 s after the big bang) where, if supersymmetry is correct, the four
fundamental forces of electromagnetism, gravitation and the weak and strong nu-
clear forces would all have the same strength. The Grand Unified Theory (GUT)
epoch follows (1073 s — 1073¢ s) in which gravitation begins to separate from
the fundamental gauge interactions: electromagnetism and the strong and weak
nuclear forces. After this (10736 s — 1072 s) comes the electroweak epoch in
which electromagnetism and the weak nuclear force are unified. The transition
from the GUT to electroweak epochs triggers a period of exponential expansion
in the Universe known as the inflationary epoch.

According to the ACDM model, dark energy is present as a property of space
itself, beginning immediately following the inflationary epoch (1073¢ s — 10732
s), as described by the equation of state. ACDM says nothing about the funda-
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Figure 2.7: A timeline of the evolution of the Universe, starting with the Big
Bang on the left and ending with the present day on the right. The transition
from an opaque to a transparent universe (the origin of the CMB) is represented
by the “Afterglow Light Pattern”.

mental physical origin of dark energy but it represents the energy density of a
flat universe. Observations indicate that it has existed for at least 9 billion years
[23].

The ACDM model also explains observations of large-scale structure (galaxies,
clusters, superclusters, etc.), and the primordial fluctuations in the early universe
(t < 380,000 yr) which were the seeds for the larger structure. As the temper-
ature of the Universe reached ~ 1 eV (3000 K), neutral H atoms were able to
form, photons decoupled from baryons and the Universe became transparent to
radiation for the first time. Today we see the remnants of this decoupling as
the Cosmic Microwave Background (CMB). Figure shows a graphic of the

evolution of the Universe from the Big Bang to the current epoch.
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2.3.1 The CMB

If the Universe evolved from an early, extremely high density stage, as proposed
in the Big Bang model, one would expect in this early phase (before galaxy or
star formation) a hot, dense, plasma where matter and radiation were in equi-
librium. The temperature and, hence, energy of the Universe would have been
high enough that electrons were dissociated from atomic nuclei. Photons would
undergo continuous Thomson scattering from the free electrons, resulting in an
opaque Universe. After the plasma cooled down (due to expansion) to ~ 10° K,
protons and electrons would form neutral hydrogen and the atoms would decouple
from the photons. At this point, the Universe would have become transparent.
The last scattering photons became a blackbody relic of the Big Bang, perme-
ating the Universe with radiation. As the Universe expanded and cooled, the
photons red-shifted to become the Cosmic Microwave Background radiation we

observe today.

It was in 1948 that George Gamow, Ralph Alpher and Robert Herman [24], 25]
hypothesised that, as a remnant of the primordial plasma, there should be a
thermal relic with a black-body spectrum at a temperature of the order of T" ~
3 — 10 K. It was only in 1964 that A.A. Penzias and R.W. Wilson discovered
an excess radio background at A = 7.35 ¢cm corresponding to a temperature of
2.5 - 4.5 K [3]. The most complete (if not the most recent) study of the CMB
comes from the Wilkinson Microwave Anisotropy Probe (WMAP) [26] 27] and
an all-sky map of temperature anisotropies is shown in Figure In this figure,

the temperature (and hence, density) fluctuations are obvious.

The temperature fluctuations are only ~ 100 pK. The local galactic plane
runs along the major axis of the plot and the Coma cluster is near to the top of
the minor axis. The average temperature is in excellent agreement with a single
temperature black-body spectrum of 2.725K. The results are the most precise
blackbody spectrum ever measured with a temperature of 2.725 £+ 0.002 K and

illustrate the predictions of the Big Bang theory to an extraordinary degree.

The detection of the CMB and its blackbody spectrum are the best evidence
for the Big Bang theory after the discovery of the expansion of the Universe
by Hubble. Measurements have shown the CMB to be isotropic to <100 uK,

supporting the idea of an homogeneous early universe. If the current epoch is
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considered, however, it is obvious that there are massive temperature and density
differences between galaxies, galaxy clusters and the space in between. In the
ACDM model, quantum fluctuations in the early universe can give rise to density
fluctuations (following inflation) manifested as over-densities that do not collapse
under the force of self gravity until they reach their own particle horizon and
every point within the region of over-density is in causal contact with every other
point. After this, the perturbation will collapse until it reaches the Jean’s length.
The radiation pressure will counteract gravity and acoustic oscillations will occur.
These are visible in the CMB power spectrum (see Figure as a series of peaks
with a higher multipole moment than the mean value.

