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Abstract

The PICO-2L program commenced in 2013 with the deployment of a 2 litre bubble
chamber filled with superheated C3 F8 and over the next three years, conducted two
separate WIMP-search experiments. The first run was conducted at 4 different energy
thresholds ranging from 3.2 keV to 8.1 keV and a total of 12 candidate events were
observed during a total exposure of 211.5 kg-days. Due to the non-uniform time
distribution of the candidate events, no evidence for a WIMP-signal was claimed
and upper limits on WIMP-nucleon scattering cross-sections were reported. These
results represented the world leading limits at the time on spin-dependant WIMPproton cross-sections with a 90% confidence upper limit of σSDp < 9.7 × 10−40 cm2
for a 30 GeV/c2 WIMP. PICO-2L was redeployed in 2015 with modifications that
aimed to control particulate contamination in the superheated fluid, and a followup WIMP-search experiment was conducted. During 129 kg-day exposure with the
detector operating at an energy threshold of 3.3 keV, only 1 candidate event was
observed, consistent with the predicted background rate from neutrons. These data
showed that the measures taken to control the particulate contamination resulted in
the eradication of the previously observed anomalous background events and provided
the most stringent limits on WIMP-proton spin-dependent cross-sections with a 90%
confidence upper limit of σSDp < 5.9 × 10−40 cm2 for a 30 GeV/c2 WIMP.
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Chapter 1
Introduction

Astrophysical observations, from galactic to cosmological scales, hint at a significant
amount of invisible matter in the universe [1]. The nature of the constituent particle
of this invisible or ‘dark’ matter appears to be unlike any of the particles described
by the Standard Model of Particle Physics [2]. Since more than three quarters of
the total matter content of the universe is believed to be ‘dark’ [3], the search for its
constituent particle is key, especially since it calls for an extension to the Standard
Model of particle physics. One of the most motivated solution to the dark mystery
is the weakly interacting massive particle (WIMP) [1], which is assumed to have a
weak-scale interaction cross-section with the Standard Model particles [2]. One of
the channels for investigating WIMPs is by directly detecting their interactions in
low-background nuclear-recoil detectors deployed in underground laboratories. Due
to the unknown interaction mechanism of WIMPs, a complete investigation requires
a broad experimental search using a variety of nuclear target materials. Various
effective field theories highlight fluorine and xenon as favourable nuclear targets [4],
with the former being especially sensitive to WIMP-nucleon interactions that occur
via spin-dependent, and the latter for spin-independent interactions. The evidence
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for dark matter and the motivations for a WIMP as a particle dark matter solution
are summarized in Chapter 2 of this thesis. Chapter 3 outlines the various channels
available for WIMP investigation with the focus on methods employed to directly
detect WIMP-nucleon interactions.
WIMP direct detection experiments typically have to mitigate against backgrounds
from α, β, γ and neutron radiations to reach background-free levels. Superheated
fluid detectors are unique in WIMP detection due to their inherent sensitivity to the
stopping power of the ionizing radiation, allowing such detectors to be able to detect low-energy WIMP-nucleon recoils while remaining insensitive to electron recoils.
This, along with the advantages of using C3 F8 superheated fluid in a bubble chamber
detector for WIMP direct detection are further described in Chapter 4. The PICO
collaboration has conducted WIMP-search experiments using a 2 litre (PICO-2L)
and a 30 litre (PICO-60) bubble chamber detector filled with C3 F8 in the Sudbury
Neutrino Observatory underground laboratory (SNOLAB) near Sudbury, Ontario,
Canada. The details on the PICO-2L bubble chamber are provided in Chapter 5.
The data acquisition and the various data analysis techniques involved in PICO-2L
are described in Chapter 6.
The PICO-2L program aimed at using a bubble chamber filled with 2 litres of
superheated C3 F8 fluid in order to directly detect WIMPs, and served as a part of
the research and development for the larger PICO-60 experiment. It consisted of
two WIMP-search experimental runs which are described in Chapter 7. During the
first experimental run of the PICO-2L, its performance was limited by an unknown
background which was neither consistent with the known backgrounds, nor with a

3

WIMP signal. Nonetheless, the data from this run represented a world leading sensitivity to WIMP-proton spin-dependent interactions at the time [5]. A post-run
assay of the bubble chamber’s inner fluids suggested contamination of the active fluid
with particulates as a possible source of the anomalous background. PICO-2L was
re-deployed in early 2015 with an ultra clean bubble chamber jar along with various other technical improvements. The modifications were such that the initial state
of the bubble chamber was significantly cleaner and the mechanisms of particulate
generation during the bubble chamber cycles were suppressed. These modifications
were complimented with carefully optimized bubble chamber operations and a second WIMP-search experimental run was conducted with the PICO-2L detector. The
data from this run showed an absence of the unknown background signal, producing world leading limits on WIMP-proton spin-dependent interactions at the time of
publication [88].
The advances made in the bubble chamber technology during the PICO-2L program contributed significantly to the development of the PICO-60 C3 F8 experiment
which recently concluded a background-free WIMP search experiment. The results
from this experiment, shown in Chapter 3 represent the current world leading sensitivity to the spin-dependent WIMP-proton interactions. Chapter 8 summarizes the
work described in this thesis, that led to the very successful WIMP-search experiments
using PICO bubble chambers.
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Chapter 2
The mystery of Dark Matter

The existence of dark matter in the universe in a vast abundance is well established
and its nature is one of the most important open problems in modern physics [1]. The
constituent particle(s) of such matter exhibit no interactions (emit, absorb or reflect)
with light, hence its ‘dark’ nature, and its apparent non-baryonic composition pushes
the scope of our understanding of the universe beyond the well-established Standard
Model of Particle Physics (SM) [3]. At the cosmological scale, it is estimated that
70.4 ± 0.6% of the total matter content of the observable universe is in the form of
non-relativistic, non-baryonic matter [6]. Dark matter is believed to have played a
significant role in the evolution of the universe, leading to the formation of the large
scale structures observed today including our home Milky Way galaxy [7]. The search
for dark matter is hence well-motivated. There is a possibility that such a particle
exists completely in the “dark sector” that only interacts gravitationally with baryonic
matter, yet the relic density of such matter in the universe, as observed today, hints
at a rarely or weakly interacting (with itself and with baryonic matter) particle with
a mass in the range from a few keV to TeV [1]. Various theoretical extensions to the
SM predict such particles [2, 1, 3] and, fortunately, the technology and experimental
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particle physics techniques available today or in the near future may allow for its
discovery. These ideas will be explored in the sections that follow in this chapter.

2.1

Evidence

The evidence for dark matter comes from astrophysical observations ranging from the
galactic to the cosmological scale. Astronomical tools used to estimate the baryonic
matter content rely on measurements based on infra-red emissions, X-ray luminosity
and the temperature of intra-cluster gas. When these measurements are compared
with those estimated based on doppler shifted light, which reveals the astronomical
object’s velocity, or with independent measurements of the total gravitational mass
content of these astronomical objects via gravitational lensing tools, a discrepancy is
consistently found. Cosmological studies, especially that of the Cosmic Microwave
Background (CMB), provide additional independent evidence for dark matter [8].

2.1.1

Galactic scale

The simplest evidence for dark matter comes from the study of the rotation curves of
galaxies [9]. The velocity of an object following a stable Keplerian orbit in a galaxy
√
is expected, using Newtonian mechanics, to scale as v ∝ M (r)/ r where M (r)
is the total mass enclosed within the orbit or radius r. At the edge of the visible
√
galactic disk, the rotational velocity should therefore fall off as 1/ r as majority of
the matter (of the stars and the hydrogen gas) is observed by astronomers to be within
this disk. However, the rotation curves of most galaxies show a flat distribution up
to arbitrarily large radii, suggesting a source of non-luminous “dark matter” (DM)
surrounding these galaxies with M (r) ∝ r and ρ ∝ 1/r2 . An example of this
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Figure 2.1: The rotational curve measurement of the NGC 6503 galaxy (solid line) [10]
along with the expected contribution of the gas (dotted line) and the
visible disk (dashed line) of the galaxy. A halo of dark matter (dotteddashed line) is required to explain the observed flat distribution at large
radii. Image courtesy: INSPIRE-HEP
measurement for the NGC 6503 galaxy is shown in Figure 2.1 [10]. The same is true
for our own home galaxy where the solar system has a rotational velocity of roughly
240 km/s and the measured rotational velocities of other systems seem to change
very little from this, even at the largest observable radii. Since the luminous matter
is confined to smaller radii, no reduction in velocity is observed in most galaxies and
the extent of the dark halo can not be deduced. Hence such measurements can be
used to evaluate only a lower bound on the dark matter content of a galaxy.
An independent measurement of the total mass content of astronomical objects
comes from a widely used tool, gravitational lensing [11], which is based on a phenomenon revealed by General Relativity: the effect of gravity on the propagation of
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light. Weak lensing, or the measurement of the slight bending of light due to the
presence of a galaxy between the source and the observer, can provide an estimate of
the total mass content of a galactic halo. This is due to the fact that gravitational
lensing is influenced by the total gravitational content of the object in the foreground
and not its nature. Combined weak lensing measurements of over 300,000 galaxies
reveals that a typical halo around a galaxy contains more than 20 times the mass
than the visible content [12]. It should be mentioned that a reliable use of the gravitational lensing tool requires an accurate description of the geometry of gravitational
lens systems, and hence these measurements are only as reliable as the measurement
of the Hubble’s constant that currently has been made with roughly 5 % accuracy [6].
Nevertheless, the discrepancy between the estimated total and visible mass is so large
that these measurements are accepted as a convincing evidence for the existence of a
dark matter halo around galaxies.

2.1.2

Scale of galaxy clusters

Additional evidence for dark matter emerges when studying galaxy clusters due to
the discrepancy in their optically and kinematically estimated mass content. The
total gravitational potential energy of a bound system, like a galaxy cluster, can
be estimated from the velocity distribution of galaxies within a galactic cluster [13].
Historically, the first evidence of a mass discrepancy in astronomical objects came
from such a measurement, when in 1919, it was reported that the total visible mass
of a galaxy cluster was much smaller than its total gravitational mass inferred from
the individual velocities of the galaxies within the cluster. The term ‘dark’ matter
was later coined by Fritz Zwicky in 1933 in a report where he postulated a type of
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matter that was invisible, or ‘dark’, to explain similar anomalies he observed in galaxy
clusters [14]. A similar measurement can be made by measuring the temperature of
the inter-cluster gas and treating it as an ideal gas, estimating the pressure needed
to contain it in terms of a gravitational potential. Most such measurements reveal
that the total matter content in the galaxy clusters is roughly 200 times that of its
luminous content, 10 times what is estimated for galaxies [3].
A cosmological event known as the ‘Bullet Cluster’, where two galaxy clusters
passed through each other, provides the most spectacular evidence for dark matter
and reveals its non-interactive nature. The majority of the baryonic matter content
of a galaxy cluster comes from the intra-stellar hot gas which is visible in X-rays. The
X-ray image of the result of the cluster collision reveals that all of the inter-stellar hot
gas of the two clusters interacted, decelerated and separated from galaxies within the
cluster. The galaxies essentially passed through each other as expected, and so did the
majority of the cluster’s mass content. The latter is observed by directly measuring
the mass content of the clusters via weak lensing [15] and strongly indicates that
the majority of the gravitational mass content of the two clusters is non-baryonic,
invisible and rarely interactive with both baryonic matter and itself.
Figure 2.2 shows the analysis of the bullet cluster and is perhaps one of the
favourite arguments for dark matter as it clearly shows the two separate forms of
matter prevalent in the astrophysical structures of the universe. One of the two forms
of matter is luminous, highly interactive and contributes little to the total mass, the
other is completely invisible, exhibits almost no interaction other than gravitation
and yet, accounts for most of the gravitational mass of galaxy clusters.
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Figure 2.2: An image of Bullet Cluster collision taken by the Hubble telescope shown
here with its baryonic matter content estimated using X-ray spectroscopy
by Chandra X-ray Observatory (red) and the weak lensing measurements
of its mass content (blue) show that the majority of the gravitational matter content is non-baryonic, invisible and highly non-interactive. Image
courtesy: NASA/ESA
2.1.3

Cosmological scale

Other strong evidence for dark matter comes from cosmological observations as the
evolution of the universe and its content distribution, as observed today, appears to
be only possible if some form of non-baryonic matter is present in the universe in a
huge abundance.
The standard cosmological model (ΛCDM) [16] describes the early universe as
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hot and dense, and that it then expanded and cooled to the state observed today.
The Λ stands for the cosmological constant that is associated with the accelerating
expansion of space and CDM refers to the cold dark matter content of universe.
Based on this model, as the universe cooled the entities within it fell out of thermal
equilibrium as the expansion rate of the universe exceeded their interaction rates.
A few key milestones along this path are; the breaking of some unknown grand
unified group at a temperature T ∼ 1016 GeV into the Standard Model gauge group;
a Standard Model electroweak symmetry break down at 102 GeV allowing baryon
formation; QCD phase transition leading to confinement of quarks and gluons at
T ∼ 0.3 GeV, matter and radiation density equalization leading to the formation of
structure at T ∼ 1 eV; and atom formation which rendered the universe transparent
at T ∼ 0.4 eV. Atom formation allowed light to travel freely and this relic radiation,
observed today in the microwave range of frequencies, with T ∼ 10−4 eV, indicates
that the physical separation today is 1000 times larger (or z ≈ 1000) than when it was
created. This Cosmic Microwave Background (CMB) radiation has become central
for precision cosmology measurements as the earlier universe is not directly accessible
for observation. The CMB represents the state of the universe when it was only a
few hundred thousand years old and contains the imprint of its fundamental features
at its earliest moments in the form of tiny anisotropies. The recent precise mapping
by PLANCK measured the CMB to be extremely isotropic (at a level of 10−5 ) and
with a thermal black body spectrum corresponding to the temperature of 2.72548
± 0.00057 K [6]. This confirms the basis of the cosmological Standard Model which
describes the universe as homogenous and isotropic.
Extracting cosmological parameters from the CMB involves analyzing the tiny
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anisotropies in the CMB data acquired from the celestial sphere [17], and to do so
spherical harmonics are used as the basis and are expressed as:
+∞ X
+`
X
δT
(θ, φ) =
a`m Y`m (θ, φ),
T
l=0 m=−`

(2.1)

where Y`m are the spherical harmonics with weight a`m . The multipole moment C`
represents the amount of anisotropy per angular scale on the sky, and is defined as:
+`
X
1
|a`m |2 .
C` ≡< |a`m | >≡
2` + 1 m=−`
2

(2.2)

The information contained in the anisotropies in the CMB is thus compressed into a
power spectrum which shows the behaviour of the multipole moment as a function of
`, as shown in Figure 2.3, with ` being equivalent to approximately 200/θ.
Among other very important cosmological parameters, the power spectra provides
stringent constraints on the matter content of the universe, in terms of its baryonic
matter density Ωb h2 and the total matter density Ωm h2 , where h determines the value
for the Hubble constant: H = 100 h km s−1 Mpc−1 . The acoustic peak amplitudes are
suppressed for a universe with a higher matter content as the structure formation
would occur earlier in the universe’s evolution. This leads to deeper gravitational
potential wells, thereby leaving a lower temperature anisotropy signature in the CMB.
Increasing the Ωb h2 contribution leads to a smaller second peak while enhancing the
third as higher baryonic density provides more inertia to the photon-baryon fluid.
This leads to more contrast in temperature between the compression and rarefaction
regions. Hence, the ratio of the second to the first peak depends strongly on Ωb h2 while
only slightly influenced by Ωm h2 , and the ratio of the third to the second peak shows
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Figure 2.3: Power spectrum of the CMB as measured by PLANCK [6]. Image courtesy: ESA
a reversed dependence. In other words, it is well-established from the observation of
the anisotropies in the CMB that if the total mass of the universe is in the form of
baryonic matter, fluctuations in the cosmic background would be much larger than
those observed. Analyzing the acoustic peaks of the power spectrum of CMB, the
total energy density in the form of matter and baryonic matter is estimated by the
PLANCK collaboration to be:

Ωm h2 = 0.315 ± 0.001

(2.3)

Ωb h2 = 0.022 ± 0.02.

(2.4)

Another interesting feature of the universe as a whole is its structure. Starting
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from a fairly homogeneous distribution of baryonic matter, as represented in the CMB,
one would expect the universe to be fairly homogeneous, i.e. uniformly distributed
galaxies across space with galaxy clusters representing the largest structures within
it. Instead, it is observed that the universe has a “sponge-like” structure with large
spaces (called voids) containing almost no matter and very few galaxies, with filaments
of matter surround the voids with a huge concentration of galaxies and clusters where
the filaments intersect. N-body simulations based on the ΛCDM model can be used
to reproduce such a universe [7]. The cold non-baryonic matter content would not
only provide density perturbations that would be observed today as temperature
anisotropies in the CMB, but would also cause matter to clump much earlier leading
to the universe to evolve as it is observed today.
It helps with the case of very old galaxies, observed at z ∼ 10, the existence
of which is considered by many cosmologists to be the strongest evidence for the
existence of dark matter [1]. Combining various cosmological observations, further
stringent constraints are obtained on the non-baryonic cold matter (Ωnbm ) and baryonic matter content of universe [3] and are:

Ωnbm h2 = 0.1198 ± 0.0020

(2.5)

Ωb h2 = 0.0226 ± 0.00023.

(2.6)

While the cosmological measurements and the estimation of the various cosmological parameters continue to improve, the fundamental picture has endured as all
the cosmological observations continue to support the ΛCDM model. It is now well
established that if the total matter content of the universe is in the form of baryonic
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matter, then the fluctuation in the CMB would be much larger and the formation of
the large-scale structures wouldn’t be to the extent observed today.

2.1.4

Evidence summary

In summary, astrophysical observations from the galactic to cosmological scale suggest a large fraction of the matter content of the universe exists in the form of dark
matter. While a lower bound on ΩDM h2 > 0.1 is acquired from the studies of galaxies, a larger value of ΩDM h2 ' 0.2 has been estimated from observations of galaxy
clusters. Estimates of the total dark matter content in the universe has been derived
from the parameterization of the CMB combined with other cosmological observations, it is well established that the total matter content of the universe is Ωm h2 > 0.3
with an insignificant baryonic matter contribution of Ωb h2 < 0.015. The latter limit
is key in supporting the idea of physics beyond the Standard Model and is derived
with high confidence from Big Bang nucleosynthesis and the measured abundances
of helium, deuterium and lithium nuclei. Hence, not only is dark matter’s existence
well established, there is significant evidence supporting its non-baryonic nature. The
scale of its abundance in the universe, its significant role in the formation of the observed structures within the universe and, most importantly, its non-baryonic nature
makes understanding it one of the most important problems of modern physics. In
addition, it is also evident that this non-baryonic matter that accounts for the majority of matter of the universe is non-relativistic. The observation of the aftermath
of the Bullet Cluster collision strongly hints that such particles exhibit extremely
rare interactions, if any, with itself and with baryonic matter. Unfortunately, these
observed or deduced properties of dark matter do not provide enough information
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to construct a definite theoretical description for its constituent particles. However,
existing theoretical extensions to the Standard Model of particle physics, that have
been independently proposed to resolve the model’s limitations, coincidently predict
particles which make excellent candidates for dark matter.

2.2

Candidates

In the recent decades, the idea of particle dark matter has strengthened significantly
and attempts to resolve the anomalous astrophysical observations without introducing
a new type of matter type have been unfruitful. Included is the theoretical justification
through the breakdown of Newtonian mechanics at low accelerations (MOND) [18] or
the existence of a large number of massive objects that are astronomically challenging or impossible to detect (MACHOS) [19]. Weakly interacting particles already
described in the well established Standard Model of particle physics, e.g. neutrinos,
also failed to provide a consistent dark matter solution. While these proposals can
resolve some of the observed anomalies, they fail to provide a convincing explanation for the collective evidence for dark matter. In addition, the Standard Model of
particle physics does not provide a complete description of the matter content of the
universe and assume it to be a low energy limit of some grander underlying theory [2].
Existing proposed extensions to the Standard Model of particle physics that describe
additional gauge symmetries or universal extra dimensions generate a whole host of
new particles and provide excellent candidates for dark matter. For these reasons, the
collaborative investigation of the evidence of dark matter by astronomers, cosmologists and particle physicists has motivated the community to investigate a particle
solution for non-baryonic dark matter as discussed in this section.
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Alternatives to non-baryonic dark matter

Historically, anomalous astrophysical observations have been resolved by advances in
our theoretical understanding of gravitation, or by advances in observational techniques which allowed for the detection of massive objects that had previously been
undetected. An example of the former is the case of the anomalous orbit of Mercury which was difficult to explain with Newtonian mechanics and led to the false
prediction of an additional planet, Vulcan. The correct explanation for Mercury’s
orbit emerged out of the advancement in our understanding of laws of gravity, via
General Relativity. On the other hand, the anomalous motion of the planet Uranus
was correctly predicted to be due to the existence of another planet, Neptune. In a
similar fashion, it is tempting to perceive a solution for the dark matter problem as a
shortcoming in our understanding of laws of gravity, or simply due to the presence of
undetected baryonic matter content. While both these solutions have been ruled out,
the reasons for their abandonment are worth mentioning to establish the motivation
for physics beyond Standard Model.

MOND
MOdified Newtonian Dynamics (MOND) models [18] attempt to explain the observation of flat galactic rotational curves. These models propose a modification to the
existing Newtonian dynamics with a breakdown of Newton’s second law at very low
accelerations, a0 ≤ cH ≈ 10−10 ms−2 . The acceleration due to gravity is instead
proposed to be given as a = µ(a/a0 )a, where µ is a function of the acceleration and
assumes the value of µ ≈ 1 for a  a0 and µ ≈ a/a0 for a  a0 . This mod√
ification allows for a constant velocity v = GM a0 at very large radii, consistent
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with the observations. While these models can be successful in describing the flatness of the rotational curves at large radii, different values of the a0 parameter are
needed to explain rotational curves for different galaxies and even then, the models
do not fully resolve the dark matter problem [20]. In addition, the theories fail to be
compatible with cosmological observations that strongly indicate a large abundance
of non-baryonic matter content of the universe [21] and are incompatible with the
well supported ΛCDM model [22]. Lastly, measurements of galactic matter content
based on weak lensing effects support a larger matter content within them than their
luminous content and since these measurements are independent of Newtonian mechanics, MOND models cannot account for all features of astrophysical phenomenon
and hence are not considered a viable theory.

MACHOS
Another alternative considered is non-luminous baryonic matter in the form of Massive Compact Halo Objects, or MACHOs. Consisting of undetected black holes,
neutron stars, white or brown dwarfs or planets, MACHOs in sufficient abundance
could make a significant gravitational contribution to the kinematics of the astrophysical objects like galaxies and galactic clusters. Such a solution is attractive due
to its simplicity. However, experimental search results by the MACHO collaboration
have shown an insignificant contribution from MACHOs in the observed gravitational
anomalies [19]. A study of roughly 20 galaxies by the EROS collaboration looked for
enhancements of background objects due to gravitational micro lensing effects of
foreground objects and showed no statistically significant evidence for MACHOs [23].
Such a candidate for dark matter further looses ground as a complete solution due to
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the cosmological evidence for non-baryonic dark matter. More importantly, as mentioned earlier, Big Bang nucleosynthesis puts a stringent limit on the total amount
of baryonic matter in the universe such that even if there were a large number of undetected MACHOs in the universe, their contribution would be accounted for within
the estimated baryonic matter content fraction, Ωb h2 < 0.015.
2.2.2

Non-baryonic dark matter

All known particles are described in the Standard Model of particle physics which
was established in 1970 and is based on an SU(3)c ×SU(2)l × U(1)w gauge theory with
a spontaneous breaking of its gauge symmetry into SU(2)l × U(1)e 1 . In this model,
SU(3)C and U(1)w describe the strong and electroweak interactions that are mediated
by force carrying particles (photons, gluons, W± and Z0 gauge bosons), and SU(2)l
describes the matter particles (quarks and leptons, with each of the categories consisting of six particles that are the fundamental constituents of matter). A spontaneous
breaking of the electroweak gauge symmetry results in the generation of the Higgs
field leading to massive W± and Z0 gauge bosons. The model has been extremely
successful in describing the properties and the interactions of all known particles and
in predicting previously undetected particles. With the discovery of the Higgs boson
in 2012 at the Large Hadron Collider, the confidence in the Standard Model of particle physics has further strengthened. It is also known, however, to have limitations
and is widely perceived by particle physics theorists as a low energy limit of some
grander theory.
Some key limitations of the Standard Model include its inability to provide an
1

The subscripts w and e represent the weak hypercharge and the electric charge generators
respectively.
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effective description of neutrino masses, incorrect prediction of strong CP violation2 ,
and the lack of a description for gravity within it. Such limitations have led to various
theoretical extensions that predict a whole host of new particles some of which make
excellent candidates for dark matter. While astronomers and cosmologists collect
more evidence for the existence of dark matter and strengthen the supporting evidence
for the ΛCDM cosmological model, particle physicists have joined the investigation in
search of particle dark matter as its discovery provides vital guidance for theorists in
their attempt to refine the Standard Model of particle physics. Before discussing these
exciting leads that lie beyond the physics of the Standard Model, it is important to
discuss why the non-luminous, weakly interacting and non-baryonic Standard Model
particles, the neutrinos, haven’t resolved the mystery for dark matter. While Standard
Model neutrinos might seems to be the ideal candidate for particle dark matter, their
mass has been measured/estimated to be too little to account for the whole dark
matter content in the universe [3].
The top candidates for dark matter today are considered to be sterile neutrinos,
axions and WIMPs. These will be discussed below.
Neutrinos
Among the currently known particles, neutrinos seem to be the most natural candidates for particle dark matter as they are non-baryonic, weakly-interacting and have
a mass3 . These properties make them a natural candidate for particle dark matter,
but, while these particles are abundant in the universe, they have a very low mass
and therefore lead to an insignificant contribution to the total dark matter content
2

Violation of the combined conservation laws associated with the charge conjugation and parity.
While the Standard Model describes neutrinos as massless, neutrino oscillations require some
masses to be non-zero.
3
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of the observable universe. A very stringent upper bound on their abundance in
the universe comes from the CMB data parameterization which imposes an upper
bound of the total neutrino matter density to be Ων h2 . 0.0065 [6]. In addition,
since dark matter is believed to have played a significant role in the structure formation of the universe, it requires the majority of dark matter particles to be ‘cold’,
or non-relativistic. Estimates on the amount of cold dark matter needed at the time
of galaxy formation provides a stringent upper bound of Ων h2 . 0.0062 [3] on the
contribution of relativistic or ‘hot’ neutrinos towards the total dark matter content
in the universe. Hence, it is very possible that Standard Model neutrinos account for
some amount of the dark matter content of the universe, but the evidence hints at
majority of dark matter being in a form of particles beyond what is described in the
Standard Model of particle physics.

Sterile neutrinos
Even though Standard Model neutrinos have been ruled out as significant contributors
towards dark matter [1], their hypothetical counterparts, namely sterile heavy neutrinos, could account for the observed non-relativistic non-baryonic dark matter [24].
The theoretical motivation for these particles comes from the lack of observation of
neutrinos with right-handed chirality. Weakly non-interactive, and hence sterile, models describe effective interactions of these neutrinos through mixing and require them
to be heavy since cosmological N-Body simulations disfavour neutrino-like particles
with a mass less than a few keV. It is still possible that heavier sterile neutrinos exist.
Such neutrinos could come into existence (and also decay) by resonant conversion of
Standard Model neutrinos. Their annihilation or decay into stable counterparts, i.e.
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the lighter Standard Model neutrinos, would lead to a photon flux with a non-thermal
spectrum. The observation of such a signal would account for an indirect detection
of sterile neutrinos. Instead, the lack of observation of such a non-thermal spectrum
by ChandraX experiment [25] has led to constraints on their abundance.

