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Abstract

The �nal results of the PICASSO experiment, with 409 kg days of exposure

collected from November 2012 to January 2014, have yielded new limits for Spin-

Dependent and Spin-Independent Dark Matter interactions.

The data collected and the various backgrounds were assiduously studied

using Monte Carlo simulations and a new set of sophisticated analysis techniques

including the wavelet analysis presented in this thesis. In general, a good suppression

of most backgrounds was attained. The neutron background event rate was reduced

to about a factor of 10 compared to the previous phase of the experiment. Electronic

and acoustic noise events were thoroughly suppressed. A new class of �mystery events�

were removed as well. All that remained was the irreducible alpha background.

No signal consistent with a WIMP Dark Matter hypothesis was observed.

Consequently, an exclusion curve was obtained with a minimum limit at 90% C.L.

of σSDχp = 0.0228 pb at a WIMP mass of 20 GeV/c2 in the Spin-Dependent sector.

By combining results from 2012 and the current results, an improved constraint of

σSDχp (90% C.L.) = 0.0188 pb at 20 GeV/c2 was placed on the Dark Matter interaction

with protons in the Fluorine nuclei used in the detectors.

In addition, the new limits on WIMP-proton interactions in the Spin Indepen-

dent sector exclude the DAMA/LIBRA results (at 90% C.L.) for low masses below 12

GeV/c2 and further constrain the published CRESST and CDMS Si discovery regions

at low WIMP masses.
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I supervised). I helped to instal them underground as well as installing the water

shielding set up. Next, I collected and analyzed the neutron �ux data for more than

6 months and followed it up with the simulation.

I implemented a wavelet analysis of PICASSO data with a potential to thor-

oughly suppress the alpha background. Because of its potential, most of my time was

spent on the development of a suitable wavelet analysis for the bubble technology

and its application to the PICASSO data. I began by �ne tuning an existing discrete

wavelet software found online. However, the main e�ort was to develop from scratch

the more complicated continuous wavelet software. The development went success-

fully through a series of testing and cross-checking of the results. Then, it was applied
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results obtained were similar to that of the existing analysis which was successful
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v



events called �mystery events� as discussed in this thesis. The software was also used

in determining the starting time of the signal as a way to improve our localization

algorithm.

In addition to the wavelet analysis, I participated in other areas of the data analysis

as listed below.

• Development of the DAQ algorithm software to �zip together� the new data and

yield a double speed sampling rate of the signal. This was a critical step required

before processing and analyzing the new data could begin.

• Study of the e�ciency of all the 32× 9 piezo-transducers to verify whether or not

their new gain was adequate and to ensure that our threshold behaviour was under-

stood.

• Calculation of the global e�ciency of all our analysis variable cuts combined and

estimation of the systematic uncertainty on the global e�ciency value using a run

selection bias study.

• De�nition and implementation of the algorithm to combine previous results from

2012 with the current 2014 results.
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Chapter 1

Introduction

It doesn't matter how beautiful your theory is,

it doesn't matter how smart you are.

If it doesn't agree with experiment, it's wrong.

� Richard P. Feynman

The search for an answer to one of the most fundamental questions in

science (�what is the composition of our Universe?�) has led to a known unknown

Dark Matter paradox. It was discovered that the vast majority of the matter in the

Universe is in an unknown and yet to be discovered form. For several decades, this

intriguing fact has been attracting scientists from di�erent spheres to combine their

e�orts towards understanding and identifying the mysterious Dark Matter. In addi-

tion to the scienti�c satisfaction, the discovery of Dark Matter is key to a complete

understanding of our Universe, its evolution and fate.

Nowadays, there are numerous worldwide experimental e�orts in the run for Dark

Matter discovery. The majority of these are focussed on directly detecting Dark Mat-

ter via its very rare scattering interactions with atomic nuclei inside terrestrial detec-

tors. Among these direct search experiments is the well known PICASSO (Project
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In CAnada to Search for Supersymmetric Objects) which has recently merged with

COUPP (Chicagoland Observatory for Underground Particle Physics) into a unique

and very promising experiment called PICO (PICASSO-COUPP). Both groups have

the unique feature to utilize the Superheated liquid technology to hunt for Dark Mat-

ter and are two strong competitors in this �eld.

Prior to the merging with COUPP, WIMP (Weakly Interacting Massive Particle)

Dark Matter search data were collected for over a year at the SNOLAB underground

facility using an upgraded set of 32 detector modules with new and upgraded elec-

tronics and a new neutron shielding set up. The analysis of that last data set and

the study and the suppression of the backgrounds is the focal point of this thesis. An

emphasis will be placed on my contribution in these areas. The overarching goal of

this thesis research was to develop the tools and analyse the PICASSO data to enable

the discovery of Dark Matter or a new world leading limit.

In Chapter 2, the observational hints in support of the existence of Dark Matter

are reviewed and some Dark Matter candidates are discussed. Particular attention

is given to the WIMPs as they are highly favored candidates sought for in most

Dark Matter searches. In Chapter 3, the theory behind any direct WIMP search

experiments is addressed. Some leading experimental e�orts besides PICASSO are

described at the end of that chapter. This paves the way to the complete descrip-

tion of the PICASSO experiment in Chapter 4. Chapter 4 tackles both theoretical

and experimental aspects of PICASSO. The advantages of the superheated droplet

technology in WIMP Dark Matter searches are explained as PICASSO detector sen-

sitivity and e�ciency are discussed. Ending Chapter 4 on that note makes it suitable

to introduce Chapter 5 which addresses the study and rejection of the two main back-

grounds in PICASSO. The �rst part concentrates on the fast neutron background.
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Results from in-situ measurements and Monte Carlo simulation are presented and

discussed, leading to the determination of the reduction factor in the fast neutron

background induced event rate. The second part of Chapter 5 is focussed on under-

standing the internal alpha background and the e�orts that were developed towards

its suppression prior to this thesis work. As will be discussed, improvements in pu-

ri�cation techniques during detector fabrication have led to a reduction in the alpha

background rate. Previous standard analysis tools towards event-by-event discrimi-

nation and suppression of alpha induced events were not satisfactory. This justi�es

one of my main contributions to this research which is described in Chapter 6. It

is the development (and application to PICASSO data) of a wavelet analysis tool

with potential to improve on the alpha background discrimination and reduction. In

Chapter 6, the wavelet technology is described, its potential bene�ts are discussed

and, the results of its application to PICASSO data to reduce the alpha background

and a new �mystery event� background are presented. Follows Chapter 7 which elab-

orates on the complete data analysis procedure in PICASSO. All the steps involved

in the treatment of the raw data to search for a WIMP signal is meticulously re-

viewed. In the absence of such a signal, an exclusion limit curve is derived at the end

of the chapter. The impact of that curve when compared to the results from other

experiments is discussed in the concluding Chapter 8.

s
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Chapter 2

Evidence for Dark Matter and Survey Of Dark

Matter Candidates

In 1933, a Swiss astronomer named Fritz Zwicky hypothesized the existence

of non-luminous and non-absorbing matter to account for a discrepancy observed

while studying the Coma galaxy cluster. The name Dark Matter �Dunkle Materie�

was chosen in reference to its non-luminous nature. More than 80 years of active re-

search in the �elds of observational astronomy and cosmology, towards elucidating the

mystery of Dark Matter, has provided substantial information con�rming Zwicky's

hypothesis and quantifying the amount of Matter for which to hunt. About 80% of

the mass of the universe is accounted for by Dark Matter. The detection side unfortu-

nately is not yet as fruitful; however, with recent improvements in detection methods,

discovery is hopefully on the verge of being made. This chapter will summarize the

most relevant arguments in favor of the existence of Dark Matter as well as some

favorable Dark Matter candidates.

2.1 Observational Hints For Dark Matter

For almost a century, there have been several indicators for the presence of Dark

Matter mostly based on its gravitational e�ects on visible matter; ranging from the
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smallest to largest of scales in astronomy, cosmology and astrophysics. A historical

overview of this evidence will be addressed as follows: hints from stellar and galactic

dynamics, followed by the inferences from gravitational lensing and cosmic microwave

background studies. The evidence for Dark Matter from the study of Supernovae Type

IA will close the �rst part of this chapter.

2.1.1 Stellar And Galactic Dynamics

Although generally attributed to the Swiss astronomer Fritz Zwicky, the �rst account

of the existence of Dark Matter comes from the Dutch astronomer Jan Hendrik Oort

who, in 1932, found that the stars near our galactic plane were moving faster than

could be accounted for by their gravitational potential [1]. Oort thus inferred the

presence of an unseen matter exerting a gravitational pull on these stars and there-

fore keeping them from �ying out of the galaxy. However, his calculations were later

proven to be �awed and his conclusion concerning Dark Matter was refuted [2].

About a year later, the idea of Dark Matter was rekindled by Zwicky following his

study of the dynamics of the Coma cluster of galaxies in which he found a similar

perplexing result [3] which is brie�y explained here. The radial velocity of each in-

dividual galaxy within the cluster was measured along with the volume it occupies.

The cluster radius was determined by the overall volume of the galaxies and the virial

theorem (linking the kinetic energy of a system to its gravitational potential energy)

was used to deduce the average mass of the galaxies within the cluster. The virial

mass turned out to be about 400 times (revised today to be about 160) larger than

the average mass based on their luminosity [4]. Zwicky thus inferred the existence of

a non-luminous matter within galaxies to explain this signi�cant di�erence.

About 40 years later, the pioneering work and meticulous studies of the dynamics
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of spiral galaxies by American physicists Vera Cooper Rubin and Kent Ford con-

�rmed Zwicky's hypothesis [5]. The dependence of the rotational velocities of visible

stars and gas with respect to their radial distances from the galactic center where

most visible objects are concentrated were studied and plotted, constituting the now

well known rotational curves of galaxies. Such plots provide the most straightforward

and convincing piece of evidence for Dark Matter [6, 7]. Their study reveals that stars

and gas at the periphery of galaxies move faster than one would expect if galaxies

were only made of luminous matter and thus suggests the presence of a new form

of massive and non-luminous matter (Dark Matter) within galaxies. Indeed, as seen

in Figure 2.1, the observed rotational curve exhibits a �at behavior at large radii

compared to the expected 1√
r
pro�le described by the curve labeled �disk�. This dis-

crepancy is well known as the galaxy rotation problem whose solution was obtained

by adding to the stellar disk and interstellar gas contributions shown in the �gure,

the contribution from hypothetical Dark Matter �lling the dim halo surrounding the

galaxy. It is described by the curve labeled �halo� and helps to lift the disk curve at

large radii to provide the best �t function to the data as portrayed in the �gure.

However, there are some theories that obviate the need for the presence of the

exotic Dark Matter to explain the galaxy rotation problem by challenging the valid-

ity of Newtonian dynamics for large astronomical systems such as galaxies. Instead,

they suggest a modi�cation of Newtonian dynamics to reconcile the di�erence between

observation and expectation. It is thus �tting in the following to discuss Newtonian

dynamics and its possible modi�cations. Only the most well known alternative, called

MOND for MOdi�ed Newtonian Dynamics, will be discussed here.

According to Newtonian dynamics, the gravitational force exerted by a galaxy on a
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Figure 2.1: Observed rotational curve for galaxy NGC 6503 (shown as points with
their error bars) and best �t function derived by taking into account the three con-
tributions labeled as gas, disk and halo [6]. The curve labeled �disk � is the expected
rotation curve due to stars only while the curve labeled �gas� is due to the interstellar
gas only and the curve labeled �halo� is the rotation curve due to the Dark Matter
in the galaxy.

moving particle of mass m is related to its normal acceleration via the equation

FG = Fc = maN (2.1)

which is equivalent to

GM(r)m

r2
=
mv2

r
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where G is the gravitational constant, r is the distance from the particle to the

center of the galaxy and M(r) is the mass of the galaxy within the radial distance r.

The velocity of the moving particle is thus related to the mass of the galaxy by the

equation:

v(r) =

√
GM(r)

r
. (2.2)

Therefore, as the mass of a galaxy based on its visible contents becomes nearly con-

stant with increasing distance from the galactic center, the orbital velocity was ex-

pected to decrease at large radii as displayed by the curve labeled �disk � in Figure 2.1.

The continuation of a �at rotation curve at large radii suggests that,

M(r) ∝ r.

That is, there is more mass than meets the eye: the mass of a galaxy is not only

due to its visible contents, mostly located in the galactic bulge, but also to its hy-

pothetical invisible content (Dark Matter halo) located away from the central bulge

and surrounding the galaxy.

MOdi�ed Newtonian Dynamic (MOND) Theory

Originally proposed by Mordehai Milgrom in 1983, MOND theory revises the stan-

dard Newtonian dynamics to account for the aforementioned discrepancy arguing that

Newtonian theory does not represent galactic systems very well [8]. Since Newton's

law of gravity has only been veri�ed for systems with large gravitational accelera-

tions1, it might be plausible that it does not hold for systems with extremely small

accelerations. This would explain the observed discrepancy in velocity pro�les at

large radii between the Newtonian prediction and the data. With this in mind, an

1All experiments done on Earth or its neighborhood are subject to the sun's gravitational �eld,
and this �eld is so strong that all objects in the solar system undergo a great acceleration (i.e. an
acceleration greater than a0).
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extra function labeled µ( a
a0

) depending on a and a0 (a0 is the borderline acceleration

between the Newtonian regime and the MOND regime equal to about a0 ' cH0/6,

i.e. 10−10 m/s2) [9] is added to Newton's second law of motion and acts as a regula-

tor that accounts for the supposed inadequacy of the theory. The exact form of the

function µ is unknown and irrelevant; only its behavior described below is of interest.

For strong gravitational �elds a� a0,

µ(
a

a0

) = 1

and for low gravitational �elds with a� a0,

µ(
a

a0

) =
a

a0

.

The equation 2.1 thus becomes

FG = Fc = mµ(
a

a0

)a (2.3)

and, assuming that far from the center of the galaxy, a is smaller than a0, a constant

velocity

v(r) = 4
√
GMa0 (2.4)

is obtained for objects located beyond the galactic bulge. Therefore, the modi�cations

provided by the MOND theory only a�ect the outer portion of the galaxy while

the inner portion is still described by equation 2.2. This makes the combination of

equation 2.2 (at small radii) and equation 2.4 (at large radii) a best �t function to

the data without the need for Dark Matter.

Despite the success of this theory in reconciling the predicted and observed rotational

curves without the need for Dark Matter and consequently refuting the existence of

Dark Matter based on modi�ed gravity, there are several other indicators for the
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existence of Dark Matter such as the weak gravitational lensing study of the Bullet

cluster that cannot be explained by this theory2 and thus makes MOND (and all

modi�ed gravity theories) not good enough to rule out the Dark Matter hypothesis.

Besides, MOND cannot work as a consistent theory at all cosmological scales (galaxies,

clusters and superclusters).

2.1.2 Gravitational Lensing

The general theory of relativity of Albert Einstein predicts that, due to the curva-

ture of space-time near a dense distribution of matter [10], the light rays emitted

by a source (for example a galaxy) could be bent from their original trajectory as

they travel through space-time towards an observer. This is known as gravitational

lensing in which the distribution of matter (for example a cluster of galaxies) sit-

ting between the source and the observer acts like a lens (or a de�ector) and bends

the light rays [11] as depicted in Figure 2.2. This e�ect could be viewed as analo-

gous to the optical lensing e�ect. Depending on the position of the source, the lens

and the observer and also on the mass/density and shape of the lens, three types of

gravitational lensing are distinguished: strong lensing, weak lensing and microlens-

ing. This is because the original light source is cloned, distorted, magni�ed or barely

changed. Figure 2.3 displays an example of strong gravitational lensing. The strong

lensing is a very rare process which happens in systems with simple and very massive

lenses/de�ectors located close to the source and in perfect alignment with this one.

Strong lensing is easily noticeable via visible distortions such as rings (known as Ein-

stein rings), arcs and multiple images. The weak lensing, on the other hand, happens

more often, but it is less noticeable. Generally, a stretched (shear) version of the

source is observed. Lastly, in microlensing, there is no distortion in shape due to the

2An important o�set (at a statistical signi�cance of 8σ) that cannot be explained by an alteration
of the gravitational force law was found between the center of the total mass of the bullet cluster
and the center of its ICM �lled with most of the baryonic or visible matter (Section 2.1.2).
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relatively smaller size of the de�ector and the source which are commonly stars. The

source just appears brighter (magni�ed) and, as a consequence, microlensing allows

an object otherwise too dim to become visible.

Gravitational lenses have many cosmological applications [12, 13]. The one of inter-

est in this section is the mapping of the mass distribution of celestial objects since

it provides very compelling evidence for Dark Matter using weak gravitational lens-

ing studies. The distribution of the total matter (visible + invisible) is mapped by

observing the shearing of the background galaxies [14]. A good example is the weak

lensing study of the Bullet cluster of galaxies shown in Figure 2.4 and explained be-

low.