The position of the first peak at [ &~ 100 gives the scale of the baryon acoustic
oscillations (rs = 147 & 2 Mpc [28]). The ratio of the heights of the first and
second acoustic peaks in Figure [2.9) is a sensitive probe of the baryon density
and gives €, = 0.0457 £+ 0.0018 for h = 0.7 [28]. Through the Saches-Wolfe
effect (gravitational redshift of CMB photons) WMAP is also sensitive to the
total matter density of the Universe, €2,,,. The result for one year of data (2, =
0.27£0.06 [28]) was, more recently, confirmed and improved with the analysis of a
five year dataset. This, in combination with large-scale structure and supernova
data give a result of Q,, = 0.279 £ 0.008 [29]. ,, combined with the current
best estimate of the age of the Universe, combine to give a value for the Hubble
constant of Hy = 7173 km s~' Mpc~'. This result is consistent with the value
determined using Type la supernovae observations (discussed in Section .

In summary, WMAP (and, shortly, Planck) gives the best estimate for €, £2,,
and Hy (see Figure 2.8). These values can be constrained (and indeed others
determined) by combining CMB data with observations of Type la supernovae
and large-scale structure. The current best values for the composition of the
Universe according to the ACDM model are summarised in Table 2.1}

2.3.2 Large-scale Structure

Rigorous constraints can be placed on the cosmological model as well as the dark
matter distribution by observation and analysis of large-scale structure in the
Universe. The structure of galaxies along with clusters of galaxies and, indeed,

the space between them, can be described using linear perturbation theory [31].
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Figure 2.8: WMAP 5-year measurement of temperature anisotropies in the CMB
[29]. The temperature difference between blue and red is ~ AT = 100uK and
corresponds to matter density fluctuations. These perturbations are thought to
have been caused by quantum fluctuations in the very early universe which were
amplified by inflation and became gravitational potential differences which led to
large-scale structure formation.

Parameter Value
Qior 1.005 &£ 0.006
O 0.046 &+ 0.002

Qm 0.279 £ 0.008
Qg 0.233 £ 0.007
Qp 0.721 £ 0.015
Q, < 0.013

h 0.71 £ 0.013

Table 2.1: The cosmological parameters estimated by the most recent astrophys-
ical observations.
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Figure 2.9: CMB angular power spectrum from WMAP 5-year data [30]. The
black line is the best fit ACDM model to the WMAP data.
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In effect, the small anisotropies in the early Universe can be described using
large-scale structures seen in the present epoch. If this idea is correct, evidence of
baryon acoustic oscillations should be detectable in large-scale structure similar to
those seen in the power spectrum of the CMB (Figure[2.9). The Sloan Digital Sky
Survey (SDSS) has mapped the positions and absolute luminosities of around 100
million celestial objects [32]. The survey measured the geometry of the Universe
through the distance-redshift relationship and through this, it was possible to
extract the oscillatory features in the power spectrum.

Approximately 47,000 luminous red galaxies were used for this analysis [33],
with a typical redshift of z = 0.37. Redshift is a unit of astrophysical distance
related to the recession velocity of distant objects. Redshift is determined by
observations electromagnetic radiation emitted from distant objects. Due to the
Doppler effect, the wavelengths of expected spectral features are shifted in pro-
portion to the recession velocity of the object relative to the observer. Redshift

(2) is calculated as follows:

o )\ - >\0bs
= o
where \ is the expected wavelength of the spectral feature studied and Ay, is the

z

(2.8)

observed wavelength.

Some evidence of baryon acoustic oscillation was seen (at a level of 3.40) at
a scale of ~ 100 Mpc which is in agreement with the WMAP value quoted in
Section [2.3.1] The amplitude of the detected oscillation is small enough that,
combined with using a ACDM model, it is not compatible with a large baryonic
fraction of the total mass of the Universe (),,. This means that a large dark
matter component is required in the early universe (z ~ 1100) to account for the

observed large-scale structure in the current epoch.

2.3.3 Big Bang Nucleosynthesis

As described in Section [2.2.1] it is clear that luminous matter only accounts
for a small fraction of the total amount of matter in the Universe. Big Bang
Nucleosynthesis (BBN) studies can put constraints on the abundances of elements
in the primordial universe and, in turn, put constraints on the overall baryonic

component of the matter mass. It is also possible to determine if the non-luminous
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component is hidden in the form of massive compact halo objects (MACHOs, see
Section [2.4.1)).

At t < 0.1 s after the Big Bang, the neutron:proton ratio was maintained
in thermal equilibrium. This was due to the Universe being sufficiently hot and

dense. Between 0.1 s and 1 s, the ratio followed the form:

n mp—m
—=e T, (2.9)
p
where n and p are the number densities of neutrons an protons, respectively. The
masses of the neutron and proton are given by m,, and m, respectively and 7" is

the average temperature of the Universe at that epoch.

At ~ 1 s, the temperature fell below the mass difference of the neutron and
the proton and the equilibrium reaction rate became lower than the rate of the
expansion of the Universe. This meant that the neutron:proton ratio froze out
at about 1:6, a ratio which dropped slowly due to neutron decay. The half-life of
the neutron is &~ 615 s and, without further reactions, the Universe today would

be made entirely of hydrogen.