Axions
The Strong CP problem is an unresolved issue in the Standard Model of particle
physics as the model naturally allows a violation of Charge-Parity (CP) symmetry
in the frame work of quantum chromodynamics, or QCD, which has not been observed. The most attractive solution to this problem is proposed by Peccei-Quinn;
the introduction of an additional singlet gauge symmetry (U(1)P Q ) which avoids fine
tuning to prevent strong CP violation. It is especially attractive since an additional
gauge symmetry in the framework of Standard Model of particle physics seems very
natural. The breaking of this proposed PQ symmetry leads to a new particle, called
the axion, which has a non-zero mass if the PQ symmetry is broken explicitly as well
as spontaneously [26]. These non-baryonic particles have no charge, and are hence
invisible, and could be produced non-thermally. Depending on the mechanism of their
production [27], the right axion relic density can be acquired so that all the presentday constraints are satisfied. Hence, axions make excellent candidates for particle
dark matter, yet, when viewed as such, cosmological and astrophysical observations
require axions to be very light with a mass in the range 10−6 . ma . 10−3 eV/c2 .
These particles could be detected via a rare axion-photon interaction in the presence of a magnetic field, a phenomenon known as the Primakoff effect. The ADMX
experiment uses a microwave cavity within which the dark matter halos axions could
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convert into radio-frequency photons. The results from this recently concluded experiment detected no axions and excluded a large region of the axion mass-coupling
phase space, especially for the lower mass axions [28].

WIMPs
A favoured candidate for dark matter is the weakly interacting massive particle, or
WIMP, with a mass ranging between a few GeV to the TeV scale. The appeal for
these particles comes from the estimation of their relic abundance in the universe
as observed today which hints at their cross-section being approximately the weakscale. In addition, they appear naturally in physics models beyond the Standard
˙
Model (BSM) like supersymmetry(SUSY)
and universal extra dimensions (UED).

WIMP relic density In the early universe, right after the period of inflation,
all the existing particles are thought to have been in a local thermal and chemical
equilibrium. As the universe expanded and cooled down, the density of a given particle type dropped exponentially with the decreasing temperature until its annihilation
rate dropped below the Hubble expansion rate of the universe. In the case of WIMPs,
if one assumes that they were in thermal equilibrium with the SM particles in the
early universe, then their annihilation cross-section into SM particles, or vice-versa,
can be related to their relic density observed today. The annihilation rate of WIMPs
can be expressed in terms of a number density n, annihilation cross-section σA , and
velocity v as Γ = n < σA v >. The brackets here represent the thermal average.
For the condition Γ << H, WIMP particles ‘freeze out’, or decouple from the rest of
the particles and their co-moving number density remains essentially constant thereafter [29]. This is known as the WIMP relic density and has been approximated [2]

2.2. CANDIDATES

23

to be:

Ωχ h2 ≈

3 × 10−27 cm3 s−1
.
< σA v >

(2.7)

If one assumes the annihilation cross-section of WIMPs to be weak-scale (∼
10−25 cm3 s−1 ), their estimated relic abundance is found to be the same order of magnitude as suggested by the cosmological observations. While this could be a coincidence
only, the correctly estimated WIMP relic density, independent of its mass, when assuming its interactions to be at the weak-scale is known as the ‘WIMP miracle’ and
provides strong motivation for its candidacy as particle dark matter. Furthermore,
stable weakly interacting massive particles naturally emerge in various existing theoretical extensions to the Standard Model that have been proposed in order to resolve
some of its major shortcomings.

Neutralinos Various SUSY models introduce a symmetry between fermions and
bosons in an effort to unify these particles under one picture. As a result, the models predict a whole host of supersymmetric particles, some of which make excellent
candidates for non-baryonic cold dark matter. In the minimal supersymmetric model
(MSSM), all the known fermions are associated with supersymmetric scalar partners (squarks and sleptons), and all the gauge fields have fermionic supersymmetric
partners (gauginos). One additional Higgs field is introduced which preserves the
supersymmetry and makes the theory anomaly free [1]. This theory introduces a new
symmetry, R-parity, which is conserved and assigns all the Standard Model particles
with +1 R-parity whereas their supersymmetric partners (sparticles) are assigned -1
R-parity. As a consequence of this, the lightest sparticle can not decay, making it an
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excellent dark matter candidate.
Currently, the best motivated lightest supersymmetric particle (LSP) is the ‘neutralino’
which is the linear superposition of the superpartners of the Higgs boson and the B
gauge boson. The two properties of the neutralino that are of interest phenomenologically are self-annihilation and elastic scattering off fermionic nucleons [2]. Neutralinos, with a mass roughly between 10 GeV and a few TeV, and other similar
lightest supersymmetric particles that are predicted in various SUSY models are very
well-motivated and are the most actively probed particle dark matter candidates as
discussed in the next chapter.

Kluza-Klein excitations Another potential extension to the Standard Model is
a theory with the addition of universal extra-dimensions (UEDs), combining electromagnetism and gravity into an extra-dimensional metric tensor. In these theories, fields propagating in the UED have their momentum quantized leading to
Kaluza-Klein excitation states. The Kaluza-Klein excitation of the lightest SM particle (neutrino) is stable and a viable cold non-baryonic dark matter candidate. This
theory contains many fewer parameters than the SUSY theories and a large portion
of this Kaluza-Klein dark matter parameter space yields a particle that meets all
the constraints imposed by the astrophysical observations. With an allowed mass
range from 400 GeV to 1.2 TeV, these alternative candidates for WIMPs can also be
detected in a manner similar to the SUSY WIMPs [2].

2.2.3

Candidate summary

While astrophysical and cosmological observations strongly indicate the existence of
a new form of matter, they provide little information on the nature of its constituent
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particles. At the same time, theoretical efforts to refine the Standard Model of particle
physics provide a number of particle candidates. While the most favoured candidates
are the sterile neutrinos, axions, and WIMPs, many other theoretical models exist
which predict particles that could account for particle dark matter. A more comprehensive list of particle dark matter candidates is provided in [1]. It is also important
to establish the possibility that many of the described candidates exist and account
for the total dark matter density of the universe in combination. In addition, it is
also possible that particle dark matter exists completely in a “dark sector”, i.e., they
don’t interact with the Standard Model particles. In this case, the search for dark
matter would only lead to the elimination of the afore mentioned dark matter candidates. In addition, the usual estimation of the local dark matter particle density as
well as the estimation of their interaction rate in a detector assumes the entire dark
matter density is due to a single type of WIMP-like particle. The remainder of the
thesis probes the possibility of WIMPs as the solution for the particle dark matter.
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Chapter 3
Investigating WIMPs

Due to the assumed weak-scale annihilation cross-section of WIMPs,their production
in high-energy colliders, or their self-annihilation into Standard Model particles can
be experimentally investigated. In addition, WIMPs are also expected to elastically
scatter off fermionic nucleons and hence could be directly detected in low-background
particle detectors. The active pursuit of these three avenues for the past few decades
has contributed significantly to the advancement of techniques used in particle detection, especially in the low-background experimentation sector.
As of yet, no consistent evidence for WIMPs has surfaced from the various direct detection efforts and stringent limits have been imposed on the WIMP’s masscross-section parameter space due to the absence of its production signature at the
Large Hadron Collider (LHC) or observable annihilation products in indirect WIMPdetection experiments. While some models of WIMPs have been excluded, a large
phase space remains unexplored and the sensitivity of the direct detection techniques
is advancing at a fast pace. Fortunately, the upcoming second generation (Generation2 or G2) of various low-background nuclear recoil detector technologies have the reach
to probe WIMPs with lower masses and/or lower cross-section.

3.1. WIMP-SEARCH
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WIMP-search

Indirect detection experiments aim to detect the daughter products of possible WIMP
annihilations into SM particles. Conversely, WIMPs may be produced in high-energy
SM particle colliders as shown in Figure 3.1 and high energy particle physicists are
investigating its production by looking for ‘missing transverse energy’ in the detectors
surrounding the beam crossings. Alternatively, low-background detectors sensitive to
nuclear recoils can be used to directly detect very rare WIMP-nucleon interactions.

3.1.1

Production

A WIMP-pair may be produced in particle accelerators which are operated at energies higher than twice the WIMP mass. The search for WIMPs in colliders relies on
the reasonable assumption that once created, the WIMPs would be stable enough
to escape the particle detectors surrounding the particle beam crossings without detection. The pair production of WIMPs can be inferred in data analysis from the
missing transverse energy (MET) since in such events, there would be a large imbalance in the total momentum and energy characteristics between the initial and
final (detected) SM particles [30]. While simple in principle such a search suffers from
irreducible analysis backgrounds from events in which high energy neutrinos are produced, especially Z → νν, instead of WIMPs, as they also leave a MET signature in
the detectors.
Recent results from the LHC 13 TeV data have shown no excess of signal for any
particles beyond the Standard Model, while discovering the Standard Model Higgs
boson with a mass of 125 GeV. This discovery has further strengthened the confidence
in the Standard Model of particle physics and at the same time, the absence of
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Figure 3.1: Feynman diagram showing a possible channel for pair production of
WIMPs in a hadron collider. Such an exotic event would appear to have a
missing transverse energy since the produced WIMPs (labelled as X and
X̄) would escape without detection.
any supersymmetric particles has ruled out some of the prevalent SUSY models.
Furthermore, a Higgs boson with a mass of 125 GeV has imposed constraints on
models of physics beyond the Standard Model including SUSY. In terms of particle
dark matter, these results rule out highly interactive WIMPs, consistent with indirect
and direct detection studies, and suggest a large WIMP mass or large mediator mass
within the many constrained viable SUSY models [31]. For highly non-interactive
WIMPs, direct detection experiments present the best avenue for their investigation.
Nevertheless, additional data is being collected at the LHC and WIMP searches
continue in the analysis of its data by the associated ATLAS and CMS experiments.
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Indirect detection

The DM relic abundance suggests an annihilation cross-section of WIMPs into SM
particles to be at the scale of weak strength (WIMP miracle). In regions like the centre of galaxies, the Sun and Earth, elastic scatters on regular matter combined with
the high gravitational potential can slow down and capture WIMPs, leading to a high
local WIMP density. In such regions, the annihilation rate would be enhanced, potentially producing a detectable flux of high energy neutrinos, gamma rays, positrons,
anti-protons, and anti-nuclei. The indirect detection of dark matter is based on the
detection of such particle excesses [32].
Galactic models can be used to derive the total gamma flux and their spectrum.
WIMP annihilations in the galactic halo would lead to deviations from these models
and various ground, space and balloon based high altitude experiments look for such
deviations. The most interesting result from such a search comes from the FermiLAT (large array telescope) satellite experiment which detected an excess of photons
at the galactic centre in an extended range of energies higher than a few GeV [33].
Their data also revealed many new astrophysical sources of such high energy photons
above and below the galactic plane along with various additional sources in the foregrounds. Furthermore, a ground based survey of the galactic centre by the H.E.S.S.
Cherenkov telescope1 has revealed a very strong astrophysical point source for TeV
photons [34]. Due to the presence of backgrounds, the majority of it contributed
by unresolved Blazars, the observed photon excess is not conventionally taken as
evidence for WIMP annihilations [3].
1

Very high energy gammas from WIMP annihilations cannot penetrate the earth’s atmosphere,
but can be indirectly detected in ground based experiments due to the secondary Cherenkov showers
produced in the atmosphere.
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In addition to the high energy photons, galactic models predict a spectrum for
positrons, anti-protons and anti-deuterium. Deviations from these models provide
another channel for indirect detection of WIMPs. An excess of 10-100 GeV positrons
above the background model has been reported by various space-based anti-matter
detectors, with the most precise measurement made to date provided by the AMS-02
experiment [35]. WIMP annihilations as a source for the observed positron excess
would be accompanied by an anti-proton and anti-deuterium excess, as well as an
enhancement in the gamma flux due to the final stage radiation (FSR) associated
with the production of high energy charged particles. With no anti-proton and an
anti-deuterium excess reported by the AMS-02, a dark matter interpretation of the
positron excess is difficult. The PLANCK satellite has reported a photon haze distributed around the galactic centre [36]. However, the photon haze has a spectrum of
synchrotron emission and hence the source is believed to be of astrophysical origin.
Nearby pulsars are conventionally suggested as the source for both the positron excess
and the galactic photon haze [32].
Lastly, WIMP annihilations at the centre of the Sun could provide a source of
high energy muon neutrinos which can be detected in large neutrino telescopes. For
WIMPs heavier than 10 GeV, the neutrino products would have a very high energy
and therefore would be distinguishable from the solar fusion neutrinos. This WIMPsearch channel for WIMP-search is very effective for WIMPs that only undergo interactions with nucleons that have a non-zero spin (spin-dependent interactions). With
no statistically significant signal claimed, stringent limits on spin-dependant WIMPnucleon interactions have been reported by neutrino detectors like IceCube [37] and
SuperK [38].
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Direct detection

At the radius of the Solar System within the Milky Way galaxy, the local density of the
galactic WIMP-halo would be experienced as a WIMP-wind by the active target mass
of a detector deployed in a laboratory on Earth. Direct detection experiments rely on
detecting such galactic halo WIMPs that may interact within large low-background
nuclear-recoil detectors. Due to the assumed weak-scale interaction cross-section
between WIMPs and SM particles, detecting such interactions demands large, active
target masses and long exposures. The expected rate, given per unit time per unit
detector mass, can be approximated [2] as:

R≡

X

Ni nχ hσiχ i,

(3.1)

i

where i represents the species of nuclei present in the active mass of the detector, Ni
the number of target nuclei, hσiχ i is the WIMP-target scattering cross-section and nχ
is the WIMP number density, given as:

nχ ≈

WIMP energy density
.
WIMP mass

(3.2)

Various methods of nuclear-recoil detection include the observation of scintillation
in crystals, noble gases or liquids, ionization/phonons in cryogenic bolometers or
phase changes in superheated liquids. These methods detect the energy deposited
by a recoiling nucleus as a WIMP elastically scatters of a nucleus within the active
detector mass. Since WIMPs are believed to be weakly interacting particles, the
expected signal is very low and hence these detectors are required to be very large
and virtually free of any backgrounds over long time exposures. The details on the
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theory of WIMP direct detection, the techniques and challenges involved, as well as
the current status of such WIMP-searches are discussed in the next sections.

3.2

Direct detection theory

Following [39], the expected differential WIMP-interaction rate, per unit target mass
in an Earth-bound detector, is given as:
ρlocal
1
dσ
χ
dR =
× vf (v)dv ×
×
d|q|2 ,
2
mχ
mN
d|q|

(3.3)

is the local dark matter density, mχ is the WIMP mass and mN is the mass
where ρlocal
χ
of the target nucleus. The third term accounts for the velocity distribution (f (v)) of
WIMPs in the galaxy, and dσ/d|q|2 is the differential cross-section for a momentum
transfer of q. In terms of the recoil energy ER , where ER ∼
= |q|2 /2mN at nonrelativistic conditions, the differential cross-section is expressed as:
σ(q=0) 2
dσ
=
F (ER ),
dER
4m2r v 2

(3.4)

where σ(q=0) is the cross-section at zero momentum transfer, mr is the reduced mass
given as µr = mχ mN /(mχ + mN ) and F (ER ) is the nuclear form factor that accounts
for loss of coherence for interactions with momentum transfer larger than zero.
Expressed in terms of ER and integrated with respect to v over the range of
relevant WIMP velocities, Equation 3.3 takes the form
ρlocal
dR
χ
=
×
dER
mχ

Z

vmax

vmin

σ(q=0)
f (v)
dv ×
× F 2 (ER ),
2
v
2mr

(3.5)

where the first two terms describe the local WIMP parameters, i.e. the local WIMP
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number density in our galaxy and the WIMP velocity distribution. The upper bound
on the WIMP velocity distribution comes from the escape velocity of the Milky Way,
and the lower bound comes from the minimum WIMP velocity that can provide a
p
recoil energy of ER to the target nucleus, and is given by vmin = ER mN /2m2r . The
last two terms contain the particle and nuclear physics involved in the WIMP-nucleon
interactions. These components are individually discussed next.

3.2.1

Local WIMP parameters

The rate of WIMP interactions expected depends on the WIMP flux passing through
it and is evaluated based on the local density of WIMPs as well as their velocities. Due
to our location (within the galaxy we are trying to model), it is difficult to calculate
these values and these are estimated based on galactic models that describe its bulge,
bar, disk and halo components. Studies of kinematic tracers like halo stars, globular
clusters, and satellite galaxies, as well as measurements of the Milky Way’s rotational
curves are used to constrain the free parameters of such models. Measurements
of the rotational curves provide the most stringent constraints having observed flat
rotational curve, to within 15%, between the galactic radii of 4 - 18 kpc and with the
Sun located at approximately 8.5 kpc radius.
Local WIMP density (ρlocal
)
χ
Depending on the shape of the dark matter halo, the dark matter density in the solar
neighbourhood is estimated to be in the range of ρlocal
= 0.20 − 0.56 GeV c−2 cm−3 [40].
χ
A recent estimate that also includes the effects of baryonic matter on the dark
matter density indicates a value closer to ρlocal
= 0.4 GeV c−2 cm−3 [41], although
χ
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this estimate is highly model-dependant. In order to report results in a manner
that are easily comparable with other competing experiments, the standard value of
= 0.3 GeV c−2 cm−3 with an uncertainty of a factor of two is assumed in this
ρlocal
χ
thesis.
WIMP velocity distribution (f (v))
The other component required to estimate the WIMP flux is its velocity distribution
which is often written as:
√

π
T (ER ) =
v0
2

Z

vmax

vmin

f (v)
dv,
v

(3.6)

where v0 is the mean WIMP velocity in the Milky Way halo at the solar radius.
The velocity distribution f (v) at the solar radius is expected to have a mean value
similar to that of Sun’s velocity and is typically described as a Maxwell-Boltzmann
distribution such that

f (v) = 4πv

2



1
πv0

3/2

2

e

− v2
v0

,

(3.7)

where the velocity dispersion v̄ is related to the mean velocity v0 as v̄ 2 = 3/2v02 .
The three parameters that define the velocity distribution are therefore v0 , vmax and
vmin . In terms of the mean WIMP velocity v0 , estimates of the rotational speed at the
position of Sun produce a value ranging from 200 - 270 km/s depending on the galactic
mass distribution model used [2, 39, 40, 41]. Results in this thesis are reported using
the International Astronomical Union (IAU) reference value of v0 = 220 ± 20 km/s,
equivalent to v̄ = 270 km/s.
The upper bound on the WIMP velocity is taken as the escape velocity of the
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Milky Way which has been recently estimated to be 498 < vesc < 600 km/s [42] and it
is standard to use the value of 544 km/s in WIMP velocity distribution estimates. On
the other hand, vmin depends on the lowest detectable recoil energy in the detector and
as mentioned earlier, this lower bound on the WIMP velocity depends on the WIMP
mass, target nuclei mass and is related to the energy transfer efficiency between the
two particles. For an elastic collision between a WIMP and a local target nucleus,
the maximum velocity of the recoiling nucleus is given as:

0
vN
=

2mχ vχ + vN (mN − mχ )
.
mN + mχ

(3.8)

A maximum energy transfer takes place in an elastic scattering when the masses of
the two colliding particles are the same and therefore the phase space of the WIMP
velocity distribution is maximized when the detector’s target nuclei has a mass similar
to that of a WIMP. Given a local WIMP density and its velocity distribution, the
WIMP flux can be evaluated for a target on Earth. Due to the motion of the Earth
around the Sun, the physical WIMP signature in the detected signal has an annual
modulation as described in the following.
WIMP flux modulation
The relative velocity of Earth in the galactic frame of reference due to its rotation
around the Sun, is given by

ve ' v0 [1.05 + 0.07 sin(2πt)],

(3.9)

where t is the time in units of years measured from approximately March 2nd . Changing the variable v to ve in equation 3.6, and integrating it analytically results in:
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√

 







vmin + ve
π
vmin − ve
vesc + ve
vesc − ve
T (ER , t) =
v0 erf
− erf
− erf
+ erf
.
4ve
v0
v0
v0
v0
(3.10)

Due to the rotation about the Sun, the expected WIMP-interaction signal rate is
expected to modulate with a variation of roughly 3% between June and December.
This annual modulation in the expected WIMP signal is a unique characteristic and
it allows one to validate WIMPs as the source of the signal. This is particularly true
if an experiment is not completely background free and the background rate competes
with, or exceeds, the expected WIMP scattering rate.

3.2.2

Interaction physics

Since the WIMPs are thought to have a cross-section for annihilation into SM particles, by cross-symmetry, this annihilation cross-section is related to the cross-section
for elastic scattering of WIMPs with quarks. While the WIMP interactions with nuclei fundamentally depend on the WIMP-quark interaction strength, the distribution
of quarks and gluons within a nucleon plays an important role when evaluating the
WIMP elastic-scattering cross-section.
The process involves evaluation of WIMP couplings with all six quarks and gluons
and depends on the masses of the exchanged particles. These couplings are model
dependent and within a given model, are allowed to have many values and therefore
the elastic-scattering cross-section cannot be determined uniquely from these models.
The model uncertainty is therefore the largest source of uncertainty in predicting the
WIMP (SUSY or KK) interaction rate.
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The next step in the evaluation of the cross-section is the translation of WIMPquark (and gluon) interactions into interactions with nucleons. Qualitatively, there
are several types of interactions, namely vector, axial-vector, scalar, pseudo-scalar,
and tensor, that can interfere with each other inside the nucleons. For non-relativistic
WIMPs, it is often assumed that the WIMP-nucleus scattering components reduce
to only two interactions; axial-vector or spin-dependant (SD) and scalar or spinindependent (SI), where the WIMP couples with the spin of the nucleus in the former
and with the mass of the nucleus in the later case, although, effective field theory
approaches argue that this is too simplistic [4]. The total elastic-scattering crosssection is the sum of these two components and in the case of the neutralino, these
components are considered separately. Example calculations for these components in
a minimal supersymmetric model are given in [2] and the general results discussed
below are based on this reference.

Cross-section (σ)
SD The axial-vector SD interaction of a neutralino with a quark occurs via spin
coupling and is mediated by a Z-boson or squark boson exchange as discussed in [2].
Hence, such interactions can only occur with a target nucleus that has an odd number
of nucleons. The SD cross-section is given by:

SD
σq=0

32m2r G2F
=
π



J +1
J



[ap < Sp > +an < Sn >]2 ,

(3.11)

where GF is the Fermi coupling constant, J is the total angular momentum of the
nucleus, ap,n are the effective couplings to protons and neutrons, and Sp,n are the
expectation values of the spin content of the protons and neutrons within the nucleus.
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The later two parameters are model dependant and come from the “enhancement
factor” which is given by

CA =

8J +1
[ap < Sp > +an < Sn >]2 .
π J

(3.12)

SI Scalar interactions can occur between WIMPs and a nucleus through squark and
Higgs exchange with quarks and gluons, and the relevant SI cross-section is calculated
as:

SI
σq=0
=

4m2r
[Zfp + (A − Z)fn ]2 ,
π

(3.13)

where Z and (A − Z) are the number of protons and neutrons respectively, and
fp,n are the effective couplings to protons and neutrons within the nucleus. In most
cases, fp ' fn for a Majorana WIMP and therefore σ ∝ m2r A2 fp2 leading to the A2
enhancement factor. For Dirac WIMPs, fp ' 0, producing a similar effect. The
model dependence in this estimate is contained within the estimation of fp,n .
The last step in the interaction rate calculation is to account for the loss of coherence for detectable interactions where the momentum transfer is greater than zero.
This is done by introducing a suppression form factor to the evaluated cross-sections.

Form factor (F (ER ))
At zero momentum transfer, WIMPs interact with all nucleons coherently, but as the
momentum transfer increases, the de Broglie wavelength (λ = h/mv) of the recoiling
nucleus becomes shorter than the radius of the nucleus itself. This leads to the
loss of coherence and results in a suppression of the effective cross-section. The
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interference of nucleon interactions within a nucleus is thus accounted for and is based
on complicated calculations of nuclear wave functions. With a value of F (ER ) = 1 for
zero momentum transfer, this suppression factor decreases as the momentum transfer
increases. In the Bohr approximation, it is given as the Fourier transformation of the
nucleon density distribution (ρ(r)) within a nucleus, and written as:
Z
F (ER ) =

4π
dr=
q

i~
q .~
r˙ 3

ρ(r)e

Z

∞

r sin qrρ(r)dr,

(3.14)

0

where ER = |q|2 /2mN . The form factor function depends on the nucleus content and
thus has to be calculated individually for different nuclei as well as for the type of
interaction (SD or SI) as follows.

SD For SD interactions, F (ER ) can be estimated based on the “odd-group” model
which assumes all the nuclear spin is carried either by the protons or neutrons, depending on which group is unpaired. In such a model, the form factor is parameterized
as:

F 2 (ER ) =

S(q)
,
S(0)

(3.15)

where
S(q) = (ap + an )2 S00 (q) + (ap − an )2 S11 (q) + (a2p + a2n )S01 (q),

(3.16)

with Sij are distinct form factors obtained from detailed nuclear calculations. In
this model, the expectation value of the odd-group spin depends only on the nuclear
magnetic moment µ such that
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l
µ − godd
J
,
s
l
godd − godd

(3.17)

with gns = −3.826, gps = 5.586, gnl = 0 and gps = 1. While simple in practice,
the estimates using the odd-group model tend to have a varying level agreement of
models with detailed calculations [2], but they always gives a better estimate than
the single-particle shell model which assumes all the spin content of the nucleus is
coming from the single unpaired proton or neutron within the nucleus. Therefore,
it is standard practice to use the odd-group model when evaluating SD form factors
when available.

SI The most practical form of SI form factor assumes a Gaussian radial density
profile of the nucleus and is given as:

−

F (ER ) = e

ER
2E 0
R

,

(3.18)

where ER0 = 1.5/(mN R02 ) is the nuclear coherence energy which is related to A as ER0 ≈
5

79 M eV /A 3 , and R0 is the radius of the nucleus estimated as R0 = 10−13 cm[0.3 +
1

0.91(mN /GeV ) 3 ].
A more accurate description of the nuclear density distribution is a uniform one
with a slow turn off as it accurately describes a finite skin thickness of the nucleus.
Often known as the “Woods-Saxon” form factor [43], it is described as:



3ji (qR1 ) −q2 s2
F (ER ) =
e
,
qR1
2

(3.19)
1

1

where ji is a spherical Bessel function, R1 = (R2 − 5s2 ) 2 with R ' 1.2 f mA 3 and
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s ' 1 fm. While these two types of form factors give similar results for low ER and
A, more accurate values are obtained using the Woods-Saxon form factor for high
ER and A. Hence, it is a standard to use the latter when evaluating experimental
constraints on WIMP SI cross-sections.