The Bullet cluster of galaxies consists of two colliding clusters of galaxies. The col-

lision between the two clusters mostly happens between their vast, very hot, and

gaseous intracluster media (ICM) which contains most of the cluster baryonic mass

(∼ 90%). Galaxies within clusters are very small in scale and sparsely distributed and

thus have less chance to collide [15]. Gravitational lensing shows that most of the

total mass is not a�ected by the collision process and thus indicates that an unseen

matter (Dark Matter) present in the galaxies provides most of the mass and also that

it must have a very weak self-interaction as well as a non-collisional and non-baryonic

nature. Indeed, in Figure 2.4, the center of the total mass distribution reconstructed

from weak lensing (shown in green) is signi�cantly displaced (about 8σ) from the

center of the hot gas clouds distribution (shown in orange) demonstrating that the

lensing does not follow the hot gas making up most of the visible matter within the

cluster as it was supposed to if no invisible matter was present. Instead, it follows

the sparse distribution of galaxies which are nearly collisionless (Figure 2.5). This

result challenges modi�ed gravity theories such as MOND and clearly proves the pres-

ence of the Dark Matter within the cluster. The deduced Dark Matter distribution

is consistent with the distribution of galaxies, but clearly o�set from the hot X-ray
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Figure 2.2: Sketch of a gravitational lensing where the light ray from the source
(background mass) is bent towards the observer by the de�ector (foreground mass)
that curves the space-time around it due to its gravitational �eld.

Figure 2.3: Optical picture of the giant Abell Cluster 2218. The arcs are images
of background galaxies that get distorted and magni�ed by the cluster via strong
gravitational lensing. The real galaxies are not in this shape but are elliptical or
spiral. Image courtesy: NASA/ESA

gas, demonstrating the collisionless nature of Dark Matter. Moreover, looking at the

relative size of the distributions in Figure 2.4, the Dark Matter abundance can be

deduced. To conclude, the mass distribution of the cluster reconstructed using X-ray

emission, γ-ray emission and gravitational lensing provides a strong evidence for the

presence of Dark Matter and also enables to extract some of its properties.
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Figure 2.4: X-ray and lensing image of the Bullet cluster from [14]. The total mass
density pro�le reconstructed from weak lensing (in green contours) is superimposed
over an X-ray photo of the Bullet cluster by the Chandra X-ray observatory. In
orange/blue is the X-ray emission from the hot ICM as observed by Chandra. The
name Bullet cluster was given in reference to the shockwave feature in its X-ray image.

Figure 2.5: Optical and lensing image of the Bullet cluster from [14]. The total
mass density pro�le of the cluster (shown in green contours) mapped by observations
of the weak gravitational lensing of background galaxies is superimposed over the
optical image of the Bullet (showing individual galaxies or stars within them) from
the Magellan and Hubble Space Telescope.
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2.1.3 Cosmic Microwave Background (CMB) Radiation

In addition to the preceding evidence of Dark Matter from astronomy, observational

cosmology also provides compelling evidence for Dark Matter via the study of the

relic radiation from the big bang called the Cosmic Microwave Background.

Around 12-14 billion years ago, due to the phenomenal explosion known as the big

bang, the Universe was a very dense and hot soup (plasma) made of photons, elec-

trons and ionized baryons in which the photons constantly bounced o� the electrons

and the baryons. The nearly in�nite temperature at that time made impossible any

binding between electrons and ionized baryons to form atoms. A few hundred thou-

sand years later, as the Universe began to expand and become cooler, the temperature

became approximately 3000 degrees Kelvin and the �rst light neutral atoms could be

formed. This is known as the recombination epoch. Once the atoms were formed, the

Universe became transparent to photons (radiation) which were thus free to escape

carrying in their distribution information about that very epoch. The study of those

remnant photons is therefore key to understanding our Universe, its age, its content

(visible + invisible), its evolution and fate.

The photons released during the recombination epoch permeate the whole Universe

and have now reached an almost uniform temperature of 2.7 degrees Kelvin making

them observable in the microwave frequency region; hence, the name Cosmic Mi-

crowave Background (CMB). Despite their near perfect temperature uniformity and

isotropy, some irregularities, even tiny, are expected. Indeed, according to the big

bang theory, the distribution of those photons should have a very small anisotropy

(characteristic of the pre-recombination era) which was responsible for the formation

of the large scale observable structures such as stars, galaxies and clusters of galaxies.

A dedicated series of experiments to study any variation in temperature of the CMB

in a given direction over the full sky has been deployed over the past two decades.
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Articles in references [16] and [17] make a good assessment of these experiments.

Only the results obtained by three major satellite based detectors (COBE, WMAP

and Planck) will be discussed here.

COBE, which stands for COsmic Background Explorer, was the �rst project (in

1992) to �nd that, as predicted, the CMB is nearly the same in all directions as

one looks up the sky, but has tiny temperature �uctuation (in the order of 1 part in

105) [18]. This anisotropy was con�rmed years later by the more sensitive WMAP

(Wilkinson Microwave Anisotropy Probe) and Planck satellites. The latest published

CMB radiation temperature maps of the full sky by WMAP and Planck are shown

in Figure 2.6. The �uctuation in the observed CMB temperature was predicted as

mentioned above and could be understood as follows. Prior to the recombination, the

electrons and baryons were homogenously distributed in space making the medium

opaque to photons which scattered frequently o� them, increasing the radiation pres-

sure which dominated gravity. The matter was then submitted to the opposing action

of gravity and radiation pressure. The former tends to pull them closer and the later

tends to pull them away from each other. This caused the baryons to oscillate and

thus induced an inhomogeneity in the system. After recombination happened, pho-

tons became free and cooled down at di�erent moments in time for di�erent density

regions (lower density �rst and higher density second) and consequently their tem-

peratures slightly �uctuate as observed today [17]. It is understood that, since Dark

Matter does not interact with light in any way (absorption, emission nor re�ection

of light), any Dark Matter present in the primordial Universe will only be subjected

to the pull of gravity and thus will not have oscillated. This fundamental di�erence

between baryonic matter and Dark Matter causes them to behave out of phase in the

temperature power spectrum of the CMB displayed in Figure 2.7. The data shown

are the 9 years data taken by the WMAP satellite [19] and the 15.5 months data
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from Planck [32, 21]. The best �t function to the data is provided by the so-called

ΛCDM model which is a parametrization of the big bang theory. As observed from

the �gure, it agrees perfectly with the data even at very small angular scales. This is

really impressive and the model is worth describing in this dissertation.

By �tting the data, the values of the model parameters (such as Ωmh
2: the phys-

ical matter density of the Universe, Ωbh
2: its physical baryon density and H0: the

Hubble constant i.e. the expansion rate of the Universe)3 are extracted and some

related values like the age of the Universe and its Dark Energy4 content are deduced.

They are all reported in table 2.1. From these values, the matter density and the

baryon density of the Universe can be derived. The signi�cant discrepancy observed

by both experiments between these two values indicates the presence of Dark Mat-

ter (ΩDM = Ωm − Ωb), recon�rms its non-baryonic nature and its relative abundance

over visible matter (about a factor of 5) in the Universe.

The Standard Model Of Modern Cosmology: The ΛCDM Model

The ΛCDM model, also known as the concordance model of cosmology, is a math-

ematical description of the Big Bang theory which relies on General Relativity and

observational constraints of a homogeneous and isotropic Universe at large cosmolog-

ical scales. The acronym ΛCDM means Lambda (cosmological constant associated

with the Dark Energy [23]) Cold Dark Matter (implying that Dark Matter particles

moved non relativistically at the epoch of structure formation). What this means

is that the ΛCDM model is a mathematical description of a Cold Dark Matter and

Dark Energy dominated Universe. With only six free parameters, it is the simplest

3The ΛCDM model is based on six free parameters in total: Ωmh
2 (the physical matter density

of the Universe), Ωbh
2 (its physical baryon density), H0 (the Hubble constant i.e. the expansion

rate of the Universe), ns (the curvature �uctuation amplitude), τ (the reionization optical depth)
and σ8 (the slope of the scalar perturbation spectrum) where h is the dimensionless Hubble constant
i.e. h ≡ H0/100(km/s)/Mpc. Only the �rst three are relevant here.

4Dark Energy can be de�ned as a speculative energy responsible for the fast expansion of the
Universe. It is also known as the vacuum energy, i.e. the intrinsic energy density of the space itself.
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Figure 2.6: Full sky CMB temperature maps showing the temperature anisotropy of
the CMB. The results are from the WMAP 9 years data and Planck 15.5 months
data released respectively in December 2012 and March 2013. The di�erent colors
describe the di�erent temperatures and densities. The blue represents regions that
are colder and less dense while the red represents regions that are warmer and denser.
Both maps look similar but Planck has a higher resolution and sensitivity and thus
a more detailed image. Image courtesy: NASA/ESA

model that is in agreement with observed phenomena, explaining the existence and

anisotropy of the CMB, the large scale structures, the abundance of light elements in

the Universe as well as the expansion of the Universe. The goal in this section is to

derive the main equation of the model.

The starting point is the Friedmann−Einstein equation describing the time evolution
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Figure 2.7: CMB angular power spectrum showing the strength of temperature varia-
tions at di�erent angular scales θ on the sky [21]. The larger angular sizes (equivalent
to small multipole moment l: θ ∼ 180◦/l) are on the left of the plot and the smaller
ones (equivalent to large l) are on the right. The WMAP 9 year result is shown along
with the Planck result and the results from other experiments (Atacama Cosmology
Telescope (ACT) and the South Pole Telescope (SPT)). The shape of this spectrum
is determined by the �uid baryon-photon oscillation in the pre-recombination epoch
while the peaks are controlled by the total density, the composition and expansion
rate of the Universe [22] and point to a �at Universe. The Planck satellite helps to
constrain the power spectrum at small scales.

of the Universe as functions of its global geometry and of its content:

H2(t) +
k

a2
− Λ

3
=

8πG

3
ρ . (2.5)

Equation 2.5 can be rearranged as

H2(t) +
k

a2
=

8πG

3
(ρ+

Λ

8πG
)

where ρtot = ρ+ Λ
8πG

is the total mass−energy density of the Universe, G is the

gravitational constant and H(t)= ȧ
a
is the Hubble parameter describing the rate of
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Parameter symbol Value from WMAP(9-year) Value from Planck ("CMB+Lensing ")

Ωbh
2 0.02264 ± 0.00050 0.02217 ± 0.00033

Ωmh
2 0.1138± 0.0045 0.1186± 0.0031

H0 (km s−1Mpc−1) 70.0± 2.2 67.9±1.5
t0 (Gyr) 13.74±0.11 13.796± 0.058

ΩΛ 0.721± 0.025 0.693 ±0.019

Table 2.1: Table of some cosmological parameters values derived from WMAP and
Planck satellite observations of the CMB radiation. The values of three out of the six
parameters used to �t the data are recorded here along with deduced values of the age
of the Universe t0 and its Dark energy density ΩΛ using observational constraints of
a �at Universe and a negligible radiation density. The radiation density is dominated
by the energy of the CMB and was determined by the COBE experiment to be
Ωr = 2.47× 10−5h−2 at the current temperature of T=2.725 ± 0.001 Kelvin. Note
that results from both experiments are within uncertainty of each other; Planck re�nes
the age of the Universe and has a smaller percentage for the Dark Energy density.

expansion of the Universe with a(t), the time dependent cosmic scale factor increasing

with time. The Hubble parameter is thus a time dependent variable that is inversely

related to the age of the Universe. Its value at the present time t0, H0=H(t0), is

called the Hubble constant and constitutes one of the six free parameters of the

ΛCDM model whose numerical value was reported in table 2.1. The constant k is the

curvature per unit area. It can be negative, zero or positive characterizing respectively

an open (k = −1), a �at (k = 0) or a closed (k = +1) Universe.

Dividing ρtot into three5 main components (matter density ρm, radiation density6 ρr

and Dark energy density ρΛ = Λ
8πG

) leads to the equation

ρm + ρr + ρΛ −
3H2

8πG
=

3k

a28πG

where the quantity 3H2

8πG
represents the critical density ρc of the Universe obtained

for a �at Universe. It demarcates the Universe that expands forever from the one

5The matter density ρm can be in turn divided into the baryonic matter density ρb and the Dark
Matter density ρDM .

6Not only photons contribute to the radiation density of the Universe but any relativistic particles
such as neutrinos.
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that ultimately collapses. It is used as a reference point for other densities such that

the density parameter Ωi of a constituent "i" is quoted as a fraction of the critical

density: Ωi ≡ ρi
ρc
. The equation above thus becomes

Ωm + Ωr + ΩΛ − 1 =
k

a2H2
. (2.6)

By de�ning a new quantity called curvature density Ωk = k
a2H2 , we �nally obtain

Ωm + Ωr + ΩΛ + Ωk = 1 . (2.7)

Either one of these equations is the main equation of the model. It relates all the den-

sity parameters together. These density parameters are time dependent and are used

to �t data from di�erent observations; for instance, the CMB temperature anisotropy

discussed earlier and the brightness versus redshift relation in type Ia supernovae

discussed next. Interestingly, the numerical values obtained from those independent

�ttings generally agree within uncertainty (Figure 2.8) and, combined together, indi-

cate the presence of Dark Matter in the Universe.

2.1.4 Type Ia Supernova (SNIa)

In the 1930s, Walter Baade and Fritz Zwicky identi�ed a new type of cosmic object to

which they gave the name supernova. A supernova is a rare and extremely luminous

stellar explosion often due to the collapse of a massive star (Type II, Type Ib) or the

re-ignition of nuclear fusion in the core of a white dwarf in binary systems7 (Type

Ia). Their classi�cation (Type Ia, Type Ib, Type II) as referenced in parentheses

was pioneered by Rudolph Minkowski in 1941 based on morphological characteristics

of their spectrum. The existence of Hydrogen lines in the spectrum is characteristic

of Type II supernova while its absence characterizes Type I supernova. Moreover,

7Two stars orbiting one another.
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Figure 2.8: Cosmic concordance plot. Displayed are the 68%, 90%, 95% and 99%
con�dence regions for Ωm and ΩΛ obtained from studies of SNIa (data shown in
Figure 2.10), CMB angular power spectrum and matter dynamics in galaxy clusters.
It is notable how the constraints on cosmological parameters from those di�erent
investigations are consistent with each other. Taken from [24].
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Figure 2.9: Picture of supernova Type Ia SN1998aq in host galaxy NGC 3982. As
seen from the picture, the SNIa appears as bright as the entire galaxy. Taken from [24]

among supernovae Type I, the existence of Silicon lines in the spectrum is indicative

of Type Ia and its absence of Type Ib. Among all those types, SNIa are the ones of

interest for this dissertation because their study from the beginning to the end of the

explosion has provided an independent way to con�rm the existence of Dark Matter

in the Universe as explained below.

Type Ia supernovae are visible across large cosmic distances (Figure 2.9) making the

study of their luminosity (brightness) possible. Their true luminosity L given by their

Chandrasekhar critical mass is well known and makes them the closest approximation

to astronomical standard candles. Consequently, one can estimate their luminosity

distance dL (i.e. the distance of explosion from the Earth or the distance of the host

galaxy within which the supernova happened) based on how bright they appear (i.e.

their observed luminosity or their apparent luminosity l). The equation used is

l ≡ L

4πd2
L

(2.8)
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and it is simply understood since one knows that a candle observed (apparent) lu-

minosity decreases with the distance it is moved away from an observer while its

absolute luminosity remains constant. In the equation, dL depends on the redshift z

(increase in wavelength due to the expansion of the Universe) via the formula [24, 25]

dL(z) =
(1 + z)√
|Ωk,0|H0

Sk(H0

√
|Ωk,0|

∫ z

0

dz

H(z)
) (2.9)

with the Hubble parameter expressed as

H(z) = H(0)[Ωm,0(1 + z)3 + Ωk,0(1 + z)2 + ΩΛ,0]1/2 (2.10)

The above equations make SNIa well suitable to study luminosity-redshift relation

and consequently help test (con�rm or not) the present time values of the cosmological

parameters given in equation 2.6 (ΩΛ,0, Ωm,0, Ωk,0) as well as probing cosmic expansion

(H(0)).