At t ~ 200 s, BBN began. The reaction that preserves the neutron is deuteron
formation (p + n — d + 7). At 200s, the temperature of the Universe was
T ~ 80 keV. At temperatures higher than this, the fusion reaction is in thermal
equilibrium (p + n = d + 7) meaning deuterons photo-dissociate to a proton and
a neutron as quickly as they are produced. Once the temperature had dropped
to < 80 keV, the production of 3He, *He and 7Li could follow.

It is possible to estimate the abundances of elements in the Universe today by
using calculations of nucleosynthesis at these early times [34]. The abundances
are constrained by comparing predicted values with measured values (see Figure
2.10). Studies of deuterium absorption lines in quasar spectra from hydrogen
clouds between the Earth and the quasar give a result of €2, = 0.038 £0.002. The
primordial abundances of *He and 7Li relative to H imply Q, = 0.023 £ 0.007.
These two values, combined with the WMAP value given in Section provide
compelling evidence that, not only is there a lack of baryonic matter needed to
account for the total mass content of the Universe, but there is also not enough

luminous matter to account for the total baryonic mass content of the Universe.
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Figure 2.10: The curves show several elemental abundances relative to hydrogen
as a function of the baryon fraction of the Universe [35]
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2.3.4 Type Ia Supernovae

Type Ia supernovae occur in binary systems with a white dwarf and a companion
red giant or main sequence star. They occur when the white dwarf has a mass <
1.4 Mg, and accretes material from the companion. When the white dwarf mass
exceeds the Chandrasekhar limit of 1.4 Mg, its electron degeneracy pressure is no
longer sufficient to prevent gravitational collapse and the white dwarf undergoes
a thermo-nuclear explosion. The fact that type Ia supernovae all occur with the
same mass means that they can be considered as “standard candles”, meaning
that each supernova has broadly the same intensity and luminosity. By studying
type la supernovae to high redshift values, their apparent magnitudes can be used
as a measure of distance and expansion rate over cosmological distances [36]. A
deviation in the Hubble law will be dependent on a deceleration parameter g,
which is related to €2, and Q4 by:

qo = _% = QTm — Qa(to).

(2.10)

For these large redshifts, the luminosity depends on the matter and energy
density composition of the Universe. It is therefore possible to measure the ap-
parent luminosities of supernovae as a function of redshift and plot contours for
varying matter/energy compositions. The High-Z Supernova Search (HZT) [37]
and the Supernova Cosmology Project (SCP) [38] survey type Ia supernovae be-
tween redshift z = 0.01 — 1.7. Results from these projects, combined with values
of Hy from CMB studies, imply that the expansion of the Universe is increasing
with time due to a non-zero A energy contribution. In effect, distant supernovae
are further away than expected [39, [40]. The best fit to the SCP data shows a
mass contribution of €2, ~ 0.25 and an energy contribution of Q, ~ 0.75 (see
Figure . The HZT finds (assuming Qi = 1) that the mass contribution
Q= 0.29 £ 0.05 and energy contribution 24 = 0.71 £ 0.05.

Combining the WMAP results with these results gives an overall estimate for
the dark energy content of the Universe of 2y = 0.72 4 0.04.



2. THE DARK MATTER PROBLEM 27

Supernova Cosmoelegy Project

Knop et al. (2003) L2,
[ T T T i T T T I T T T r T T T 'I T L] T | '}Ijﬁ-‘}l?i
L 3 ii Lo 0,250
24 = '3 ! ) - 1. 0
- *. I 4
L EF!%] iﬂ .
- A Supernova i
&= | E Cosmology
I P Project
B
= 0 ¥
; 20 |
z A
3 A |
L;": L )
S g F -
Fog Calan/Tololo
4 &CIA
-_!I _
16— —]
I_II -
HE
14_ 1 | | X |
1 0 T T T I T T T I T T T I T T T 'I T T
%
B [{Ii -{ i { Hﬁ # F—i }—} . 0.25.0.75
25 00 5
z z { { : } 0.25.0
B = . i
E 505 B B R
£ ]
[ l

0.0 0.2 0.4 0.6 0.8 1.0
redshift 2
Figure 2.11: The SCP results of measurements of the effective luminosity (mp)

of type Ia supernovae as a function of redshift (z). The best fits to the results
suggest a matter:energy ratio of ~ 1:3.
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2.3.5 Concordance Cosmology

It is possible to combine the ideas proposed in sections - to derive
an overall idea of the constraints that can be placed on the mass/energy ratio
in the Universe. Figure shows the 1, 2 and 30 allowed regions in 2, — Q
parameter space with constraints placed by the ideas discussed in Sections [2.3.1
- Looking deeper at how the matter component is composed, there is a
wealth of evidence that a large proportion of the mass of the Universe is non-
luminous and also non-baryonic. The next section of this thesis will discuss the

possible origin of this matter.