3.2.3

Discussion

Since the WIMP cross-section is unknown, it is treated as an unknown and by inverting the rate equation (equation 3.3), WIMP direct detection experiments therefore
provide constraints on it as a function of the WIMP mass. In practice, nuclear recoil
detectors have an inherent energy threshold ET , i.e. an ability to only detect interactions with recoil energies > ET . The total integrated rate with units of kg−1 d−1 is
evaluated as:
Z
I=
ET

dR
dER .
dER

(3.20)

A comparison of WIMP-search results between experiments using different nuclei
can be done by changing the limits from WIMP-nucleus cross-sections to WIMPnucleon cross-sections. In the case of SI interactions, this is done by defining the
WIMP-nucleon cross-section as:

SIp
σq=0

=

SI
σq=0

m2p 1
,
m2r A2

(3.21)

where mp is the reduced mass of the proton. The differential scattering rate for SI
interactions in units of KeV−1 kg−1 d−1 is then given as:
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SIp
σ(q=0)
ρlocal
dR
χ
=√
× T (ER ) ×
× F 2 (ER ) × A2 .
dER
m2p
πmχ v0
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(3.22)

Due to the A2 enhancement factor, the search for SI WIMP-interactions is ideally
conducted with heavy target nuclei like Xe.
The case of SD interactions is slightly more complicated due to the high model
dependence of the scattering rate. This is because the spin of the target nuclei is
carried by all its constituent nucleons, and a ratio of WIMP-proton and WIMPneutron cross-section has to be assumed. This ratio depends on the type of WIMP
and could vary by several orders of magnitude. A model-independent method [44]
proposed to evaluate limits on SD WIMP interactions defines the enhancement factor
p
p
separately for proton and neutron contributions such that CA = ( CAp + CAn )2 . The
resulting WIMP-proton SD interaction cross-section is then evaluated as:

SDp
σq=0

=

SD
σq=0

m2p 1
,
m2r CAp /C p

(3.23)

where CAp /Cp = 4/3 < Sp >2 (J +1)/J. The differential scattering rate for SD WIMP
interactions on protons is therefore given as:

SDp
σ(q=0)
ρlocal
4 (J + 1)
1
dR
χ
=√
× T (ER ) ×
× F 2 (ER ) ×
.
2
dER
mp
3 J
< Sp >2
πmχ v0

(3.24)

As in the SI case, < Sp >2 is the enhancement factor here, and therefore target nuclei
with high-spin expectation values are ideal for SD WIMP-interactions detection. The
standard values for < Sp > and CAp, n /Cp, n for various target nuclei that being actively
used in dark matter direct detection are shown in Table 3.1 [44].
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NT arget
19
F
23
Na
73
Ge
127
I
129
Xe
131
Xe

Z
9
11
32
53
54
54

J
1/2
3/2
9/2
5/2
1/2
3/2

< Sp, n >
0.441, -0.109
0.248, 0.020
0.030, 0.378
0.309, 0.075
0.028, 0.359
-0.009, -0.227
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(CAp, n /Cp, n )
7.78 × 10−1 , 4.75 × 10−2
1.37 × 10−1 , 8.89 × 10−4
1.47 × 10−3 , 2.33 × 10−1
1.78 × 10−1 , 1.05 × 10−2
3.14 × 10−3 , 5.16 × 10−1
1.80 × 10−4 , 1.15 × 10−1

Table 3.1: Standard values of < Sp > and CAp, n /Cp, n , taken from [44], for various
target nuclei used in WIMP direct detection experiments.

In the case of SD interactions for common detector materials,

19

F provides the

best sensitivity to WIMP interactions and the most recent estimates of the

19

F form

factors [45] provide even more favourable form factor values with < Sp > = 0.475,
but these calculations involve a higher uncertainty than the former. The results in
this thesis are reported using the standard values so to provide limits that are directly
comparable with the existing results.
Recent developments in the theoretical frame work with effective field theory of
WIMP-nucleon elastic scatterings [4, 46, 47, 48] consider a possible richer interaction phenomenology. In addition to the standard SI/SD scatterings previously described, non-trivial momentum or velocity dependence of the scattering cross-section
is considered, which leads to new types of nuclear responses that define potential
angular-momentum (LD) as well as angular- and spin-momentum (LSD) dependent
interactions. The argument against such dependencies is that these are suppressed as
the momentum dependence vanishes in the zero-momentum transfer limit, yet it ignores the possibility of suppressed or vanishing momentum-independent interactions
which can lead to dominant momentum-dependent WIMP-nucleon interactions. In
order to include such a possibility under the new framework, various nuclei are allowed

3.3. WIMP DIRECT DETECTION EXPERIMENTS

M
P00
P0
∆
Φ”

Interaction type
spin-independent
spin-dependent (longitudinal)
spin-dependent (transverse)
angular-momentum-dependent
angular-momentum and spin dependent
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Operator
Z2
8 (J+1)
< Sp >2
3 J
4 (J+1)
< Sp >2
3 J
1 (J+1)
< Lp >2
6 J
∼< Sp , Lp >2a

Table 3.2: Summary of the nuclear responses relevant for a WIMP-nucleon interaction as described in Ref.[47] that define the standard spin-independent
interactions
P0 P00 as M and spin-dependent interaction as the liner combination
+
. The two additional novel responses ∆ and Φ” correspond to a
coupling to the orbital angular momentum and the orbital-spin interaction
of the target nucleus, respectively.

to couple with WIMPs with different strengths depending on their nuclear properties.
The resulting interaction operators are listed in Table 3.2 and include two additional
interaction types in addition to the previously defined standard interactions, SD and
SI. This work further emphasizes the need for a diverse WIMP search and highlights
the advantage of using both Xe and F target nuclei, as shown in Figure 3.2, which
are being used in various experiments as discussed next.

3.3

WIMP direct detection experiments

A lack of knowledge of WIMP particle interaction phenomenology requires WIMP direct detection to be conducted using multiple detectors equipped with different target
nuclei. These WIMP detectors need to be operated with low energy thresholds (lowest
detectable nuclear recoil energy) since WIMP elastic scatterings in the detector are
expected to produce nuclear recoils with a recoil energy ranging from 1 - 100 keV.
Furthermore, as shown in Figure 3.2 a very large detector target mass (> 100 kg) is
typically required to conduct a successful WIMP direct detection experiment which
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Figure 3.2: Plots taken from Ref. [48] showing the expected number of events in a
year of exposure using detectors with 600 kg of Xe (cyan), Ge (grey),
I (magenta) or F (orange) as target material for SI (left) and SD (right)
interactions. The dashed and dotted lines in the right figure represent expected rates evaluated using two different SD form factors. The expected
rate is estimated for WIMPs with a mass of 15, 50 and 500 GeV. While
Xe provides the most sensitivity to SI WIMP-nucleon interactions, F is
ideal for SD interactions.
has to be operated for long periods of time (order of years) while remaining virtually
background free. The expected rates for experiments using different target materials
here are estimated in units of kg-years assuming ρχ = 0.3 GeV/cm3 , vesc = 544 km/s,
v0 = 220 km/s and an alternative normalization of spin and magnetic form factors as
described in [4]. These calculations highlight Xe and F as favourable target materials
due to their high sensitivity to SI and SD interactions, respectively, and a complimentary use of the two materials in direct detection experiments ensures a more complete
investigation. Various sources of backgrounds that challenge WIMP direct detection
experiments and the methods used for their mitigation are discussed next, followed
by the methods used for WIMP direct detection and their current search status.
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Backgrounds
Due to the very low expected rate of WIMP interactions, successful WIMP direct
detection experiments are required to eliminate all backgrounds while remaining sensitive to the handful WIMP interaction events expected over years of exposure. The
sources of backgrounds come from cosmic rays and radioactivity from detector surroundings, detector material, impurities in the target material and in some cases, the
target itself.
Cosmic rays are known to be a very high source of backgrounds in low background
detectors and therefore neutrino and WIMP detection experiments are run in underground laboratories where the cosmic ray flux is highly suppressed. Figure 3.3 shows
the muon flux expected as a function of depth in the units of km of water equivalent (km w.e), which is the amount of shielding provided by a km of water. Even
within underground laboratories, high energy muons are expected to produce secondary particles which can cause backgrounds above the expected WIMP signal and
most detectors employ passive and/or active shielding to mitigate such backgrounds,
for example surrounding the detector with instrumented tanks filled with water or
scintillators in order to veto any cosmic muons entering the containment. The most
concerning secondary cosmic radiation is that of the neutrons as they produce nuclear
recoils and a single neutron interaction within a detector is undistinguishable from a
WIMP interaction.
Radioactive decays producing α, β and γ radiation can lead to distinct backgrounds that can cause different problems for different detectors. When such types
of radiation produce electron recoils, their signature in the detector may be different
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Figure 3.3: Muon flux at different depths with markers representing locations of several underground laboratories hosting various neutrino and WIMP detectors. Image taken from [49]
from that of a nuclear recoil, and hence can be identified and rejected to some degree on an event-by-event basis in most employed WIMP detection techniques. Such
radiation is expected from the detector surroundings and the detector construction
material itself with the largest contributions coming from the radioactive chains of
238

U,

232

Th and

40

K, and cosmogenic activation. While the radiation from the detec-

tor’s surroundings is mitigated with the use of extra shielding, internal background
sources are mitigated by a careful choice of construction material. This is challenging
in the case of steel, which is the most widely used construction material in all detectors, and glass materials since they both contain high levels of

238

U and

232

Th, and
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of
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K.

U are especially problematic since their decay chains include the production

Pb that has a half-life of 22 years and is a known source of neutrons produced

through (α,n) reactions. As discussed before, neutron backgrounds can be indistinguishable from the WIMP signal and its mitigation is the biggest challenge in
designing successful WIMP detection experiments. Another concern is the exposure
of detector material to air containing

222

Rn as it can coat any exposed surfaces with

its decay daughters in a process called ‘plating out’. The
then decay into the long lived

210

222

Rn decay daughters can

Pb and provide a constant source of background

radiation from the surfaces in the detector.
One way to mitigate backgrounds from internal radioactive sources is by using
a target material that can self-shield. Using such a target material, the radiation
from internal (as well as external) sources is absorbed in the outer layer of the target
volume. This allows for selecting an inner, or ‘fiducial’, volume which is essentially
free of radioactive backgrounds but requires some form of position reconstruction so
the events occurring near the edges can be identified and rejected.
Lastly, any radioactive impurities in the target material, or the radioactivity associated with the target material itself, can cause backgrounds which are difficult to
mitigate against as the self shielding effect is no longer applicable. For experiments
using organic scintillators, backgrounds from the target itself can limit it as organic
scintillators contain

14

C that decays and produces β particles which can mimic a

dark matter signal. In order to mitigate this issue, such experiments have to employ techniques that can distinguish between electron and nuclear recoils. In some
cases, e.g. when using superheated fluids, even non-radioactive impurities can cause
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backgrounds through chemical and surface tension interactions. Hence, it is vital
for WIMP detection experiments to procure high purity target material, minimize
any further contamination or exposure to any air containing

222

Rn while deploying

it within the detector and to employ techniques to maintain or further improve its
purity. By carefully choosing the detector construction and target material, using a
sufficient amount of shielding, and deploying the detector in an underground laboratory, WIMP direct detection experiments seek to drive down the overall backgrounds
in their detectors in order to improve their sensitivity to WIMP interactions.
As WIMP detectors get more sensitive, they will eventually be able to observe
neutrino coherent scattering, a background rate known as the “neutrino floor.” The
neutrino floor background is expected from the prevalent high flux of MeV solar neutrinos, diffuse supernova neutrinos, and high energy neutrinos produced by cosmic
rays, and this background will ultimately limit the physics reach of all the conventionally used direct detection techniques. The only way to mitigate the neutrino floor
background is the use of techniques that involve directional detection of nuclear recoils which will be able to distinguish WIMPs from neutrinos during certain periods
of the year when the two are expected to be incident from different directions [50].
Some of the nuclear recoil detection techniques and WIMP direct detection methods
employed are discussed in the following sections.

3.3.1

Detection method

Nuclear recoils from WIMP interactions can be detected by observing the ionization,
scintillation or heat produced by a recoiling nucleus within the detector. Some experiments use a combination of these types of signals in order to distinguish nuclear
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recoils from other backgrounds.

Charge detection
High purity Ge semiconductor detectors with an ionization readout only, developed
to look for neutrinoless double beta decay of

76

Ge, have some sensitivity to WIMP

interactions. The CoGeNT collaboration used p − type point contact Ge detectors
and conducted multiple WIMP-search experiments at the Soudan Underground Laboratory in Soudan, MN (US). Their results showed an excess of events below 3 keV.
While this could be interpreted as a positive evidence for light (mχ ∼ 5 − 10 GeV)
WIMPs, the data are compatible with a null hypothesis as well [51]. Such experiments are challenging due to excessive backgrounds at low thresholds, as well as
the inability to distinguish between nuclear and electron recoils. Next generation
Ge based neutrinoless double beta decay experiments (MAJORANA [52] deployed in
Sanford Underground Laboratory in Lead, South Dakota and GERDA [53] deployed
in Laboratori Nazionali del Gran Sasso (LNGS) in Italy) offer larger target masses
with lower backgrounds which could be useful in identifying any annual modulation
in the signal as an evidence for WIMPs. On the other hand, the NEWS [54] experiment uses a large-volume spherical gas detector with a small central electrode sensor
forming a proportional counter. Employing light target nuclei like H and He, and
due to its ability to detect sub-keV nuclear recoils with good energy resolution, this
WIMP detection technique is able to explore WIMP direct detection parameter space
in the GeV and sub-GeV dark matter particle mass range [55].
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Light detection
Solid NaI and CsI scintillator detectors provide a high sensitivity to WIMPs due
to the use of pulse shape discrimination (PSD)2 which allows to distinguish nuclear
recoils from electron recoils. The construction of such detectors is challenging due to
the requirement of scintillator crystals with high radioactive isotope purity which are
hard to procure. The most famous of such experiments is DAMA (DAMA/NaI and
DAMA/LIBRA), located in LNGS, which observed an annually modulating signal
in both versions of their experiments [56]. The group claims the observed annually
modulating signal (with a high certainty level of over 9σ), to be evidence for dark
matter interactions. While this is an exciting observation, the results are controversial
for a variety of reasons, mainly since no other direct detection experiment has observed
such a signature. The results from DAMA are discussed in more detail in Section 3.3.2.
As the DAMA/LIBRA collaboration continues to take data in their DAMA/Libraphase2 experiment, a few other experiments (SABRE [57], DM-Ice [58], COSINE [59])
are using similar detection techniques and target nuclei in order to confirm/reject their
claims.
The detection of light in noble gases can also be used for WIMP detection and
has been employed by the DEAP experiment [60] that uses Ar as the target material.
Using a spherical acrylic vessel fitted with light guides and PMTs, a high light yield
is achieved due to the PMT coverage in 4π. While the backgrounds from β and γ
radiation are effectively mitigated with the use of PSD, sensitivity to WIMPs requires
a profound effort in mitigating surface backgrounds (from α and neutron radiation)
as the construction material has to be chosen and handled extremely carefully. The
2

Nuclear and electronic recoils produce scintillation signals with different timing distributions
and therefore the signal pulse shape can be used to distinguish between the two types of events.
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prototype of the detector design (DEAP-1) with 7 kg liquid Argon in a cylindrical
cell instrumented with two PMTs, was deployed in SNOLAB and its performance in
background management led to the development of the DEAP-3600, a large spherical
acrylic vessel with a fiducial mass of roughly 1000 kg. This ton-scale WIMP detector
has been fully constructed and has already been commissioned in SNOLAB. With
a target sensitivity to SI WIMP scatterings of 10−46 cm−2 on nucleons for 100 GeV
WIMPs, its first results have been recently reported [61]

Heat detection
Superheated fluid detectors use bubble chambers (COUPP [62] and PICO [5]) or
droplet detectors (SIMPLE [63] and PICASSO [64]) within which the nuclear recoils
cause a phase change of the liquid into a gas. Being sensitive to the dE/dx of the incident particle, this detection technique has an advantage over the previously described
techniques as they are insensitive to β and γ radiation even when operated at very
low energy thresholds (∼3 keV). Using acoustic sensors, they are able to reject events
induced by α radiation due to its high dE/dx with very high certainty. Hence these
can be practically background free. Although, as in all direct detection experiments,
neutron backgrounds can be indistinguishable from the expected WIMP signal and
has to be mitigated against with the use of sufficient external neutron shielding, as
well as careful selection of the construction material as discussed earlier.
In the case of droplet detectors, like PICASSO deployed previously in SNOLAB,
the superheated fluid is suspended within a gel in the form of tiny droplets. Due to
the very small superheated fluid-to-gel mass ratio, constructing droplet detectors with
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a very large active target mass is highly inefficient and this is the dominating limitation when scaling up the detector target mass. On the other hand, bubble chambers
typically use a single large quartz jar within which the superheated fluid is contained
and hence, it is advantageous over the droplet design due to the ease in scaling up.
In addition, bubble chambers also provide self shielding and hence their sensitivity
and performance improves significantly as the detector size is scaled up. Lastly, using
superheated fluids with a high nucleation efficiency, the neutron flux in the detector is
measurable with high confidence due to the unique signature associated with multiple
neutron scatterings. However, backgrounds from chemical interactions and surface
tension effects require the target fluid to be free of contamination and particulates
in order to operate them effectively as WIMP detectors. More details on this detection technology and its advantages over other WIMP detectors are provided in the
remaining chapters of this thesis. PICO is the leading experiment using superheated
C3 F8 in bubble chamber detectors and since its deployment in SNOLAB in 2013, it
has dominated the search for SD WIMP-proton interactions to date. PICO is currently constructing a new version of a bubble chamber, PICO-40L, which is designed
to avoid backgrounds caused by chemical and surface tension effects and therefore
has a much higher physics reach compared to its predecessors.

Heat and light detection
Collecting a combination of phonon and scintillation production in cryogenic bolometers has also been used for WIMP detection. An example of this is the CRESST
experiment deployed in LNGS which uses CaWO4 crystals as target material and the
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two types of signals collected allow for electron recoil discrimination with a high certainty. While the first CRESST experiment reported an observation of a signal above
their backgrounds [65], recent results from their larger experiment, CRESST-II, have
ruled out the parameter space favoured by the signal observed in the first experiment.
A re-analysis of the data from their first experiment revealed most of the events in the
WIMP signal were misidentified surface events and managing the surface backgrounds
is the biggest challenge in such a detection technique as they can mimic a nuclear
recoil signal in cryogenic bolometers. The most recent results from the CRESST-II
experiment present the most stringent limits on SI WIMP interactions for very low
mass WIMPs (<1.2 GeV) [66].

Heat and charge detection
Ge and Si cryogenic bolometers are used in WIMP direct detection with the nuclear
recoils detected via the collection of phonons and ionization. This detection technique
is advantageous as it can be used at very low energy thresholds and allows for determination of the recoil energy with a high resolution. In addition, the relative size
of phonon and ionization production provides discrimination against electron recoils
as particles with high dE/dx produce a higher heat-to-charge ratio. Lastly, position
reconstruction of events allows for the removal of surface events which can dominate the backgrounds in experiments using cryogenic bolometers. CDMS, located in
Sudan Underground Laboratory, uses both Ge and Si as target nuclei and has set
world’s leading limits on SI WIMP interactions. In one of their results, CDMS reported having observed a few events in the WIMP region in their Si detectors [67],
although they do not claim this as evidence for dark matter. The group is now focused
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on their upcoming much larger G2 version (SuperCDMS) which is to be deployed in
SNOLAB (Sudbury, ON, Canada) that has a sensitivity high enough to eventually observe MeV solar neutrinos and is expected to have the leading sensitivity to low mass
WIMPs (1-6 GeV) [68]. The sensitivity to WIMPs with such low masses is difficult
due to the low nuclear recoil energy expected from their interactions. Such events can
be very difficult to distinguish from electron recoils, one of the dominant background
sources in such detectors. The SuperCDMS iZIP detector design tackles this challenge by running their detector in a mode called the low ionization energy threshold
experiment (CDMSlite). In this mode, a large bias voltage across their detector amplifies the phonon signal of charges drifting through it. Use of this “Neganov-Trofimov
Luke (NTL)” effect provides an amplification which allows the detector to operate
with energy thresholds as low as a tens of eV. A recently conducted second run of
the CDMSlite experiment, conducted using a single SuperCDMS iZIP Ge detector at
the Soudan Underground Laboratory, produced the world’s leading results in WIMP
SI interactions for WIMPs masses between 1.6 to 5.5 GeV/c2 [69]. SuperCDMS is
deemed very important in WIMP direct detection as its projected physics reach is
among the best sensitivity to low mass WIMPs in the SI sector in the upcoming
generation (G2) of WIMP detectors.

Light and charge detection
Liquid noble gas detectors [70] involve the use of a time projection chamber (TPC)
filled with liquid Xenon or Argon, collecting scintillation light as well as ionization
charge. The ionizing charge is drifted in the TPC using an electric field across the
TPC directed towards the anode. A small region at the top of the TPC is allowed to
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have noble gas where a large electric field is applied so that the drifting electrons produce another scintillation light signal which is proportional to the amount of charge.
Such a configuration is called dual-phase detection. Using algorithms, the detected
relative amount of light in the array of PMTs is translated into the XY position of
the interaction. The Z position is constructed based on the time difference between
the primary scintillation light and proportional light. With the XYZ position in hand,
events within the detector’s fiducial volume can be identified. This, combined with
the relatively high stopping power of noble gasses like Xe allows for very efficient self
shielding. The amplitude of the signals from the scintillation light and proportional
light allows for very efficient discrimination against electron recoils, surface events and
external backgrounds even at very low thresholds which makes this WIMP detection
technique very attractive. The use of Xe nuclei provides a high elastic scattering
cross-section for SI WIMP interactions due to the very high number of nucleons in
Xe. The leading experiments using such techniques are the Xenon-1T (LNGS) [71],
LUX (Sanford Underground laboratory) [72] and PandaX-II (China Jinping Underground Laboratory in Sichuan, China) [73] which have produced the most stringent
limits on the SI WIMP interactions. The DarkSide experiment (LNGS) [74] also
employs this detection technique, but with liquid Argon. G2 versions of these detectors, Xenon-1T, LZ, PandaX-4T and DarkSide50 are either taking data (Xenon-1T
and DarkSide50) or under construction (LZ and PandaX-4T) and the third generation (G3) versions of such detectors are expected to have a sensitivity high enough
to reach the neutrino floor. The world leading limits on SI WIMP interactions for
WIMPs with masses > 6 GeV have been set by Xenon-1T as shown in the next
section.
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Directional detection
WIMP detection techniques that can extract directional information of the incident
particle have recently gained a lot of attention as the sensitivity of the detectors
approaches the neutrino floor. Due to the rotation of the Earth, the relative velocity of
the WIMP wind changes over the course the year, and this is an additional parameter
in WIMP detection that all the other techniques discussed so far are unable to capture.
Experiments like NEWAGE [75] use a large volume 31 × 31 × 41 cm3 of CF4 gas
kept at 0.1 atm in a micro-TPC and try to simultaneously capture the recoil energy
and the 3D track of the recoils. The detector design includes a detection volume
surrounded by field shaping patterns and a gas electron multiplier (GEM) placed half
a centimetre above a two dimensional imaging device which has orthogonal readout
strips. The most important part of the such detection technique involves achieving
high nuclear recoil detection efficiency while maintaining low backgrounds, as in any
WIMP detector, and a profound effort is underway in order to improve the evaluation
of the nuclear track angle with a high resolution.

3.3.2

Investigation status

The sensitivity of the various WIMP detectors is improving at a very rapid pace and
this is evident from the vast number of WIMP-search results published in the last
few years.
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Positive results
As discussed earlier, a few experiments like CDMS Si, CoGeNT and CRESST have
reported an observation of a few events in the WIMP signal region but these results are equally compatible with null a hypothesis. Only the DAMA experiment
has claimed an observation of a dark matter signal with a highly statistically significant observation of annually modulating signal. The signal was observed in both
their 100 kg DAMA/NaI and 250 kg DAMA/Libra experiments, which collected over
1.33 ton×year exposure, in the 2 to 6 keV recoil energy region [76]. The annual modulation is reported to have a period of 0.998 ± 0.002 years with an amplitude of 1.1%
above the background rate of roughly 1 event/keV/kg/day, and the 7 years of data
taken by the DAMA/LIBRA experiment is shown in Figure 3.4.
Based on this observation, DAMA collaboration claims that the data favour the
presence of DM particles in the galactic halo with all its proper features with a
9.2σ C.L. In addition, the collaboration has ruled out any systematics (fluctuation in
temperature, radon exposure, noise and detection efficiency) or side reactions (muon
flux fluctuations due to seasonal effects) as a source for this signature as they do not
account for all its peculiarities [77, 78, 79, 80]. The highly statistically significant
observation of the annually modulating signal as expected from the dark matter halo
combined with the thorough investigation into their experimental setup form a solid
basis for a dark matter interpretation.
Yet, the dark matter interpretation of these results is considered controversial
among the community as the raw data used to produce these results hasn’t been
made public. On top of that, based on the reported analysis, most of the modulation appears in the lowest energy bin of the analysis, between 2 to 3 keV, with the
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Figure 3.4: Annually modulating signal observed with over 9σ C.L. by the
DAMA/libra experiment with a period of 0.998 ± 0.002 years. Plot taken
from [76]
Xenon-1T
modulation completely disappearing in energy bins larger than 6 keV. The DAMA
experiment also doesn’t attempt to distinguish WIMPs from the backgrounds which
has led to many discussions on the possibility of seasonally-dependent backgrounds
that could mimic an annually modulating WIMP signal. Lastly, and more importantly, the results from all other WIMP experiments have ruled out the the entire
WIMP parameter space allowed by the DAMA modulation signal albeit, using the
standard, model-dependent assumptions. Even when considering the effective field
theory framework that includes momentum dependence of WIMP interactions, the
DAMA modulation is in strong tension[48] with the most recent results from LUX
experiment. Although, as mentioned earlier, due to the lack of knowledge of WIMP
interaction type, comparisons between different WIMP experiments (using different
target nuclei) can be difficult.
In terms of comparing results with identical target nuclei, experiments like KIMS
in South Korea that uses CsI crystals, and PICO-60 that uses superheated CF3 I have
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ruled out WIMP-iodine scatterings as a source of the DAMA modulations [81, 82, 83].
Unfortunately, no other experiments have achieved exposures comparable to that of
DAMA using Na as a target nucleus and for this reason, new experiments using NaI
as the target material have gained a lot of attention, especially DM-ice which is located in the southern hemisphere of the planet. If DAMA’s annually modulating
signal is due to dark matter in the Milky Way halo, DM-ice would observe the same
signature in their detector and due to its location on the opposite hemisphere relative
to DAMA, it is expected to observe seasonal backgrounds with an annual modulation
with a phase difference of π. DM-ice recently reported their first results [84] but due
to limited exposure as shown in Figure 3.5, they are unable to provide any verification. With DM-ice continuing to take data, COSINE collecting data since September
2016 [59] and SABRE starting data collection soon, more results with NaI detectors
are expected in the near future.

Null results
Most experiments have reported a limit on the WIMP interaction cross-section in the
SI and SD sector for different WIMP masses and a few of them, especially the leading
results, are shown in Figures 3.6 and 3.7. These limits represent the current status
of WIMP searches with CRESST-II [66], CDMSlite [69], Xenon-1T [71] providing
the most stringent limits for different WIMP masses in the SI sector. PICASSO
C4 F10 [86] and PICO-60 C3 F8 [87] provide the best limits in the SD WIMP-proton
cross-section among the various direct detection experiments, while Xenon-1T [71]
provides the best limits on the SD WIMP-neutron cross-sections.
Results from the PICO-2L experiment shown in Figure 3.7 were the world’s leading
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Figure 3.5: Allowed region on the WIMP cross-section and mass parameter space
suggested by the DAMA modulation signal shown here along with a exclusion limits presented by a competing experiment, DM-Ice, that uses
the same target nuclei. Image taken from slides presented in Dark Matter
2016 conference [85].
results in the SD sector at the time of publication [88]. The success of the PICO2L experiment led to the development of PICO-60 C3 F8 experiment which recently
conducted a WIMP search experiment with the same principles as PICO-2L, providing
even more stringent limits on WIMP cross-sections. The remainder of the thesis
describes the theory of bubble chambers and its use as a WIMP detector, the detector
design of PICO-2L, and the operational and analysis techniques involved in producing
these results.