Using the relationship between the magnitude and the luminosity of the explosion,

l = 10−2m/5

equation 2.8 yields

m = M + 5 log dL + 25 (2.11)

where M is the apparent magnitude of the supernova at a standard nearby distance

of 10 parsecs. From equation 2.11, the e�ective magnitude mB ≡ m−M is de�ned

and was used to �t the brightness measurement (actually the magnitude measure-

ment) of several SNIa by the Hubble Space Telescope as plotted in Figure 2.10. The

best �t to the data was provided by the combined values (Ωm= 0.25+0.07
−0.06 (statis-

tical) ±0.04 (identi�ed systematics) and ΩΛ=0.75+0.06
0.07 (statistical) ±0.04 (identi�ed
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Figure 2.10: The top panel shows the average Hubble diagram for all SNIa observed
by the supernovae cosmology project up to 2003. The solid curve represents the
best cosmological prediction (Ωm = 0.25, ΩΛ = 0.75) for a �at Universe. The dashed
curves represent two other cosmological models/predictions (Ωm = 0.25, ΩΛ = 0) and
(Ωm = 1.0, ΩΛ = 0) which are shown in comparison to the best one. The lower panel
shows the di�erence relative to an empty Universe with Ωm = 0, ΩΛ = 0 and Ωk = 1.
Taken from [26].

systematics)) [26] converging to a �at Universe Ωk = 0. Therefore, it has been con-

�rmed independently of the CMB study that the Universe is �at and Dark Energy

dominated. What is of interest is that this study combined with that of CMB also

validated that the density of the unknown mater (Ωm Ωb) is prevalent over the density

of the known matter Ωb. Dark Matter is thus out there!
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2.2 Dark Matter Particles Candidates

There is now have convincing evidence that Dark Matter is out there with some

properties de�ned by diverse experiments. Unfortunately, this is all that is known.

�What is Dark Matter made of?�, �Is there a unique class of Dark Matter particles?�

are examples of unresolved questions concerning this missing matter of the Universe.

Several particles have been proposed so far to account for this matter based on the

requirements provided by numerous observations including those discussed in the �rst

part of this chapter. These candidates can be classi�ed according to their production

mechanism (which is thermal or non-thermal depending on whether or not they were

created in thermal equilibrium in the early Universe) and are referred to as thermal

relics or non-thermal relics of the big bang. They can also be classi�ed based on their

motion (relativistic or non-relativistic) during the time structures started to form;

in which case, they are referred to as hot and cold Dark Matter, respectively. Hot

Dark Matter will freely stream out of the forming structures and thus will inhibit the

formation of small scale structures while the larger ones are being formed. In this

scenario, the large scale structures are therefore formed �rst and later on collapse

or break into small scale structures. The Cold Dark Matter on the other hand will

enable the formation of the smaller scale structures �rst as they clump together under

the action of gravity because of their negligible velocity. From the probe of structure

formation, the Cold Dark Matter (CDM) scenario is favored over the Hot Dark Matter

(HDM) scenario as structures formed in an hierarchical order from small objects (for

instance stars) to big ones (superclusters of galaxies) and not the inverse. But this is

not to say that the HDM could not contribute (a small percentage) to the overall Dark

Matter. The particle candidates can also be classi�ed after their nature (baryonic or

non baryonic). The baryonic Dark Matter will be made of ordinary matter such as

atoms while the non-baryonic matter will be composed of neutrinos and other exotic

particles. As seen in previous sections, non-baryonic Dark Matter is indubitably
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favored over baryonic Dark Matter.

The intent of this section is not to discuss in detail all the candidates that have been

proposed, but to outline brie�y the prominent ones. They are the Standard Model

(SM) neutrinos, the MACHOs, the axions and the WIMPS. Particular attention will

be given to WIMPs as they constitute the favored class of particles to be Dark Matter.

2.2.1 Hot Non-Baryonic Dark Matter: SM Neutrinos

SM neutrinos (νe, νµ.ντ ) form a very good class of candidates for Dark Matter: they

exist (unlike other Dark Matter candidates that have not yet been experimentally

veri�ed), are massive8 (although negligible), electrically neutral (and thus dark), non

baryonic, weakly interacting and, were thermally produced in the primordial Universe

out of electron positron annihilation (i.e. they are thermal relics of the big bang, im-

plying that they are stable).

However, experimental constraints from large scale structure formation has strongly

disfavored neutrinos as the main Dark Matter components. Having an excessive num-

ber of relativistic particles such as neutrinos (whose mass is lower than a keV) when

galaxies formed would have erased too much structure at the smallest scales revers-

ing the hierarchical order in structure formation. This would have occured through

damping of the structure growth by neutrino free streaming [30]. But this was not

observed and thus neutrinos are not abundant enough to have a major cosmological

impact as required of Dark Matter. Combining the results of galaxy survey 2dFGRS

and WMAP5-year (CMB anisotropy) yielded an upper limit of Ωνh
2 < 0.0067 (95%

CL)[31] which is very small compare to ΩDMh
2 inferred from table 2.1.

As an aside, note that cosmology allows a constraint on neutrino masses to be made

8Evidence of neutrinos oscillation by di�erent experiments (for instance SNO [27, 28] and Super-
Kamiokande [29]) has demonstrated that neutrinos are not masseless like it was once thought.
However the exact value of their mass is not yet known.
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independently of laboratories experiments. The equation

Ωνh
2 =

Σimνi

93eV
; i = e−, µ, τ

implies that Σimνi should be less than < 93h−2eV since the Universe is not closed

by the neutrinos. Using the limit from the WMAP5-year(CMB)+2dFGRS, a lower

limit of 0.62 eV for the sum of the neutrino masses is obtained. Recent data from the

Planck satellite set a tighter constraint of 0.23 eV on Σimνi [32].

2.2.2 Cold Baryonic Dark Matter: MACHOs

The acronym MACHOs (Massive Astrophysical Compact Halo Objects) was origi-

nally given by the astrophysicist Kim Griest as a humorous contrast to the term

WIMPs labeling another class of Dark Matter particles. It is used to designate large

and dense astronomical objects which barely emit light (generally none) such as pri-

mordial black holes and red and white dwarfs. The idea of this unique class of unseen

normal baryonic matter as a Dark Matter candidate intuitively and naively arose in

the nineties. It was strongly supported by the proponents of the MOND theory who

refuted the existence of an exotic matter �lling up the Universe although cosmological

constraints clearly suggested the non baryonic nature of Dark Matter. As a conse-

quence, a search for MACHOs was performed by astronomers.

As dark bodies, their detection is di�cult and generally done using the microlensing

ampli�cation or magni�cation of the light emitted by a background star as it is bent

by the MACHO (which sits on the line-of-sight to that star) while traveling through

space-time as discussed in Section 2.1.2. This technique, proposed in 1986 for MA-

CHOs detection by Bohdan Paczy«ski allowed the detection of only several tens of

MACHOs and provided a way for an independent study of their number density. Many

experimental groups (for instance the EROS-2 and MACHO collaborations [33]) have
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made measurements; and their results disfavor those massive dark objects as mak-

ing up much of the Dark Matter if their masses are between 0.6× 10−7 to 15 solar

masses [34]. MACHOs with masses outside this range have not yet been investigated.

We can comment that surveys on MACHOs have so far reinforced the non-baryonic

nature of the bulk of Dark Matter. According to the EROS collaboration, at most

8% of the missing matter can be accounted for by MACHOs with masses in the range

indicated.

2.2.3 Cold Non-Baryonic Dark Matter: Axions

Originally hypothesized by the Peccei-Quinn theory in 1977 [35] to resolve the strong

CP (Charge Parity) problem in Quantum Chromodynamics (QCD), axion particles

are also viable Dark Matter candidates. In fact, after WIMPs (to be discussed in the

next section), they are the strongest Dark Matter contenders to date.

The strong CP problem arose due to the observed but unnatural conservation of the

Charge Parity symmetry in QCD (the theoretical framework for strong interactions)

while in the overall Standard Model this symmetry is violated9. Peccei and Quinn

reconciled the imbalance by introducing a new symmetry (P-Q symmetry) whose

spontaneous breaking leads to the CP conservation through the creation of a pseudo-

Nambu-Goldstone boson which is the axion. The axion's mass is thus determined by

the energy scale of the symmetry breaking fa:

ma ' 0.6eV
107GeV

fa

The value of fa (and therefore the mass of the axion) is obtained using several astro-

physical as well as cosmological constraints [36, 37]. Using Ωah
2 ∝ (fa/1012GeV )7/6

along with the constraint Ωa < Ωtot ' 1 for a �at Universe, an upper limit on fa at

9CP symmetry has to be conserved in QCD as its violation will lead to an unnatural non zero
electric dipole moment for neutrons which has not been observed experimentally.
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the level of 1012 GeV is obtained; which implies a mass around a micro-electron volt

for axions. Constraints from supernova SN1987a set a lower bound of 109 GeV on

fa implying an axion mass around a milli-electron volt. Combining both limits gives

10−6eV < ma < 10−3eV .

Although these are very light particles, they are speculated to have been produced

non-thermally in the early Universe making them non-relativistic or cold during struc-

ture formation. In addition to this major Dark Matter like feature, they are neutral

as well as weakly interacting and thus are a suitable possibility for Dark Matter if

they possess the right relic abundance. Note that axion Dark Matter (i.e. Ωa = ΩDM)

will have a mass around 5× 10−5eV. Axions with a mass much bigger than this will

not contribute enough to the cosmological matter-energy density to account for the

bulk of Dark Matter.

Axion searches represent a very active �eld. These searches mostly rely on their co-

herent mixing with photons in the presence of a strong magnetic �eld [38, 39]. To be

precise, it uses the inverse Primako� e�ect: the halo axions will weakly interact with

the electromagnetic �eld to produce microwave photons which can be detected. A

signi�cant excess of photons in the detectors is thus an indication for the discovery of

axions. Among the diverse experiments looking for axions (Figure 2.11), the ADMX

(standing for Axion Dark Matter eXperiment) is a very promising one which looks

speci�cally for axion Dark Matter. It is currently undergoing upgrades to reach a

level of sensitivity that will allow the discovery of these axions if they exist at the

level required to explain Dark Matter with axions [40].

2.2.4 Cold Non-Baryonic Dark Matter: WIMPs

Weakly Interacting Massive Particles (WIMPs) designate a class of particles that have

been hypothesized to resolve the Dark Matter problem. These particles only interact

via gravity and weak forces and have masses between a few GeV and a few TeV. They
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Figure 2.11: The current status of axion searches with experimentally excluded re-
gions in dark green, constraints from astronomical observations in grey, or from astro-
physical or cosmological arguments in blue, hints for axions and axion like particles
from astrophysics in red and sensitivity of planned experiments in light green. Figure
and caption taken from [42].

possess all the known Dark Matter properties which we reiterate below:

1) They are electrically neutral: no electromagnetic interaction otherwise they

would have already been seen and detected using standard optic techniques.

2) They are stable on cosmological time scale: not yet decayed since their cre-

ation during the big bang.

3) They are massive as they are observed to have a gravitational impact on

galaxies.

4) They are non-baryonic.
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5) They are cold: the majority of the Dark Matter particles must be cold to

explain the hierarchy in structure formation.

6) They must have a large relic abundance. More precisely, they must have

the correct relic abundance. This point deserves further explanation since the

main reason why WIMPs are the most promising Dark Matter particle can-

didates is because their current density is comparable to the density of Dark

Matter predicted by cosmology.

In the extremely hot early Universe, all particles were in thermal equilibrium with

each other. The high temperature allowed pairs of massive particles and antiparticles

(for instance WIMPs and antiWIMPs) to be created out of the radiation in to which

they also annihilated. But as the Universe began to expand and cool down, the

thermal energy of photons became smaller and smaller to the point that WIMP-

antiWIMP pairs could no longer be produced. However, they could still annihilate

and thus their density decreased exponentially. But as the Universe kept expanding,

the WIMP annihilation rate decreased as well and eventually became negligible due

to their small interaction probability10. At this point, known as the freeze-out point,

the WIMP abundance or the WIMP density in the Universe became roughly constant

with that measured nowadays. What is particularly important and what is referred

to as the WIMP miracle in the literature is the fact that the current density of Dark

Matter implies a WIMP annihilation cross-section at the level of the weak scale.

Indeed, the relation between the fractional relic density of WIMPs relative to the

critical density of the Universe (Ωχh
2) and its average thermal annihilation cross

section (< σχχv >) can be given by the approximated expression

Ωχh
2 ≈ 3× 10−27cm3s−1

< σχχv >
.

10Meanwhile, particles with larger interaction cross sections could still annihilate resulting in a
relatively lower density today.
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Additionally, assuming Dark Matter to be solely made up of WIMPs (i.e. Ωχ = ΩDM),

the annihilation cross-section is about a pb as it should be expected for weak inter-

action processes. Another strong argument in favor of WIMPs is that WIMP-like

particles are naturally predicted by a hypothetical theory called Supersymmetry or

fermion-boson symmetry. This theory and the WIMP-like particles it predicts are

discussed next.

WIMPs And Supersymmetry Theory

The Supersymmetry theory (SUSY) was developed in the seventies as an extension of

the Standard Model of particle physics. Although the SM has succeeded in describing

subatomic particles and their interactions to very high precision, it is not a complete

theory and presents some �aws. One of them, mentioned earlier in this chapter, is

the attribution of null masses to neutrinos. It is thus �tting that many theories called

�theories beyond the Standard Model� such as SUSY were developed and are still

being developed. SUSY is well motivated because it helps solve the hierarchy problem

in the SM and also paves a way to a beautiful theory called Grand Uni�cation that

merges the three known SM forces (strong, electromagnetic and weak) into a single

one and provides a simpler understanding of the Universe. However, no evidence for

SUSY has been observed yet and thus its validity is challenged11.

Like many other theories, SUSY introduces a new set of particles and rules for particle

interactions. Its new particles are called sparticles and are superpartners of the SM

fermions and bosons: to each boson is associated a fermion and to each fermion is

associated a boson. Generally, the name of a sparticle is obtained by putting an

"s"(which stands for scalar) at the beginning of the name of the SM particle. For

instance, the SUSY partners of muons are called smuons. One of the rules governing

the particle interactions in SUSY is the conservation of a discrete symmetry (called

11Following the recent discovery of Higgs boson like particle at the Large Hadron Collider (LHC)
and the absence of evidence for SUSY, the detractors of the theory have increased.
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R-parity) which is a multiplicative quantum number de�ned by:

R = (−1)L+3B+2J

where L and B are respectively the leptonic and the baryonic number and J the spin.

This quantum number takes di�erent values for SM particles (R = 1) and for SUSY

particles (R = −1); forbidding therefore the decay of heavy sparticles into only SM

particles. Consequently, the lightest of the Supersymmetric particles (LSP) whose

mass is in accordance with the range of WIMPs masses12 becomes a suitable candi-

date for Dark Matter as it is naturally stable under the conservation of the R-parity

because it has no allowed decay mode. The LSP could be the gravitino with spin

3/2, the lightest sneutrino with spin zero or the lightest neutralino with spin 1/2 [44].

They are all electrically neutral with feeble interaction strength.

The Gravitino: The gravitino is the supersymmetric partner of the hypothetical

elementary particle called the graviton. As the graviton theoretically mediates grav-

itation, the gravitino mediates Supergravity interactions which combines gravitation

and Supersymmetry. The gravitino mass is thought to be between a few eV and ∼1

TeV with the upper limit of ∼1 TeV due to constraints on resolving the hierarchy

problem in the Standard Model. The gravitino Dark Matter particle is very light,

with a mass of a few eV/c2. It is also known as the super-WIMP because it interacts

even feebler with other particles and itself compared to other WIMPs candidates.

This makes their direct detection (via the interaction with SM particles) and indirect

detection (through their annihilation) very challenging and nearly impossible. The

gravitinos are thought to be produced by the decay of the next-to-lightest super-

symmetric particle from which they get the appropriate relic density to match the

12The resolution of the hierarchy problem set an upper bound of ∼1 TeV on the sparticles mass
making the LSP lower than a TeV and consequently in accordance with mχ ∈ [10GeV, 10TeV ].
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observed Dark Matter abundance.

The Sneutrinos : selectron neutrinos, smuon neutrinos and stau neutrinos are the

SUSY partners of the three active neutrino �avors discussed in Section 2.2.1. Left

handed sneutrinos as Dark Matter candidates have been ruled out due to their large

interaction cross-section that has already been excluded by direct detection experi-

ments [45]. They would have been detected by now if they make up the Dark Matter.

However, there are theories being developed still supporting the idea of di�erent

sneutrinos (right handed or sterile sneutrinos) as Dark Matter candidates [46]. Those

peculiar sneutrinos have a much lower interaction cross-section parameter space that

has not yet been probed experimentally.

The Neutralinos : The neutralinos are often considered to be the best LSP con-

tenders for Dark Matter. There are four of them in total labeled respectively χ̃0
1, χ̃

0
2,

χ̃0
3, χ̃

0
4. They are mass eigenstates resulting from the mixing of SUSY partners of

the Higgs boson (higgsinos H̃1 and H̃2 for the two higgs doublets) with the SUSY

partners of the gauge bosons B (Bino B̃) and W 3 (wino W̃ 3) as seen in equation 2.12.