2.4 Dark Matter Candidates

2.4.1 MACHOs

Massive Compact Halo Objects (MACHOs) are any astrophysical objects that
could be used to explain the apparent presence of dark matter in galactic halos.
Examples of MACHOs are white or red dwarfs, neutron stars and stellar black
holes or even unassociated planets (outside a planetary system). MACHOs can
be detected when they pass in front of a luminous object. The gravitational po-
tential of the object will bend the light causing the object to appear brighter.
This phenomenon is called microlensing and is exactly the same process as grav-
itational lensing described in Section [2.2.2]

The possibility of the missing mass problem being solved by the presence of
large non-luminous but baryonic objects has been ruled out most conclusively in
two different ways. Big Bang nucleosynthesis constraints on the abundance of
baryonic matter in the early Universe means there cannot be enough baryonic
matter in the present epoch to explain the missing mass [42]. The other method
by which MACHOs have been ruled out as candidate dark matter is through
gravitational lensing as mentioned above. The abundance of MACHOs found by

this method is too sparse to account for the missing mass [43].
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No Big Bang

Figure 2.12: The 1, 2 and 30 allowed regions in €),, — {24 parameter space.
The allowed regions are based on type Ia supernovae constraints (blue), large-
scale structure (BAO) constraints (green) and CMB constraints (orange). The
combined allowed region is shaded grey [41].
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2.4.2 Neutrinos

If dark matter was able to interact via the strong or electromagnetic forces, it
is reasonable to expect that dark matter would have bound to neutrons and
protons when the temperature of the Universe fell below the energy needed for
quark confinement. This would manifest itself in anomalous isotopes of normal
matter, which have not been observed [44]. This being the case, the weak nuclear
force is the only force, other than gravitation, through which dark matter can
interact. Within the the standard model framework, the only particle that will
fit this limitation is the neutrino.

It is possible to calculate the contribution of neutrinos to the total mass of

the Universe (2, as a function of their combined masses ¥m,,:

G

Q, =——
3H2

n,Xm,,, (2.11)

where n, is the number density of neutrinos in the current epoch. When neu-
trinos decoupled from other particles, at time = 1 second after the Big Bang,
the Universe still had a temperature ~ 1 MeV. Light neutrinos with mass < 1
MeV are, therefore, relativistic. These relativistic neutrinos are referred to as
“hot dark matter”. The total density contribution for a Dirac neutrino (half for

a Majorana neutrino) can be written [45]:

Eml’i -2

T 93 eV

This assumes a neutrino number density of n, = 113 cm™ [46, 31].

Q, (2.12)

The experimental limits on the (electron) neutrino mass are dominated by ex-
periments that determine the kinematics of triton decay $H —3 H +e~ + 1, which
give a current upper limit of m,, < 2.3 eV [47]. Next generation experiments are
expected to improve on this upper limit [48].

Astrophysical observations can be used to place limits on the mass of all
neutrinos. The current best limit is set as ¥m,, < 0.65 eV [49]. With masses
this small, neutrinos produced at the big bang would be relativistic and would,
therefore, damp out the growth of density perturbations needed for large-scale
structure evolution. Dark matter must, therefore, be produced non-thermally

and be non-relativistic at the point of decoupling [50]. Simulations have been
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run that use various starting points for dark matter scenarios and it is a cold

dark matter framework that leads to the formation of large-scale structure as

seen today (see Figure [2.13)).

2.4.3 Axions

Axions were proposed to explain the lack of CP violation in the strong interaction
[52, 53]. It was originally proposed that axions would interact strongly with
matter, but no evidence of this has been seen. New models for axions have been
proposed to circumvent the limits set by dark matter detectors that have not yet
been able to detect them [54) 55] 56 [57].

Axions are produced by two distinct mechanisms. At the point when free
quarks are bound into hadrons (the QCD phase transition), a Bose-Einstein con-
densate of axions is produced. These particles would behave as cold dark matter.
Axions can also be created through the decay of strings formed at the so-called
“Peccei-Quinn” phase transition [58, 59] and this is thought to be the dominant

mechanism for axion production as long as inflation occurs after this point.

The properties of axions are set by the mass m,. The smaller the mass,
the more weakly an axion couples to protons and electrons. Many astrophysical
arguments come together to suggest that the mass of the axion is < 1072 eV [60].
If it is required that the Universe should not be “over-closed”, then Q,h% < 1. In
this case, m, > 1 peV and if strings play an important role then the limit, set
by cosmology, is closer to 1 meV. This means that there is only a small window
within which axions can exist of 1073 eV < m, < 1072 eV [60].