Cross-section [cm2] (normalised to nucleon)
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Figure 3.6: Summary for SI WIMP-nucleon scattering results showing the DAMA
allowed region (yellow) with 3σ C.L. as well as the exclusion limit results
at 90% C.L. from CRESST-II CaWO4 (magenta), CDMSlite Ge (blue),
PICO-60 CF3 I (light green), PICO-60 C3 F8 (dark green), PandaX-phase2
Xe (cyan), Lux Xe (red) and Xenon100 (color) experiments [66, 69, 83, 87,
73, 72, 89]. The recent results from Xenon-1T [71] are not shown here
that surpass both the PandaX and LUX results, albeit, by a small margin.
The allowed region for KK [90] and SUSY (cMSSM) [91] WIMPs is shown
in light and dark grey respectively. The limit imposed on WIMP direct
detection experiments by the neutrino floor [92] is shown here as the black
line.
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Figure 3.7: Current status of limits on SD WIMP-proton cross-section from PICO60 C3 F8 (blue), PICO-60 CF3 I (red), PICO-2L (purple; analysis results
presented in this thesis), PICASSO (green band), SIMPLE (orange),
PandaX-phase2 (cyan), IceCube (dashed and dotted pink), and SuperK (dashed and dotted black) [87, 83, 88, 86, 63, 73, 37, 38]. The
limits from IceCube and SuperK indirect WIMP detection experiments
assume annihilation to τ leptons (dashed) and b-quarks (dotted). The
purple region represents parameter space predicted for WIMPs within
the cMSSM [93]. Plot taken from [87]
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Summary

WIMPs can be investigated via production in colliders, detection of their annihilation/decay products and their interactions in Earth-bound detectors as the galactic
halo WIMPs elastically scatter off of nuclei within them. While the interaction crosssection is expected to be very low, direct detection of WIMPs is achievable when
using large detectors with very low backgrounds over long periods of exposure. Due
to the unknown interaction type of WIMPs, it is important to do a wide array of
searches using various types of target nuclei especially with Na, F and Xe. It is
an exciting time for the dark matter search community as the G2 experiments have
the potential for WIMP discovery. While the upcoming results from new NaI based
detectors should be able to provide more insight on the DAMA modulation signal,
DEAP-3600, Xenon-1T, NEWS, SuperCDMS and PICO-40L are expected to present
results that show a significantly higher sensitivity to SD and SI WIMP interactions.
In the case of no WIMP discovery in the G2 or G3 experiments, the future of direct
detection of WIMPs may need to rely on directional detection due to the irreducible
neutrino floor background. Even so, it is possible that dark matter is not in the form
of a WIMP or lies completely in the dark sector and is not detectable at all.
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Chapter 4
Bubble chamber technology

The bubble chamber technology was invented by Donald A. Glaser in 1952, based
on the observation of bubble nucleations in superheated liquids due to ionizing radiation [94]. The design consisted of a vessel filled with a transparent fluid, that
was briefly brought to above its boiling point by smoothly relieving pressure using a
piston. The boiling of the superheated fluid along the tracks of charged particle radiation was identified in photographs taken by cameras that were fitted on viewports
of the vessel.
The technology was immediately embraced by the particle physics community and
techniques were developed for its use with accelerators using superheated hydrogen
or hydrogen/neon mixtures, especially by Luis W. Alvarez. Glaser was awarded a
Nobel prize in 1960 for the invention of the bubble chamber and Luis W. Alvarez
was awarded a Nobel prize in 1968 for the advancement of the technology and its
use with accelerators [95]. Gargamelle, a giant bubble chamber with 12,000 litre of
superheated CF3 Br, was operated at CERN from 1970 to 1978 for the detection of
neutrino interactions and led to the discovery of the neutral current [96]. The use of
bubble chambers dominated particle physics for three decades following its invention,
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especially in the study of strange interactions, until the mid-1980s, when advances in
electronics led to their replacement with multi-wire chamber detectors in high energy
particle physics.
In the past few decades, bubble chambers have made a strong comeback, deployed in underground laboratories as dark matter detectors. The COUPP1 experiment adopted the use of the bubble chamber technology in the search for dark matter
interactions with superheated CF3 I and began detector development in Fermilab in
1996. PICO was formed in 2013 as a merger of COUPP with a competing experiment
PICASSO2 , that used superheated C4 F10 droplets suspended in a gel to detect WIMP
interactions. The newly formed collaboration continued to develop the COUPP bubble chamber design using fluids employed in PICASSO. Today, PICO is at the forefront of the bubble chamber technology in the field of experimental particle physics
and has recently operated 2 litre and 30 litre bubble chambers at the SNOLAB underground laboratory, setting the most stringent constraints on spin-dependent WIMP
interactions.

4.1

Design overview

An overview of the modern bubble chamber design developed by the COUPP collaboration is shown in Figure 4.1. The design consisted of a quartz jar within which
the active fluid was held. The quartz jar offered a smooth contact surface, suppressing spontaneous bubble nucleations associated with surface roughness. The quartz
jar was suspended within a large pressure vessel using stainless steel bellows which
1
2

Chicagoland Observatory for Underground Particlequartz Physics
Project In CAnada to Search for Supersymmetric Objects
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Pressure vessel
Hydraulic fluid
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(fixed temperature)
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Figure 4.1: An overview of the modern bubble chamber design developed by COUPP
and adopted by PICO for the direct detection of dark matter. The active (yellow) and the buffer (grey) fluids are kept in a synthetic quartz
jar (white) which is completely sealed from the exterior
allowed for pressure equalization without any exchange of fluids between the innervessel (quartz jar coupled with bellows) and the outer pressure vessel. The bellows
were key to the design due to the fragile nature of the quartz jar which could not
tolerate a high differential pressure across the quartz walls. The quartz jar was only
partially filled with the active fluid such that it was fully visible by the cameras. The
active fluid was topped with a non-active fluid that acted as a buffer fluid ensuring
that the bubble chamber, which is essentially a hydraulic system, was free of any gas
volume for proper functionality. The choice of the buffer fluid was made carefully to
ensure that it had a lower density, exhibited no chemical interactions with the active
fluid and remained in a stable liquid state at all pressures used during the bubble
chamber operations.
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A water circulation system kept the whole pressure vessel at a constant temperature and a pressure control cart facilitated a slow or fast, but precise, pressure
change. The bubble chamber was activated by relieving hydraulic fluid from the pressure vessel to the cart rendering the active fluid superheated and sensitive to particle
interactions. Two cameras and an array of piezo-electric acoustic sensors provided
the detector trigger, and recorded the data (images and acoustic traces) of the bubble
formation. After the detection of a bubble, the pressure was quickly raised to a very
high pressure by the pressure control cart and the bubble chamber was deactivated.
The details of this operation and the improvements developed in this thesis are described in Chapter 5. The remainder of this chapter focuses on the theory of bubble
nucleations in superheated fluids as well as their sensitivity to particle interactions.

4.2

Bubble nucleation

A fluid in a bubble chamber can be brought to a metastable state if the pressure is
carefully lowered below its boiling point. In this state the fluid is in a metastable superheated state and out of thermal equilibrium as its pressure (Pl ) is below its vapour
pressure (Pv ). Two minima in the Gibbs potential exist in this state as illustrated in
Figure 4.2, and a phase transition from the metastable liquid state to gas is impeded
by an energy barrier [97]. In principle, this energy can be provided by ionizing radiation leading to localized explosive evaporations observed as bubbles along the particle
tracks. This can lead to the formation of macroscopic bubbles that continue to grow
via spontaneous surface evaporation of the superheated fluid.
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Figure 4.2: Plots taken from [98] showing a phase diagram (left) of the transition of a
fluid to its superheated state (red) as the pressure is decreased and lowered
past its boiling point (orange). In the superheated state, two minima
of the Gibbs potential (right) allow for a stable state as a vapour (µv )
with maximum entropy, but also as a metastable liquid state (µl ) with
minimum enthalpy, with an energy threshold impeding the spontaneous
phase transition.
4.2.1

Theory

In 1957, Frederick Seitz proposed a thermodynamic mechanism to explain the production of bubbles in superheated fluids. In his ‘hot spike’ model [99], he described the
creation of localized hot regions by free electrons which caused the liquid along a particle track to undergo a phase transition rapidly. The formation of a single observable
bubble was described as being separated into two stages: an initial explosive phase
transition creating a ‘proto-bubble’; followed by its growth into an observable bubble
via spontaneous evaporation. The second stage was only possible if the proto-bubble
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were larger than a critical size.
The size was of importance since the collapsing pressure is associated with the
external fluid pressure and with the surface tension energy for a spherical bubble,
given as Pσ = 2σb /r, where σ is the surface tension and r is the radius of the protobubble. For a static proto-bubble, the pressure of the gas within the bubble (Pb )
would provide an equal opposing pressure and a critical radius (rc ) is defined as in
Equation 4.1.

rc =

2σb
.
Pb − Pl

(4.1)

Any proto-bubble smaller than this critical size would therefore collapse on its own
and condense, while larger critical proto-bubbles would continuously grow in size due
to surface evaporation until the pressure of the fluid is increased, bringing the fluid
below its boiling point.
The heat input required to produce an observable bubble can be estimated as
the sum of the surface tension energy, heat of vaporization of the vapour within the
critical proto-bubble, and the reversible work done by the expanding bubble on the
surrounding fluid [99, 98, 100]. The minimum energy to produce a bubble is therefore
estimated as;

ET =

4πrc2



∂σb
4π 3
4π 3
+
rc ρb (∆Hb ) −
r (Pb − Pl ) ,
σb − T
∂T
3
3 c

(4.2)

where T is the temperature of the superheated liquid, Pb and ρb are the vapour
pressure and density of the gas inside the bubble, and ∆Hb is the difference between
the specific enthalpies of gas within the bubble and the surrounding superheated
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liquid. Hence, for ionizing radiation to produce an observable bubble in a superheated
fluid, the particle is required to deposit energy larger than ET in order to produce a
proto-bubble larger than the critical size and this is called the thermodynamic energy
threshold of the detector. An additional detector threshold, unique to superheated
fluid detectors, accounts for the instantaneous stopping power of the incident particle
as shown in Equation 4.3.
ET
dE
>
,
dx
xc

(4.3)

where xc is the critical length within which the deposited energy is larger than ET in
order to produce an observable bubble. One would expect the critical length to be on
the order of the critical radius so that all the deposited energy is confined within the
spherical hot region in order to produce a critical proto-bubble. The relation between
the critical track length was estimated as 6.08×rc by E. Dahl [100] by assuming the
initial evaporation to be in a cylindrical shape along the particle track and allowing
for its transformation into a spherical bubble with the critical radius.
The ‘hot spike’ model therefore describes the production of bubble formation in
superheated fluids by radiation as a consequence of an energy loss greater than ET
by incident particles with an instantaneous stopping power greater than ET /6.08rc .
4.2.2

Calculations

The thermodynamic energy threshold and the critical radius are theoretically estimated using the ‘SuperSeitzModel’ Matlab calculator developed by E. Dahl [100] that
estimates the thermodynamic values used in Equation 4.2. The calculator acquires
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the thermodynamic properties of a saturated superheated fluid, at a given temperature and pressure, from the NIST REFPROP library [101] and estimates the gas
pressure within the bubble. The change in enthalpy, and the surface tension, given
as;

Pb = Pv − (Pv − Pl )

∆Hb = ∆Hvap +

Z
σb = σ −
0

ρv
ρl

(Pv − Pl )
T (αv − αl )
ρl

(Pb −Pl )

Γ
dP.
ρb − ρl

(4.4)

(4.5)

(4.6)

Here αb and αl in equation 4.5 are the expansion coefficients of the gas within the
bubble and the surrounding liquid, resepectively, and Γ in equation 4.6 is the fluid
density at the bubble surface. The term Γ/(ρb − ρl ) accounts for the deviation in
surface tension of a small liquid drop compared to its planar value and is known as
the Tolman length [102]. Due to the lack of any measurement of this length, it is
conservatively assumed to be of intermolecular spacing (4 nm) in the calculator. The
estimated threshold is quoted with an uncertainty of approximately 5%, mainly arising from uncertainties in the surface tension as well as the Tolman length. Figures 4.3
and 4.4, taken from [100], show the estimated thermodynamic energy threshold ET
and the critical radius rc for superheated C3 F8 .
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Figure 4.3: Thermodynamic energy threshold (ET in keV) calculated for C3 F8 using
the SuperSeitzModel calculator. Credit: E. C. Dahl [100]

Figure 4.4: Critical radius (rc in nm) calculated for C3 F8 using the SuperSeitzModel
calculator. Credit: E. C. Dahl [100]
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C3 F8 Sensitivity

Even at low thermodynamic energy thresholds, C3 F8 remains insensitive to electron
interactions due to the low stopping power of electrons, while remaining sensitive to
the recoiling fluorine and carbon nuclei expected from WIMPs (and neutrons) with
a recoil energy higher than the threshold. Unfortunately when α-producing radionuclides are present in the fluid, both the emitted alpha and the recoiling daughter
nuclei (Pb and Po) carry enough energy and stopping power to nucleate a bubble.
This is a significant background issue for PICO-2L that needs to be controlled.

4.3.1

Signal

While the Seitz model describes a 100% bubble nucleation efficiency for nuclear recoils with an energy larger than the evaluated ET , neutron calibration measurements
combined with simulations show a slightly more gradual turn on in the nucleation
efficiency, and at nuclear recoil energies slightly higher than the estimated ET . Hence
the actual threshold is determined by calibration.
Given a large enough active target material volume, neutrons undergo multiple
nuclear scatters within the active target material of the bubble chamber, often nucleating multiple bubbles. The relative fraction of events with different bubble multiplicities depends on the thermodynamic energy threshold of the detector, the volume
and geometry of the target material and the bubble nucleation efficiencies of fluorine
and carbon recoils. Such a measurement, that of the relative rate of events with different bubble multiplicities, was made with the PICO-2L bubble chamber with 2 litre
of C3 F8 using an

241

Am/Be neutron source. In addition, calibrations were performed

with a smaller bubble chamber with approximately 30 ml of C3 F8 at the Van de Graaff
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Figure 4.5: The observed rates (green dots) of single and multiple bubbles for the calibration sources with the chamber operating at a thermodynamic threshold
of 3.2 keV with the error bars representing the statistical uncertainties.
The black error bars represent the systematic uncertainty on the neutron
flux (10%, 12%, and 30% level for 61 keV, 97 keV and 241 Am/Be data,
respectively) and the black histograms show the predicted rates from the
MCNP simulation, using the best-fit efficiency model derived from all
calibration data. Plot taken from [5].
accelerator facility at the University of Montreal, using quasi-mono-energetic 61 keV
and 97 keV neutrons produced by well defined resonances in the

51

V(p,n)51 Cr reac-

tion. The bubble chambers were operated at a thermodynamic energy threshold of
3.2 keV and the measured rates from these neutron calibration experiments (shown
in Figure 4.5) combined with GEANT4 [103] Monte Carlo simulations of these experiments were used to derive a pair of nucleation efficiency curves for fluorine and
carbon recoils.
Using a piecewise linear function with multiple floating nodes, the nucleation
efficiency curves were derived by comparing the observed and simulated rates (of
single and multiple bubble events) for all calibration data sets. Since one expects
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the nucleation efficiency to increase with the recoil energy, the fit was constrained
such that it increased monotonically with the recoil energy. Also, since the stopping
power of carbon was lower than that of fluorine, it was expected to have a longer
tracks and hence the efficiency of carbon recoils was required to be equal to, or less
than, that of fluorine recoils. While the fit was independent of the Seitz theory, the
efficiency was taken as zero for recoil energies lower than the thermodynamic energy
threshold (ET ). The evaluated bubble nucleation efficiency curves for fluorine and
carbon recoils at the 3.2 keV thermodynamic energy threshold show a sharp turn-on
in the nucleation efficiency, but at a slightly higher energy than described by the Seitz
model, as shown in Figure 4.6. The underestimation of the energy threshold by the
theoretical model is due to the few assumptions it makes regarding the formation of
the bubble. First, it assumes that 100% of the energy loss by a particle contributes
towards the formation of the bubble. In other words, it assumes that all the delta
electrons produced by the ionizing radiation remain confined within the spherical hot
region where the phase transition occurs, forming the proto-bubble. In reality, some
fraction of these delta electrons are expected to traverse beyond the bounds of the
hot region due to the probabilistic nature of the ionization energy loss phenomenon.
Furthermore, the model assumes the formation of the proto-bubble, that occurs over
a time period of 10−11 to 10−10 s, to be instantaneous and ignores any heat flow from
the hot region to its surroundings. Due to these assumptions, the ‘hot spike’ model
is expected to overestimate the fraction of energy, lost by an ionizing particle, that
contributes to the bubble formation and thereby underestimates the energy threshold
of the detector.
The sensitivity to WIMPs is conservatively evaluated by adopting the pair of
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Figure 4.6: The calculated nucleation efficiency curves for fluorine (black solid line)
and carbon (red solid line) recoils were derived by comparing the observed
and simulated rates (of single and multiple bubble events) for neutron
calibration data. These curves show a sharp turn on in the bubble nucleation efficiency, but at nuclear recoil energies slightly higher than the
estimated thermodynamic energy threshold (cyan band) estimated based
on the Seitz model. The dotted lines show the conservative curves (1σ)
used to determine the sensitivity to 5 GeV SI WIMPs and its closeness
with the best-fit curves show a well constrained response of C3 F8 by the
calibration data. Plot taken from [5].
fluorine and carbon efficiency curves that represent the worst sensitivity to a WIMP
of a given mass and coupling, while remaining consistent with the calibrations at 1σ.
The approach is conservative such that a weaker response to fluorine recoils is assumed
and the fit compensates with a larger contribution from carbon recoils to account for
the observed rates in the calibration data. An example, for 5 GeV SI WIMPs, is shown
in Figure 4.6 where the dashed lines represent the sensitivity of C3 F8 to fluorine and
carbon recoils at the thermodynamic energy threshold of 3.2 keV. The sensitivity to
SD WIMPs is almost identical to that of SI WIMPs for high WIMP masses as most
of the sensitivity for both comes from fluorine recoils, whereas for very low WIMP
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masses, carbon recoils contribute approximately 25% to the sensitivity to SI WIMP
interactions.

4.3.2

Backgrounds

The direct detection of dark matter requires a profound effort in suppressing all backgrounds. As discussed in the previous chapter, dark matter detection is only viable
in underground laboratories with the detectors surrounded by additional shielding
in order to thermalize any locally produced fast-neutrons. With these measures in
place, typically, such low-background experiments must mitigate backgrounds arising
from the radioactivity associated with the detector’s internal construction material.
For this reason, the dark matter detector’s construction material is carefully procured
ensuring minimum overall radioactivity, yet, it is practically impossible to construct
detectors out of material that are completely free of radioactivity. The effort to discriminate against residual backgrounds is the topic of the following section. While
superheated fluid detectors are uniquely advantageous due to their sensitivity to the
stopping power of the ionizing radiation, a background specific to superheated fluid
detectors, due to surface tension effects, has been a limiting factor when using the
bubble chamber technology for the direct detection of dark matter. This is also
discussed below.

Alpha decays
The most abundant background observed in bubble chambers comes from the U and
Th decay chains with, for example,

222

Rn,

218

Po and

214

Po decaying and emitting

alphas with 5.5 MeV, 6.0 MeV and 7.7 MeV energies respectively. In the bulk of the
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superheated fluid, both the alpha particles and the daughter nuclei posses enough
energy and stopping power to produce critical proto-bubbles, but in a close enough
proximity that they combine to form a single observable bubble in the chamber. Alpha tracks are consistently longer than those of the nuclear recoils, and will always
generate numerous proto-bubbles along the track. The acoustic emission associated
with the production of multiple critical proto-bubbles that merge into a single observable bubble due to alpha radiation is expected to have a much larger power than
that associated with the formation of single proto-bubble. This is due to the difference in the volume expansion rate. The possibility of acoustically distinguishing
the alpha backgrounds from the nuclear recoils was first proposed by the PICASSO
group [104] and was confirmed by the COUPP experiment shortly thereafter [105].
The acoustic identification of alpha decays is an integral part of the modern bubble
chamber technology and developments of this tool by PICO have been so considerable that in addition to alpha discrimination with high certainty, it can be used for
alpha radiation calorimetry. The analysis of this discrimination tool for PICO-2L is
presented in Section 6.4.

Beta and gamma radiation
The bubble formation model describes a stopping power threshold for the bubble
chamber. Since the stopping power of electrons is much less than that of fluorine and
carbon nuclei, the detector can in principle be operated at thermodynamic energy
thresholds where the superheated fluid is practically insensitive to electrons propagating through it, while still responding to nuclear recoils. To measure the sensitivity
to beta decays and gamma interactions, calibrations were performed using various
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Figure 4.7: The bubble nucleation probability due to electron interactions was estimated based on calibration data taken with a 100 ml C3 F8 bubble chamber deployed at the University of Montreal using 137 Cs (blue), 60 Co (cyan)
and 241 Am (magenta) gamma sources and in situ with the PICO-2L bubble chamber during its first (red) and second (green) WIMP-search experiment using a 133 Ba source.
gamma sources. Results from some of these calibrations are shown in Figure 4.7.
These measurements serve as a validation to the model. Based on these calibrations,
it was determined that even when operating the bubble chamber at a low thermodynamic energy threshold of 3 keV, less than 10−10 events per gamma interaction are
expected in superheated C3 F8 . The strongest gamma rejection measurement to date
was performed by the PICO collaboration with the PICO-2L WIMP-search detector,
in situ, where during 4.4 days of exposure to a 1 mCi

133

Ba source, only one bub-

ble event was observed, equivalent to a sensitivity of 2.2 ± 1.2 × 10−11 events per
electron-recoil at 3.3 keV threshold [88].
As discussed so far, the source calibrations show that the ‘hot spike’ model closely
approximates the sensitivity of C3 F8 superheated fluid to particle interactions and
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showcase its unique advantage for use in the direct detection of WIMPs.

4.3.3

Neutrons

Neutrons present the most serious concern in a WIMP-search experiment due to the
similarity in the interaction phenomenology with those of the WIMPs, i.e. nuclear
recoils. Hence, a key component of any dark matter experiment is its neutron shielding
that fully surrounds the detector in order to reduce the neutron flux and is designed to
be large enough so that any locally produced fast-neutrons are thermalized. Within
the shielding, neutrons are expected to be dominantly produced by α-n reactions
from α-decays of

238

U and

232

Th prevalent in the detector’s construction material.

Hence, in addition to the use of the neutron shielding, a careful selection of detector
construction material is required and even though this poses a challenge, it can,
and has been practically achieved. Fortunately, as the size of a bubble chamber is
increased, the dominant sources of internal neutrons are placed at a farther distance
from the active volume and the expected neutron backgrounds therefore decrease
significantly due to higher self-shielding provided by the larger detector volume. In
addition, neutrons are more easily identified as multiple scatters in a large chamber.

Surface energy
A superheated liquid may stay in the liquid state due to the energy required to form
a liquid-gas interface. While the Seitz bubble formation model provides a value for
the threshold energy in the bulk of the pure fluid, contact of the superheated fluid
with its container’s walls, buffer fluid or any solid/liquid contaminants within it, can
alter the requirements for bubble formation locally.
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The simplest example of this effect is that of spontaneous bubble nucleations at
rough surfaces, where sharp edges on the surface provide nucleation sites and even
without any particle interaction, can lead to bubble formation. For this reason, bubble chamber designs have used synthetic quartz containers with polished surfaces to
minimize such uninteresting surface activity and allow the detector to be stable for
long periods of time. While the bubble nucleation on the surface interfaces of the
quartz can be optically identified and removed from the analysis, the presence of
particulate contamination in the bulk of the fluid poses the danger of false-positive
signals. Another mechanism of bubble formation, facilitated by particulate contamination, is by the release of surface energy and is a consequence of the use of the
multiple fluid bubble chamber design. Droplets of the buffer fluid with a high surface tension may get attached to the particulate contamination and the subsequent
merging of multiple droplets on a particulate could release enough surface energy
for bubble formation [106]. The release of surface energy from merging droplets is a
consequence of the decrease in the total surface area.
In addition, even in the absence of particulate contamination, due to the explosive
nature of the formation of the bubbles, bubble nucleations on or close to the activebuffer fluid interface can eject tiny droplets of the buffer fluid within the C3 F8 , or
vice versa. These tiny droplets, or emulsions, may merge with each other and the
overall decrease in the surface can release sufficient surface energy to form bubbles.
A similar effect can also be expected if these emulsions come in contact with any
surfaces, including those of any particulate contamination. As will be discussed in
the next chapter, the great efforts to remove particulate contamination led to a highly
performant bubble chamber with no anomalous backgrounds.
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Conclusion

In conclusion, calibration measurements show that the Seitz ‘hot spike’ model closely
approximates the bubble formation phenomenology due to particle interactions and
show that the use of a C3 F8 superheated fluid offers a unique platform when searching
for WIMP-nucleon interactions due to its excellent sensitivity to nuclear recoils while
remaining insensitive to electron interactions, even at very low energy thresholds.
Even though experimental challenges arise from the use of the multiple fluid bubble
chamber design and require high-purity fluids in order to operate stably, as will be
discussed below, with careful deployment and operations, excellent results can be
obtained using the bubble chamber technology in the direct detection of WIMPs.
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Chapter 5
PICO-2L bubble chamber

The PICO-2L bubble chamber design consisted of an inner vessel assembly within
which the active target mass was contained and the assembly was submerged inside
a custom-built pressure vessel. The pressure vessel was connected to a hydraulic
pressure cart which was used to regulate the pressure cycles of the bubble chamber.
Using a re-circulating chiller connected with a water loop within the pressure vessel,
the bubble chamber was maintained at a constant temperature. In order to monitor
the activity within the bubble chamber, two cameras, a series of piezo-electric sensors
and a transient pressure transducer were used. Lastly, in order to limit the flux of
fast neutrons produced within the underground laboratory, the whole detector was
shielded with polyethylene material and water.
The PICO-2L bubble chamber was deployed in SNOLAB in 2013 where it was used
to perform its first WIMP-search experiment, referred to as ‘Run-1’. Subsequently, in
order to improve the performance of PICO-2L as a WIMP detector, various modifications were made in the detector design and a second experimental run, ‘Run-2’, was
conducted. The PICO-2L bubble chamber is described in this chapter along with the
modifications in the bubble chamber design implemented for Run-2, a very successful
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WIMP-search experiment.

5.1

Inner Vessel assembly

The most delicate and important component of the PICO-2L bubble chamber was
its inner vessel assembly as it held the superheated C3 F8 which is highly sensitive
to contamination and the roughness of the surface(s) to which it comes in contact.
The inner vessel assembly comprised a 3 litre quartz jar, which provided a smooth
contact surface for the sensitive superheated fluid, and a stainless steel double-bellows
system, that was designed to provide pressure balancing between the inner and pressure vessel, without any exchange of fluids. The pressure balancing was critical to
prevent the destruction of the quartz jar since it could only handle a maximum pressure differential of 20 psi and the bubble chamber was to be operated at much higher
pressures (up to 200 psi). The inner vessel assembly was filled with two fluids, C3 F8
and ultra-pure water, and due to water’s lower density, it floated on top of the superheated fluid forming a smooth hydraulic transfer interface. In order to have full
coverage of the superheated fluid volume by the cameras, and to keep C3 F8 far from
any material with high radioactivity or rough surfaces, the fill level of C3 F8 in the
quartz jar was kept well below its flange. The PICO-2L bubble chamber was designed
to hold approximately 2 litre of C3 F8 , filling two-thirds of the quartz jar volume, for
the WIMP-search experiments.