χ = αB̃ + βW̃ 3 + γ1H̃1 + γ2H̃2. (2.12)

The neutralino of interest is the lightest one χ̃0
1 as it is stable under R-parity conser-

vation. As a WIMP candidate, its mass is expected to range from 10 GeV to ∼1 TeV.

The next chapter explores various ways of searching for these WIMP neutralinos in

space and ground based detectors. The majority of the world-wide e�ort to uncover

the nature of Dark Matter is focussed on searches for Dark Matter in the form of

neutralinos.
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Chapter 3

WIMP Dark Matter Searches

The search for neutralino WIMP Dark Matter began in the 1980's and is

currently one of the most active �elds in experimental Physics. Many international

experiments are in the race for its discovery utilizing diverse and compelling strate-

gies. Its three main signatures are: WIMP pair production, WIMP self-annihilation

and WIMP scattering interactions with atomic nuclei. These signatures will be dis-

cussed in this chapter with an emphasis on the latter since it constitutes the basis for

this thesis.

Caveat: WIMP and Dark Matter will be used interchangeably in this chapter.

3.1 WIMP Pair Production At Colliders

Collider production of WIMP Dark Matter candidates is a very important comple-

ment to the WIMP direct and indirect detections as it will help (among other things)

to constrain the WIMP mass. In a particle accelerator (e.g. CERN LHC (Large

Hadron Collider), Tetravon or LEP (Large Electron Positron) collider), hadronic or

leptonic particles are accelerated at very high energies and brought to collide at a
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point surrounded by detectors where one looks for a high rate of events with signi�-

cant missing energy to infer WIMP pair production. To date, no WIMP production

has been reported either by experiments at any of the colliders, although kinetic en-

ergies at the GeV and TeV levels have been reached [47, 48, 49] and this is starting

to put model dependent limits on possible SUSY Dark Matter candidates.

3.2 Indirect WIMP Searches

Indirect WIMP searches rely on observing annihilation products from WIMP anti-

WIMP collisions. In that case, their tiny annihilation cross-section causes them to

only have an appreciable annihilation rate in very dense regions such as the sun or

galactic centers where they are more concentrated due to collisions which lowered

their energy to the point they became gravitationally bound. The primary prod-

ucts of their self-annihilation are high energy neutrinos or high energy gamma rays.

However, upon interaction of cosmic gamma rays with matter, charged leptons (e+

and e−) can be produced as secondary particles of the WIMP annihilation. All these

particles travel relativistically to reach space or Earth based detectors where their

detection is observed as an excess of these particle types from particular objects in

space.

Ground based Cerenkov detectors such as the IceCube [50] and SuperKamiokande [51]

experiments look for the high energy neutrinos while the high energy gamma rays or

the high energy electrons/positrons are being searched for by balloon-borne detectors

(eg. in the ATIC (Advanced Thin Ionization Calorimeter) experiment [52]) and in

space based telescopes such as the Fermi-LAT (Fermi Large Area Telescope) experi-

ment [53], the AMS-II (Alpha Magnetic Spectrometer) experiment [54] or PAMELA

(a Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics) exper-

iment [55]. There have been quite a few intriguing results from the second group of
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experiments which are worth mentioning here.

First, it was announced by all of them that they had observed an excess in the high

energy positron fraction (R = φ(e+)/(φ(e+) + φ(e−))) that might be interpreted as

a signature of WIMP annihilation in neighboring regions. Figure 3.1 shows results

from PAMELA, AMS-II and Fermi-LAT. Normally, the positron fraction measured

should monotonically decrease with increasing energy if their production is solely due

to cosmic ray nuclei interacting with interstellar gas [56, 57]. But, if there is an addi-

tional source of positron production close by, an increase (excess) in positron fraction

will result in raising the curve as portrayed in Figure 3.1. Although it is tantalizing

to accept Dark Matter annihilation as the source of these extra positrons, they might

well be, according to some physicists, coming from nearby pulsars that behave as ac-

celerators to produce matter/antimatter pairs including electrons and positrons [58].

Secondly, in 2012, two di�erent collaborations analyzed the Fermi-LAT publicly avail-

able data and found an excess of ∼ 130 GeV gamma rays which could plausibly be

due to Dark Matter annihilation [60, 61]. However, other explanations to the ob-

served peak at ∼130 GeV such as an instrumental artefact have not been discounted.

Moreover, their claim has a very low statistical accuracy and thus more years of data

are required to conclude the matter.

3.3 Direct WIMP Searches

Direct search experiments aim to observe WIMPs through the expected, but very rare

Dark Matter interactions with nuclei inside terrestrial detectors. These interactions

are generally elastic in nature and as such produce recoiling nuclei which deposit their

energy along their recoiling paths. The energy deposited is absorbed by the detectors

and converted into measurable signals through three main mechanisms which are
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Figure 3.1: Measured positron relative abundance as a function of positron energy.
A steady increase can be seen from roughly 10 GeV to about 250 GeV marked by the
orthogonal blue arrow. The AMS-II collaboration awaits more statistical accuracy to
display the trend of the data above that point. Taken from [59].

heat production, ionization and scintillation. When only one of these mechanisms is

observed in a given experiment it is often referred to as a single phase experiment

while when two of these mechanisms (for instance ionization and scintillation) are

measured in an experiment it is often referred to as a dual phase experiment. In

addition, experiments are also classi�ed based on the spin of the nuclei employed and

the nature of the interaction. They are referred to as a Spin-Dependent or a Spin-

Independent experiment. Note that the techniques employed in signal identi�cation

and background discrimination as well as the choice of the nuclei utilized depend on

the method chosen to detect the nuclear recoil.

Expanding on each of these classi�cations is not the focus of this section. Instead,

the general theory behind all of them is covered and a succinct description of some

leading experimental e�orts falling into these categories is provided.
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3.3.1 Theory in Direct WIMP search

The notions of WIMP velocity, WIMP elastic scattering, expected WIMP counting

rate, WIMP-nucleus and WIMP-nucleon cross-sections are tackled in the following.

WIMP velocity

According to the standard halo model, the WIMP velocity in the galactic rest frame

labeled ~vχ follows a Maxwell-Boltzmann distribution with a mean value of about v0.

f( ~vχ) =


1

(πv20)3/2
e

−( ~vχ)2

v20 , | ~vχ| < vesc

0, otherwise

(3.1)

v0 = 220 ± 20 km.s−1 is the mean velocity of the sun around the center of the galaxy

and vesc = 544 ± 40 km.s−1 is the escape velocity; i.e. the upper bound for the WIMP

velocity above which the WIMPs will overcome the gravitational pull of the galaxy

and escape the galactic halo [62].

Since direct Dark Matter search experiments are sited on the Earth, the equation

above is rewritten in the Earth rest frame (or detectors rest frame) by changing ~vχ

into ( ~vχ + ~vE) where ~vE is the Earth velocity relative to the galactic rest frame. Its

expression is obtained by combining the Earth's orbital velocity around the sun with

the sun's velocity with respect to the galactic halo. ~vE changes during the year as

the Earth revolves around the sun according to the equation given in 3.2:

vE(t) = v0[1.05 + 0.07 cos(
2π(t− tp)

1yr
)] [63] (3.2)

where t is the number of days since January 1st and tp is the number of days elapsed

from January 1st to June 2nd which is the time of the year at which the sun and the

Earth orbit in the same direction (Figure 3.2) resulting in the maximum combined



3.3. DIRECT WIMP SEARCHES 40

Figure 3.2: Sketch of the Earth and sun motions relative to the WIMP wind from the
galactic halo. The Earth's speed relative to the sun points toward the WIMP wind in
June and away from it in December. If a positive signal for WIMPs is observed, one
next obvious step would be to observe their direction of origin. Prototype detectors
are already under construction to develop this technology [64]. Original picture taken
from [65].

velocity.

It is clear from equation 3.2 that the time dependence of the Earth's motion vE(t)

introduces an annual modulation as a physical signature of a WIMP signal since the

WIMP number density given by

dn =
n0

k
f( ~vχ, ~vE)d3 ~vχ (3.3)

will vary over the course of the year according to the sinusoidal velocity vE(t). The

WIMP number density has its maximal value in June when the Earth's orbital ve-

locity is in the same direction as the sun's orbital velocity and has its lowest value in

December when the two orbital velocities are opposite one another. In equation 3.3,

n0(∼ 0.3/Mχ/cm
3) is the mean WIMP density and k =

∫
f( ~vχ, ~vE)d3 ~vχ is a normal-

ization constant obtained by integrating over all Dark Matter contributing velocities
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that range from vmin to vesc. For simplicity, vesc is generally set to ∞ and vmin set to

zero but it is known that it has to be di�erent from zero for a nuclear recoil event to

happen, as will be discussed later.

Since the number of WIMPs crossing a detector �uctuates during the year, exper-

iments could look at the annual modulation of their detection rate. However, the

induced modulation in the rate is very small (in the order of 3-7% [63]) and therefore

a very high statistical accuracy is needed. This is very challenging since one is looking

at very rare events and therefore most experiments are presently insensitive to this.

To date, only two collaborations (DAMA [66] and CoGeNT [67]) have reported to

have observed an annual modulation. The results of the �rst one will be investigated

in Section 3.3.3.

WIMP elastic scattering

When a WIMP of a given mass and energy enters a detector, it scatters o� the

electrons or/and nucleus of the target material. The scattering enables a percentage

of the kinetic energy of the WIMP to be transferred to the atomic matter. The energy

transferred to the atom as a whole by the incoming WIMP is generally small and less

than the nuclear binding energy and typical ionization energies. Therefore, generally

only recoils are produced and sometimes perhaps their excitations. Since the induced

electronic recoils are much lower in energy than the nuclear recoils, direct detection

experiments are only sensitive to the nuclear recoils caused by the scattering o� the

WIMPs.

The energy of the recoiling nucleus (ER) is closely related to the energy of the incident

WIMP as prescribed by energy and momentum conservation laws in elastic collisions.

ER = 2Eχ
MχMN

(Mχ +MN)2
(1− cos(θ)) (3.4)
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where θ is the scattering angle in the center of mass frame (i.e. the angle between the

incoming WIMP and the scattered WIMP) and Eχ = 1
2
Mχv

2
χ, is the kinetic energy of

the incident WIMP.Mχ andMN are the masses of the WIMP and nucleus respectively.

The maximum recoil energy is thus produced in the case of a backscattering event

(θ = π); i.e.

ER ≤ ERmax =
2v2

χ

MN

(
MχMN

Mχ +MN

)2.

This means that for a very heavy WIMP (Mχ �MN), the nucleus will recoil with a

velocity that is twice that of the incident WIMP and its maximum kinetic energy will

increase linearly with its mass (ER ∼ 2v2
χMN). It is thus apparent why electronic re-

coil is disregarded with respect to nuclear recoil since its mass is negligible compared

to a typical nuclear mass. Conversely, for a very light WIMP (MN �Mχ), the recoil-

ing velocity is twice the incident WIMP velocity multiplied by the ratio of the masses

Mχ/MN and the kinetic energy quickly decreases for light WIMPs (ER ∼ 2v2
χ
M2
χ

MN
).

Furthermore, the above equation means that the average recoil energy impacted to

the 19F target nucleus in PICASSO by, let's say a 100 GeV/c2 WIMP will be ER ' 14

keV using vχ = 220 km/s−1 ≈ 10−3c. This value is indeed very small and less than

the nuclear binding energy in 19F as mentioned above and will only lead to WIMP-

19F elastic collisions. Moreover, the rough calculation made here underlines one of

the major challenges in direct Dark Matter searches, namely the very low interaction

energy. Generally, this energy ER is found to be between a few keV and about a

hundred keV for various WIMP masses and target materials used by experiments.

Since these values are very low, sophisticated and expensive technologies are required

to build sensitive or low threshold detectors able to detect them. Lower threshold

detectors are indispensable as very light WIMPs are probed. On the other hand, the

lower the detector's threshold, the more sensitive the experiment becomes to noise

and background, signaling the need of more sophisticated technologies to build low

threshold detectors that could be operated essentially background free.
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WIMP expected di�erential counting rate

The anticipated WIMP interaction rate in a detector as a function of the nuclear

recoil energy (also known as the WIMP-induced nuclear recoil energy spectrum) can

be described by the simpli�ed expression 7.6:

dR

dER
=

R0

< ER >
e
− ER
<ER>F 2(ER) . (3.5)

This expression is acquired by assuming vesc =∞ and vE = 0. The general and more

complex expression found in [62] will be used later to discuss the annual modulation

in the DAMA experiment. Each term in this equation is very important and is re-

viewed in the following:

• The �rst term R0 is the expected total event rate per unit mass. It is de�ned

as

R0 =
2√
π

NA

A

ρχ
Mχ

< vχ > σA .

where σA is the cross-section for the WIMP-nucleus elastic scattering interaction.

It is expected to be on the order of the weak scale (∼1 picobarn). It depends on

the type of interaction, Spin-Dependent (SD) or Spin-Independent (SI) between the

WIMP and the nucleus. This will be discussed in more detail later on. < vχ > is

the WIMP mean velocity in the galactic rest frame which is approximately v0 using

the equation 3.1. ρχ is the local density of Dark Matter in our galaxy (on average

ρχ = 0.3±0.1GeV/c2/cm3); NA is Avogadro's number and A is the nuclear mass of

the target in g/mol. The quantity ρχ<vχ>

Mχ
is the average WIMP �ux in our galaxy,

which is of the order of 104 WIMPs of 100 GeV/c2 mass per cm2 per second. This

abundance of WIMPs in the galaxy suggests a priori that their detection will be easy.

However, a back-of-the-envelope calculation of the number of WIMPs interacting in

a terrestrial detector (i.e. that are detectable) brings to light another challenge to
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the hunt for Dark Matter. For example, for a cross-section of 1pb and WIMP mass

of 100 GeV/c2, only about 8 WIMPs are expected in a PICASSO-like experiment for

1 month of running for 1 kg of 19F1.

It is worth reiterating at this point the two main challenges in Dark Matter search: the

low interaction rate that requires a huge exposure (larger sized experiment running

for a long time) and the low interaction energy that demands low threshold detectors

with small to no background. As a comment here, many experiments are now un-

dergoing major upgrades to increase the size of their detectors and to improve their

background reduction techniques. These constitute the next generation Dark Mat-

ter search experiments: CDMS is actively working toward SuperCDMS, XENON100

toward XENON1T, LUX toward LZ (2 to 20 tonnes of LXe), and COUPP and PI-

CASSO have joined to form PICO-250L.

• To the terms in the above equation, the e�ciency of the detector ε(Eth,Mχ) (also re-

ferred to as ε(Eth, ER)) which is always less than 1 should be added. Its exact variation

in terms of the threshold energy and the recoil energy depends on each experiment.

However it is gleaned from the previous section that, for a speci�c experiment at a

speci�c threshold, the e�ciency is nearly constant for very heavy WIMPs since at

that limit, the recoil energy is independent of the WIMP mass (ER ∼ 2v2
χMN). The

details of the e�ciency of PICASSO detectors will be discussed in the next chapter.

• The second term < ER > is the mean nuclear recoil energy whose formula, given

in equation 3.4 has already been discussed. The mean recoil energy is acquired by

averaging over all scattering angles and WIMP kinetic energies (or WIMP velocities):

< ER >=
< vχ >

2

MN

(
MχMN

Mχ +MN

)2 .

1That is less than 1 event per PICASSO detector during one full month of running.
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• The third term F 2(ER) is the nuclear form factor. It describes the interference

between the nucleons due to their relative positions in the nucleus. Its value depends

on the type of interaction2 (SI or SD) and is always less than but close to unity. It is

also sometimes written as F 2(|q|) where |q| =
√

2MNER represents the momentum

transferred to the nucleus by the WIMP. Due to its dependence on the atomic nucleus

mass, the strength of the nuclear form factor is enhanced for heavy nuclei. As the

cross-section is addressed in the next section, the role of the nuclear form factor will

become clearer.