Through the addition of extra dimensions, so-called “Kaluza-Klein” axions
can have masses of up to 12 keV and this gives an excellent discovery potential
[61]. Axions provide a potential and interesting candidate for cold dark matter.
With such small masses, however, axions alone cannot form the dominant matter
content of the Universe [62]. Axions are, potentially, discoverable through their
weak coupling to electromagnetism [63]. It is possible that the axions could reso-
nantly decay to two photons in the presence of a strong magnetic field and efforts
have been made to look for this signature decay [64] but no positive discovery

has yet been made.
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Figure 2.13: Results of the millennium simulation, run at the Durham University
Centre for Computational Cosmology [51]. The remarkable similarity between
the 2dFGRS (blue) and simulation (red) results can be seen.



2. THE DARK MATTER PROBLEM 33

Particle ~Symbol Spin Superparticle Symbol Spin

Quark q 1/2  Squark q 0
Electron e 1/2  Selectron é 0
Muon i 1/2  Smuon i 0
Tau T 1/2  Stau T 0
W W 1 Wino W 1/2
v/ Z 1 Zino 7 1/2
Photon 1 Photino o 1/2
Gluon g 1 Gluino g 1/2
Higgs H 0  Higgsino H 1/2

Table 2.2: The particles of the standard model and their superpartners.

2.4.4 Supersymmetry and WIMPs as DM candidates
2.4.4.1 Supersymmetry

In particle physics, supersymmetry (SUSY) is a symmetry that relates standard
model particles of one spin to other particles that differ by half a unit of spin and
are known as superpartners. The theory of SUSY, if it is an unbroken symmetry,
states that for every type of boson, there exists a corresponding type of fermion
with the same mass and quantum numbers. Since no evidence of supersymmetric
particles has been seen in particle accelerators and a plethora of standard model
particles have, it is expected that SUSY is, in-fact, a broken symmetry. This
allows superpartners of standard model particles to have much higher masses.
Standard model bosons (B) are related to their fermion (F') superpartners

using the following transformations:

Qo |[F) = [B) and Qq |B) = [F), (2.13)

where (), are spin-1/2 Hermitian generators. For fermion — boson translations,
spin goes from 1/2 — 0. For boson — fermion translations spin goes from 1
(except the Higgs boson, which has spin 0) — 1/2 as shown in Table 2.2]

SUSY is a useful tool for solving the so-called “hierarchy problem” in particle
physics. In-fact, it was an attempt to solve the hierarchy problem that led to the
development of SUSY in the first place. In basic terms, the hierarchy problem

asks the question why the weak force is 1032 times stronger than gravity. Both
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Figure 2.14: One-loop quantum corrections to the Higgs mass parameter Am?
due to (a) a Dirac fermion f, and (b) a scalar S.

the weak force and gravity are determined by constants of nature, the Fermi cou-
pling constant (Gr) and Newton’s constant (G) respectively. The question then
arises as to why the Higgs mass is so much lighter than the Planck mass (grand
unification energy). Given the large quantum contributions to the Higgs boson
mass, one would expect its mass to be close to the Planck mass. This disparity

is only possible through some incredibly detailed fine tuning of corrections.

SUSY is the most popular theory for solving the hierarchy problem. It allows
the Higgs mass to avoid large quantum corrections by removing the power-law
divergences of the radiative corrections to the Higgs mass. Figure shows that

quantum corrections due to scalar particles cancel with those due to fermions.

Additional motivation comes from the fact that the unification of forces at
high energies is expected and vital for a grand unified theory (GUT). A GUT is
a theory in which (at high enough energies) the three gauge interactions, elec-
tromagnetic, strong and weak, merge into one single interaction with a single
coupling constant. In the standard model, the electromagnetic and weak cou-
pling constants converge at ~ 100 GeV, but the strong force does not. Figure
shows the running of the three coupling constants for the electromagnetic,
weak and strong forces with and without a SUSY component. When a SUSY

component is assumed, the three forces unify at the 10'® GeV scale [45].

The Minimal Supersymmetric Standard Model (MSSM), is an extension to

the Standard Model that attempts to add as few new parameters as possible. In
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the MSSM, the higgsino and gauginos are weak eigenstates, meaning that they
are able to mix to form mass eigenstates that are superpartners of the neutral
Higgs bosons with gauge bosons. Four combinations are formed and these are
known as ‘neutralinos’.

One of the problems with MSSM is that the new couplings in the theory
can cause lepton and baryon number violating interactions Lepton and baryon
number conservation has been tested very precisely by experimentation and the
non-conservation would be visible on all energy scales. To solve this problem, a
new concept is introduced called R-parity. R-parity is described by the following
equation [45]:

R — (_1)2j+3B+L’ (214>

where spin is denoted j, baryon number B and lepton number L. Standard model
particles have R = 1 and supersymmetric particles R = —1. With R-parity con-
served, the lightest supersymmetric particle (LSP) cannot decay. Annihilation
and creation of supersymmetric particles can only occur in pairs and supersym-
metric particles will decay to lighter supersymmetric particles until they reach
the LSP (see Figure . The LSP is stable, colourless and has zero charge,

making it an ideal candidate for dark matter.