5.1.1

Quartz jar

The quartz jar was custom-built out of two separate pieces that were bonded together;
a synthetic fused silica jar, and a sealing flange. Since the 2 litre C3 F8 fill level was
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expected to be well below the quartz jar’s neck, the radioactivity of the sealing flange
was not considered to be of a high significance, and so it was manufactured out of
natural quartz for Run-1, as shown in Figure 5.1. During a post-run investigation,
10 - 100 micron sized natural quartz particulates were discovered in the active volume
which may have survived the cleaning process prior to its deployment or may have
been generated during normal operations of the bubble chamber. These particulates,
with the high radioactivity associated with them, were thought to be related to an
anomalous background observed in Run-1. To remove their source, the quartz jar’s
sealing flange was replaced for Run-2 with one fabricated from Corning 7980 Fused
Silica [107]. In addition to being lower in radioactivity than natural quartz, the
Corning material has fewer impurities, inclusions, and surface flaws and was therefore
more likely to be resistant to stress fracturing [108, 109] and to the production of silica
particles. A photograph of the inner vessel is shown in Figure 5.2.

5.1.2

Assembly

The quartz jar was sealed to a double-bellow system which consisted of a four-inch
diameter stainless steel bellows coupled to a smaller two-inch diameter bellows by a
mating flange. The total length of the two bellows, connected in series, was fixed
using three rigid rods which also served as guide rails for the mating flange between
the two bellows. The free vertical movement of the mating flange adjusted the over-all
volume of the double-bellows system without changing its over all length and provided
the required balancing of pressure between the inner vessel assembly and the pressure
vessel. Due to the fixed total length of the double-bellows system, the quartz jar
position remained unchanged during a bubble event as it was being imaged by the
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Figure 5.1: Technical drawing of the fused silica inner vessel jar [110] used in Run-1
of PICO-2L which was manufactured out of two separate pieces, bonded
with each other, which were made out of synthetic fused silica (container),
and natural quartz (flange) material.
cameras mounted on the pressure vessel. This feature was essential in PICO-2L as it
allowed for a high camera trigger efficiency and simplified the optical analysis.
The seals between all the stainless steel components were made using PTFE (Teflon)
coated nickel C-seals. The bellows system was coupled to the quartz jar using a twopiece backing flange (Figure 5.2) which wrapped around the jar’s neck. The flange
was pinched between the backing flange and the bottom flange of the large bellows.
A Teflon coated nickel C-seal was used between the large bellows flange and the top
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Figure 5.2: Photograph of the inner vessel quartz jar and the two-piece backing flange
used to seal the quartz jar with the large stainless steel bellows.
surface of the quartz jar flange. The quartz jar was kept in place by the backing
flange which offered an inner ledge on which the quartz jar rested. As the backing
flange was tightened to the bottom flange of the large bellows, the quartz jar inner
flange was delicately pinched, sealing the quartz jar to the double bellows system.
A thin split ring (3 mm) fabricated from Garlock 9900 graphite-loaded nitrile gasket
material with thickness of 0.75 mm was used in order to provide cushioning between
the inner ledge of the quartz jar flange and the bottom surface of backing flange.
The inner vessel assembly was suspended from the top flange of the pressure vessel,
and was sealed at the top using a 2” plug. The plug hosted four ports, two of which
had long 1/8” stainless steel tubes welded on them, suspended within the assembly,
as shown in Figure 5.3. These two pipes served as inlet/outlet stingers and were
long enough to provide access to the fluids within the quartz jar, and were therefore
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Figure 5.3: Photographs of the (a) inner vessel plug, (b) double bellows system and
(c) the fully sealed inner vessel assembly.
longer than the total length of the double-bellows system. They were primarily used
to ensure a successful distillation, where no C3 F8 ends up trapped in the stainless
steel bellows, and also to provide access to the water closest to the water - C3 F8
interface for a potential addition of a buffer fluid re-circulation filtering system. The
two ports with welded stingers were fitted with manual valves and served as the inner
vessel inlet/outlet access. Two additional ports hosted a bleed valve and a Setra
GCT-225 pressure transducer (PT-004) which directly measured the pressure within
the inner vessel assembly with an accuracy of 0.25% FS. This transducer was used
to determine the pressure of the C3 F8 fluid during WIMP search runs. In order to
estimate the active fluid’s temperature during operations, the assembly was equipped
with four RTD temperature sensors, two on the quartz jar sealing flange and two on
the mating flange between the bellows. Lastly, custom-built piezo-electric acoustic
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Top flange
IV plug
Small bellows
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Piezo-electric
transducers
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Figure 5.4: A diagram of the inner vessel assembly (left) showing its various components that were sealed together and a photograph (right) of it from March
2015, just before it was inserted into the pressure vessel for Run-2.
transducers in copper housings were attached to the neck of the jar using epoxy glue.

5.1.3

Preparation for deployment

The bubble chamber performance depended highly on the radio-purity of its active
fluid as well as the absence of suspended particulates. Hence, the inner vessel assembly was prepared for deployment with special care. The assembly components
were first pre-cleaned with detergent and ultra-pure deionized water. The parts then
went through ultrasonic cleaning in a clean room using ultra-pure deionized water
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and a specialized detergent for removal of heavy metals. The inner vessel was then
assembled, sealed and tested for leaks in a class 10 area and was returned to the
clean room for a final rinse which was performed using ultra-pure deionized water
passed through a 0.5 micron filter. The assembly was then purge dried using nitrogen
gas, evacuated and backfilled with filtered nitrogen gas. Markers were placed on the
quartz jar at precisely known locations in order to calibrate the pixel coordinates
from the two cameras with the corresponding three dimensional coordinates of the
quartz jar. Lastly, the acoustic sensors were glued onto the quartz jar neck and the
RTD temperature sensors were attached, completing the inner vessel assembly.
Due to the demand for a cleaner inner vessel, free of particulate contamination,
the cleaning process was ameliorated for Run-2. In order to reduce any possible
stainless steel particulate contamination, almost all of the stainless steel components,
used during the cleaning of the assembly’s components and the inner vessel assembly
final rinse in Run-1, were swapped with plastic replacements for Run-2. In addition,
the cleaning and final rinse were performed in a cleaner area for Run-2 (class 100
area), compared to Run-1 (class 10,000 area). The final rinse of the assembly for
Run-1 was performed only once with a few litres of ultra-pure deionized water. This
procedure was significantly improved for Run-2 as the inner vessel assembly was
more repeatedly rinsed until the particulate contamination was eliminated. To gauge
the level of particulate contamination between the rinses, filter samples of the drain
water were taken with a 0.2 micron filter and the captured particulate content was
investigated using a 35x microscope. A total of 40 litres of water was used over a
period of 2 days before the filter samples showed the absence of particulates during
the final rinse process for Run-2. Following the final rinse, the inner vessel assembly
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was dried using a filtered gas flow and elevated temperatures, and it was evacuated
and leak-checked using a turbo vacuum pump.

5.2

Pressure controls

The PICO-2L bubble chamber was generally operated at a fixed temperature and
the superheat was managed with precise pressure regulation. The pressure control
system consisted of an outer pressure vessel, within which the inner vessel assembly
was suspended, and a hydraulic pressure cart that controlled the pressure cycles of
the bubble chamber.

5.2.1

Outer Vessel

The pressure vessel was manufactured from a 12” SCH 40 316 L stainless steel straighttee with a 6” and a 2” flange port welded on its two ends and an offset viewport welded
in the centre as shown in Figure 5.5. To minimize radioactivity, all the welds were
made using non-thoriated electrodes. The pressure vessel was rated at 390 psig by
the manufacturer. The bottom port of the pressure vessel was sealed with a 2” flange
using a Buna-n rubber gasket. This bottom flange had a large 1” hydraulic line
attachment along with two 1/2” tube attachments that served as the inlet and outlet
for the cooling water loop within the pressure vessel. The top flange had various feedthroughs for the acoustic and temperature sensor wiring along with a few plumbing
access ports that were fitted with manual valves. In addition, the top flange had ports
fitted with a Setra GCT-225 pressure transducer (PT-005) and an AC coupled Dytran
2005 V pressure transient transducer. A 30 mm thick synthetic quartz window of 5.68”
radius was inserted into the weld-in viewport. Two circumferential elastomer O-rings
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Hydraulic cart

The pressure cycles of the PICO-2L bubble chamber were regulated by a hydraulic
cart that consisted of a low and a high-pressure accumulator and various electronic
valves that could be manipulated such that the pressure vessel was either isolated from
or exposed to either of the accumulators. A National Instrument 9024 CompactRIO
programmable logic controller (PLC) was used to control and monitor the various
instruments on the cart. Designed as a ‘state’ machine, the CompactRio controller
was programmed to cycle between a ‘compressed’ and ‘expanded’ state, as described
below. A drawing of the PICO-2L hydraulic cart and the piping and instrument
drawing (P&ID) for the cart are shown in Figures 5.6 and 5.7.

Pressure cycle
The pressure cycle in PICO-2L started with the chamber in an inactive state where
the C3 F8 volume was not superheated due to the high pressure provided by the hydraulic cart in its ‘compressed’ state. The high pressure (∼195 psia) was provided by
a 1 gallon Parker accumulator (labeled as AC-001 in Figure 5.6) that was permanently
pneumatically charged to 195 psia through its top port. The accumulator’s bladder,
that contained the pressurized hydraulic fluid, was accessible through two ports (3/8”
and 1”) at the bottom. The hydraulic outlets of the high-pressure accumulator were
connected to the pressure vessel through three independent and electronically controlled compression routes that facilitated a fast, coarse or fine hydraulic fluid flow.
The compressed state was the default state of the cart and was maintained through
the coarse compression route using a normally-open 1/4” Omega SV 130 electronic
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Figure 5.6: A Solidworks CAD drawing of the PICO-2L hydraulic cart showing the
layout of the various components. Taken from [111].
solenoid valve (EV-001). A normally-open electronic valve was chosen since its deenergized state was ‘open’, and so if the hydraulic cart lost power or connectivity with
the data acquisition (DAQ), the cart would default to the compressed state rendering
the bubble chamber inactive.
Stable superheated C3 F8 was achieved by smoothly reducing its pressure, until it
reached the target low pressure which was chosen based on the bubble chamber’s temperature and the desired level of superheat. The smooth expansion was achieved by
slowly relieving hydraulic fluid from the pressure vessel into a smaller (1/4 gallon)
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Figure 5.7: The original P&ID of the hydraulic cart that provided the pressure regulation for PICO-2L detector as designed by Muneeb Hai at Fermilab in
2013. Taken from [111].
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Figure 5.8: The various hydraulic states and epochs of the PICO-2L bubble chamber
pressure cycle consist of the compressed state (A) followed by the expansion state represented by region B (expansion ramp), C (coarse balancing)
and D (fine tuning). The bubble chamber stayed in the superheated or expanded state (E) until a bubble was detected or the maximum expansion
time was reached at which point the compression state (F) was triggered.
The width of E depended on the time of bubble nucleation after an expansion. For scale, the time covered by windows B, C and D, as shown
here, sums to 25 s.
Parker accumulator (AC-002) which was pneumatically regulated at a fixed pressure (25 - 60 psia). The low pressure accumulator was connected to the pressure vessel
through a combination of a 1/4” Omega SV 130 expansion valve (EV-005) and a Hass
EPV expansion control valve (EV-006) in series that provided a controlled slow expansion. Independent lines connecting the pressure vessel and the two accumulators
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through 1/8” mini-solenoid tweak valves (EV-002 and EV-003) were used for fine pressure tuning needed at the end of the expansion ramp to ensure that the C3 F8 was kept
as close to the target expansion pressure as possible. The cart was considered to be
in the ‘expanded’ state when the inner vessel reached to within 0.5 psi of the expansion pressure set point and was stable. While in the expanded state, to maintain the
superheat level of the active fluid, the pressure of the low pressure accumulator was
pneumatically regulated, using a Proportion Air DQPV1 pressure regulator (PR-001),
at a set expansion pressure and the active regulation was done using a closed-loop
PID control of the PR-001 with the inner vessel pressure as the feedback.
The hydraulic cart remained in the expanded state until a bubble was detected
within the superheated volume of the bubble chamber or until a maximum allotted
time (500 to 2000 seconds) had elapsed. In either of these situations, a trigger was
sent to the hydraulic cart which reacted by transitioning into the ‘compressed’ state.
To provide a fast compression, the higher pressure accumulator was connected to the
pressure vessel through a 1” Valcor SV 84 high flow compression valve (EV-004) which
was energized for 10 ms, long enough to provide a quick and sufficient increase in pressure followed by a slow ramping pressure at the end through the coarse compression
valve (EV-001) until the pressures in the high-pressure accumulator and the vessel
had equalized. The hydraulic cart was now in the compressed state and remained
that way for a short period of time before repeating the pressure cycle.
The rate of compression depended on the rate of flow of hydraulic fluid from the
high-pressure accumulator to the pressure vessel. The sudden opening of the high
flow valve EV-004 during the fast compression led to a shock wave, also known as a
‘hydraulic hammer’. To avoid any damage to the inner vessel assembly, the maximum
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allowed fluid flow between the pressure vessel and the hydraulic cart was reduced by
only partially opening the manual valve (MV-001) fitted between the hydraulic cart
and the pressure vessel. Due to the coarse fluid flow control associated with MV001, for normal detector operations, it had to be finely tuned to react as quickly as
possible while avoiding any pressure spikes during compressions. During the bubble
chamber pressure cycles as shown in Figure 5.8, hydraulic fluid was moved from the
high-pressure accumulator to the pressure vessel (compression) and from the pressure
vessel to the low pressure accumulator (expansion). To reverse this one-way fluid
transfer, the two accumulators were connected through a Clark ET-150 hydraulic
fluid transfer pump (PU-001). The pump vibrated when operated and was mounted
using rubber standoffs and was connected using flexible hoses. The cart was also fitted
with OmegaDyne 0-5 VDC pressure transducers that monitored the pressures of the
low (PT-003) and high (PT-002) pressure accumulator, a Setra GCT-225 pressure
transducer (PT-001) monitored the pressure provided by the hydraulic cart at its
outlet.

5.2.3

Performance

The hydraulic cart for PICO-2L was designed as a pressure regulating module that
could operationally support a wide range of detector volumes. It was assembled at
Queen’s University where it was also thoroughly checked for leaks with a helium
leak tester. PT-001, PT-002 and PT-003 were also calibrated at the time. All the
hydraulic cart’s components and its performance as a pressure regulating system
were tested for a maximum operational pressure of 200 psia before its shipment to
the SNOLAB underground laboratory. During Run-1 operations, various hydraulic
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Figure 5.9: Photograph of the fully assembled hydraulic cart, taken just before the
start of Run-2 in March 2015.
fluid leaks appeared and upon investigation, it was found that most NPT thread
fittings sealed with the Loctite 545 pipe sealant had failed. For Run-2, all the NPT
fittings were replaced with Swagelok fittings or SAE straight thread O-ring fittings.
A few instruments that were only available with NPT fitting were sealed using 3M Scotch Weld 1838 High Strength Epoxy adhesive. After these modifications, no
further leaks appeared in the cart during the subsequent operations of PICO-2L.
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Figure 5.10: A technical drawing showing a sliced side view (left) of the pressure vessel
and its inner parts from the top (right) showing the placement of the
temperature sensors (red stars) on the inner vessel assembly at the top
and bottom of the large bellows for Run-1. At the end of this run,
an array of temperature sensors (yellow stars) was inserted inside the
pressure vessel to evaluate the temperature gradient across the active
volume.
5.3

Temperature regulation

The temperature of the C3 F8 fluid in the PICO-2L detector was maintained at a
fixed point by cycling water through the vessel in coiled 1/4” copper tubing. The
PICO-2L detector was operated at a lower temperature (10 - 17 o C) than the ambient
room temperature using a NESLAB RTE-740 re-circulating chiller bath. Four 100 Ω
Sensortec RTD temperature sensors were attached on the inner vessel assembly as
shown in Figure 5.10. To provide thermal insulation, the pressure vessel was wrapped
with a few separate layers of clear plastic bubble wrap surrounding it completely.
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Figure 5.11: CAD drawing showing the top view (left) of the pressure vessel with the
additional cooling provided at the top flange and the camera mounts to
reduce the thermal gradient as well as a sliced side view (right) with the
three additional RTD transducers deployed on the top flange and within
the fireplug pressure vessel. An additional RTD attached on the water
cooling loop close to the loop outlet is not shown.
During Run-1, a large temperature gradient was observed over the top flange,
where the thermal insulation was the poorest and by the view-port where the heat
generating LEDs and cameras were mounted. To improve the temperature regulation, a 1/2” copper plate was attached to the top flange of the pressure vessel and
the aluminum camera mounts were replaced with mounts made of copper. Both of
these copper heat-sinks were fitted with 1/2” copper tubings that were linked in series with the existing water cooling loop inside the pressure vessel to provide localized
cooling. With these additions, during Run-2, a significant improvement in the thermal uniformity was observed. In addition, for Run-2, four additional Omega PR-24
RTD sensors were attached in order to better monitor the temperature of the bubble
chamber. These temperature regulation and monitoring additions are shown in the
CAD drawing in Figure 5.11.
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Activity monitoring

There were three key sensors in the PICO detectors that were used to monitor the
activity within it and to characterize its bubble events. Two cameras were mounted on
the pressure vessel view port in order to detect bubbles nucleating in the superheated
active fluid. Illumination was provided by an LED ring surrounding each camera
lens. A series of piezo-electric acoustic sensors were attached on the quartz jar neck
and recorded the acoustic signals associated with the bubble nucleations. Lastly, a
pressure transient transducer was connected to the pressure vessel top flange that
recorded the change in pressure as the bubble grew within the detector.

5.4.1

Optical

For Run-1, two Basler A602F cameras with 640×480 resolution were used. For Run2, these were replaced by two Basler GigE Aviator cameras with a higher resolution (1280×1024) and were fitted with a Kowa LMVZ4411 lens that had a variable
focal length. To provide stereo vision, these two cameras were attached approximately
20 cm apart in front of the view port of the pressure vessel on an adjustable mount,
angled at roughly 12 degrees as shown in Figure 5.12.
Each camera was operated at a frame rate of 100 Hz, but they were synchronized
out of phase, doubling the effective frame rate. Two arrays of red Luxeon Star LEDs
were operated using a Mightex Sirius Multi-Channel LED controller. Using the built
in external trigger mode in the Mightex LED controller, the two LED arrays were
driven out of phase, each one synchronized with their respective camera. A 3M
Scotchlite retroreflector sheet was wrapped inside the walls of the pressure vessel,
around the quartz jar, which scattered the LED’s light uniformly, illuminating the
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Figure 5.12: A photograph of the two cameras, attached on water cooled copper
mounts, and the LED rings mounted on the view port of the pressure
vessel for Run-2.
bubbles from all directions. One of the key functions of the cameras was to serve
as the primary trigger for the PICO-2L detector as described in Section 5.4.4. Upon
receiving a trigger, a sequence of ten images was saved from each camera in order to
capture the bubble nucleation and its growth in the bubble chamber. These sequences
allowed for an optical analysis which was used to evaluate the total number of bubbles
in any event as well as their position within the quartz jar. The latter was important to
separate the bubbles nucleating in the bulk of C3 F8 fluid, possible WIMP candidates,
from those on one of its interfaces (quartz jar’s inner walls or water), induced by
radioactivity or surface tension effects.

5.4. ACTIVITY MONITORING

105

Figure 5.13: A technical drawing showing the custom built PZT piezo-electric acoustic sensor(4) in its 10100 copper alloy assembly(2, 3 & 6) fitted with an
internal pre-amplifier(5).
5.4.2

Acoustic Readout

Low background Lead zirconate (PZT) piezo-electric acoustic transducers housed
inside copper alloy housings were epoxied to the outside of the jar and were used
to record the acoustic emissions associated with bubble nucleations. Three acoustic
sensors were attached to the quartz jar for Run-1, as shown in Figure 5.13, and were
equipped with internal pre-amplifiers in order to minimize the attenuation of the
acoustic signal. One of these sensors had a gain which deteriorated over time and
the other two completely failed towards the end of the 9 months of operation. The
fault was found to be in the pre-amp boards and hence for Run-2, the sensor housing
design, the internal pre-amp fabrication and over current protection were improved.
Three additional piezo-electric sensors with external pre-amps were also added to the
design and none of these six sensors deteriorated or failed during Run-2.
The signal from the acoustic transducers was recorded continuously at a rate of
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2.5 MHz, but the data were only saved when a trigger was received. The acoustic
traces were analyzed to determine the time of bubble nucleation, and to acoustically
distinguish the nuclear-recoils from the dominant background from alpha radiation.

5.4.3

Pressure Readout

An AC coupled 2.5 MHz Dytran 2005 V transient pressure transducer was attached
on the top flange of the pressure vessel. The Dytran transducer was sensitive to the
pressure change within the pressure vessel due to the growth of the bubbles within the
superheated fluid. Similar to the acoustic trace, the signal from this transient pressure
transducer was also only saved when a trigger was received and the range of the trace
covered the bubble nucleation, its growth and the triggered fast compression.
The change in pressure in the bubble chamber was directly related to the amount
of superheated fluid changing into gas within it and on this principle, an analysis of
the Dytran trace was used to estimate the number of bubbles that had nucleated in a
given event. In addition, the bubble growth behaviour depended on the position of the
nucleated bubble. By analyzing the trend of the pressure change for events with only
one bubble, bubbles that nucleated in the bulk of the C3 F8 volume were distinguished
from those on its interface since the bubble growth behaviour was different for these
two classes of events. Hence, the analysis of the Dytran trace was useful to isolate
single bubble events occurring in the bulk of the active volume of the detector as
expected from a WIMP interaction. Details on the Dytran pressure rise analysis are
give in Section 6.3.
The Dytran instrument worked very well during Run-1 but failed during the deployment of the PICO-2L detector for Run-2. The fault was found to be in the cable

5.4. ACTIVITY MONITORING

107

connector but the issue wasn’t rectified until the end of the WIMP search run and
hence the pressure rise analysis was not included in the data analysis of the second
WIMP search data.

5.4.4

Trigger system

The trigger system in the PICO-2L bubble chamber was used for two purposes: to
initiate the data acquisition and to activate the fast compression of the bubble chamber. While the cameras provided the primary trigger, the full system consisted of a
number of additional triggers to ensure 100% efficiency, thereby ensuring the detector
was protected against violent boiling.
Internal camera processors evaluated the difference in intensity for each pixel
between frames and a user defined minimum change in pixel intensity was required
to register a “pixel-change”. When the total number of pixel changes detected in
either of the cameras was higher than a fixed pixel-change threshold, the cameras
generated a trigger. Since the bubble growth rate depended on the expansion pressure,
and the bubble visibility changed as the camera/LED parameters were changed, the
pixel-intensity and -change thresholds had to be optimized for different operational
conditions. As a back-up to the camera trigger, a trigger was produced in case any
frames were being lost in either of the cameras, or the data acquisition was failing.
In addition, a bubble nucleation in any C3 F8 trapped in the bellows system (or any
other nucleation missed by the cameras), could be identified by a change in pressure
in the chamber and therefore a trigger was in place in order to catch any high rate
of change of pressure. If none of these triggers were received, the bubble chamber
was allowed to be in expanded state for a set maximum time (500 - 2000 s), at which
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point, a ‘timeout’ trigger was generated. The main purpose of this trigger was to
ensure little to no drift in temperature or pressure in the bubble chamber while
it was in expanded state. As the PICO-2L performance gradually became better
understood, the maximum expansion time allowed was increased two-fold1 over the
two experimental runs. Table 5.1 summarizes the series of triggers that collectively
formed the PICO-2L trigger system.
Trigger
Camera
Frameskip
∆P
DeadDAQ

Threshold
Pixel-changes in either camera
Missing frames from either camera
Rate of change of pressure as measured in PT-001 or PT-005
Failure in data acquisition

Table 5.1: Table describing the various triggers in place in the PICO-2L trigger
system that collectively had a 100% trigger efficiency.

The data acquisition from the monitoring sensors was initiated at the instant the
trigger was received, and an operational parameter allowed for a short time delay (0 30 ms) after the trigger before initiating the fast compress. The detector showed best
operational stability when the bubbles were detected and compressed in the shortest
time physically possible, approximately 50 ms for PICO-2L. Yet, this ‘trigger delay’
was helpful as it allowed the nucleated bubble(s) to grow for a longer period of time
which was vital for parts of the pressure analysis as described in Section 5.4.3.

5.5

Neutron shielding

The neutron shielding used for PICO-2L was originally used for the COUPP-4kg
experiment [112] and was designed to reduce the fast neutron flux, to a contribution
1

Run-1 started with a maximum expansion time of 500s and was changed to 1000s mid-run.
Run-2 started with 1000s, and was later operated with 2000s maximum expansion time.
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Figure 5.14: A photograph of the thermally insulated PICO-2L detector surrounded
by the polyethylene water containers used as neutron shielding during the WIMP search experimental runs. Another polyethylene container (not shown in the photograph) was placed on top to fully shield
the detector.
of less than 2×10−4 single nuclear recoils per kilogram of target mass per day. The
shielding consisted of a 14”-thick high-density polyethylene (HDPE) pedestal, on
which the pressure vessel was mounted, which provided the neutron shielding from the
bottom. Four large (20”×56”×62”) water-filled sidewall containers made of the same
HDPE material were stacked around the raised platform, as shown in Figure 5.14,
with a fifth (76”×76”×20”), completing the cube as the top layer. The top container
had a 2” through port that was normally plugged with a polyethylene shaft and
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was only opened during detector calibrations in order to insert a neutron or gamma
calibration source within the neutron shielding.