WIMP-Nucleus Cross-Section σ:

Because WIMPs move non-relativistically, their deBroglie wavelength (λ = h
Mχvχ

≈1-

100 fm using the speci�cations mentioned above) is generally larger than the diameter

of the atomic nucleus which is around a fm. Consequently, a WIMP sees the entire

nucleus and experiences the collective e�ect of all nucleons instead of that of some

nucleons only. The overall WIMP-nucleus cross-section should thus take into account

all the individual WIMP-nucleon cross-sections and the interferences which can be

constructive or destructive. To describe this mathematically, the starting point is the

equation below

dσ

d|q|2
= G2

F

CA
v2
χ

F 2(|q|) ([68]) (3.6)

where GF is the Fermi constant and CA is the enhancement factor which carries

information about the physics of the interaction and thus depends on the type of

interaction. F 2(|q|) is the nuclear form factor addressed in the previous bullet and vχ

2For SD interactions, F (q) could be approximated to F 2(q) = S(q)/S0 where
S(q) ≡ a20S00(q) + a0a1S01(q) + a1S11(q) with a0 = ap + an and a1 = ap − an.
For SI interactions, F (q) could be approximated to F (q) = 3 j1(qrn)qrn

e−(qs)2/2 with j1(qrn) the
spherical Bessel function of the �rst kind, rn the nuclear radius and s the nuclear skin thickness.
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is the velocity of the WIMP. Equation 3.6 shows that the overall cross-section could

be written as in [69]:

σ = σAF
2(|q|) (3.7)

with σA the cross-section obtained using the zero momentum transfer limit (i.e.

|q| = 0)

σA =

∫ |q|2=4µ2Av
2
χ

0

dσ(|q| = 0)

d|q|2
d|q|2 = 4G2

Fµ
2
ACA

where µA = MχMN

(Mχ+MN )
is the reduced mass of the WIMP-nucleus system. The cross-

sections in the �nite momentum transfer and in the zero momentum transfer limit

are related by the form factor F 2(|q|) which is always less than unity. F 2(|q|) is thus

a correction term from the target nucleus to the cross-section in the zero momentum

transfer approximation.

• Spin-Independent Interaction: σSIA

In SI interactions also known as scalar interactions, the dominant Feynman diagrams

of the WIMP-nucleon collisions are as shown in Figure 3.3. The interactions are

governed by Higgs boson and squark exchanges. Normally, only nuclei with an even

number of protons and neutrons are involved in this type of interaction. As these nu-

clei are spinless, WIMPs view them as a set of indistinguishable nucleons and scatter

o� them likewise. The overall cross-section at |q| = 0 is then the combination with

equal weights from the contributions of all individual nucleons.

CSI
A =

1

πG2
F

[Zfp +Nfn]2 (3.8)

and

σSIA =
4µ2

A

π
[Zfp +Nfn]2 (3.9)
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Figure 3.3: Feynman diagrams for WIMP-nucleon scalar interactions in Supersym-
metric model. Taken from [68].

where Z is the number of protons and N=(A-Z) is the number of neutrons with

A, the total number of nucleons. fp and fn are the WIMP Spin-Independent cou-

pling constants to protons and neutrons, respectively. They are generally (but not

always) considered to be equal in Supersymmetric models and, in this case, the in-

teraction amplitude becomes proportional to the square of the number of nucleons

present in the target nucleus (σSI0 ∝ A2). It is now comprehended why heavy nu-

clei, which amplify their prospects of detection, are favored by experiments involved

in SI Dark Matter searches. Heavy nuclei such as Xe(XENON100 A2 ∼ 17000) or

Ge(CDMS/SuperCDMS A2 ∼ 5000) are employed.

• Spin-Dependent interaction σSDA

In SD interactions, also known as axial-vector interactions, the dominant Feynman

diagrams are as shown in Figure 3.4. These interactions are mediated by Z boson

and squark exchanges. The target nucleus involved in this kind of interaction has a

non-zero nuclear spin (i.e. has an odd number of protons or neutrons). For this rea-

son, the interaction between the WIMP and all the nucleons can be mathematically

modeled as an interaction on a single unpaired nucleon. Nucleons of the same nature

and opposite spins cancel each other's contributions. In the jargon, it is said that,
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Figure 3.4: Feynman diagrams of WIMP-nucleon axial-vector interactions in Super-
symmetric model. Taken from [68].

a WIMP regards these nucleons with di�erent spins as distinct entities and becomes

mostly attracted to the nucleon with a non-zero spin, i.e. the unpaired one. The

enhancement factor will not therefore depend on the total number of nucleons, but

will only rely on the unpaired nucleon and its spin.

CSD
A =

8

π

J + 1

J
[ap < Sp > +an < Sn >]2 (3.10)

and

σSDA =
32

π
G2
Fµ

2
A

J + 1

J
[ap < Sp > +an < Sn >]2 (3.11)

where ap and an are the WIMP Spin-Dependent coupling constants to protons and

neutrons, J is the total nuclear spin and < Sp >, < Sn > (determined by < N |Sp|N >

and < N |Sn|N >, respectively) are the expectation values of the nucleon group spins

in the target nucleus. |N >≡ |n, l, j,mj = j > with n, l, j the quantum number of the

orbit occupied by the unpaired nucleon. Their values are of great importance in the

choice of the target material in SD searches. To enhance the probability of a Dark

Matter interaction in the detectors, nuclei with a high value of < Sp,n > coupled with

a low value of the spin J give favorable rates. The size of the nucleus is somewhat

irrelevant. From table 3.1, displaying some important properties of diverse nuclei
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Nucleons Z odd nucleon Total nuclear spin(J) < Sp > < Sn >
17O 8 n 5/2 0 0.495
19F 9 p 1/2 0.441 -0.109

23Na 11 p 3/2 0.248 0.020
27Al 13 p 5/2 0.343 0.030
29Si 14 n 1/2 -0.002 0.130
35Cl 17 p 3/2 -0.059 -0.011
39K 19 p 3/2 -0.180 0.050

73Ge 32 n 9/2 0.030 0.378
93Nb 41 p 9/2 0.460 0.080
125Te 52 n 1/2 0.001 0.287
127I 53 p 5/2 0.309 0.075

129Xe 54 n 1/2 0.028 0.359
131Xe 54 n 3/2 -0.009 -0.227

Table 3.1: Table of < Sp,n > and spin values for di�erent nuclei. The spin expectation
values tabulated here are calculated based on the Nuclear Extended Odd Group Model
described in details in reference [70]. < Sp,n >≡< n, l, j,m = j|Sp,n|n, l, j,m = j >
with n, l, j the quantum numbers of the orbit occupied by the unpaired nucleon.
J=L+S for unpaired nucleon with L and S the orbital and spin angular momentum.
When S=0 (even-even nucleus case), J=0 by convention. Taken from [71].

used in Dark Matter searches, it could be noticed that the 19F utilized in PICASSO

is the nucleus which will be favored with a very high spin expectation value and J=1/2.

WIMP-nucleon cross-section σSD,SIp,n

Due to the diversity of the target materials employed by experiments, a benchmark

target for reporting the results was agreed upon. Instead of presenting the cross-

section WIMP-any-nucleus, one reports the cross-section WIMP-nucleon (WIMP-

proton or WIMP-neutron) interaction. This is done via the equation

σp,n = σA
µ2
p,n

µ2
A

Cp,n
CA

[72] (3.12)

where, µp,n,A is the reduced mass of the WIMP-proton, WIMP-neutron and WIMP-

nucleus, respectively. Cp,n is the enhancement factor for scattering on free proton
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(or free neutron), i.e. Cp,n is attained by setting Z+N=1 in the formula for the

enhancement factor in SI searches (equation 3.8)3 and by setting an = 0 (respectively

ap = 0) along with < Sp > (respectively < Sn >) and J equal to 1/2 in the formula

for the enhancement factor in SD search (equation 3.10)4.

This means that, in the equation for the expected total event rate R0 =
∫∞

0
dR
dER

dER

introduced earlier, by replacing σA by its dependence on σp,n, the new expression for

R0 is:

R0 =
2√
π

NA

A

ρχ
Mχ

µ2
A

µ2
p,n

CA
Cp,n

< vχ > ε(Eth,Mχ)σp,n. (3.13)

This new expression of R0 is what is used to produce the di�erential event rate and

exclusion plots shown in the literature, normalized to a single nucleon.

Having addressed all the relevant terms contributing to the di�erential nuclear re-

coil spectrum de�ned in equation 7.6, this section on the theoretical description of

direct WIMP searches is wrapped up by showing some sample of recoil spectra in Fig-

ures 3.5 and 3.6. These spectra are plotted for a �xed target material and di�erent

WIMP masses (Figure 3.5) and for several target materials and a unique WIMP mass

of 100 GeV/c2 (Figure 3.6). Both �gures are plotted assuming a cross-section of 1pb

and a form factor F 2(ER) = 1 in each sector. A few observations can be deduced from

those plots. Since the nuclear recoil spectrum decreases exponentially, the lighter the

WIMP, the lower the energy threshold should be to detect a signi�cant portion of

that spectrum; i.e. to detect more nuclear recoil events (Figure 3.5). The same is

not true when comparing di�erent target nuclei (Figure 3.6). Figure 3.6 also shows

that the overall rate attained by integrating the recoil spectrum will be higher for

3

•σSIp = σSIA (
µp
µA

)2
1

A2
σSIn = σSIA (

µn
µA

)2
1

A2

4

•σSDp =
3

4

J

J + 1
(
µp
µA

)2
1

< Sp >2
σSDA σSDn =

3

4

J

J + 1
(
µn
µA

)2
1

< Sn >2
σSDA
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Figure 3.5: Expected di�erential 40Ar and 19F nuclear recoil spectra for various WIMP
masses in SI searches (top) and SD searches (bottom).

heavier nuclei. It should be kept in mind, however, that the proper expression of the

form factor for those nuclei was not taken into consideration while making this �gure

(but the corrections are small). Additionally, comparing plots from both sectors, it

is noticed that the SI rate is higher than the SD rate. This is due to the A2 factor

mentioned previously.
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Figure 3.6: Expected di�erential nuclear recoil spectra of various nuclei for a �xed
WIMP mass of 100 GeV/c2 in SI searches (top) and SD searches(bottom).
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3.3.2 Statistics: Basics Of Counting Experiments

All WIMP direct search experiments are counting experiments. This means that

after running for a while, the data are collected and the event rate is calculated

as the number of good counts (N) obtained during that period (T ) divided by the

running time multiplied by the mass (M) of the detectors:

Rexp ∝
N

MT
. (3.14)

The quantityMT is called the exposure and is generally given in kgd (kilogram days).

The number of good counts N is obtained after applying all the known background

rejection techniques (analytical and experimental) and correcting for e�ciency. Ide-

ally, one will remain with a sample of pure Dark Matter signal events, i.e. N = S

and the event rate will be

Rexp ∝
S

MT
.

In the case of a null signal, i.e. S = 0, the event rate is null and this limits the asso-

ciated cross-section to a small value. This is indicative of the absence of any WIMP

Dark Matter candidate with mass corresponding to the detector's recoil energy win-

dow. It has become common practice that in a null result scenario, an exclusion curve

for the parameters probed (WIMP masses, WIMP-nucleon cross-section) should be

plotted to indicate the resulting prohibited regions. The exclusion curve is plotted by

setting a Poisson upper limit at 90% CL on the rate (which is 2.3
MT

) and extracting the

corresponding limit on the cross-section for a set of WIMP masses using equation 3.13.

σ ∝ RexpMχ

ε(Eth,Mχ)
.

However, in reality, often not all the background can be removed. N is a mixture of

the leftover background events with the true signal events; N = S +B. In this case,
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one could try to properly characterize the background using calibration measurements

or Monte Carlo simulations and then subtract it from N and look for excess events

to claim a signal discovery (S ≡ N −B)5. The excess of events discussed here should

be signi�cant, at least 3σ above background to claim a discovery. This indicates that

the number of excess events is strongly related to the uncertainty σB and thus the

sensitivity of the experiment is proportional to it. Since most backgrounds are ra-

dioactive backgrounds that increase with the exposure, σB =
√
B ∝

√
MT implying

that σ ∝ 1/
√
MT .

Larger sized experiments with a good understanding of their backgrounds are there-

fore favorable. For direct WIMP search experiment, it is essential to thoroughly

understand and suppress their background. Background mitigation is therefore their

primary focus and this is the motivation for the wavelet analysis and neutron shielding

discussions developed in this thesis.

3.3.3 State Of Art: Discovery vs Non Discovery

At the time of writing, there have been some claims of WIMP discovery, whereas the

majority have reported null results. In the �rst instance, a plot of WIMP mass versus

WIMP-nucleon cross-section produces an ellipse-like shape circumscribing the favored

area whereas, in the second situation of null results, a parabolic curve is produced

above which the cross-sections are disfavored by that experiment.

Data from the DMTools webpage in reference [73] were utilized to plot the latest

results from leading experiments in the SI (Figure 3.7) and SD (Figure 3.8) sectors.

These �gures show the 90% CL upper limit on WIMP-nucleon cross-section as a

function of WIMP mass along with the few claims of WIMP discovery at speci�c

mass and cross-section. Although SI experiments display a greater sensitivity than

SD experiments due to the aforementioned A2 dependence, they have limitations at

5The background subtraction should take into account both the systematical and the statistical
uncertainties. But for simplicity, only the statistical uncertainty is considered in this discussion.
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low WIMP masses where low Z targets (as often employed in experiments that focus

on SD interactions) become better. Also of note is the con�icting picture that is

painted in the SI sector of Dark Matter searches. All the allowed regions of positive

claims appear to be in con�ict with null results from other experiments. This is really

puzzling and deserves further investigation. Are those positive claims legitimate? As

an attempt to answer this question, the next section focusses on understanding one

of the oldest claims of discovery.

DAMA: A �rst detection? ... or not?

The DAMA experiment undertaken at the Gran Sasso laboratory in Italy, uses ra-

diopure thallium doped Sodium Iodide crystals as an active target to detect WIMP

induced recoil events. Such recoil produces scintillation light that is collected by

photo detectors and analyzed later on.

For more than a decade now, DAMA has been seeking and making claims for a Dark

Matter annual modulation signature. In 1998, they published their �rst results on

event rate annual modulation and con�rmed them years later over 14 annual cycles

with an increase in statistical accuracy (Figure 3.9) [74, 75]. However, many ex-

periments appear in con�ict with their results and it has been suggested that their

observed modulation was as a result of some seasonally �uctuating background. The

hypothesis of a modulating cosmogenic background such as muons seems viable pri-

marily because the rock overburden above the detectors does not stop all muons from

penetrating them. Secondly, the �uctuation in the cosmic muon background rate due

to change in temperature mimics the modulation observed by DAMA with similar

period but with a slightly di�erent phase (about a month shift) [76]. This phase di�er-

ence might indicate that muon �uctuation is not the explanation to DAMA observed

signal. But, it is not certain. To cross check the DAMA results, a similar experiment,

called DM-ice, will be conducted in the southern hemisphere. If the backgrounds
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Figure 3.7: Results of WIMP-nucleon SI cross-section as a function of WIMP mass
plotted for diverse experiments. The closed contours indicate discovery claims at some
con�dence levels by a few experiments while the solid and dashed lines represent non
discovery claims by several experiments. The lower curve in pink belongs to the LUX
experiment.

are seasonally induced, this experiment will observe the same modulation as DAMA

located in the northern hemisphere, but with a phase shift of 180 degrees (opposite

phase). The phase will remain the same if DAMA's signal is due to Dark Matter.

While awaiting the results from DM-ice, one could try to comprehend the DAMA

results in the context of a Dark Matter annual modulation.

To commence, consider the most general (vesc 6=∞ and vE 6= 0) expression of the
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Figure 3.8: 90% CL Upper limit on WIMP-nucleon SD cross-section as a function of
WIMP mass plotted for diverse experiments. The lower curve belongs to the COUPP
experiment, but PICASSO's 2012 result is better for low WIMP masses below 5
Gev/C2.

di�erential event rate taken from the article by Lewin and Smith in reference [69]:
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Figure 3.9: Observed residual event rate annual modulation in low energy range (2-6
keVee) in the �rst stage of the DAMA experiment (DAMA/NaI) in red and in the
second stage of the DAMA (DAMA/LIBRA) in blue. In total 14 annual cycles.
The best �t shown in black is a sinusoidal function whose period (0.999± 0.002 yr)
and phase (146± 7 days) is consistent with the predicted one considering the Earth
motion in the Dark Matter halo given by equation 3.2.
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Inserting the expression for the Earth's velocity (given in equation 3.2) into equa-

tion 3.15, the e�ect of the Earth's velocity on the expected event rate in the DAMA

experiment in a single annual cycle can be visualized (Figures 3.10 and 3.11). Fig-

ure 3.11 will easily match one of the annual cycles observed by DAMA in Figure 3.9.

One can conclude that with the observed phase and period, the DAMA results are

consistent with a Dark Matter interpretation.

3.3.4 Some Representative WIMP Direct Detection Experiments

In the following, the technology being used by a number of leading experiments around

the world is brie�y described. The exclusion limits, where data is published, can be

seen in �gures 3.7 and 3.8.
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Figure 3.10: Di�erential event rate of 127I as a function of recoil energy for the
maximum and minimum Earth's velocity. The cross-section is set to 10−6 pb and Mχ

to 50 Gev/c2. The di�erence in rates between these two extremes is very small as can
be seen. High statistical accuracy is indeed required. For simplicity, the form factor
is set to 1.