2.4.4.2 WIMPs as Dark Matter

Weakly Interacting Massive Particle (WIMP) is a phrase coined to cover a variety
of possible Dark Matter candidates including (but not limited to) LSP candidates
such as neutralinos [66] and sneutrinos [62]. For most of the MSSM parameter
space, however, the lightest of the four neutralino eigenstates, x9, is the LSP
and this will, henceforth, be referred to as the WIMP. Limits on the mass of the
WIMP have been set by accelerators and CMB studies. Accelerators give a lower
mass limit of 37 GeVc™? [67] (limited by the maximum centre of mass collision
energies obtained and for coupling to W/Z bosons, not photons) and WMAP
gives an upper limit of 500 GeVc™2 [68] (determined by measurements of €2,,).
In many models, the WIMP is a Majorana particle. This means that it is
a spin fracl2 particle that is identical to it’s anti-particle and is able to self-

annihilate (xy = x). During the Big Bang, WIMPs were produced along with
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Figure 2.16: potential decay mechanism for the discovery of SUSY at the LHC.
the final decay branches see two sleptons each decaying to a lepton-neutralino
pair [65].
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all other SUSY particles. Whilst the temperature of the Universe was > m,,
WIMPs were in thermal equilibrium with other particles. The production of
WIMPs occurred through, for example, lepton annihilation, Il — yx (where [
signifies a lepton), and annihilation of WIMPs occurred through, e.g. xx — 1.
As the Universe expanded, it reached a scale where the density of WIMPs
fell to a point where the probability of annihilation became close to zero. At
this point, the cosmological abundance of WIMPs “froze out” to the abundance
seen in the present epoch, as shown in Figure 2.17] The present mass-density
parameter for the WIMP can be calculated quite easily, given the critical density
of the Universe as p. ~ 107°h% GeV cm™3 [45]:
Qh? = My 3 X 10727 cm? s_l‘ (2.15)
Pe <UAU>

The WIMP annihilation reation rate can be estimated as (g4v) ~ 1072 c¢m? s7!

which leads to a value of €2, of between 0.06 and 0.35. This is in agreement with
the missing mass value of Q,; = 0.233 £ 0.007 given in Table [2.1]

The fact that the value for €, derived through particle physics and the value
for €4 derived through cosmology are in such good agreement is remarkable. This
agreement provides the strongest evidence that the missing mass in the Universe

can be described most elegantly using a cold dark matter scenario.

2.5 Summary

In summary, the evidence for the presence of a significant dark matter compo-
nent in the mass of the Universe is almost, though not entirely, conclusive. Com-
plementary studies in both cosmology and particle physics propose a scenario
whereby luminous mass only contributes a small fraction of the mass-energy con-
tent of the Universe. On a cosmological scale, these studies suggest that the
mass of the Universe is dominated by non-luminous, non-baryonic matter which
is thought to be cold. For particle physics, the presence of this dark matter may
solve the mass-hierarchy problem and help to unify the fundamental forces of
nature at the GUT scale.
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Chapter 3

Detection of Dark Matter and
the ZEPLIN-—III Instrument

The preceding chapter discussed the evidence supporting the postulate that a non-
luminous, non-baryonic component comprises ~23 % of the mass-energy budget
of the Universe. The chapter also presented evidence that the dominant form
of this matter is a weakly interacting particle with a mass between 10 and 1000
GeVe2. If this is the case, there are two major pathways to the discovery of this
particle: direct and indirect detection. Supersymmetry may be discovered at the
LHC, but these data alone could not identify a supersymmetric particle as the

dominant galactic dark matter component.

3.1 Indirect Detection Techniques

Indirect dark matter detectors are designed to detect the products of WIMP
annihilation. This is dependent on the Majorana mechanism of WIMP self-
annihilation to produce 7-rays and particle-antiparticle pairs. The rate of an-
nihilation seen is dependent on the square of the density of dark matter. This
being the case, indirect searches concentrate on areas of high mass such as the
Galactic centre.

If WIMPs are Majorana particles, it is possible for them to annihilate to form
standard model particles. Amongst these particles are anti-protons and positrons

which will have an energy spectrum that extends to a maximum equivalent to the
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mass of the annihilating particles. Many experiments exploit the fact that the
annihilation positrons will, themselves, annihilate with electrons, emitting a tell-
tale 511 keV ~-ray signature (equal to the rest energy of the electron/positron).
There are, currently, several experiments looking for this signature, including
EGRET [69], FERMI [70], INTEGRAL [71] and MAGIC [72].