5.6

Deployment

The PICO-2L detector was deployed in the J-drift of the SNOLAB underground
laboratory at the same location as the recently concluded COUPP-4kg experiment.
The pressure vessel was fastened to a steel plate mounted on a raised platform with
14” of polyethylene beneath it. A 4”×4” channel on one of the sides of the raised
platform was used to route a 1” flexible stainless steel hydraulic cart hose, two 1/2”
stainless steel tubes for the water circulation and all the instrument wiring, to the
pressure vessel. Two WIMP search runs, Run-1 and Run-2, were conducted with
this setup and for each experimental run, a new inner vessel assembly was shipped
fully assembled from Fermilab. With the inner vessel assembly suspended within
the pressure vessel, the later was sealed, filled with mineral oil and fitted with the
cameras and LEDs as shown in Figure 5.15. After testing, calibrating and optimizing
the various instruments and controls, the pressure vessel was wrapped in a few layers
of clear plastic bubble wrap to provide thermal insulation. The hydraulic cart and
the pressure vessel were filled with mineral oil and all air was removed to ensure that
the hydraulic pressure system would not be ‘spongy’, and would react quickly when
pressurizing.
Both water and C3 F8 were distilled into the inner vessel assembly using a fluid
handling cart that was designed and constructed at Pacific Northwest National Laboratory. The distillation occurred by warming the source (either a stainless steel
container for ultra-pure water or a C3 F8 canister) and then transferring as a vapour
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Figure 5.15: A photograph taken during the insertion of the inner vessel assembly
inside the pressure vessel (left) and a photograph of the fully assembled
and thermally insulated PICO-2L detector (right) taken during the deployment of the PICO-2L detector for Run-2 in March 2015 in SNOLAB.
into the cold inner vessel. The C3 F8 canister was weighed constantly throughout
the process to measure the total distilled mass. A GasKleen V 3 nm particulate filter
was installed inline directly before the inner vessel during the water distillation, and
a GasKleen II reactive gas purifier was added close to the canister during the C3 F8
distillation. The water distillation for Run-1 took over 10 days to fill the assembly.
During this time, due to an operator error, the inner vessel was exposed to the exhaust of a vacuum pump that had previously been exposed to mineral oil. This may
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have led to the introduction of contaminants into the vessel. For Run-2, water was
distilled into the inner vessel assembly at Fermilab immediately after it was assembled and cleaned to ensure minimum particulate contamination. For Run-1, 2.90 kg
of C3 F8 was distilled into the PICO-2L bubble chamber’s inner vessel assembly over
a period of 9 days and involved multiple changes of transfer lines. The transfer line
connections used stainless steel gaskets and making/breaking VCR couplings had
been identified as a potential source for stainless steel particulate entering the bubble
chamber. Hence for Run-2, the procedure for C3 F8 distillation was performed, nonstop, without changing the transfer lines and 2.91 kg of the active fluid was added to
the ameliorated detector for the follow-up Run-2. After the C3 F8 distillation process,
the PICO-2L bubble chamber was optimized for WIMP-search experimentation and
the neutron shielding was deployed around it. Once the neutron shielding was in
place and the temperature within the bubble chamber had stabilized, PICO-2L was
ready to collect WIMP-search data. The data acquisition and analysis is described
next.
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Chapter 6
PICO-2L data acquisition and analysis

The PICO-2L data were analyzed using dedicated analysis tools in order to characterize bubble nucleations observed in the bubble chamber while it was active. A
WIMP-interaction candidate within the PICO-2L bubble chamber was identified as
an event with only one bubble nucleated in the bulk of the superheated C3 F8 , with
nuclear recoil-like acoustic emissions.
Image sequences recorded by the two cameras (providing a stereo-view), as well
as the traces recorded by the transient pressure transducer were used to identify
events with one bubble and to localize the bubble within the superheated fluid volume. Bubble localization was important since a high rate of bubble nucleations was
expected, and observed at the interfaces of the active volume due to the low level,
but non-zero natural radioactivity of the quartz jar wall material and heterogenous
bubble nucleation due to surface tension effects. In addition, lab tests confirmed
that most micron-sized particulates present within the active volume were suspended
at the C3 F8 surface interface or attached to the surface of quartz jar’s inner walls.
Hence, when looking for WIMP-interactions, a thin outer-layer of the total volume
was removed in the data analysis from the total C3 F8 volume in order to limit the
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search to a region where the interface background rate was well below that of the
expected signal.
The dominant background in the fiducial volume was expected to be from radonchain alpha decays and even though

222

Rn itself has a short half-life (3.82 d), due to

radon emanation into the target fluid from surrounding materials, a constant rate of
alpha-background was observed in PICO-2L during both Run-1 and Run-2 with a
rate of 4 cts/day. Since the acoustic emission associated with an alpha-induced event
had an acoustic power several times higher than those induced by nuclear-recoils, it
was possible to fully reject this background. Data acquired during radioactive source
calibrations were also manually characterized, event-by-event, by several trained individuals in a process referred to as a ‘Handscan’. The handscan results were compared
with the analysis outputs in order to evaluate the performance of the PICO-2L data
analysis as well as to visually determine the neutron multi-bubble background rates
in WIMP-search data when the Dytran analysis was not available.
Figure 6.1 shows the analysis sequence used to evaluate the total number of WIMPinteraction candidates (candidate-events), identified as events with only one bubble (single-bubble events), that nucleated in the fiducial volume (bulk events) and
had a low acoustic power (low-AP events). The rate of events with high acoustic
power (high-AP events) or with more than one bubble (multiple-bubble events) during a WIMP-search run, as evaluated in the base analysis, were used to understand
the alpha and neutron backgrounds in PICO-2L.
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Figure 6.1: Flowchart describing the PICO-2L WIMP-search data analysis used to
identify WIMP-interaction candidates. The horizontal arrows indicate
temperature, pressure and bubble position effects on acoustic emissions
which are accounted for in the acoustic analysis.
6.1

Data acquisition

The PICO-2L bubble chamber pressure cycles were automated and the detector operated continuously. An operator only intervened in case the detector condition or
performance was poor and the operational parameters needed to be optimized, or
whenever the experiment type was switched between WIMP-search and source calibrations. While conducting the same type of experiment and operating with the same
operational parameters, the data acquired from the detector over its various pressure
cycles were logically combined into one data set, referred to as a ‘run’. Within each
run, the data from each bubble chamber’s pressure cycle was recorded separately as
an ‘event’ and consisted of data from all DAQ and monitoring sensors required to
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characterize it. Each run consisted of a maximum of either 100 events or 10 hours of
expansion time.
For each event, the readout from various temperature and pressure sensors, as
well as the hydraulic cart controls, were acquired at a rate of 200 Hz over the full
pressure cycle of the bubble chamber. The control data comprised the history of all
the operational conditions of the bubble chamber and included the important timestamps, marking the times of hydraulic cart state transitions during the pressure
cycles as well as the detector trigger. In the WIMP-search data analysis, the history
was also used to determine the total time the bubble chamber was in the expanded
state, to estimate the energy threshold, and for thermodynamic corrections to the
acoustic analysis. Whenever a trigger was received, camera image sequences as well
as the fast data from the acoustic and transient pressure sensors were acquired. Since
the optical detection of a bubble was only possible when it grew to a minimum size (a
few mm in diameter), the cameras systematically triggered a short time (20 - 40 ms)
after the true bubble nucleation time. Hence, to capture the nucleation of the bubble,
four pre-trigger images were recorded from both cameras in addition to the six posttrigger (including trigger frame) images. In addition, the data from the Dytran and
piezo-electric sensors were acquired at a rate of 2.5 MHz for this finite (100 ms) time
window, capturing the pressure change and acoustic emissions associated with the
nucleation of the bubble(s), their growth and the hydraulic compression that followed
the trigger.
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Image analysis

The image analysis was used to identify the bubbles that nucleated in the superheated fluid and to reconstruct their three dimensional positions within the quartz
jar. To do so, the nucleated bubbles were first detected using analysis techniques, collectively called ‘getBub’ [113], as described in Section 6.2.1, which identified bubbles
and their pixel position. A separate analysis module, ‘XYZ’ [114], correlated the pixel
coordinates of a bubble to its real three-dimensional position within the detector as
described in Section 6.2.2. These analysis tools were essential in the identification of
true nucleations in the bulk of the PICO-2L target fluid as well as for determining
the fiducial volume.

6.2.1

getBub

Bubbles, as they grew bigger and rose within the chamber, were detected as ellipsoidal
clusters of pixel changes (as discussed in Section 5.4.1) that showed significant and
consistent change in intensity. Figure 6.2 shows a selected region of the image sequence
in which the nucleation and the growth of a bubble can be seen. In the getBub
analysis, the image sequence was first transformed into an ‘image-difference’ sequence
by subtracting the first frame of the image sequence from the rest. Using a pixel
change threshold, the image-difference sequence showed only significant pixel changes
while ignoring minute pixel changes, as shown in Figure 6.3. Once detected, the pixel
coordinates of the bubble were acquired from the frame where it first appeared in the
sequence. This ensured a more precise estimate of the bubble nucleation position, and
due to the bubble’s small size at that stage, its shadows were insignificant, simplifying
the bubble detection. Each pixel change cluster was given its own bubble ID and was
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Figure 6.2: A selected region and range of the image sequence recorded at 100 Hz
by the left camera in the PICO-2L bubble chamber showing a bubble
nucleation and its growth. The sequence shown here starts at the second
of the total ten recorded frames and covers a time range of 60 ms.

Figure 6.3: The image-difference sequence evaluated by subtracting the first frame of
the sequence from the rest in order to identify pixel changes. Bubbles were
identified as ellipsoidal clusters of pixel changes that persisted throughout
the sequence. The emerging (and growing) features in the later half of the
sequence are the shadows of the bubble in the background, but due to
their late appearance in the sequence, they were never misidentified as
bubbles during the getBub analysis.
localized with the pixel coordinates of the cluster’s centre.
To allow for 3-D spatial reconstruction, the pixel coordinates of the various bubbles
were needed in both cameras, as shown in Figure 6.4. The bubbles were matched
across the two images based on their closeness in the height coordinate, a method that
had an excellent performance for events with one bubble. Although it was inefficient
when multiple bubbles appeared in an event at similar heights, since the ultimate
goal of the PICO-2L data analysis was to isolate single nuclear-recoil interactions,
and the few multiple-bubble events could be examined manually to confirm they
were not misidentified single-bubble events, the employed approach employed was
sufficient. The output of the getBub analysis module consisted of the number of
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Figure 6.4: Images from the two PICO-2L cameras, recorded as the seventh frame in
the ten image sequences, showing the identified bubble (red circle) nucleated within the bubble chamber. The pixel coordinates of the identified
bubble, as evaluated for each camera image sequence, were used for its
position reconstruction using the XYZ analysis module.
bubbles detected in each event, as well as their pixel coordinates as detected in each
camera image sequence.

6.2.2

Position reconstruction

In order to reconstruct the actual bubble position using the pixel coordinates from
the two cameras, the stereo vision needed to be calibrated to account for lensing (refraction) and other optical effects. To do so, a look-up table was computed
using a ray trace algorithm that translated each pixel to light rays that propagated
to it, from each camera, through the curved interfaces with their various refractive
indices. The resulting two rays for each bubble were used to reconstruct its position
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by choosing it to be at the point of closest approach of the two rays. In order to determine the location of the bubble within the quartz jar, the stereo vision was calibrated
with the position of the quartz jar using eight visible markers which were applied at
precisely known locations on the front and back of the quartz jar during the inner
vessel assembly. The bubble’s position relative to the jar was evaluated as its closest
distance from the quartz jar’s inner wall and from the fluid surface interface between
C3 F8 and water.
The accuracy of the optical position reconstruction was evaluted as the 1σ width
of the radial distribution of the wall-events projected on to the inner jar wall radii
of 72.5 mm. This resolution was found to be better in the part of the jar closer to
the cameras and deteriorated at the farther edges of the jar including the bottom,
and was evaluated to be 5 - 7 mm, depending on the location of the bubble. The XYZ
position reconstruction accuracy in Run-2 was better due to the higher resolution of
the cameras, and this allowed for a position correction that accounted for some of the
systematic mis-reconstructions. Figure 6.5 shows the reconstructed position distribution of all the bubbles events observed during Run-2 in which a high bubble density
at the interface between the wall and the C3 F8 fluid is observed. This high bubble
density band nearly traced the shape of the inner surface of the jar, but showed minor
deviations that were a result of shortcomings in the ray trace mapping. To mitigate
these systematic mis-reconstructions, location-dependent position-corrections were
estimated based on the mean deviation of the dense bubble band from the well defined inner wall of the quartz jar. These corrections in the reconstructed radii of the
bubbles, evaluated independently at different heights, forced the reconstructed position distribution of the wall-events to be centered at the inner wall radius as shown
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in Figure 6.6. The resulting corrected three-dimensional position reconstruction of all
the bubbles was significantly improved to 2 mm.

6.3

Pressure analysis

Using pressure analysis techniques developed at Queen’s University, collectively called
‘Dytran2’ [115], it was possible to characterize bubble events in PICO-2L with a high
level of certainty and accuracy. These analysis techniques were used to evaluate the
number of bubbles produced in a given event, and to identify single-bubble events
occurring in the bulk. The Dytran2 pressure analysis also allowed for stringent limits
on neutron backgrounds in PICO-2L, and was used to evaluate the boundaries within
the C3 F8 volume, that defined the fiducial volume used for the WIMP-search data
analysis.

6.3.1

Pressure trace fit

The analysis techniques in Dytran2 involved fitting of the Dytran transient pressure
trace with a quadratic function in order to parameterize the rate, as well as the trend
of pressure rise in the bubble chamber due to the growth of the bubble(s). Prior to
the fit, the 2.5 MHz transient pressure trace was down-sampled to 10 kHz in order to
remove high frequency noise. The time axis of the pressure trace was shifted such
that t = 0 represented the time of bubble nucleation as evaluated from the acoustic
signals. The voltage prior to the bubble nucleation was also normalized to 0 V. An
example of a down-sampled and normalized pressure trace, recorded during Run-1,
is shown in Figure 6.7.
Next, in order to capture the pressure change due to the bubble growth only, the
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Figure 6.5: The three dimensional positional reconstruction of all the bubble events
observed during Run-2 in cylindrical coordinates (left) and projected onto
a horizontal plane (right). Black lines show the position of the waterC3 F8 contact interface, as well as the position of the quartz jar’s inner
walls where a high rate of bubble nucleation was observed. Without any
position corrections, the dense bubble population (wall-event band) traces
the shape of the quartz jar’s inner walls reasonably well, but not precisely.
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Figure 6.6: The position reconstruction in Run-2 was improved by adding positioncorrections in order to account for the systematic mis-reconstructions by
XYZ. The resulting distribution traced the shape of the inner walls of the
quartz jar much more closely and improved the accuracy of the bubble
position reconstruction.
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Figure 6.7: A plot showing the down-sampled and normalized Dytran pressure trace
for an event observed in PICO-2L during Run-1. The data from the Dytran pressure transducer were recorded only for a small time window (A
to F), centred around the camera trigger (C). The pressure trace features
included a short length prior to the bubble nucleation (at B), that was
used for pressure trace voltage normalization, the increase in the pressure due to the bubble growth (B to D), which was used in the Dytran2
analysis, as well as the rapid increase in pressure due to the fast compression (D to E) that saturated the Dytran instrument signal until the end
of its acquisition for an event (F).
pressure trace between the time of bubble nucleation and prior to the compression
was identified and extracted for the pressure analysis. While the time of the bubble
nucleation was estimated in the acoustic analysis, a spike in the second derivative
of the pressure trace was used to the determine time of compression. The segment
sandwiched between these two time stamps was then fit with a quadratic function.
The quadratic coefficient (A), the linear coefficient (B) parameters of the best fit
to the function V (t) = At2 + Bt + C, as well as the fit residual were used to compute
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Figure 6.8: Plot showing the truncated down-sampled and normalized pressure traces
of all events from PICO-2L Run-1. The pressure traces of events with one
bubble (blue) show distinct trends in pressure rise based on the bubble’s
locality and in addition, events with more than one bubble (black) show
a rate of pressure rise that is proportional to the number of nucleated
bubbles.
the Dytran2 analysis parameters. The offset term (C) was not used as the trace was
normalized to zero prior to the fit. Figure 6.8 shows the selected length of the pressure
traces of various events from Run-1 which were individually fit with a quadratic
function during the Dytran2 analysis. The distinct visible patterns in the pressure
trace distribution show the dependence of the pressure change in the bubble chamber
on the number of bubbles growing within it and on the locality of the bubble for
events with only one bubble.

0.1
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Figure 6.9: Averaged Dytran traces for events with one (blue), two (magenta) or
three (green) bubbles nucleated in the bulk of the detector target fluid.
A higher rate of pressure change was observed for events with a higher
bubble multiplicity.
6.3.2

Bubble multiplicity

Figure 6.9 shows the Dytran pressure traces from Run-1, averaged for all events with
one, two or three bubbles, and shows the dependence of the rate of change in pressure
in the bubble chamber, on the number of bubbles nucleated within it. This makes
sense as the pressure will rise more quickly if more bubbles are independently contributing to the expansion. To parameterize the rate of change, the original quadratic
fit parameters A and B were used to derive a new parameter, A0 , which was used to
determine the event’s bubble multiplicity.

A0 = A cos ΘAB − B sin ΘAB

(6.1)

B0 = B cos ΘAB + A sin ΘAB

(6.2)
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Figure 6.10: Plots showing the A and B parameter distribution for events with
one (blue), two (megenta) or three (green) bubbles. A rotational transformation of these parameters provided new parameters A0 and B0 (middle)
and the rotation angle was chosen such that the two-peak resolution between first two peaks in the A0 distribution (bottom) is optimized. A cut
in the A0 distribution was used to identify the single- and multiple-bubble
events.
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Figure 6.11: A plot showing the two-peak resolution between the first two peaks in
the A0 parameter distribution as a function of the rotation angle used to
transform the A - B parameter space to evaluate the A0 . Angle θAB is
chosen where the resolution was minimized shown here as a red dot.
A0 and B0 were evaluated from parameters A and B using a rotation angle, ΘAB , as
shown in Equation 6.1 and 6.2. Since the rate of change of pressure was reflected in
both the A and B parameters, the rotational transformation allowed for single useful
parameter that could be used to distinguish the multiplicity related differences in
pressure rise as shown in Figure 6.10.
The rotational transformation was optimized to distinguish single-bubble events
from those with multiple bubbles. To do so, ΘAB was chosen where the two-peak
resolution (δ) between the first two peaks of A0 distributions was minimized as shown
in Figure 6.11. The two-peak resolution was calculated as δ = (σ1 + σ2 )/(µ1 − µ2 ),
where σi and µi were the standard deviation and mean of the ith peak.
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Figure 6.12: Dytran traces for single-bubble events, averaged separately for events
where the bubble nucleated in the bulk (blue) of C3 F8 , or on one of
the three interfaces the superheated fluid comes in contact with, the
wall (green), water (magenta), or both (red).
6.3.3

Bubble localization

For single-bubble events, the behaviour of the pressure change in the Dytran trace
showed a strong dependence on the position of the growing bubble as shown in Figure 6.12. This is due to the effects of surface tension, and, as when a bubble is on one
of the interfaces only part of the bubble has access to the superheated fluid which
provides the energy for the expansion. The trend of the pressure change was parameterized based on the rate of the bubble growth as well as the quadratic nature of
the pressure rise. The former was parameterized using the A fit parameter and to
quantify the latter, the fit residual was used to derive χ2 as a standard measure of
the goodness of fit.
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Figure 6.13: Plot on the left shows the A-χ2 distribution (left) for events with a bubble nucleating in the bulk of the C3 F8 volume (blue) or at one of its
interfaces (red). A combination of an upper bound on the χ2 and a cut
range in A (dashed lines) was used to isolate the bulk bubble events as
shown in the right plot.

X  V(i) − fit(i) 2 1
.
χ =
∆V(i)
dof
2

(6.3)

The χ2 was calculated as shown in Equation 6.3, using the fit residual (V(i) - fit(i)), the
error (∆ V(i)) in the pressure trace array points (V(i)), and the degrees of freedom in
the fit (dof ). For the Dytran2 analysis, the polyf it2 function available in the Matlab
library provided the fit residual and dof as an output for each fit and the ∆ V(i) was
used as a fixed error for all points and was set to 0.0025 V based on the precision of
the Dytran transient pressure sensor.
The pressure change due to bubbles growing in the superheated fluid, but on
the quartz jar’s inner wall showed a departure from quadratic behaviour which was
reflected in the χ2 having a high value. The A parameter obtained for this class of
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A_prime parameter of the Dytran trace Fit as a function of the trace length used.
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Figure 6.14: Plot showing the A0 parameter determined by the Dytran2 analysis for
bubble multiplicity with one (blue) or more (red) bubbles as a function
of the length of the Dytran pressure trace provided as an input for the
Dytran2 analysis.
events was also much higher than the bulk events. For bubbles growing at the water
surface-interface, the pressure change followed a quadratic behaviour but with a much
lower rate of pressure change, and this was reflected in the A parameter as a lower
value. Hence, a cut selecting a range in A and a upper bound in χ2 , as shown in
Figure 6.13, was used to isolate the single-bubble bulk events.

6.3.4

Dependencies

The performance of the techniques used in the Dytran2 pressure analysis depended
on some of the PICO-2L bubble chamber operational conditions. To differentiate the
trends of pressure rise in the chamber based on their multiplicity or locality, a pressure
trace with a minimum length in time was needed. A separation in the distribution
of the evaluated A0 parameter, used to identify the bubble multiplicity, was visible
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Parameter A of the Dytran trace Fit as a function of the trace length used.
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Figure 6.15: Plot showing the evaluated A parameter in the Dytran2 localization
analysis for events with one bubble nucleating in its bulk (blue) or one
of its interfaces (red) as a function of the length of the pressure trace
available to the analysis.
when a minimum pressure trace length of approximately 20 ms was provided as an
input for the Dytran2 analysis as shown in Figure 6.14. Combining the optimized
response times of the camera trigger and the following compression, a pressure trace
with approximately 50 ms of bubble growth time was typically recorded. Hence, even
with the operational conditions optimized for the quickest compression, the recorded
pressure trace sample was sufficient for an accurate evaluation of the bubble multiplicity. On the other hand, the A parameter distributions only showed a separation
based on the bubble position when a minimum length in time of approximately 60 ms
of pressure trace was provided as seen in Figure 6.15. Hence, in order to facilitate
bubble localization using the pressure analysis, a small (10 ms to 30 ms) time delay
was added in the trigger-reaction pipeline that called for the fast compression. By
doing so, the pressure rise due to the bubble growth was recorded for a slightly longer

6.4. ACOUSTIC ANALYSIS

132

time, long enough to provide at least 60 ms of pressure trace for the Dytran2 analysis.
Since the Dytran2 analysis characterized events based on the pressure change, any
operational condition that suppressed the change in pressure due to the growth of
bubbles in the chamber had a negative impact on the pressure analysis performance.
The change in pressure within the hydraulic system (for a fixed volume change) could
be highly suppressed due to the presence of any air trapped within it. To maximize
the pressure change observed due to the growth of the bubble, the PICO-2L pressure
vessel and the inner-vessel assembly were carefully filled using a well defined procedure
in order to purge any air trapped within it. The mineral oil used as the hydraulic
fluid was also de-gassed in order to decrease its compressibility.
In addition, the growth rate of the bubble depended on the superheated fluid
pressure and hence the performance of the Dytran2 analysis deteriorated as the expansion pressure set-point became higher. The PICO-2L detector was nominally
operated with an expansion pressure set-point in the range of 30 - 36 psi. On rare
occasions it was operated at pressures greater than 48 psi where any differences in the
pressure rise trend or rate were indistinguishable by the analysis techniques involved
in the Dytran2 analysis and its data analysis exclusively relied on hand scans and
optical analysis in order to identify single-bubble events nucleated within the fiducial
volume as well as the multiple bubble events.

6.4

Acoustic analysis

Since the acoustic emissions associated with a bubble nucleation induced by an alpha
were distinguishable from those induced by a nuclear-recoil, a careful analysis of
the acoustic traces from an event allowed for substantial alpha event rejection [113].
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Figure 6.16: Raw acoustic traces from an event observed in Run-2 as recorded by the
six electric-piezo sensors in PICO-2L. The bubble nucleation and the
fast hydraulic compression are visible by eye at around t = -0.03 s and
t = 0.02 s. The trace time is normalized to the time of trigger at t = 0 s.
Figure 6.16 shows the raw acoustic traces recorded by the six electric-piezo sensors in
PICO-2L during Run-2.
The acoustic trace analysis techniques included noise filtrating, determination of
the time of nucleation and the computation of its acoustic power in different frequency
and time-windows. The resulting single acoustic parameter, or ‘AP’, was corrected
for positional and thermodynamical dependencies and allowed for the identification of
nuclear-recoil bubble events with high certainty. The analysis techniques used in the
PICO-2L acoustic analysis are described in detail in [106] and [116], and summarized
in this section.
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Time of bubble nucleation

To evaluate the time of bubble nucleation, the origin of the acoustic signal had to
be detected in frequency ranges where the signal dominated. In order to capture
information both in time and frequency, a discrete wavelet transform (DWT) was
taken for each available acoustic trace separately. The DWT of the trace generated
20 wavelet functions each representing a downsampling of the previous function by a
factor of 2 while being sensitive to half the frequencies. The 6th , 7th and 8th wavelet
functions, corresponding to a frequency range of 5 - 39 kHz, showed the most visible
initial response to bubble nucleations, and the information was combined by multiplying them together. By taking the integral of the square of the amplitude of this
wavelet product (Wavelet2 ), t0 was reconstructed as the time where the first peak in
the integral appeared, as shown in Figure 6.17. This time of bubble nucleation was
used in the Dytran2 analysis as described in the previous section, as well as to select
the region of interest for AP evaluation as described next.

6.4.2

Acoustic power

To evaluate the power of a bubble nucleation’s acoustic emission, the raw acoustic
traces were first filtered with a single pole exponential low-pass filter with a time
constant of 1 MHz followed by a high-pass filter with a time constant of 20 kHz.
Two Fast Fourier transforms (FFTs) were performed on the filtered acoustic traces,
one prior to the time of nucleation which provided the baseline noise spectrum, and
another in the signal region of time window between t0 to t0 + 10 ms. An acoustic
trace recorded by one of the PICO-2L piezo sensors during Run-2, as well as its two
FFTs are shown in Figure 6.18.
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Amplitude
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Time(s)

Figure 6.17: Plot showing the integral (blue line) of the sum of the square of the 6th ,
7th and 8th discrete wavelet transformation functions (green line). The
time of bubble nucleation (red line) was identified as the time where the
first peak appears in the integral.
Using the neutron calibration (WIMP search) data as a proxy for nuclear-recoil
events, frequency bands were selected in which the signal-to-noise ratio was high
and the response to alpha-induced events was significantly different from the nuclearrecoil events. A frequency-weighted power spectral density (PSD) integral was taken
for these selected frequency bands (f n × PSDf n ) and the sum of these weighted integrals was taken in order to estimate the acoustic power in a trace. The evaluated PSD
integral showed position dependencies, especially with respect to the radial coordinate, and hence was corrected for each frequency band separately. Figure 6.19 shows
the distribution of the evaluated PSD integral as a function of the bubble’s radial
position for all the events from the Run-2 nuclear-recoil calibration (with neutrons)
and WIMP-search data (dominated by alphas).
The position correction function (CRn 2 ,φ,Z ) was evaluated using the PSD integral
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Figure 6.18: A series of plots showing the acoustic trace before (top) and after (middle) the filtering process and the evaluated t0 (red dotted line)
determined by the analysis. Two regions are selected to measure the
noise (red box) and signal (blue) spectrum, and these are shown in the
bottom plot.
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Figure 6.19: Distribution of the power spectral density integral as a function of the
bubble’s radial position for all the events from the Run-2 nuclear-recoil
calibration (blue) and WIMP-search data (red). Bands 6, 7, 8 and 9
were used in the acoustic analysis to evaluate the acoustic power of a
bubble event, as a subset with good discrimination between alpha and
nuclear-recoil events.
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distribution of the single nuclear recoil events to account for position dependencies in
each coordinate for each of the four frequency bands. The sum of the position corrected PSD integrals from these frequency bands provided a single acoustic parameter
for each trace which was then scaled (Gi ) to account for the gain differences in the
various piezo-electric acoustic sensors. A single acoustic parameter was evaluated as
the average of the gain corrected acoustic power as evaluated for all acoustic traces
available for an event. Lastly, the averaged AP was scaled (CT,P ) to account for the
thermodynamic dependencies as shown in Equation 6.4, and normalized so that the
nuclear-recoil peak was centred at AP = 1.
n
fmax

AP = CT,P ×

X
i

Gi ×

X
n

CRn 2 ,φ,Z ×

X

f n × P SDfi n

(6.4)

n
fmin

The frequency bands 20 - 35 kHz, 42 - 50 kHz, 100 - 150 kHz and 150 - 200 kHz were
used in both Run1 and Run-2 WIMP-search analyses, and the AP parameter provided
an excellent discrimination against the alpha-induced events (> 99%) while accepting
most (> 99%) of the nuclear recoils. Figure 6.20 shows the AP distribution evaluated
for single-bubble bulk events from Run-2 WIMP search data as well as the neutron
calibration data.

6.5

Handscans

In order to evaluate the analysis efficiencies and to understand the PICO-2L data
analysis acceptance for WIMP-interactions, all the events in the calibration data were
characterized manually by trained individuals. The image sequences for each event
were scanned to identify all the bubbles, and for single-bubble events the location
of the bubble was recorded to be either in bulk or on the surface, wall or collar
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Figure 6.20: Acoustic power (AP) distribution, in log scale, for all single-bubble bulk
events from the Run-2 WIMP search data (red) and the neutron calibration data (black). The signal region in AP for WIMP-candidates
is indicated between the dashed blue lines. Note that due to the low
intensity of the neutron (241 Am/Be) source, there is still a significant
population of alpha-induced events in the data set and in this figure.
One potential nuclear-recoil event was identified in the WIMP-search
data for Run-2.
interface. In addition, during the handscan process, events were tagged that had
a false camera trigger1 , mis-reconstruction of t0 or other deviations from optimal
operational/analysis performance.
During the handscan of a given data set, two individuals initially scanned all the
events independently. The two primary handscan results were then compared and
the events, for which the interpretation of the two scanners was in disagreement,
these were re-scanned by a third scanner in order to resolve the disagreement. The
resulting final handscan included a single output for each event as agreed by the two
primary scanners, and for events where they had a disagreement, the interpretation
1

False camera triggers were sometimes registered due to jar movement or the LED light reflection
flickering caused by the movement of the C3 F8 - water interface. Such false camera triggers occurred
occasionally very early in the expansion and rarely occurred once the bubble chamber was in a stable
expansion state.
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of the third scanner was assumed as the final output. The acceptance of the handscan
process was evaluated as (1 − Pf2n ) × 100%, where Pf n was the probability of a false
negative interpretation by one of the handscanners and was evaluated as the fraction
of the total events, which had a disagreement in the initial handscans. The overall
acceptance of the handscan process was evaluated to be > 99.99 % for single-bubble
bulk events and > 99.3 % for multiple-bubble events [117] and provided a reliable
comparison base in order to understand the PICO-2L data analysis acceptance of
such events.