Figure 3.11: Di�erential event rate of 127I as a function of time elapsed during a year
period. The cross-section is set to 10−6 pb and Mχ to 50 Gev/c2. The maximum is
at the beginning of June and minimum at the beginning of December. It follows the
same pattern as the Earth's velocity. The form factor is set to 1 for simplicity.
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CDMS/SuperCDMS

This experiment is sited at the Soudan mine in Minnesota and intends to move to the

SNOLAB underground facility in the near future. As the name suggests (Cryogenic

Dark Matter Search), it deploys the cryogenic technology to detect potential WIMPs.

Their detectors (called iZIP detectors) are semiconductor crystals made of natural

Germanium and Silicon which are operated at cryogenic (millikelvin) temperatures.

They are particularly wired as seen in Figure 3.12 to be highly sensitive to the ion-

ization and phonon signals resulting from particle interactions in the detectors. An

incoming particle interacting in the detector could engender lattice vibrations (also

known as phonons) as well as the creation of electron-hole pairs (ionization) if the

deposited energy is greater than the band gap. The electric �eld applied across the

detector forces the pairs not to recombine, but to drift away from each other and

to arrive at the electrodes where they are collected. The measurement of those two

signals (phonon and ionization signals) enables an event-by-event discrimination be-

tween nuclear recoils and electronic recoils from β decays and γ rays which constitute

their main background[77].

Figure 3.12: Picture of an interleaved Z-sensitive Ionization Phonon (iZIP) detector:
7.62 cm (3 inches) in diameter and 2.54 cm (1 inch) in thickness with a mass of 600
grams. The iZIP detector is the new generation of SuperCDMS detector. Courtesy:
CDMS experiment.
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Figure 3.13: Schematic of the DEAP-3600 detector showing various parts of the
detector. From left to right, there is the steel shell, the PMTs, the light guides for
the PMTs and the acrylic vessel. Courtesy: DEAP experiment.

DEAP-3600

DEAP-3600 is a very promising experiment whose construction is currently nearing

completion at SNOLAB. It intends to use a single phase noble liquid technology to

detect WIMPs. The detector (Figure 3.13) which is comprised of an acrylic vessel

surrounded by sensitive photo detectors (called PMTs: photomultiplier tubes) will be

�lled with 3600 kg of liquid argon (LAr). The recoiling nuclei from possible interac-

tions with WIMPs will induce scintillation light in the detector which will be detected

by the PMTs. Studies from the prototype detector called DEAP-1 have shown that in

LAr nuclear recoils induce scintillation pulses which are more intense in the beginning

compared to scintillation pulses induced by electromagnetic backgrounds [78]. Such

backgrounds will therefore not be a concern for DEAP-3600 which could well reach

their targeted sensitivity of 10−46cm2 in the SI sector, i.e. an order of magnitude

better than the sensitivity of the current leading experiment as seen in �gure 3.7.
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XENON100

The XENON100 experiment is situated at Gran Sasso in Italy. It employs a dual phase

noble liquid-gas technology to identify WIMPs. The detector is a time projection

chamber with two arrays of PMTs which scan the inside �lled with liquid and gas

xenon as shown in Figure 3.14. Particle interactions in the active liquid volume

result in both ionization electrons and scintillation light been emitted and picked up

by the PMT sets. By the application of a high electric �eld, the emitted electrons

are drifted to the gas portion of the detector. There, in the presence of a stronger

electric �eld, a second scintillation light pulse is produced (electroluminescence) and

detected by the PMTs. The analysis of these multiple signals (primary and secondary

scintillation signals as well as the ionization/charge signal) helps to eradicate most

of their β and γ backgrounds [79, 81, 82]. Indeed, the ratio of the charge signal

over the light signal is weaker in nuclear recoils than in electronic recoils of the

same energy. Moreover, the analysis of the secondary scintillation signal permits a

three dimensional event localization that suppresses gamma background from detector

materials situated outside the active liquid volume.

LUX

LUX (Large Underground Xenon) is a new experiment that started in February 2013

at the Sanford underground laboratory in the United States. The technology and

the active mass used are the same as in the XENON100 experiment. The di�erence

between the two experiments resides in the size of the active target (370 kg of LXe

for LUX and 62 kg of LXe for XENON100) and the background control which gives

LUX a better sensitivity to Dark Matter. For this reason, LUX dislodged XENON100

from its leading position in the SI sector. Unfortunately, they did not �nd any Dark

Matter as published in late October 2013 [83]. Therefore, their exclusion curve shown

in Section 3.3.3 gives more restriction on the cross-section of interaction between
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Figure 3.14: Picture and simpli�ed schematic of XENON100 detector. Courtesy:
XENON experiment.

WIMPs and nucleons.

COUPP

The COUPP (Chicagoland Observatory for Underground Particle Physics) objective

is to utilize the heat generated by the recoiling nucleus to detect the incoming WIMP

Dark Matter candidate. Originally stationed at the underground MINOS near de-

tector gallery at Fermilab, the experiment has relocated to SNOLAB and has been

operating a series of increasing size bubble chambers. The technology deployed by

COUPP is identical to PICASSO. Therefore, the functioning and the detection con-

cept will be addressed in the next chapter dedicated to the PICASSO experiment.

The detector is a bubble chamber �lled with superheated CF3I liquid (Figure 3.15)

and surrounded with cameras which monitor events positioning, as well as piezo elec-

tric transducers which acquire information about the acoustic pulses induced by heat

deposition inside the liquid. These acoustic information aids to substantially sup-

press their main background which are alphas coming from radioactive contaminants
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Figure 3.15: A picture of COUPP-4 detector. It is a 15 cm diameter and 3 liter volume
synthetic fused silica bell jar �lled with 4 kg of superheated CF3I liquid protected by
a layer of water.

[84, 85]. Admittedly, the acoustic energy contained in a nuclear recoil induced pulse

is much lower in intensity than that of an alpha induced pulse.

Owing to the complexity of their target material (di�erent nuclei of di�erent spin),

COUPP could have an enhanced sensitivity in both sectors of Dark Matter search.

The spinless nucleus of Iodine yields a competitive sensitivity in the SI search while

the non zero spin 19F could deliver a great sensitivity in the SD search. However, it

was found that �uorine recoils do not deposit enough energy in the �uid to trigger a

nucleation.

PICO-250L

PICO (PICASSO-COUPP) is a join collaboration between the PICASSO and COUPP

experiments which is e�ective since late 2013. The experiment is in the design phase.

The detector design is similar to COUPP-4, but the vessel will be �lled with 250 liters
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of C3F8 instead of CF3I. Currently, WIMP search data from the prototype PICO-

2L have been analyzed and physics results were reported recently[86]. Although still

background limited, they improve signi�cantly the exclusion limit for SD interactions.
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Chapter 4

The PICASSO Experiment

Technological advancements have made available the use of several techniques

in Dark Matter searches. For example, the DAMA/LIBRA experiment employs solid

scintillator detectors while other competitive experiments utilize ionization detectors,

cryogenic crystal detectors, noble liquid detectors, and superheated liquid detectors.

The choice of the technique employed makes one experiment more or less sensitive to

the rare interaction events induced by Dark Matter in the presence of an overwhelm-

ing sea of background events. Only a few of the many existing Dark Matter search

experiments use the superheated liquid technique. One of them is the well known

PICASSO (Project in CAnada to Search for Supersymmetric Objects) experiment.

The preference of the superheated liquid technique over the others is due to sev-

eral advantages the technique possesses. The main advantage is the insensitivity of

the detectors to minimum ionizing particles (β and γ) which constitute the main

background for experiments using other techniques. Moreover, this technique is con-

ceptually simple to operate. Indeed, the energy endowed to the recoiling nuclei by

the incident particle is fairly easy to detect with this technique. The active liquid

is brought to a metastable superheated state by increasing the temperature and/or
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decreasing the pressure. This causes small energy depositions within the liquid to trig-

ger a rapid liquid-gas phase transition generating pressure waves which are recorded

by acoustic sensors. In addition to these bene�ts, this technique is easily scalable

and thus big detector volumes could be achieved without great e�ort provided one

can control the backgrounds. The last but not least virtue of this technique is its

inexpensive nature compared to many others for similar sized experiments.

To give the reader a comprehensive insight into the functioning of the PICASSO ex-

periment, the outline of this chapter is as follows. Section 4.1 deals with the location

of the experiment whereas, Section 4.2 describes its technical features and Section 4.3

addresses its theoretical principles. In that section, an in-depth understanding of the

liquid-gas phase transition process in PICASSO detectors will be given.

4.1 Location of the experiment

Due to the very feeble nature of the Dark Matter signal expected by direct search

experiments, a drastic reduction of numerous backgrounds is key. A common back-

ground for direct search experiments are cosmogenic neutrons which are neutrons

produced by the high energetic muons. These muons originate from cosmic rays in-

teracting with the atmosphere or the rock in the Earth. Their energy at production

is quite high (a typical mean value of 6 GeV) and thus they have su�cient energy

to produce neutrons via spallation by interacting with the materials surrounding the

experiment. To mitigate against these muons, experiments are located deep under-

ground where the overburden of rock above the detectors form a strong shielding.

Indeed, these muons loose their energy with respect to the amount of matter they

pass through at a rate that is almost constant at about 2 MeV per g/cm2. So the

deeper the laboratory, the more the muons get moderated or absorbed, thereby lim-

iting the �ux of cosmogenic neutrons interacting with the detectors. More detail on
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Figure 4.1: Location of PICASSO experiment within SNOLAB in its last phase.
Along with PICASSO, the SNOLAB facility currently hosts eight other experiments
investigating diverse topics in astroparticle physics including neutrinoless double beta
decay, Dark Matter, neutrino physics and supernovae.

neutron suppression will be described in Chapter 5 dedicated to backgrounds.

For its last phase of operation, PICASSO was located in the so-called "ladder lab"

within the ultra clean SNOLAB research facility (see red mark in Figure 4.1) built in

the VALE Creighton mine near Sudbury in Ontario, Canada. SNOLAB is about two

kilometers underground; that is, 6010 meters water equivalent. It is currently one

of the deepest research facilities and thus provides one of the strongest reductions in

the muon �ux as seen in Figure 4.2 and therefore one of the lowest muons-induced

neutron �uxes of less than 10−10 neutrons/cm2/s [87]. The depth of the site reduces

the muon �ux to about 0.27 muons/m2/day; i.e. about a factor of 100 lower com-

pared to the �ux in the Gran Sasso laboratory in Italy [87] and within a factor of

only 2 larger than that in the new China JinPing underground laboratory [88] which

is slightly deeper than SNOLAB at 6720 m.w.e.
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Figure 4.2: Muon �ux as function of vertical depth in meter water equivalent for
di�erent laboratories in the world including SNOLAB in Sudbury. At the depth of
SNOLAB, cosmogenic neutrons are not a concern. Taken from [88]

4.2 Technical aspects of the experiment

The detectors used in PICASSO, their fabrication processes and their operation are

described in the following.

4.2.1 Detectors

In PICASSO, there are a total of 32 detector containers enclosed by groups of 4

within aluminium boxes (TPCS) that are used to control the temperature and the

degree of superheat of the detectors. These containers are made of acrylic of 1.27 cm

thickness and are 32.5 cm high with a volume of 4.5 liters. Within the acrylic vessel,

tiny (200 µm diameter) superheated droplets of freon are suspended in a gel matrix.

These freon droplets are referred to as the active liquid/mass/target and constitute

the actual PICASSO detectors. Each one of them is a superheated droplet detector

that acts as an independent bubble chamber as will be discussed in Section 4.3. To
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Figure 4.3: Drawing of the side and top view of one of the 32 PICASSO detectors

aid visualization, a schematic of the detector assemblies showing the dimensions of

various components is shown in Figure 4.3 and a picture of the detector is displayed

in Figure 4.4.

PICASSO use the freon (C4F10 or per�uorobutane) as the active target primarily be-

cause of its high content in �uorine. As discussed in the previous chapter, the �uorine

nucleus has an enhanced sensitivity to Dark Matter searches in the Spin-Dependent

sector. Also, the small atomic mass of the 19F gives an increased sensitivity to light

Dark Matter masses which represent a very interesting region to investigate. Beside

these reasons, a superheated liquid state is easily achieved with C4F10 due to its purity

(98%), its low boiling point (Tb = −1.6◦C) and its high critical point (TC = 113.18◦C).

At a room temperature around 20◦C, the C4F10 droplets are already superheated and

the detectors can be operated over a wide range of temperatures from 20◦C up to a

value less than 113.3◦C at which there is no distinction between the liquid and the
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gaseous state of the droplets and no data can be taken. Generally speaking, a liquid

is said to be in a superheated state if it remains in a liquid form when its temperature

is increased above its boiling point or its pressure decreased below its vapor pressure.

This state is metastable and is only achieved for pure liquids (i.e. liquids containing

very low to no impurities). Most liquids have a non negligible amount of impurities

within them that act as nucleation sites for the gas and facilitate their growth into

gas bubbles and therefore the phase transition from the liquid state into the gaseous

state around the boiling point. In addition to these reasons, the per�uorobutane is

relatively inexpensive compared to other �uorocarbons used by other superheated

liquid technology based experiments such as the use of CF3I in the original COUPP

experiment.

The gel matrix in which are suspended the active droplets is a very important

component. It prevents the droplets from sinking to the bottom of the detectors as

well as from �oating on the surface of the gel. Moreover, it helps keep the droplets

homogeneously distributed and prevents them from reaching nucleations sites caused

by impurities situated on the walls of the acrylic vessel. The gel matrix also contains

the droplets after their phase transition into gas bubbles as well as facilitating their

recompression into their original superheated liquid state. Due to the peculiar re-

quirement of the gel used in the detectors, they are fabricated by the collaboration.

During the entire PICASSO experiment running phase, two types of gel matrix were

made. The �rst one based on CsCl was called �salty gel� and the second one based

on polyethylene glycol was referred to as �saltless gel�. In Section 4.2.2 dedicated to

the fabrication of PICASSO detectors, the reader will learn more about these gels.
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Figure 4.4: Picture of a PICASSO detector showing the acrylic container surrounded
by the piezo-transducers attached to the acrylic through nylon screws. The top and
bottom stainless steel plates are about 3 cm thick and are linked by the stainless steel
rods around the detector. Their role is to protect and to help seal the container. An
O-ring in the top portion of the acrylic ensures a proper sealing of the vessel. The
pneumatic connection assembly seen on top of the detector connects to the pressure
system that will be discussed in Section 4.2.3.

4.2.2 Detector Fabrication

The fabrication of a detector in PICASSO is a very complex process [89, 90]. Full

details are beyond the scope of this dissertation and only the relevant steps will be

discussed here.

Step1
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All ingredients used in the detector fabrication were puri�ed to remove (radio) impu-

rities contributing to the backgrounds. The acrylic container and all other materials

were washed with Radiacwash, a special radioactive decontaminant, and this was done

in a clean room class 10000 at the University of Montreal. The most vital component

to purify was the gel as this was directly in contact with the droplets and therefore

impurities within it could trigger a lot of counterfeit signals that could mimic the

weak Dark Matter signal.

The former homemade gel was a polyacrylamid gel that contained the heavy salt

CsCl (about 98% of the gel) to match the density of the freon droplets (C4F10: 1.61

g/mL vs CsCl: 3.97 g/mL before dilution). The exact composition of the gel was as

follow:

• Solvant (Cesium Chloride (CsCl)) + Gelling agents (acrylamid and bisacry-

lamid) + polymerization catalyst and reactive (TEtraMethylEthyleneDiamine

(TEMED) and Sodium PerSulfate (NaPS) or Ammonium PerSulfate (APS) ) + Ad-

ditives or surfactants (maleic anhydride and triton X-100).

The density matching was to ensure homogeneous suspension and distribution of the

droplets within the gel. However, the CsCl salt is greatly contaminated with Uranium

and Thorium which are main emitters of alpha particles which is the most trouble-

some background. Moreover, some isotopes of Cesium (such as 137Cs) are gamma

emitters with gammas constituting a background for the experiment at high temper-

atures of operation above 50◦C. Due to these inconveniences, the CsCl needed to be

intensively puri�ed. The CsCl was puri�ed by passing the �uid over �lters coated in

a solution of Zirconium Hydroxide (HZrO) and then �ltering out the residue. During

the interaction, the Hydrous Zirconium Oxide exchanged its hydrogen atom with one

of the heavy U/Th atoms and the new molecule (UZrO or ThZrO) was �ltered. This

technique allowed the removal of more than 90% of the contaminants, but was not
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satisfactory for the background target level. It was decided to dispose of the heavy

salt and to compensate for the loss in density matching by utilizing a highly viscous

solvent (polyethylene glycol and glycerin) that would help preserve the proper buoy-

ancy of the freon droplets prior to polymerization.