Anti-particles can also be produced through the well known interactions be-
tween cosmic rays and the interstellar medium. These interactions produce a
cosmic-ray background spectrum with an energy-dependent positron fraction.
This spectrum is fairly well known and deviations from this could provide evi-
dence for dark matter annihilation. However, any excess could also be due to
positron emission from pulsars, so there would be difficulty claiming a detection.

The PAMELA [73] and ATIC [74] experiments have recently observed a
positron excess above the expected model for the background (see Figure
for PAMELA results). The two collaborations have stated that an excess of
positrons has been seen that can be attributed to either an astrophysical source
or dark matter annihilation products. Some theoreticians have seized on this
result, postulating a number of exotic theories that tie this result into a positive
detection of dark matter annihilation. However, alternative models have been

proposed in which the excess flux is consistent with well known pulsars [75].

3.2 Direct Detection Techniques

As discussed in Section [2.4.4.2] the favoured dark matter model gives a neutralino
as the lightest supersymmetric particle that is able to interact weakly with matter.
The opportunity to both detect the particle that provides the biggest contribution
to the missing mass problem, and to give the first experimental evidence for
particle physics beyond the standard model, means that many experiments have
been devised to perform a direct detection of WIMPs.

A WIMP will either couple to the spin of a target nucleus or to its mass.
These two cases are generally referred to as spin-dependent and spin-independent
scattering respectively. Spin-independent scattering benefits from the coherent
summation of the scattering amplitudes from each nucleon in the nucleus. Spin-
dependent scattering, since paired nucleon spins sum to zero, is only possible on

target nuclei with an unpaired nucleon. The particle shell model assumes that
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the net nuclear spin is due to the spin of the single unpaired protons or neutrons
and, thus, vanishes for even nuclei. The WIMP may also couple to a combination
of both the mass and the spin of the target nucleus.

Due to having a relatively large mass it is expected that WIMPs will interact
via a WIMP-nuclear recoil. In the absence of excited states of the WIMP or the
target nuclei at the low energies accessible due to the kinetic energy of the WIMP,
this interaction is expected to be elastic and, as such, the energy transfer can be
calculated via simple mechanics. The energy transfer spectrum is dependent on
three main factors: the mass of the WIMP, the mass of the target material and
the velocity of the WIMP. The dependence of rate on WIMP mass is shown in
Figures 3.2

The expected event rate can be calculated to first approximation quite easily
using the following equation:

R x NT&cr (v), (3.1)
My
where R is the expected rate, Ny the number of target nuclei, p, the local dark
matter number density, m, the WIMP mass, o the WIMP-nuclear interaction
cross section and (v) the average WIMP velocity.

This, however, is a rather simplified view as there are several astrophysical and

nuclear physics factors that need to be taken into account. The energy dependent

differential rate is given as:

dR Lo d

N 2
dER x mX dER <U>, (3 )

which is usually described in terms of differential rate unit (dru) which is defined
as counts/kg/keV /day. The average WIMP velocity is described by:

(v) = / o, (3.3)

VUmin

and, thus:

dR Vescape
iEn x NT:;—[;U/ vf(v)dv. (3.4)

Umin

The upper limit on the WIMP velocity is, formally, infinite but, in practice,
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the escape velocity from the Galactic halo is used where 498 km s™! < Vescape <
608 km s~! [76]. The parameter vy, defines the smallest velocity needed to
produce a detectable energy (where EF%* is the maximum recoil energy possible

for the minimum velocity vy,;,) and is given by:

ER¥my
Vmnin = RQT (3.5)
where my is the mass of the target nucleus and p is the reduced mass of the
WIMP-target nucleus system. For a head on collision, with my = m, = 100
GeVe? and demanding a minimum nuclear recoil energy of 50 keV, a minimum
WIMP velocity of ~ 220 km s™! is necessary.
Assuming a Maxwellian dark matter velocity distribution, the integral term

in equation |3.4] can be rewritten:

Vescape 2
/ vf(v)dv o exp (7) : (3.6)

0

Since the WIMP velocity is related to the recoil energy Er (equation , we
find that the differential event rate for WIMPs falls exponentially with Fg:

dR R —Fgr
_dER = k'_Eb exp ( k’EO ) 5 (37)

where R is the total rate, Ey = m,v3/2 and k = 4u/(m, + my).

While equation [3.9) provides a good basis for the differential dark matter rate,
there are two important corrections which must be considered. The first is a
correction for the Earth’s velocity relative to the galactic frame and the second
corrects for the structure of the target nucleus.

To make a correction to the differential rate due to the velocity of the Earth,
one must consider three velocities. v, g is the WIMP velocity in the Earth (or
detector) frame, v, ¢ is the WIMP velocity in the Galactic frame and v ¢ is the
Earth’s velocity in the Galactic frame of reference. Unsurprisingly, simple vector
subtraction gives us a value for ¥, p = 0, ¢ — Up¢ = 220 km s~ [77, [78].