Summary At the end of the PICO-2L data analysis, we had a well identified number of events observed with an AP consistent with a nuclear recoil as well as the
total acceptance of such events in the known fiducial target mass. This now enables a
physics interpolation of the events to determine if the WIMP interaction signal is observable over background, and, if not, to set an upper limit on the WIMP-interaction
cross-sections for various WIMP masses. This will be the subject of the following
chapter.
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Chapter 7
WIMP-search experimental results

The PICO-2L bubble chamber was deployed in the SNOLAB underground laboratory in 2013 and two WIMP-search experiments were conducted with it over the next
two years. During Run-1, an anomalous background signal was observed which had
a behaviour inconsistent with that of the expected WIMP signal. Even with the
unknown background, world leading limits on SD WIMP-proton interactions were
produced. An assay of the PICO-2L inner-vessel fluids after this experimental run
revealed particulate contamination and this discovery led to Run-2 which primarily focused on particulate contamination control, especially that of the sub-micron
sized quartz flakes. The various improvements made in the PICO-2L detector design,
deployment and operations for Run-2 resulted in the eradication of the previously
observed anomalous background and surpassed the Run-1 results, producing new
world leading limits on the Spin-dependent WIMP-proton cross-section, and the results from PICO-2L led to the establishment of a new program, PICO-60, with vastly
improved physics reach and background control. The details of the PICO-60 run are
beyond the scope of this thesis, although the recent new results will be shown to
indicate what PICO-2L enabled.
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Run-1

PICO-2L Run-1 was conducted from October 2013 to May 2014 with 2.09 litres of
C3 F8 distilled into the PICO-2L inner vessel. With a density of 1.39 kg/L at 12 ◦ C and
30 psia, the total mass of C3 F8 was 2.90 ± 0.01 kgs, with the quoted uncertainty due to
the fluid losses in fill lines and instrumental accuracies. The total exposure to WIMPinteractions was evaluated to be 211.5 kg-days for Run-1, during which it was operated
with pressure-temperature combinations corresponding to four different ‘Seitz’ energy
thresholds below 10 keV, as listed in Table 7.1. At all these operating conditions,
neutron and gamma source calibrations were performed using 241 Am/Be (20 mCi) and
133

Ba (1 mCi) sources. The calibration data was used to understand the sensitivity

of C3 F8 to nuclear-recoils and gamma interactions, as well as the efficiencies of the
analysis tools designed to detect WIMP-interactions.
The data from this run showed an excellent acoustic rejection of alpha-induced
events at over 98.7% and the electron-recoil sensitivity was measured to be less than
3.5×10−10 events per interaction, even when operated at a low thermodynamic energy threshold of 3.2 keV. 12 WIMP-candidates were observed during Run-1, but
as their appearance time was correlated with the bubble chamber pressure cycles,
no WIMP-interaction signal was claimed and exclusion limits on the WIMP-nucleon
cross-sections were produced. The analysis of the data is described in [113] and the
results are presented in this section.
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Qset
4 keV
4 keV
3 keV
3 keV
3 keV
5.5 keV
7 keV

Tset (◦ C)
11.0
11.0
12.8
12.8
12.8
10.0
10.0
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Pset (psia)
30
30
30
30
30
35
40

tdelay (ms)
0
10
10
10
30
0
0

tmax (s)
500
500
500
1000
1000
1000
1000

Start date
28-10-2013
02-11-2013
10-11-2013
20-11-2013
18-12-2013
24-02-2014
21-02-2014

End date
02-11-2013
09-11-2013
20-11-2013
17-12-2013
08-01-2014
02-05-2014
19-05-2014

Table 7.1: Table describing the different operational parameters used in Run-1. Qset
here is the thermodynamic energy threshold, Tset is the temperature setpoint in Neslab and Pset is the target expansion pressure. tdelay is the
trigger time delay introduced and tmax is the maximum time the bubble
chamber was allowed to be in an expanded state when no bubble nucleations were observed in an event.

7.1.1

Energy threshold

In order to estimate the energy threshold of the detector, the thermodynamic parameters needed to be accurately known. We refer here to the Seitz’s thermodynamic energy threshold as discussed in Section 4.2, corresponding to a particular temperature
and pressure for C3 F8 . As the detector response is not a step function, the effective
threshold will be slightly higher than this as discussed in Section 4.3.1. The temperature of the superheated volume in PICO-2L was estimated based on the temperature
sensor T4 which had to be corrected for the prevalent thermal gradient and the adiabatic cooling of the active volume during its expansion as shown in Equation 7.1. By
inserting an array of temperature sensors within the pressure vessel after the run, the
thermal gradient at various operational temperatures was measured and the thermal
gradient correction was determined to be 0.016 × (21◦ C − T4). In addition to the
thermal gradient due to the detector configuration, temperature fluctuations were introduced due to the pressure cycling. The adiabatic cooling correction was estimated
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with the assumption that the hydraulic fluid (mineral oil), the buffer fluid (water) and
the active fluid (C3 F8 ) were at the same temperature on average and accounting for
a calculated 1◦ C temperature change when transitioning to and from the compressed
state. Since the detector remained in the expanded state over 90% of the time during
this WIMP search run, an adiabatic cooling correction of 0.1o C between the mineral
oil and C3 F8 was added. The quoted systematic uncertainty accounted for the spatial variation within the active volume, instrument calibration and an allowance for a
temperature difference between the T4 sensor (which was in contact with the mineral
oil), and the active fluid. Hence the fluid temperature was taken to be:

TC3 F8 = (T4 − 0.016 × (21◦ C − T4) − 0.1 o C) ± 0.3◦ C.

(7.1)

The average pressure of the active fluid was evaluated using PT4, which was corrected
for the static head pressure due to the height difference in the pressure sensor and
mid-point of the active volume. Accounting for approximately 22” of water and 3”
of C3 F8 above the mid-point of the active volume, a static-head pressure correction
of 1.09 psia was added to the measured PT4 pressure as shown in Equation 7.2.

PC3 F8 = (PT4 + 1.09) ± 0.7 psia

(7.2)

Three different expansion pressure set points of 30.0, 35.0 and 40.0 psia were used
in Run-1 and the pressure distributions as measured by PT4 had a 1σ width of
under 0.05 psia. The uncertainty in the pressure of the C3 F8 volume accounted for
the transducer inaccuracy, instrument calibration, static head gradient and thermal
effects. The estimated pressure and temperature of the active volume, as well as
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Data
4XY Z
4Dytran
3Dytran
5.5XY Z
7XY Z

TC3 F8 (◦ C)
12.22 ± 0.20
12.22 ± 0.20
14.18 ± 0.03
11.58 ± 0.04
11.58 ± 0.04

145

PC3 F8 (psia)
31.09 ± 0.02
31.09 ± 0.02
31.10 ± 0.02
36.08 ± 0.02
41.08 ± 0.02

‘Seitz’ threshold, QSeitz (keV)
4.35 ± 0.25(exp) ± 0.26(th)
4.35 ± 0.25(exp) ± 0.26(th)
3.24 ± 0.15(exp) ± 0.22(th)
6.14 ± 0.33(exp) ± 0.33(th)
8.08 ± 0.48(exp) ± 0.40(th)

Livetime (d)
2.6
4.9
32.2
39.7
18.2

Table 7.2: Table listing the WIMP-search data sets for Run-1, separated based on the
different energy threshold or fiducial volume analysis techniques used (see
Section 7.1.2). The experimental uncertainty in the threshold arose from
uncertainties on the temperature (0.3◦ C) and pressure (0.7 psi), while the
theoretical uncertainty comes from the uncertainty in the surface tension
for very small bubbles. The livetime is the total WIMP-exposure, in days,
as evaluated for each of the Run-1 WIMP-search data sets.

the corresponding ‘Seitz’ energy threshold for the various WIMP-search data sets of
Run-1 are listed in Table 7.2 along with the respective total time the bubble chamber
was live.

7.1.2

WIMP-exposure

The estimated WIMP-exposure accounted for the total time the detector was sensitive to WIMP interactions within its fiducial target mass, as well as the acceptance
efficiency of the analysis tools for such interactions. The total time of exposure to
WIMP-interactions (the ‘livetime’) was estimated based on the total time the bubble
chamber was in a stable expansion state, i.e. within 0.5 pisa / 0.1◦ C of the pressure/temperature set point. With the slow expansion ramp lasting 5 to 10 s, a buffer
period of 25 s was adopted and this period was removed from WIMP-exposure estimation. Any bubble events that appeared during this expansion stabilization period were
excluded from the data. Runs were excluded from the WIMP-exposure during which
the neutron shielding was improperly installed, data acquisition was incomplete, or
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the mineral oil in the hydraulic cart was lower than the required minimum amount to
perform adequately1 . Lastly, any expansions that occurred while a neutron calibration source was in the vicinity of PICO-2L were also excluded from the WIMP-search
data. The WIMP-search data were separated in to data sets called 3Dytran , 4XY Z ,
4Dytran , 5.5XY Z and 7XY Z and these were analyzed separately as discussed next.
Fiducial target mass
An ‘optical-based’ fiducial volume cut was used for data sets 4XY Z , 5.5XY Z and 7XY Z
using the neutron calibration data such that the bubble events that were reconstructed
within the accepted C3 F8 region by the XYZ analysis contained less than 1% contamination from the interface events. Using a combination of selection cuts for the
bubble’s height and distance from the wall, as shown in Table 7.3, the optical-based
fiducial volume cut accepted 82 ± 1% of the C3 F8 volume, equivalent to 2.39 ± 0.01 kg
of target mass. Figure 7.1 shows the reconstructed 3-D position distribution of the
bulk- and interface-events as optically evaluated in the WIMP-search analysis for
Run-1.
Since the bubble localization analysis was only useful for pressure trace lengths
longer than 50 ms, it could only be used for the 3Dytran and 4Dytran data sets since
these data were acquired during operations with a 10-40 ms trigger time-delay. The
Dytran2 localization analysis had a very high acceptance for bulk events as shown in
Table 7.4 and for this reason, whenever possible, it was used to identify bulk events.
The ‘pressure-based’ fiducial volume was estimated using the optically reconstructed
1

Insufficient mineral oil in the hydraulic cart resulted in a lower pressure in the HP accumulator,
weakening the fast compression. Between expansions, in an attempt to correct the low pressure, the
hydraulic pump remained hyperactive, but without a sufficient reservoir, could not reach the desired
pressure.
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Interface
Water
Water + wall
Wall
Wall
Wall

Region
Surface
Collar
Front
Rear
Bottom

Cut
Z < 74 mm
dwall > 10 mm
dwall > 4 mm
dwall > 7 mm
dwall > 5 mm

Table 7.3: Optical-based fiducial volume cuts on the reconstructed bubble height (Z)
and distance from the wall (dwall). Due to the varying position reconstruction (2 to 4 mm) resolutions in different regions of the active volume, the
cut on the distance from wall was separately set for the respective regions,
maintaining a contamination of less than 1% through out.
Qset /tdelay
3 keV/40 ms
3 keV/10 ms
4 keV/10 ms

χ2 cut
χ2 < 25
χ2 < 8
χ2 < 8

A parameter cut
96.7 < A < 145.4
74.7 < A < 150.3
65.3 < A < 136.1

Acceptance
100 %
99.7 %
98.7 %

Table 7.4: Table showing the selection cuts used to identify the bulk events in the
Dytran2 localization analysis. The cut range for parameter A was placed
at the 3.5 σ width of its distribution for the respective data type. Neutron
source calibration data was used to estimate the acceptance of the Dytran2
localization analysis for bulk events by comparing pressure-rise analysis
results against the final handscan output results.

position distribution of the wall-events2 , localized by the Dytran2 analysis. The
position distribution of these events was limited to be within 1.5 mm of a distance
from the front wall and removing an outer layer of this width from the target mass
corresponded to a fiducial volume fraction of 93 ± 1%. Combined with the Dytran2
localization analysis acceptance, a total pressure-based fiducial volume cut efficiency
of 92 ± 2% was determined, equivalent to 2.67 ± 0.02 kg of target mass.
2

Only the wall events observed on the front wall region were used since the position reconstruction
resolution in this region was the most reliable.
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Figure 7.1: The three dimensional positional reconstruction of all the bubble events
observed during Run-1 in cylindrical coordinates (left) and projected onto
a horizontal plane (right). Black lines show the position of the water C3 F8 contact interface, as well as the position of the quartz jar’s inner
walls. The red and black dots here show the events identified as bulk- or
interface-events respectively.
Analysis acceptance
When evaluating the total number of WIMP-interaction candidates within the fiducial
target volume, a set of data quality cuts was applied to remove any events with
missing or poor quality data in order to minimize false positives. A cut on the
acoustic power was used to distinguish the single nuclear-recoil events from the alphainduced events. To ensure appropriate optical reconstruction, events were removed
during when the camera trigger failed to initiate or the data acquisition from either
of the cameras missed a frame in the recorded image sequence. The optical bubble
detection efficiency was evaluated as the fraction of single-bubble bulk events which
passed the data quality cuts and had one bubble detected (using the getBub analysis
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tool) in each of the camera image sequences. This was determined to be 98.9 ± 0.3 %.
To ensure an accurate AP evaluation, events with excessive noise in the pre-trigger
acoustic signal were removed. Lastly, a cut was put in place to only accept events
that occurred while the bubble chamber was stable at within 0.5 psi of the target
expansion pressure. A total data quality cut acceptance efficiency of 96.1 ± 0.3 % was
determined using the single bubble-bulk events identified in the neutron calibration
data as listed in Table 7.5.
Data quality cut
Frame skip
Video trigger
Getbub
Piezo noise
Pressure cut
Total

Efficiency
97.7 ± 0.1 %
100.0 ± 0.0 %
98.9 ± 0.3 %
99.3 ± 0.2 %
100.0 ± 0.0 %
96.1 ± 0.3 %

Table 7.5: Data quality cuts used in the Run-1 WIMP-search analysis used to identify
single nuclear recoils in the bulk of the detector, as well as their respective
efficiencies.

The signal region in AP for single nuclear-recoils in the bulk of the active volume
was defined by a cut range optimized for maximum nuclear-recoil event acceptance
while minimizing false-positives expected from the low-end tail of the alpha AP distribution. The optimized cuts and the resulting acceptances are listed in Table 7.6.
The single nuclear-recoil peak distribution (low-AP), centred at AP = 1, was
clearly distinguishable from that of the alphas (high-AP), and a conservatively placed
cut (Alpha cut) at the low end of the high-AP distribution was used to identify the
alpha events. Within the alpha distribution, distinct peaks were observed with a
time structure consistent with that of radon associated alpha-decays with energies
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Data
4XY Z
4Dytran
3Dytran
5.5XY Z
7XY Z

N.R. cut
0.7 < AP < 1.3
0.7 < AP < 1.3
0.7 < AP < 1.3
0.55 < AP < 1.45
0 < AP < 2.0

Acceptance
89 %
89 %
93 %
88 %
89 %

Alpha cut
AP > 3
AP > 3
AP > 2.5
AP > 6
AP > 6

Table 7.6: The single nuclear-recoil AP distribution was centred at AP = 1 and a selection cut range (N.R. cut) was used in the analysis to identify such events.
The alpha events, with a high acoustic power and visibly distinguishable
distribution from that of the single nuclear-recoils, were identified using a
low bound (Alpha cut).

5.5 MeV (222 Rn), 6.0 MeV (218 Po) and 7.7 MeV (214 Po) and this was the first observation of alpha radiation calorimetry in superheated detectors. The acceptance of the
acoustic cut for single nuclear-recoils was estimated using the neutron source calibration data by assuming the ‘mid-AP’ events3 to be false negatives. The evaluated
acceptance for all thresholds was statistically consistent with 90.8 ± 0.9%, the combined acceptance assumed for the whole data set in Run-1. Conversely, by assuming
the mid-AP events to be alpha-events, a 90%C .L. lower limit on the alpha rejection
was conservatively evaluated to be 98.2%.
The multiple-bubble event rate was also of significance since such events were
unique to neutron interactions4 . During the neutron source calibrations, it was observed that over 60% of the neutron interactions underwent multiple scatterings and
hence, the multiple-bubble event rate provided an indirect measurement of the total
prevalent neutron background rate observed during a WIMP-search run. Using a
combination of getBub or Dytran2 multiplicity analysis, candidate multiple-bubble
3

Events with an AP higher than the upper-bound of the N.R. cut range, but less than the Alpha

cut.
4

True WIMP interactions have an infinitesimal chance of a multiple elastic scatters.

7.1. RUN-1

151

events were selected. These event images were then visually inspected by hand scanning to confirm their validity. The optical selection was based on the criteria that
more than one bubble was detected in each camera and the selection cuts used for
the pressure-rise multiplicity analysis are listed in Table 7.7. The acceptance of the
method for multiple-bubble events was evaluated using neutron source calibration
data with over 1800 multiple bubble events and this acceptance was accounted for
when evaluating the true exposure to multiple nuclear-recoils, in time.
Qset /tdelay
3 keV/40 ms
3 keV/10 ms
4 kev/10 ms
5 kev/0 ms
7 kev/0 ms

Livetime (d)
6.65
25.56
4.90
39.70
18.20

χ2 cut
χ2 < 25
χ2 < 8
χ2 < 8
χ2 < 8
χ2 < 8

A0 parameter cut
A0 > 6
A0 > 5.75
A0 > 5.5
A0 > 2.2
A0 > 1.15

Acceptance
97.1%
97.6%
99.0%
98.0%
97.1%

Exposure (d)
6.5
25.0
4.9
38.9
17.7

Table 7.7: Table listing the selection cuts used in the Dytran2 multiplicity analysis
for data separated based on the target energy thresholds (Qset ) and the
adopted time-delay between trigger and the fast compression (tdelay ). To
minimize false positives, events that passed these cuts were then visually
inspected to confirm the bubble multiplicity. The exposure, in days, to
multiple nuclear-recoils was derived as the acceptance fraction of the total
accumulated livetime for each data set.

The total acceptance for single nuclear-recoils including the fiducial, data quality
and acoustic cuts was determined to be 80 ± 2% for data sets with pressure-based
fiducial volume definition and 72 ± 2% for data sets with optical-based fiducial volume
determination. Table 7.8 lists the resulting estimated WIMP-exposure for all Run1 data sets which corresponded to a total of 211.5 kg-days of exposure to WIMPinteractions. For multiple nuclear-recoils, the acceptance was evaluated to be greater
than 97% for all data sets in Run-1, and for such interactions, a total livetime of
92.8 days was estimated.
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Data
4XY Z
4Dytran
3Dytran
5.5XY Z
7XY Z
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Livetime (d)
2.6
4.9
32.2
39.7
18.2

Exposure (kg-d)
5.9
12.5
82.5
90.7
41.6

WIMP-Exposure (kg-d)
5.4
11.4
74.8
82.2
37.8

Table 7.8: Table listing the WIMP-search data sets for Run-1 and the respective
total accumulated exposure to WIMP-interactions that took into account
the total time the detector was live and its fiducial target mass. The
estimated WIMP-exposure also included the analysis acceptance factor
for single nuclear-recoils.

7.1.3

Signal

A high rate of high-AP events was observed at the start of Run-1 and this signal
decayed, with a half life consistent with

222

Rn, to a constant rate of 4 cts/day that

then persisted throughout the rest of the run. A similar flat-rate of alpha decays had
been reported in the COUPP-4kg experiment [62] and the source of it was believed
to be the long-lived Uranium and Thorium prevalent in the material surrounding the
active fluid, providing a constant source of radon as it diffused out of these materials.
A total of 12 low-AP single-bubble events were identified within the fiducial volume
during Run-1, the majority of which occurred when operating at the lowest energy
threshold, as shown in Table 7.9. No multiple-bubble events were identified in any of
the WIMP-search data sets.
Fast-neutrons were ruled out as a source for this signal as no multiple-bubble
events were identified during Run-1 and the lack of such events in Run-1 provided
an upper limit (at 90%C.L.) of 0.008 cts/kg/day in PICO-2L. This was consistent
with the MCNP simulation results which predicted 0.004 (0.006) cts/kg/day rate for
single(multiple)-bubble events due to neutrons which were expected to be dominantly
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QSeitz (keV)
0.25(exp)
4.35 ±0.26(th)
0.15(exp)
3.24 ±0.22(th)
0.33(exp)
6.14 ±0.33(th)
0.48(exp)
8.08 ±0.40(th)

153

WIMP-exposure (kg-d)
16.8
74.8
82.2
37.8

Alphas
44
179
138
66

Candidates
0
9
3
0

Multiples
0
0
0
0

Table 7.9: Table listing the WIMP-search data sets for Run-1 and the respective total
accumulated exposure to WIMP-interactions that accounted for the total
time the detector was live and its fiducial target mass. The final estimated
WIMP-exposure accounted for the total exposure in time and mass, as well
as the analysis acceptance for single nuclear-recoils. No multiple-bubble
events were observed in the whole WIMP-search data in Run-1.

produced by α-n reactions and spontaneous fission from the

238

U and

232

Th present

in the detector components within the neutron shielding. This prediction was equivalent to an estimate of 0.9 (1.6) single (multiple)-bubble events due to the neutron
background in PICO-2L filled with 2.9 kg of C3 F8 during the 92.8 days of exposure
and was consistent with the projected upper limit on the observed multiple-bubble
events.
Electronic recoils were also ruled out as a source of the observed signal due to the
lack of observation of any candidate events during the gamma source calibrations. A
low probability (< 3.5 × 10−10 nucleations per gamma at 90% C.L.) was evaluated for
a WIMP-candidate event to occur due to electronic recoils in C3 F8 at thresholds as
low as 3.2 keV. Using a dedicated NaI measurement of the gamma flux at the location
of the chamber, less than 0.05 events were expected due to electronic recoils during
the whole of Run-1.
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Figure 7.2: The CDF for the expansion time between the signal and the previous
bubble nucleation (TPNT) for a simulated temporally random sample, as
expected from WIMPs, as well as for the candidate events observed in the
3.2 keV data set. The two distributions were found to be different and
the signal was not treated as an evidence for WIMP-interactions.
Signal interpretation
This signal was also inconsistent with WIMP-interactions due to its correlation with
the previous bubble nucleation in the bubble chamber. A signal with a similar behaviour was reported in the COUPP-4kg experiment as well, where all the candidate
events appeared within 1000 seconds (expansion time) of an event which had a bubble
nucleation at the C3 F8 interface with both water and quartz. The correlation between
the observed candidates in PICO-2L Run-1 and the recent bubble chamber activity
was most evident in the expansion time between the appearance of a candidate event
and the previous bubble nucleation, or TPNT (Time-to-Previous-Non-Timeout).
The cumulative distribution function (CDF) of the TPNT for a simulated sample with a WIMP-like (random in time) distribution was compared with that of the
observed 9 candidate events in the 3.24 keV data. These two functions are shown in
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Figure 7.10 and a comparison between the two distribution samples, made using a
Kalmogorov-Smirnov test [118], returned a low p-value of 0.004 indicating that the
two distributions are different. The validity of the method of comparison was cross
checked by performing the same test on samples of events that were known to be
random in time and the sample size was comparable to the observed anomalous background. Data samples containing 12 events where the camera DAQ failed for more
than one frame, 17 randomly chosen alpha events, and 23 events from neutron source
calibration data with 6 bubbles, were used and the comparison test returned a p-value
of 0.94, 0.543 and 0.748 respectively. The observed signal was therefore regarded as
anomalous and the upper limits on WIMP cross-sections were evaluated as described
next.

7.1.4

WIMP-search result

Given the anomalous behaviour of the observed signal, no evidence for WIMP interactions was claimed and an upper limit on the WIMP cross-section was evaluated using
the optimum interval method [119] with slight modification. Yellin’s method can be
used to find an optimum interval in some experimental parameter, within which the
unknown background is completely absent, or limited to a few events, and the method
takes advantage of any differences in distributions of expected and observed signals.
It provides a true upper limit (with 90% C.L.) on the cross-section of the expected
signal such that the quoted cross-section is lower than what would be evaluated by
90% of random experiments with no backgrounds. When used with the Run-1 data
sets, the method accounted for the varying operating thresholds5 , and the cut on the
5

The detector’s sensitivity for a given WIMP-mass was relatively different for the four energy
threshold operations, and hence the optimization was done separately for each WIMP-mass.
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TPNT variable was optimized simultaneously over all four threshold operations. The
method allowed for an optimization of cuts in the TPNT variable which removed all
of the 12 candidate events from the data while taking a significant tuning penalty
on the WIMP-exposure, inherent in the optimization method in order to produce a
true upper limit with 90% confidence level. The adopted TPNT cuts, as well as the
imposed tuning penalty on the respective WIMP-exposures are listed in Table 7.10.
Data
0.15(exp)
3.24 ±0.22(th)
0.25(exp)
4.35 ±0.26(th)
0.33(exp)
6.14 ±0.33(th)
0.48(exp)
8.08 ±0.40(th)

TPNT cut (s)
> 980
>0
> 1700
>0

Candidates
0
0
0
0

Tuning penalty
0.47
0.72
0.59
0.43

Table 7.10: Time to Previous Non Timeout (TPNT) cut for each data set along with
the number of events that passed the cut. The tuning penalty shows the
fraction of the total efficiency, including the adopted TPNT cut, that
was accepted as WIMP-exposure used for upper limit calculation. All
data sets suffered a penalty, even ones with no background, since the
optimization was done simultaneously over all data sets at a particular
threshold.

The WIMP-search limit calculations were performed as outlined in Section 3.2.3
using the standard halo parameterization [39] with ρD =0.3 GeVc−2 cm−3 , vesc = 544 km/s,
vEarth = 232 km/s, vo = 220 km/s and the spin-dependent parameters from [44] . An
example of such a calculation, where an observed WIMP-signal rate in a detector is
converted into an upper limit on WIMP cross-sections, is provided in Section 7.2.5.
Figures 7.3 and 7.4 show the resulting 90% C.L. upper limits for SDp and SI interactions. The results were published as the world-leading constraints on spin-dependent
WIMP-proton couplings [5].
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Figure 7.3: The 90% C.L. limit on the SD WIMP-proton cross-section from Run-1 of
PICO-2L is plotted in red, along with limits available at the time from
PICO-60 CF3 I (brown), COUPP-4kg CF3 I (light blue region), PICASSO
C4 F10 (dark blue), SIMPLE C2 ClF5 (thin green), XENON100 (orange),
IceCube (dashed and solid pink), SuperK (dashed and solid black),
CMS (dashed orange) and ATLAS (dashed purple) [83, 62, 120, 121, 122,
123, 124, 125, 126]. Results from indirect detection experiments and
collider production are shown in dashed lines as available at the time.
The purple region represents the parameter space of the CMSSM model
of [127].