Step2

After the puri�cation stage, the monomer solution was prepared. At �rst, it was

not in a gel state but in a viscous liquid state since the polymerization was not yet

conducted. A day before the gel preparation, the acrylic vessel was degassed and

placed under nitrogen pressure to reduce radon (alpha emitter) contamination. The

monomer solution was created by mixing glycerin and polyethylene glycol with the

gelling agents (acrylamid and bisacrylamid). These gelling agents (also known as

thickening agents) were added with caution to obtain the proper consistency of the

�nal gel which was important for the dispersion of the freon droplets. The surfactant

(triton X-100) was also added to the mixture. Its role was to facilitate the dispersion

of the freon droplets within the gel by creating a kind of membrane around them

that would keep them from mixing with the gel. Ultra pure water was added and the

whole mixture was stirred with a magnetic stir bar until homogeneous. The monomer

solution was �ltered using layers of �lters coated with HZrO and then degassed and

cooled down for 12 hours until at equilibrium at a temperature of -20◦C in the detec-

tor container. The temperature of -20◦C was chosen due to the boiling point of the

freon. This was to keep the liquid freon in its stable liquid state when it was added to

the mixture. A few minutes prior to injecting the liquid freon, the reactant which is

the puri�ed NaPS or APS is added to initiate the polymerization process. Then, the

active liquid of freon (1% of the gel volume) was added and the mixture was stirred

using the magnetic stir bar. The stirring bar evenly dispersed the freon liquid droplets

inside the solution and the speed of agitation determined the droplet sizes. Droplet
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sizes were typically distributed around 200µm if the mixture was stirred for 15 min

at a rotational speed of 250 revolutions/min. Finally, the puri�ed TEMED (cata-

lyst) was added to accelerate the polymerization process and the whole solution was

preserved at ambient temperature. The increase in temperature from -20◦C to room

temperature was to facilitate the polymerization process. However, that increase in

temperature could cause the freon liquid droplets to become gaseous bubbles. To

hinder that phase transition and because of the exothermic nature of the polymeriza-

tion process, the whole process was performed under nitrogen pressure (increase in

pressure) and the freon droplets were maintained in a stable liquid state. At the end

of the polymerization process, the viscous liquid solution (monomer) became a gel

matrix (polymer) containing the tiny freon liquid droplets whose sizes and dispersion

remained unchanged since the polymerization happened very quickly.

Step3

After the polymerization phase, the nitrogen gas pressure was slowly removed; min-

eral oil was added as a bu�er liquid to ensure that ambient air or nitrogen gas from

the pressure system described below would not mix with the gel and produce fake

bubbles. The detector was sealed using an O-ring and a stainless steel top plate

and bolts. This completed the detector fabrication process. A full description of the

detector fabrication process is given in Figure 4.5.

4.2.3 Pressure System

The pneumatic connection seen on top of all detectors (rf. Figure 4.4) is connected

to a nitrogen gas bottle via a diaphragm accumulator, following the layout sketched

in Figure 4.6. During data taking, bubble growth in detectors causes the gel volume

to increase, pushing some of the oil out of the detectors through the pneumatic

connection. The oil is received by the bu�er system shown in black in the �gure. A
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Figure 4.5: Schematic of the di�erent steps in the detector fabrication.

diaphragm in that bu�er separates the oil volume from the air volume. After each

run of taking data, there is a recompression phase. The pressure is turned on (i.e.

the solenoid valves marked S in the �gure are opened) and the nitrogen gas from the

bottle �ows into the system and pushes the diaphragm in the bu�er down. The oil in

the bu�er goes back into the detector and pressurizes the gel causing freon bubbles to

go back to their original state. The pressure transducer shown in the �gure regulates
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Figure 4.6: Schematic of PICASSO pressure system.

the pressure coming from the nitrogen bottle and is itself monitored remotely using

a LabVIEW program.

4.2.4 Temperature System

The temperature is regulated inside thermally controlled metallic boxes called TPCS

(Temperature and Pressure Control System). These boxes are essential for the PI-

CASSO experiment since they enable the regulation of the degree of superheat or

metastability of the freon droplets and therefore help assuage the various backgrounds.

They aid in blinding detectors to minimum ionizing particles that represent important

backgrounds for other experiments. Also, the degree of superheat allows a discrimina-

tion between electronic noise and actual physics events as the amplitude of electronic

noise induced signals is pretty constant over the entire temperature range while that

of bubble induced signals increases with temperature. Additionally, they act as an
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acoustic and thermal shield for the detectors. There are a total of 9 of them in

PICASSO. Each one is a cubic-like aluminium box insulated with styrofoam. Both

materials are chosen for their thermal conductivities. The aluminium material has

e�cient heat conduction while the styrofoam has pro�cient heat insulation providing

overall an insigni�cant temperature variation of ±0.1◦C within a TPCS.

Each TPCS is heated via its top and bottom aluminium plates which have indi-

vidually eight 25 Ω resistors connected to a heater power supply controlled by a

transistor board. The disposition of the resistors on these plates (Figure 4.7) ensure

a uniform temperature distribution on each one of them. The walls of the TPCS

on the other hand have a role to facilitate the heat �ow between the plates ensuring

as a consequence a uniform temperature distribution throughout the TPCS. This is

achieved by employing a double-walled design whose graphical representation can be

viewed in Figure 4.8 showing an inside view of a TPCS. Several temperature sensors

placed in diverse places on each TPCS and the detectors guarantee the monitoring of

the temperature and are controlled through the LabVIEW program that is employed

to monitor the pressure system. Moreover, some temperature switches located on the

top and the bottom plates of a TPCS and on the top of the detector are designed to

interrupt the system if for some reason, the maximum temperature is exceeded.

4.2.5 Data Acquisition System

The signal cables attached to each of the nine piezoelectric transducers on each de-

tector are all connected to a motherboard. The weak voltage signals that arrive

at the motherboard are individually ampli�ed by a constant gain of about 401 (to

avoid saturation) before proceeding to the DAQ board where they are digitized (i.e.

1In the previous phase of the experiment, the gain was quite high (4000) and was causing satu-
rations of some signals.
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Figure 4.7: Drawing of the top aluminium plate of a TPCS showing resistors and
transistor boards compartmentalized in four groups. The power in each group of two
resistors is controlled by one transistor board. The signal cable holes are only present
on the top plates and are used to pass the signal cables from the piezo transducers
(connected to the detectors) out of the TPCS to connect them to the DAQ system:
motherboard, DAQ board and the computer. The pressure line hole is to connect the
pressure vessel to the detectors for repressurization which is the process by which a
freon gas bubble is recompressed into a superheated freon droplet.

sampled into discrete points) at a constant speed of 800 kHz2 and sent to the VME

(VERSA-Module Euro card) board where they are analyzed and collected by a col-

lector card placed on the VME board. The collector card collects the signals for all

channels if at least one out of the nine piezoelectric transducers is above threshold.

The collected signal traces are stored on di�erent computers from where they will

retrieved and further analyzed for evidence or indication of a Dark Matter signal as

will be discussed in Chapter 7. A picture of the electronics discussed above is shown

in Figure 4.9) to close this subsection.

2In the previous phase of the experiment, the DAQ sampling frequency was set at 400 kHz. In the
current phase, it is doubled for better sampling of the signals aiming in better background particle
type discrimination. This will be discussed in Chapter 5.
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Figure 4.8: Top: picture of the inside of a TPCS. Bottom: drawing of the inside view
of a TPCS clearly showing its double-walled design. With this design, the aluminium
sheets allow heat to �ow internally while the rigid PVC foam (styrofoam) preserves
the heat inside the system. This design also ensures the acoustic shielding of the
detectors.
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Figure 4.9: Picture of the electronics for one detector showing a motherboard with
nine preampli�ers connected to a DAQ board. The orange connecters are to attach
the signal cables from the nine piezoelectric transducers.

4.2.6 Detector Operation

Once a detector is fabricated, a few checks are performed at the University of Mon-

treal. If everything is OK, the detector is registered and a birth certi�cate (containing

the name, date and time of fabrication, amount of active mass and other ingredients)

is provided for this detector and stored. PICASSO experimenters refer to the birth

certi�cate at a later time if something were to go wrong; but mainly to cross check

the calibration results for this detector's active mass determination. A set of four

detectors is placed inside each TPCS and connected to the pressure system, the Data

Acquisition system as well as the electronics. Once all this is �nished, we are now

ready to take data.

The detectors are operated in two phases known as the run phase (when the detectors

are active) and the pressure phase (when the detectors are not active). Both phases

are operated and monitored by PICASSO group members. During the run phase, the
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DAQ/computer records and stores data from particle and non-particle interactions.

Particle interactions induce a phase transition in the droplets and subsequent bubble

growth while the non-particle induced events are mostly from electronic noise. The

run phase is performed at a constant atmospheric pressure (ambient pressure) with

changing temperature to control the degree of superheat of the freon droplets. The

length of the run phase varies depending on its type. In theory, in the case of a WIMP

search run (where the detectors are operated normally without external sources), the

detectors are operated for forty hours and in the case of a calibration run (i.e. when

a known external particle source is brought close to the detector to understand its

behavior with respect to that speci�c particle), the detectors will be operated for less

than the 40 hours. In calibration runs using a neutron source, the detectors run for

up to �ve hours. In practice, the amount of time is dictated by the number of particle

interaction induced events that could happen in the detector without destroying the

gel matrix. That number is about four thousand and the DAQ is programmed to stop

the run if that number of events is recorded. The pressure phase on the other hand

happens at the end of a run phase as the metastability of the droplets is destroyed

and the detectors are no longer active. The detectors are recompressed causing the

bubbles of gaseous freon to collapse into liquid freon droplets again. No data record-

ing is done during pressure runs; only changes in temperature (if needed) to prepare

the detectors for the next run phase at a di�erent temperature might be performed.

In that case, a fan within the TPCS is turned on to facilitate achieving a uniformity

of temperature. Beside, the pressure phase where the detectors are inactive, there

are also some down times when there is manual work on the experimental setup and

the detectors are inoperative. To conclude this subsection, it is worth mentioning

that, as a quick data sanity check, the overall event rates during successive data

taking periods (consisting of several running phases) are compared and are generally

commensurate as should be expected. Additionally, to end this section focussed on
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Figure 4.10: Picture of PICASSO set up. The visible part of the set up is the neutron
water shielding arrangement surrounding the TPCSs within which the detectors are
located.

the technical features of PICASSO, a picture of the complete experimental set up is

shown in Figure 4.10.

4.3 Theoretical aspects of the experiment

This section provides a discussion of the theoretical facets of the experiment. The

physics underlying the operation of the detectors is explained and sensitivity is dis-

cussed.

4.3.1 Superheated Droplet Detector theory: "hot spike" model of Seitz

The functioning principle of PICASSO detectors is very similar to that of a bub-

ble chamber. Indeed, the true detectors in PICASSO are the freon droplets which

are individual Superheated Droplet Detectors (SDD) that act as independent bubble

chambers [91, 92]. An understanding of their functioning thus relies on an under-

standing of the Seitz theory that was developed in 1958 to model the bubble chamber

operation [93].
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The �rst bubble chamber (BC) was invented in 1952 by the American physicist Don-

ald Glaser. This invention revolutionized the world of nuclear particle physics by

providing a new way to discover ionizing radiations/particles through the traces of

gas bubbles they formed along their track within the chamber. However, a compre-

hensive understanding of the theory behind the operation of the chamber was lacking

until 1958 when Frederick Seitz developed what is now known as the Seitz model

or �hot spike� model. Years later, the concept of the bubble chamber was used to

create superheated droplet detectors which are more stable; and thus help save some

time otherwise wasted in the pressure phases discussed earlier [92]. As one of the

SDD evaporates, the remainder are still active and ready for data taking. Due to

this essential advantage, PICASSO uses the superheated droplet detector technol-

ogy. However, it should be mentioned here that the bubble chamber is proving to

be more advantageous in terms of particle type discrimination than the SDD. This

discrimination power will be further addressed in Chapter 5. The COUPP and PICO

experiments use the bubble chamber technology while PICASSO and SIMPLE ex-

periments utilize the SDD technology. But as mentioned, the principle of operation

for both types of detectors is the same and relies on the Seitz model.

These detectors are �lled with an active liquid which is brought to a superheated

state by tuning either their pressure or their temperature. The instability of this

superheated state causes any impurity or any energy deposition within the detectors

to trigger the liquid-gas phase transition in the entire active �uid volume. The details

of the process in the perspective of heat/energy deposition were elaborated by Seitz

and are reviewed below for superheated droplet detectors.

During particle interactions, the incoming particle transfers some of its kinetic energy

to the nucleus that recoils and deposits energy locally inside the droplet. This energy

deposition produces vibrations of molecules that give rise to the creation of a localized
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high temperature region (also known as "hot spike" region) within which the liquid

vaporizes generating a spherical3 gaseous cavity inside the superheated droplet. This

cavity has a typical radius on the order of a nanometer and is called a proto-bubble.

This is a thermodynamical process. The liquid vaporizes locally because the increase

in temperature induces an increase in vapor pressure at that region which becomes

larger than the ambient pressure of the liquid and the surface tension between the

molecules of the liquid. However, the proto-bubble that is created does not always

expand throughout the entire droplet. For that to happen, the energy deposited

should be su�ciently high to overcome the antagonistic action of interfacial (surface

tension) and viscous forces as well as conduction heat loss. If the proto-bubble grows

to at least a critical radius RC , its growth becomes irreversible and the entire droplet

evaporates. The minimal energy corresponding to RC is called critical energy EC and

is discussed below.

Critical Radius

As stated earlier, a proto-bubble will grow if and only if the work done by the inter-

nal force exerting pressure to expand it (pv the vapor pressure of the proto-bubble)

overcomes the work done by the external forces exerting pressure to suppress it (pe

for the pressure of the superheated liquid surrounding the proto-bubble and σ, the

surface tension at the interface liquid-vapor). That means

pvdV ≥ pedV + σdS ,

with dV being the change in volume and dS being the change in surface. By using

the requirement of the Seitz theory mentioned previously, i.e. a spherical shape for

the proto-bubble, dV = 4πR2dR and dS = 8πRdR. Inserting these into the above

3The spherical shape of the cavity is the only assumption of the Seitz theory. This particular
shape is to ensure that the superheated liquid is uniformly distributed around the gaseous cavity
and that the surface tension is homogeneously distributed
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equation yields

R ≥ 2σ(T )

pv − pe
. (4.1)

The quantity 2σ(T )
pv−pe is known as the critical radius or the minimum radius a proto-

bubble should reach to induce the phase transition of the entire liquid droplet into a

gas bubble. It is the radius of the proto-bubble in thermodynamical equilibrium. If

the proto-bubble grows but does not reach the critical radius (R < RC), then it will

collapse on itself and the droplet will remain a liquid.

Rc =
2σ(T )

pv − pe
. (4.2)

In equation 4.2, the surface tension is given by

σ(T ) = σ0
Tc − T
Tc − T0

(4.3)

with T0 the boiling temperature, TC , the critical temperature of the liquid and T the

operating temperature of the liquid, which is always less than TC . σ0 is the surface

tension at T0 and depends on the speci�c liquid being used. The dependence of the

surface tension on the temperature indicates that it becomes weaker with increasing

temperature. Moreover, the di�erence between the two pressures ∆p = pv − pe, con-

stituting the degree of superheat, increases with temperature making the requirement

(R ≥ RC) easier to achieve at high temperature. The complete evaporation of the

superheated liquid droplet thus occurs more often at high temperature than at low

temperature.

Critical Energy

The critical energy is the energy required to create a proto-bubble that will grow to

the critical size. Any energy deposited in the droplet within RC and greater than EC

will cause a full proto-bubble growth. Its expression is given by the formula 4.4 taken



4.3. THEORETICAL ASPECTS OF THE EXPERIMENT 87

from reference [94]:

EC(T ) = −4π

3
R3
c∆p +

4π

3
R3
cρvhlv + 4πR2

c(σ − T
dσ

dT
) (4.4)

where hlv represents the latent heat of evaporation and ρv the density of the gas phase.

All the terms of this equation represent reversible works. The amount of work that

goes into irreversible processes during the expansion of the proto-bubble is generally

small and is neglected in the Seitz theory [94]. The �rst term describes the work done

to overcome the superheated liquid pressure during the expansion of the proto-bubble

to a critical size RC ; the second one is the energy needed to evaporate the liquid and

the third one represents the work required to create the liquid-vapor interface of the

proto-bubble. Since EC(T ) decreases with increasing temperature, a speci�c energy

deposited along the trajectory of a particle could trigger the phase transition at high

temperature, but not at low temperature as noted earlier.

The conclusion of this section is that due to the conditions of critical energy and

critical radius, SDD are threshold detectors. In e�ect, these detectors are not sensitive

to all energy depositions, but only to speci�c energies. Those energies should be

above the critical energy that can be referred to as the threshold energy. Moreover,

the dependence of the critical energy and critical radius on the temperature, indicates

that, the operating temperatures can be used to control the energy threshold of the

detectors and hence make them blind to some background particles which barely lose

energy as they travel in the detector (β, γ) as will be discussed in the next section

dedicated to the sensitivity of PICASSO detectors.