The second correction is due to the form-factor of the target nucleus. The
form-factor describes the spatial extent of a nucleus. The scattering of electrons

from a point-like nucleus is described via Rutherford scattering but this is only
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Figure 3.3: Form-factor measurements for several potential detector materials.

For Xe, the characteristic diffraction minima can be seen at nuclear recoil energies
of 100 keV and ~300 keV.

correct for small values of momentum transfer (¢). For large values of ¢, the

(;z_g) - (3_;) |F@, (33)

where F'(g?) is the Fourier transform of the (charge or mass) nuclear density, o

cross-sections become:

is the scattering cross-section and €2 is the scattering angle.

As seen in Figure [3.3] the form-factor drops more slowly for lighter target
nuclei, but this fact must also be combined with the results seen in Figure [3.4]
where it can be seen that lighter target nuclei expect a lower initial rate [79].
Figure [3.3] also reveals another important factor in dark matter detection. It is
essential for detectors to have very low thresholds to take advantage of F'(¢)* — 1

at low recoil energies.

Having taken the Earth velocity and form-factor into account, the differential
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Figure 3.4: Expected event rate for several species of detector material assuming
a WIMP mass of 100 GeVc 2 [85]. The solid lines represent the differential rate
expected per unit energy and the dashed lines represent the integrated rate over
all energies.

rate becomes:
dR R

—Ep
N g .
dE; _ kE, (Er)exp ( kE, ) (3.9)

which shows the multiplicative nature of the form-factor correction. The differ-
ential rate can, therefore, be expected to drop as momentum transfer increases
with minima at 100 keV and ~300 keV for a Xe target.

There are numerous experiments world-wide which use various different de-
tection techniques and detector media [80]. The current world leading results
have been performed using Xe and Ge detection systems [81, [82], 83 [84].

Figure|3.4|shows the expected recoil spectra for various detector material given
a WIMP with mass 100 GeVe=2 and a WIMP-nuclear cross-section of OxN =
2 x 1077 pb. If Ge is taken as an example in this plot, it can be seen that the
integrated rate above a 10 keV threshold is ~ 5 x 1072 kg=! day~!. This is

equivalent to a rate of 1 interaction per kilogram every 20 days.
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Due to the extremely low event rates expected in dark matter detection, it
is vital that all sources of background are removed. One of the largest poten-
tial sources of background is cosmic-rays. Any surface-based detector would be
swamped with cosmic-rays and cosmic-ray induced backgrounds. This being the
case, rare event physics (not just dark matter detection) is consigned to some of
the deepest laboratories on earth. There are two possible methods for achieving
the required depth. One is to base a laboratory in a deep mine and the other is
to base a laboratory within a mountain. Each technique can provide thousands
of metres of rock protection, often described using the units m.w.e. or metres of
water equivalent. Reviews of current underground facilities are given in [86] and
[87] and a plot of some of the larger facilities and their depth (m.w.e.) is given
in Figure 3.5

It is also essential that the detector itself, along with its shielding, must be
constructed using low background materials (this is discussed in depth in Chapter
. Finally, even the rock surrounding the facility can introduce unwanted levels
of background into the detector, whether it be from rock-borne radioactivity or
air-borne from radon. These additional backgrounds are minimised through the
installation of shielding and the use of other techniques.

In direct dark matter detection, there are three different energy deposition
channels that are used for detection: scintillation, ionisation and lattice vibra-
tions. It is common (though not universal) practice to use two of these channels
as an aid to discrimination between the nuclear recoils associated with a WIMP-
nuclear event and electron recoils. Figure 3.6/ shows the three energy deposition
channels and the experiments that use one or two of them as methods for WIMP

detection.

3.3 The ZEPLIN-III Detector

ZEPLIN-III (ZonEd Proportional scintillation in LIquid Noble gases) is a third
generation detector designed, built and run in the UK. The ZEPLIN project was
initially devised under the umbrella of the UKDMC (UK Dark Matter Collabo-
ration) which included Imperial College London, the Rutherford Appleton Lab-
oratory, University of Sheffield, Royal Holloway, Birkbeck College, Queen Mary
London, Nottingham University and the University of Edinburgh. Initially, the
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Figure 3.5: The muon intensity (number of muons per square metre per year) as a
function of depth in some of the largest underground laboratories. The colouring
of the data points gives an idea of the depth of the facilities in terms of rock
overburden.
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Figure 3.6: The three energy deposition channels for dark matter nuclear recoils:
scintillation, ionisation and heat. A number of experiments that take advantage
of the different channels are shown for comparison.
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collaboration concentrated on using Nal as a detector material [88], leading to
the NATIAD experiment (an array of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>