SI WIMP−nucleon cross section [cm2]
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Figure 7.4: The 90% C.L. limit on the SI WIMP-proton cross-section from Run-1 of
PICO-2L is plotted in red, along with limits available at the time from PICASSO C4 F10 (blue), LUX (black), CDMSlite and SuperCDMS (dashed
purple) [120, 128, 129, 130]. Allowed regions from DAMA (hashed
brown), CoGeNT (solid orange), and CDMS-II Si (hashed pink) are also
shown [131, 51, 132].
7.1.5

Discussion

While some new parameter space was excluded based on the results from Run-1 in
PICO-2L, its full physics potential was not met due to the presence of the anomalous
background. The leading hypothesis for the observed background was the presence of
particulate contamination in the active volume that could lead to bubble nucleations
due to associated radioactivity or due to surface tension effects. These particulates
were either buoyant enough to be permanently suspended within the bulk of the
active volume, carried around by convection, or injected into the bulk temporarily
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Figure 7.5: Image of a typical quartz (left) or stainless steel (right) particle found in
PICO-2L inner-vessel fluids, taken using an EDS-SEM (Scanning Electron
Microscopy with X-ray microanalysis).
from the wall or collar interface by bubble nucleations in proximity. The latter was
supported by tests, performed at Queen’s University, where controlled particulate
injection into small test bubble chambers (100 ml) showed that such contamination
had a strong affinity for the active volume interfaces and mostly settled at the C3 F8
interface with both water and glass (collar-events). In addition, these tests revealed
that the presence of particulate contamination enhanced the surface and collar-event
rates.
An assay of the PICO-2L inner-vessel fluids at the end of Run-1 revealed micronsized particulates (Figure 7.5), predominantly made of natural quartz and stainless
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steel. Such contamination could be produced in significant amounts during the PICO2L inner-vessel assembly and could have partly survived the Run-1 inner-vessel assembly cleaning process. Over the course of the experimental run, stainless steel
particulate contamination may have appeared due to metal fatigue from the flexing
action of the bellows and from corrosion, and silica particulate could be expected to
arise from micro-fracturing of the mating surface of the silica inner vessel flange due
to the mechanical stresses associated with its seal to the metal bellows flange. Such
stress fracturing was indeed identified on the sealing surface of the PICO-2L quartz jar
flange after Run-1. This micro-fracturing would have not only resulted in a significant
production of silica particulates during the assembly of the vessel, but stress corrosion
fatigue due to the pressure spikes associated to the bubble chamber’s pressure cycles
was likely to be an ongoing source of new silica particulate contamination.
The discovery of similar particulate contamination in the recently concluded first
PICO-60 dark matter search experiment with CF3 I, which also experienced a similar
anomalous background (with a much higher number of candidate events), further
strengthened the particulate hypothesis. While the exact mechanism for particulates
to produce a bubble event with a low acoustic power remains unknown, a followup PICO-2L experimental run, Run-2, was devised in order to check the effects of
particulate contamination mitigation on PICO-2L’s performance.

7.2

Run-2

PICO-2L was redeployed in SNOLAB at the same location in early 2015 for a second
WIMP-search experimental run, Run-2, with modifications to its detector design,
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Qset
3 keV
3 keV

Tset (◦ C)
15.0
15.0
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Pset (psia)
36
36

tdelay (ms)
0
0

tmax (s)
1000
2000

Start date
12-06-205
11-08-2015

End date
28-07-2015
25-09-2015

Table 7.11: Table describing the different operational parameters used in Run-2. The
detector was operated at a higher expansion pressure (Pset ) and temperature (Tset ) compared to Run-1. No time delay (tdelay ) was used in Run-2
due to the absence of the Dytran instrument. Operationally, the two
data sets only differed in the maximum time the bubble chamber was
allowed to be in an expansion state (tmax ) when no bubble nucleations
were observed in an event.

deployment procedures and operations as a measure to control particulate contamination. The bubble chamber was filled with 2.91 ± 0.01 kgs of C3 F8 , similar to Run-1,
and WIMP-search data was collected from June 2015 to September 2015, operating
at conditions as listed in Table 7.11. A total of 129 kg-days of WIMP-exposure was
collected, significantly more than the comparable data set for Run-1, at a pressuretemperature combination that corresponded to a thermodynamic energy threshold
of 3.3± keV. Midway through and at the end of Run-2, neutron and gamma source
calibrations were performed using

241

Am/Be and

133

Ba sources and the detector ex-

hibited the same excellent alpha (acoustic) and electron-recoil rejection as observed
in Run-1.
Only one WIMP-candidate event, consistent with the expected neutron background rate, was observed in Run-2 indicating that the measures taken to control
particulate contamination in PICO-2L resulted in the eradication of the anomalous
background events observed in the first run of this bubble chamber. These results
were used to produce world leading constraints on WIMP cross-sections and provided
valuable guidance for the follow up PICO-60 C3 F8 WIMP-search experiment. The
details of the mitigation steps taken and the analysis are presented below.
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Particulate control

Various measures were taken in order to reduce the overall particulate contamination
in PICO-2L and to suppress mechanisms that could enhance or support the presence
of particulate in the bulk of the active volume.

Contamination reduction
The inner-vessel assembly cleaning process and the fluid handling procedures were
significantly improved for Run-2 to ensure that compared to Run-1, the initial state
of the PICO-2L bubble chamber was effectively free of particulate contamination. As
described in detail in Section 5.1.3, the cleaning procedure was ameliorated and an
extensive rinsing process ensured the removal of majority of the particulate contamination. The fluid handling procedures were also significantly improved, as described
in Section 5.6, in order to eliminate any possible channels of particulate injection into
the ultra clean inner vessel assembly while distilling fluids within it.
Subsequent generation of quartz particulate contamination during regular detector
operations was mitigated by replacing the quartz jar’s sealing flange material, as
discussed in Section 5.1.1, which was found to generate a source of quartz particulate
contamination in Run-1. The new flange was fabricated out of synthetic quartz
material that has fewer impurities, inclusions, and surface flaws and was therefore
more likely to be resistant to stress fracturing and to the production of particulate
contamination. To further reduce such fracturing, the fast-compression speed was
carefully optimized, as discussed in Section 5.8, such that the bubble chamber never
experienced extreme pressure spikes associated with hydraulic hammer.
To allow for a direct comparison and to avoid any systematic differences that could
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arise from introducing new construction materials, design modifications developed for
PICO-2L to mitigate stainless steel particulate production or to re-circulate and filter
the PICO-2L inner-vessel fluids were not implemented.

Fluid convections
In addition to the overall reduction of particulate contamination, measures were taken
to account for any possible particulate contamination by suppressing those mechanisms that promote particulate presence in the bulk of the superheated volume. This
was achieved by reducing the thermal convections within the superheated fluid, as
well as by minimizing particulate ejection into the bulk from the interfaces due to
bubble nucleations in proximity. To achieve the former, the temperature regulation
of the chamber was improved, as described in Section 5.3, as a measure to reduce
the thermal gradient across the chamber. During Run-1, a temperature difference
ranging between 1.2 to 1.6 ± 0.1 o C was measured across the superheated volume and
higher temperatures were measured closer to the view port which had heat generating
cameras and LEDs mounted on it. During Run-2, cooling was added to these cameras
and the temperature gradient was effectively reduced, and now ranged from 0.2 to
0.6 ± 0.05 o C across the volume.

Particulate injection
To minimize stirring up any possible particulates settled on the glass jar wall or meniscus with the buffer fluid, the overall bubble activity at the interfaces was suppressed,
especially that on the collar interface. Hysteresis associated with bubble nucleations
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occurring on the interfaces between C3 F8 , water and glass led to poor detector performance as these events often triggered another event in close proximity, in both
time and location. In addition to the high dead-time for the detector associated with
the bubble chamber pressure cycles, interfaces were known to harbour particulate
contamination and any bubble nucleations in proximity could lead to their injection
into the bulk of the active volume. Multiple times during the commissioning period in
Run-2 a day of poor detector performance was observed, dominated by bubble events
on interfaces that formed streams of events around the collar, or on wall interfaces in
regions that showed signs of water-droplet accumulation. A few expansion cycles with
the bubble chamber operating at a higher expansion pressure (of up to 48 psia) was
found to be an effective remedy for such misbehaviour. A similar resistance to such
hysteresis was achieved by extending the amount of time the bubble chamber was
compressed between expansions. This compression time was therefore increased from
30 secs, as in Run-1, to 120 secs for Run-2 as a measure to suppress the hysteresis.
The overall volatility of the bubble growth was reduced by operating at a higher
expansion pressure of 36 psia for Run-2 (with a correspondingly higher temperature).
The rate of bubble growth depended on the bubble chamber pressure. By operating
at a slightly higher pressure, and given the same optical trigger response time, the
impact of spurious bubble nucleations was reduced. To ensure the bubbles were
detected as quickly as possible, a profound effort was put into the optical trigger and
it was carefully optimized for highest sensitivity to any bubble nucleations on the
collar interface. Higher sensitivity for the collar region was key since this region was
poorly lit and the cameras systematically triggered late for collar events.
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WIMP-search data selection
Interruptions to the automated detector operations, due to power outages, hydraulic
fluid re-fill, DAQ failure, source calibrations, etc. often resulted in high bubble nucleation activity in the chamber that lasted for up to 12 hours. There was no clear
explanation for this behaviour, yet it was accounted for when planning for the WIMPsearch run. It was decided a priori that upon resuming operations after any such
interruptions to PICO-2L, data acquired during the initial 24hrs was to be excluded
from the WIMP-search data. With these measures in place as an effort to eradicate
the anomalous background observed in Run-1, a WIMP-search run was conducted as
a test bed for the development of low background bubble chambers as dark matter
detectors.

7.2.2

Energy threshold

Run-2 was operated with thermodynamic conditions that corresponded to a single
target low-energy thermodynamic threshold of 3.3 keV, identical to the conditions
used in Run-1 which contained the majority of the observed anomalous background
events. The average temperature of the superheated C3 F8 volume during Run-2 was
estimated using T4, as in Run-1, and was determined to be 15.8 ± 0.3◦ C.
An image analysis of the active fluid levels in the jar during the transitions from
compressed and expanded states revealed a small volume change of the active fluid
due to the adiabatic cooling. Based on this volume change, the adiabatic cooling
of the superheated fluid was estimated to be 0.05◦ C over the expansion and no corrections were made to to account for it. The quoted systematic uncertainty in the
estimated C3 F8 temperature accounted for spatial variation, adiabatic cooling, sensor
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calibrations, as well as the temperature difference between the mineral oil and the
C3 F8 volume. The pressure of the superheated volume during Run-2 was estimated
to be 37.3 ± 0.7 psia by adding an offset of 0.93 psia to PT4, as in Run-1, to account
for the static-head associated with 21.5 inches of buffer water and 3 inches of C3 F8 .
The quoted uncertainty accounted for instrument inaccuracy, thermal effects, sensor
calibrations and static-head variation along the chamber.
Using the temperature and pressure values of the active volume, a ‘Seitz’ energy
threshold of 3.3 ± 0.2 (exp) ± 0.2 (th) keV was estimated. The quoted experimental
error in the threshold was due to the uncertainty in the estimated temperature and
pressure of C3 F8 and the theoretical threshold errors arise from uncertainty in the
surface tension for very small bubbles. Table 7.12 shows the estimated thermodynamic
threshold for Run-2 along with the same from Run-1 low-energy threshold operations
for comparison.
Data
Run-2
Run-1 (3 keV)

PC3 F8 (psia)
37.2 ± 0.7
31.1 ± 0.7

TC3 F8 (o C)
15.8 ± 0.3
11.6 ± 0.3

‘Seitz’ Threshold (keV)
3.3 ± 0.2(exp) ± 0.2(th)
3.2 ± 0.2(exp) ± 0.2(th)

Livetime (d)
66.3
32.2

Table 7.12: Table showing the thermodynamic operational conditions of PICO-2L in
Run-2 as well as the corresponding estimated ‘Seitz’ energy threshold.
Compared to low-threshold operations in Run-1 during which the majority of the anomalous background was observed, twice the amount of
exposure was collected in Run-2.

7.2.3

WIMP-exposure

The WIMP-search run was conducted between June 12, 2015 to September 25, 2015
and during this time the automated bubble chamber cycling was interrupted twice
by power outages, once due to a hydraulic fluid refill and once midway through the
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run to perform source calibrations. As was decided a priori, data from the first
24 hours following these interventions were not included in the WIMP-search data.
The exposure time was estimated as the total time the detector was in a stable
expanded state, and as in Run-1, the initial 25 seconds since expansion were regarded
as a buffer and not included in the exposure. A total of 66.3 days of exposure was
determined for Run-2.

Fiducial volume
Due to the absence of the Dytran instrument in Run-2, due to a wiring malfunction,
the bulk events were identified optically. The method for the optical fiducial-volumecut optimization was identical to Run-1 and the adopted cuts, as shown in Table 7.13,
had an overall acceptance of 84 ± 1%, equivalent to 2.74 ± 0.01 kg of C3 F8 target mass.
Interface
Water/Wall
Wall
Wall
Wall

Region
Collar
Front
Rear
Bottom

Cut
Zcor < 82.5 mm
dwallcor > 1.5 mm
dwallcor > 3.5 mm
dwallcor > 6.5 mm

Table 7.13: Optical-based fiducial volume cuts adopted in Run-2 on the reconstructed (with corrections) bubble height (Zcor ) and distance from the
wall (dwallcor ). The cut on the distance from the wall was separately
set for the respective regions, maintaining a contamination of less than
1% throughout.

Analysis acceptance
To ensure a reliable analysis, cuts were used in Run-2 to remove events with deficient
data. Optical data quality cuts removed events with missing frames, failed video
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Figure 7.6: The three dimensional positional reconstruction of all the bubble events
observed during Run-2 in cylindrical coordinates (left) and projected onto
a horizontal plane (right). For clarity, the wall events in the bottom hemisphere are not included here in the horizontal projection. The red and
black dots here show the events identified as bulk- and interface-events
respectively.
trigger or late bubble detection. The latter was useful in removing events which
had a delayed data acquisition, relative to the bubble nucleation, complicating the
acoustic analysis. In addition, cuts ensured that events were removed when the optical
analysis routines observed events in which the two cameras detected different numbers
of bubbles, as well as events with one detected bubble in each camera, but identified
at very different heights. The overall efficiency of the optical data quality cuts used
in Run-2 had an acceptance of 93.5% with the inefficiency mostly contributed by a
high disagreement in the number of bubbles detected in the two cameras. The 3-D
reconstruction of bubble events in Run-2 is shown in Figure 7.6. Compared to Run-1,
during which the optical data quality cuts had an acceptance of 99%, there was a
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significantly higher amount of water droplet accumulation on the quartz jar’s inner
glass wall in Run-2 and the reflections and lensing effects due to these water droplets
were found to be responsible for the lower getBub performance.
Similar to Run-1, a pressure cut was used to remove events that occurred while
the detector was outside 0.5 psia of the target expansion pressure and an acoustic data
quality cut removed events with excessively noisy acoustic data. A random acoustic
“chirp noise”, not associated with bubble nucleations, was identified in ∼10% of the
acoustic signal data in Run-2 and at times led to mis-reconstruction of the time of
bubble nucleation (t0 ). To remove events that were effected by such noise, events
were kept only if the t0 evaluation in the six acoustic traces was in agreement and
the reconstructed time of bubble nucleation was identified within a reasonable time
range prior to the video trigger, as nominally expected. The overall acceptance for
the acoustic data quality cuts was evaluated to be 92.6%, deteriorated from 99.3% in
Run-1.
Cut
Efficiency
Optical cut
92.2 ± 1.3 %
Pressure cut
100 ± 0 %
Acoustic cut
92.6 ± 1.6 %
Total data quality cuts 84.8 ± 2.2 %
Optical fiducial cut
84.0 ± 1.0 %
AP
94.3 ± 1.8 %
Total
67.2 ± 3.0 %
Table 7.14: WIMP-candidate selection cuts used in the Run-2 WIMP-search analysis
used to identify single nuclear-recoils in the bulk of the superheated target
mass, as well as their respective efficiencies.

As in the 3 keV data in Run-1, an acoustic power cut range of 0.7 < AP< 1.3 was
used to identify the single nuclear-recoils, and an AP > 2.3 was used as the alpha cut.
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Figure 7.7: AP distribution (in log) of all single bubble bulk events from the
241
Am/Be source run(black) and WIMP search run(red) in Run-2. The
same AP cut range as used for 3.2 keV data in Run-1 was adopted (0.7
< AP < 1.3) and in the figures, the acceptance region for single nuclearrecoils is confined by blue dotted vertical lines and the green dashed line
represents the alpha cut.
The AP distribution from the Run-2 WIMP search data and the

241

Am/Be source

calibration data are shown in Figure 7.7 as well as the AP acceptance cut range
adopted. The AP cut acceptance was estimated to be 94.3 ± 1.8 % for single nuclearrecoil events using the neutron source calibration data, and a 90% C.L. lower limit on
alpha rejection of 98.8 ± 0.3 % was estimated. Combined with the data quality cut
and fiducial volume cut acceptances, a total acceptance of 67.2 ± 3.0 % was estimated
for WIMP-candidate events, and a corresponding total efficiency weighted exposure
to WIMP interactions of 129 kg-days was evaluated.
Due to the absence of a multiplicity analysis facilitated by the Dytran instrument,
the multiple-bubble events were identified via the handscan process. A portion of the
total WIMP-search data was selected for which more than one bubble was identified in
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either of the two cameras using the getBub analysis, and was then visually inspected
for multiple-bubble events in the WIMP-search data. Since multiple-bubble events
are unambiguously caused by multiple nuclear-recoils, and the events were visually
confirmed, the whole superheated volume was accepted in the exposure. Using this
method, 92.7 ± 1.4 % of the total multiple-bubble events observed during the neutron
source calibrations were identified. Assuming this as the acceptance for multiplebubble events corresponded to a total efficiency-weighted exposure of 178.8 kg-days
to multiple nuclear-recoil interactions in Run-2.

7.2.4

Signal

A constant flat rate of 4 AP-tagged alpha decays per day was observed in Run2, similar to Run-1. Only one single nuclear-recoil was identified in the WIMPsearch data and this was consistent both with the expected signal from known backgrounds (mostly neutrons) and with the observation of three multiple-bubble events
during the run. These data show that the measures taken to control particulate
contamination in PICO-2L eradicated the anomalous background that had been observed in every dark matter search experiment conducted so far, to our knowledge,
using bubble chambers.
Based on updated Monte Carlo Neutron Propagation (MCNP) simulations, a neutron background rate of 0.008 (0.010) cts/kg/day single (multiple)-nuclear recoils was
expected in Run-2, nearly double the rate predicted for Run-1. The additional contributions to the background rate were dominated by the radon daughter 214 Po decaying
and producing (α,n) reactions on

14

N in air. The neutron background expectations

from detector components was also reevaluated to include neutron production from
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U and out of equilibrium

238

U. Accounting for the acceptance efficiency for sin-

gle (multiple)-bubble events in Run-2, 2.91 kgs of target mass and 66.3 days of exposure, a total of 1 (1.8) single (multiple)-bubble events were expected in Run-2.
Only one candidate event was observed during 4.4 days exposure to a 1 mCi
133

Ba source during Run-2. This was the strongest gamma rejection measurement

performed by the PICO collaboration to date and was equivalent to a sensitivity
of (2.2 ± 1.2) × 10−11 events per electronic-recoil at 3.3 keV. By applying this rejection factor to an MCNP simulation of the gamma flux in PICO-2L, a rate of
1.4×10−4 cts/day was predicted, equivalent to 0.01 events in 66.3 days of exposure.

7.2.5

WIMP-search results

The limits were estimated following the methods and formulation described in Section 3.2.3. The experimental observation of a single event in the 129 kg-day of exposure accumulated during Run-2 yielded a total integrated rate of I = 1/129 kg−1 d−1 .
A WIMP scattering cross-section upper limit was calculated separately for different
WIMP masses, defined as the cross-section for which the probability of observing one
event in the accumulated exposure was less than 10 %.
For example, when evaluating a SD WIMP-proton cross-section, equations 3.20
SDp
and 3.24 were used and rearranged such that the SD WIMP-proton cross-section σq=0

was evaluated as:

SDp
σ(q=0)

=I

ρlocal
4 (J + 1)
√ χ 2
πmχ mp v0 3 J < Sp >2

Z

!−1
T (ER ) F 2 (ER ) Nef f (ER ) dER

,

(7.3)

ET

where Nef f (ER ) represents the bubble nucleation efficiency for an interaction with
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recoil energy ER as discussed in Section 4.3.1. The cross-section was then evaluated
for each WIMP mass, separately, by performing the integral in equation 7.3 over all
nuclear recoil energies above the detector’s energy threshold ET . In order to report
an upper limit, the WIMP signal was treated as a Poisson distribution and for a
single event observed during 129 kg-days of exposure. An upper bound with 90% C.L.
on its average rate was determined to be 3.89/129 kg−1 d−1 . These calculations for
a 30 GeV/c2 WIMP provided an upper limit of σSDp < 5.9 × 10−40 cm2 as an example. By repeating similar calculations for WIMP masses ranging between a few
GeV to a TeV, 90% C.L. upper limit curves for the spin-dependent WIMP-proton and
spin-independent WIMP-nucleon elastic scattering cross-sections were calculated as
a function of WIMP mass and are shown in Figures 7.8 and 7.9. These results were
the world-leading constraints on spin-dependent WIMP-proton couplings for WIMP
masses < 50 GeV/c2 at the time [88]. For WIMP masses higher than 50 GeV/c2 , only
the subsequent constraints from PICO-60 Run-1 [87] with CF3 I were stronger.
7.2.6

Discussion

During Run-2, an indication of lower particulate contamination came from the difference in the spatial distribution of its bubble events compared with those in Run-1.
High levels of bubble activity had been observed as a consequence of controlled particulate injection tests in bubble chambers. Such a high surface activity was indeed
observed in Run-1, as shown in Figure 7.10, and in Run-2, it was practically nonexistent suggesting a cleaner bubble chamber.
The WIMP-search data results from Run-2, as shown in Table 7.15, show that the
measures taken to control particulate contamination in PICO-2L for Run-2 resulted in
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while the solid lines assume annihilation to b-quarks. The purple region
represents the parameter space of the CMSSM model of [127].
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Run-1
Run-2

QSeitz (keV)
0.15(exp)
3.24 ±0.22(th)
0.2(exp)
3.3 ±0.2(th)

Exposure (kg-days)
74.8
127.0

Alphas
179
347

Candidates
9
1

Multiples
0
3

Table 7.15: Table comparing the results from Run-2 with the low-threshold data from
Run-1 during which majority of the anomalous background was observed.
Results show that efforts made to control particulate contamination erradicated the previously observed anomalous signal.
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Figure 7.10: Spatial distribution of bubble events in the 3.3 keV WIMP search data for
Run-1 (left) and Run-2 (right). Z is the reconstructed vertical position
of the bubble, R the distance from the centre axis and Rjar the nominal
inner radius of the silica jar (72.5 mm). Red filled circles are WIMPcandidate events in the fiducial bulk volume, blue open circles are alpha
induced bulk events, and black dots are non-bulk events. A pressurebased fiducial volume cut was used in Run-1 while the Run-2 fiducial
volume cut is entirely based on the improved optical reconstruction.
the eradication of the anomalous background observed in Run-1. The presence of such
a background had been the limiting factor in bubble chamber technology when used
for dark matter detection and its eradication was a crucial step for PICO collaboration
in detector development and WIMP-search experimentation. Following the success
of PICO-2L, PICO-60 was recommissioned with C3 F8 and design modifications that
emphasized the inner-volume cleanliness. A WIMP-search run, PICO-60 Run-2, was

7.2. RUN-2

177

conducted following a similar approach in detector operation optimization as was
done for PICO-2L for Run-2, and the recent results also show a complete eradication
of the anomalous background observed previously in PICO-60. These results further
fortify the conclusions derived from the PICO-2L program and represent a significant
leap in low-background bubble chamber technology use in dark matter searches.
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Chapter 8
Summary and Outlook

To summarize the work presented in this thesis, the search for dark matter particles
is highly motivated and a profound effort has been made in order to directly detect
WIMPs, a likely candidate for dark matter. Among the various available nuclear target material and nuclear-recoil detection techniques, the use of C3 F8 superheated fluid
in a bubble chamber detector is highly advantageous for WIMP direct detection. This
is due to the high sensitivity of fluorine to spin-dependent WIMP-proton interactions
and because bubble chambers can easily be operated at low energy thresholds while
remaining virtually free of backgrounds from α, β and γ radiations. Furthermore, as
the bubble chamber is scaled to a larger size, the detector experiences better identification of background rates from neutrons, an irreducible background in all WIMP
direct detection experiments. In addition to providing self-shielding, which reduces
the overall neutron flux, a larger volume of active fluid increases the fractions of neutrons that undergo multiple nuclear-recoil interactions, which are easy to distinguish
from the WIMP-signal. For these reasons, the PICO collaboration has opted for the
bubble chamber technology in their pursuit of WIMP direct detection.
Experimental challenges when using bubble chambers as WIMP detectors arise
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from the use of multiple fluids in its modern design. In addition, high-purity fluids
are required, free of any particulate contamination, in order for bubble chambers to
operate stably. Prior to the second experimental run of PICO-2L, the bubble chambers used for WIMP-search experiments (COUPP-4Kg (CF3 I), PICO-60 (CF3 I) and
PICO-2L Run-1 (C3 F8 )) had all observed an anomalous signal that was inconsistent
both with the known backgrounds, as well as the expected WIMP-signal. The presence of microscopic particulate contamination in the post-run assay of the PICO-2L
Run-1 active fluids provided the guidance needed to improve the performance of a
bubble chamber and the various possible sources of contamination were eliminated
in a follow up PICO-2L experiment. Run-2 was conducted with an ultra-clean bubble chamber using a fully synthetic quartz jar for its inner-vessel. Along with many
other technical improvements that aimed at reducing the thermal gradient across the
superheated fluid volume, the detector operations were carefully optimized so to minimize agitating any possible particulates that were settled on the glass jar wall or
meniscus with the buffer fluid. The results from this run showed that the measures
taken to control particulate contamination in PICO-2L resulted in the eradication of
the anomalous background previously observed.
PICO-2L provided crucial guidance for the follow-up PICO-60L experimental run.
PICO-60L was recommissioned and a WIMP-search experiment was conducted with
52.2 ± 0.5 kg of C3 F8 superheated fluid. The bubble chamber was fitted with an in
situ active fluid filtration system and was deployed carefully following a rigorous
cleaning procedure in order to target the particulate contamination. The experiment
was conducted with the bubble chamber operating at 3.3 keV energy threshold and
in the total 1167 kg-days of WIMP-exposure accumulated during this run no signal
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was observed in the WIMP-region of interest. The results from the PICO-60 C3 F8
WIMP-search experiment surpassed those of the PICO-2L Run-2 by over an order
of magnitude and represent the current world leading limits on SD WIMP-proton
cross-sections at 90% C.L. upper limit of σSDp < 3.4 × 10−41 cm2 for a 30 GeV/c2
WIMP.
Another outcome of the PICO-2L program was the development of a new bubble
chamber design, similar to the designs described in this thesis but essentially with
the inner-vessel flipped vertically. Such a bubble chamber design allows for the use of
a single fluid and avoids the stability issues related to multiple-fluid bubble chamber
designs. The PICO collaboration is currently constructing such a bubble chamber,
PICO-40L, which is to be deployed at SNOLAB. PICO-40L is expected to be operational by 2018 and is expected to have a higher sensitivity to WIMPs compared to
that of PICO-60 C3 F8 . The PICO collaboration ultimately aims at a ton-scale bubble
chamber, the design of which would follow that of PICO-60L or PICO-40L, depending on their relative performances. In regards to PICO-2L bubble chamber, it is still
deployed in SNOLAB and actively serves the PICO collaboration as a calibration
bubble chamber.
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