4.3.2 PICASSO Detector E�ciency and Sensitivity

Based on the Seitz theory, a priori one may reason that the deposition of energy

below EC given in equation 4.4 have a zero percent chance of triggering the entire
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droplet phase transition while a deposition of energy greater or equal to EC within

RC have 100 percent chance of doing so. Although the �rst statement is true, the

second one is not. The overall probability is not a step-like function, but looks more

like an asymmetric sigmoid (Figure 4.11) described by the equation

P (Edep, EC(T )) = 1− exp(−a(T )
(Edep − EC(T ))

EC(T )
) for Edep > EC(T ) (4.5)

where the parameter a(T ) is an experimentally determined parameter that relates

the slope of the curve to the detector responses; as a(T ) increases, the slope becomes

steeper and the e�ciency functions quickly reach the plateau. Attempts to experi-

mentally measure a(T ) by the PICASSO collaboration has yielded 2.5 < a(T ) < 7.5

with the mean value of a(T ) = 5. As anticipated, with an increase in temperature,

the e�ciency of bubble formation becomes greater for the same energy deposited.

As seen above, the e�ciency of the PICASSO detectors depends only on the ran-

dom energy deposited inside the droplet and the threshold energy at that particular

temperature Eth(T ). This means that, for a single target, the e�ciency should be

straightforward to calculate. However, as stated earlier, PICASSO uses a complex

target which makes the e�ciency of the detectors a bit trickier to determine.

WIMP Interaction With Complex Targets: C and F

Due to the complexity of the target employed in PICASSO, which is a combination

of �uorine and carbon nuclei, the e�ciency and sensitivity of the detector have to be

studied carefully. It should be known precisely which one of those nuclei dominate the

interactions with WIMPs. This will help to know accurately the threshold energy, i.e.

EF
th(T ) or EC

th(T ), the minimum energy required to induced the liquid freon droplet

phase transition at a speci�c temperature. An accurate threshold energy determina-

tion helps to precisely calculate the e�ciency given in equation 4.5. Furthermore, this
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Figure 4.11: E�ciency/probability of triggering a droplet phase transition with an
energy deposited of Edep within the droplet for a threshold energy Eth(T ) approxi-
mated to be equal to the critical energy EC(T ) in ideal case scenario. These curves
are plotted using a(T ) = 1.

serves to accurately model the expected WIMP interaction rate in the detectors and

the energy they will deposit. Indeed, as discussed previously, the energy deposited or

the nuclear recoil energy induced by scattering interaction depends not only on the

mass of the incident particle (potentially WIMP and background) but also on the

mass of the recoiling nucleus.

It was with this objective in mind that a lot of work was invested in calibrating the de-

tector response with a neutron source of known energy. The calibration which was not

done in the scope of this work was performed using a beam of quasi-mono energetic

and non-relativistic neutrons (to mimic elastic scattering interactions with WIMPs)

produced by a Tandem Van de Graa� accelerator at the University of Montreal. De-

tails of the calibration processes and measurements can be found in reference [89].

The relevant information for this section is that results from the calibration mea-
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Figure 4.12: Cross-sections for elastic scattering interactions between �uorine and
neutron in blue and between carbon and neutron in red.

surements favored WIMP-�uorine interactions over WIMP-carbon interactions. This

could be intuitively understood. Although the energy transferred to the carbon by

the neutron beam utilized in the calibration was greater than that transferred to the

�uorine (due to the relatively small mass of carbon compare to the �uorine), the

cross-sections of the two interactions behaved contrarily. The cross-section of the

neutron-�uorine interaction is much larger than that of neutron-carbon interaction

as shown in Figure 4.12. Additionally, the �uorine density in the liquid is greater

than the carbon density (10:4 ratio). For these reasons, the overall event rate for

neutron-�uorine interactions are greater than the event rate of the neutron-carbon

interactions.

Since the interactions with �uorine are dominant, the threshold energy in PICASSO

is obtained using the kinematics of the �uorine-neutron elastic scattering interaction:

EF
th ≡ EF

Rmax = 4En
MnMF

(MF +Mn)2



4.3. THEORETICAL ASPECTS OF THE EXPERIMENT 91

with Mn the mass of the neutron and En its energy from the tandem accelerator that

stimulated the bubble formation.This yields

EF
th ≡ EF

Rmax = 0.19En

The data collected at the Van de Graa� determines the threshold at each temperature,

and are plotted in Figure 4.13. A �t to these data yielded the threshold energy for

�uorine in terms of temperature.

EF
th = (4.93± 0.15)× exp(−0.173T (◦C))× 103keV (4.6)

Equation 4.6 is plotted as the dashed red line in Figure 4.13 that represents the

PICASSO region of sensitivity. The data points in black and blue are results from

calibration measurements using the mono-energetic neutron beams and alpha particle

emitters of known energies, respectively. The perfect harmony between the data and

the red line shows a very good understanding and modeling of the variation of the

detectors threshold energy with temperature. This aspect is crucial since PICASSO

detectors are threshold detectors. The dependence of the threshold energy on the tem-

perature constitutes the primary discrimination tool against the sea of background

particles since some background particles do not have enough energy to induce bubble

formation at some temperatures. It is said that the detectors are blind or insensitive

to these particles at these speci�c temperatures. The detector operating temperature

range is then chosen so as to minimize the background by selecting carefully tempera-

ture regions where the detectors are sensitive to the minimum number of background

particles. Minimum ionizing particles (such as gamma rays, electrons and muons) dis-

tribute their energy scarcely (dE/dx is very small) along their track which is relatively

long compared to the diameter of the droplet. Hence, they only induce nucleations at

very high temperature (above 50◦C) at which point the droplet is extremely instable.
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Figure 4.13: Calibration of PICASSO detector energy threshold in function of operat-
ing temperatures. The red curve given by equation 4.6 is the calibration curve for the
energy threshold of the 19F recoil. As observed, it agrees very well with calibration
data from neutron and alpha emitter sources represented in black and blue, respec-
tively. Note that PICASSO detectors are sensitive to WIMPs from 30◦C onwards.
Taken from [105]

The operating temperature range is limited to below 50◦C as seen in Figure 4.13 and

are essentially totally blind to those particles. Other particles which are much heavier

and slower such as neutrons or alphas induce large energy deposition locally within

the droplet and produce triggering at much lower temperatures. In fact, PICASSO

detectors are highly sensitive to alpha particles and neutrons over the temperature

range at which the detectors are operated (20◦C to 50◦C). Consequently, these two

particles constitute the most troublesome backgrounds and will be discussed in the

following chapter.
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Chapter 5

Background Study And Rejection In PICASSO

The success of any Dark Matter program depends strongly on the ability of

the experiment to reduce all background to ultra low levels such that the extremely

rare Dark Matter signals can be extracted from the data. In the following sections,

the sources of backgrounds important to PICASSO and the steps taken to reduce,

remove or identify them are explored.

5.1 Neutron Backgrounds

Neutrons are a general background of any Dark Matter search. If energetic enough,

they could mimic perfectly WIMP induced signals. They (fast neutrons) will pro-

duce low energy nuclear recoils within the same energy window as that generated

by WIMPs. It is of uttermost interest to study the sources of neutron production

properly and drastically reduce their interactions with the detectors.

5.1.1 Sources of Neutron Backgrounds

At the underground SNOLAB facility, almost all the neutrons are produced via (α, n)

reactions due to natural radioactivity in the rock1 constituting the laboratory walls.

1The radioactivity of the materials surrounding the detectors contributes a very small percentage.
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Figure 5.1: The rate of neutron production as a function of vertical depth underground
in meters of water equivalent (m.w.e). Taken from [95]. Neutrons from all sources
but radioactivity are nearly suppressed below 1000 m.w.e. Thus, at SNOLAB located
about 6000 m.w.e, neutrons solely come from the natural radioactivity of the rock.
The �at shape of the radiogenic neutron rate is due to the fact that it solely depends
on the concentration of radioactive isotopes and thus is constant with respect to the
depth below surface. The value of the radiogenic neutron rate plotted here is obtained
from radioactivity measurements in the Soudan Mine [95]. An estimate of the rate
expected at SNOLAB will be derived in this section.
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Table 5.1: Relative abundance of some isotopes in the norite rock and their
(α, n) yields due to radioactivity [96].

Element Relative abundance (%)
Neutrons per Gram of Material per
Year Containing 1 ppm by Weight of
Nat. U Th

27Al 8.92 5.0 ±0.5 2.55 ± 0.25
26Mg 3.28 5.4±0.5 2.45± 0.25
23Na 2.22 13.80± 1.0 6.0±0.6

The depth of the laboratory is a good shielding against cosmogenically generated

neutrons as explained in Chapter 4. Their rate is signi�cantly reduced to a value below

0.01 neutrons/g/y making them negligible compared to neutrons from radioactive

sources whose rate is much higher (Figure 5.1).

Neutron production from (α, n) reactions

The primary source of these radiogenic neutrons are the (α, n) reactions on alu-

minium, magnesium and sodium present in the norite rock [97, 98]. The α particles

originate from the decay chains of Uranium and Thorium isotopes (1.11 ppm of natural

Uranium (99.28% 238U & 0.72% 235U) and 5.56 ppm of 232Th). These radionuclides

undergo several alpha decays until they reach a stable isotope. In the process, they

release energetic alpha particles which interact in the material and may emit neutrons

from interactions with any of the low-Z isotopes contained in the rock. The main ones

are 27Al, 23Na and 26Mg. By making use of the available data on the neutron yield

in these isotopes and their abundance inside SNOLAB rock, a rough estimate of the

neutron �ux coming from (α, n) in the rock could be made. The values shown in

Table 5.1 are combined to yield an expected production rate of 3.48 neutrons/g/y.
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Table 5.2: Fission half lives of relevant nuclei. Taken from [99].

Isotopes Fission half lives
238U 8.20×1015y
235U 3.5×1017y

232Th > ×1021y

Neutron production from spontaneous �ssions

Among the heavy radioisotopes in the rock, 238U has the lowest �ssion half-life (Ta-

ble 5.2) and hence the highest �ssion yield, which is calculated to be 1.36 ×10−2

neutrons/g/s using a neutron multiplicity per �ssion of 2.01 [99]. Considering its

concentration inside the rock of 1.11 ppm, the neutron rate due to spontaneous �s-

sion was estimated to be 0.52 neutrons/g/y. Adding to this rate the contribution

from (α,n), an overall neutron background rate of 4.0 neutrons/g/y was determined.

In most of these interactions, fast neutrons are produced, but as they undergo mul-

tiple scattering interactions inside the rock they are thermalized such that, inside

the laboratory, slow neutrons are predominant. This can be visualized by comparing

Figure 5.2 (neutron energy spectrum calculated at the production point inside the

rock) and Figure 5.3 (neutron energy spectrum at the surface of the rock obtained

from the Geant4 simulation of neutron transport inside 0.5 meter of rock).

The total neutron rate of 4.0 neutrons/g/y is in good agreement with the rate ob-

tained from the detailed computation using SOURCES software [100] that was used

to generate the spectrum of neutrons produced inside the rock seen in Figure 5.2. It

was important to execute this exercise to understand the neutron rate at the produc-

tion point inside the rock and to validate at the same time the SOURCES software

which is a crucial element for the Monte Carlo simulation study discussed next. This

simulation study is the �rst detailed one ever made in PICASSO. An accurate esti-

mation of the reduction in neutron background rate due to the new water shielding
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Figure 5.2: Neutron energy spectrum at the production point inside the norite rock.
This spectrum results from the implementation of the (α, n) reactions and sponta-
neous �ssion using the SOURCES simulation code [98, 100].

Figure 5.3: Neutron energy spectrum at the surface of the norite rock after passage
through 0.5 m of rock. The energy spectrum is shifted to the low energy region
compared to the spectrum in Figure 5.2.
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set up was needed for PICASSO last phase. This was to have a precise determination

of the rate of fast neutrons striking the detectors and inducing fake positive signals.

The rate of these neutron induced fake signals could then be deducted from the over-

all count rate obtained during the WIMP search cycle. It was shown from crude

estimates in previous phases of the experiment that the fast neutron rate within the

PICASSO frame was about an order of magnitude lower than the typical detector

count rate from other backgrounds and could therefore be neglected. However, in the

last phase, as described in the Chapter 4, enhancements were undertaken aimed at

reducing drastically the detector background count rates to a level where neutrons

could become a concern. It was thus apt that this study was made.

5.1.2 Neutron Background Reduction: New Shielding Set Up

In PICASSO last phase of operation, the water shielding set up surrounding the

experiment was improved. It was changed from small water cubes of dimensions ∼

31×31×31 cm3 (12×12×12 inches3) with many gaps to larger water tanks (average

dimensions of ∼ 180×51×178 cm3 (71×20×70 inches3)) made of pure polyethylene of

2.54 cm (1 inch) thick and �lled with pure water. The testing of this new shielding set

up followed di�erent stages. First, a wide variety of measurements were performed

on site from April 30 to 0ctober 06, 2010 using 3He neutron detectors (a few of

the Solar Neutrino Observatory(SNO) Neutral Current Detectors (NCDs) [101, 102].

Figure 5.4 shows an image of one of the high density polyethylene (HDPE) boxes

that were speci�cally designed and fabricated to moderate the fast neutrons during

measurements. They come as a series of nested boxes that would allow the energy

spectrum to be probed as each thickness added more neutron moderation. Once

the data were collected and analyzed (Table 5.3), a Monte Carlo simulation was

implemented. It aimed to con�rm the measurement results and to determine the

e�ciency of the shielding.



5.1. NEUTRON BACKGROUNDS 99

Table 5.3: Measurement data from Underground: rate in neutrons per
second(neutrons/s) per NCD.

No water shielding water shielding

No HDPE boxes around the NCDs 0.00875 ± 0.00007 0.000174 ± 0.000014

HDPE boxes around the NCDs (1 inch) 0.00612 ± 0.00006 0.000084 ± 0.000024

HDPE boxes around the NCDs (2 inches) 0.00424± 0.00013 0.000037 ± 0.000006

HDPE boxes around the NCDs (3 inches) 0.00296 ± 0.00029 0.0000285 ± 0.0000039

Measurement Results

The NCDs are most sensitive to thermal neutrons. To measure the fast neutron �ux of

interest to PICASSO, the detector was surrounded by HDPE boxes which moderate

fast neutrons. As seen from Table 5.3, the rate (de�ned as the average number of

neutrons per second per NCD) for the bare counting is the highest and decreases

greatly by almost a factor of 2/3 each time a HDPE box of increasing thickness (1,2,3

inches) surrounds the NCDs. A huge gap is noted between counting with and without

a water tank. Again, there is a linear decrease for the measurements done with water

tanks around the NCDs when the HDPE boxes are added. This is as expected, as

polyethylene boxes and water tanks absorb the thermal neutrons, but it is important

to remember that the fast neutrons are also contributing as they are moderated. The

convolution of these two e�ects is best understood through Monte Carlo simulations.

Simulation Results

GEANT4 [103] was employed to simulate the water shielding geometry, the PICASSO

frame, the local rock, the 3He counters and the moderator boxes. It was then uti-

lized to study the propagation of neutrons from their point of production until they

stopped. The simulation was performed using a geometry similar to when measure-

ments were taken (position of the shielding with respect to the wall, position of the

NCDs with respect to the shielding). One of these situations corresponding to the
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Figure 5.4: Picture of the outer polyethylene box within which the NCDs were en-
cased. A total of three nested moderator boxes were used for the measurements.

Figure 5.5: Left view of half of the simulated �ladder-lab�. The polyethylene boxes in
the picture above are shown resting slightly above the �oor water tank.

full set up is displayed in Figure 5.5, with more details of the shielding shown in

Figure 5.6.

The starting point of the simulation is the production of a single neutron with some

energy and initial direction. The initial energy spectrum is taken from work already
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Figure 5.6: Left view of half of the entire shielding set up. In green are the top and
bottom water tanks. In orange are the front and back water tanks. Water within
the tank is colored in blue. Two inches of gap is introduced between the top and the
back, front and side water tanks to account for the actual gaps.

done by the CDMS (Cryogenic Dark Matter Search) group in calculating the neu-

tron energy spectrum due to (α,n) interactions as well as uranium �ssion in the rock

characteristic of SNOLAB [98]. This is the spectrum 1 shown in Figure 5.2 in Sec-

tion 5.1.1. Neutrons were created within 0.5 m of rock and allowed to propagate to

the surface. This gave rise to spectrum 2 shown in Figure 5.3; the neutron energy

spectrum at the surface of the laboratory walls. Studies have shown that increasing

the depth into the rock only increases the computing time, but yields essentially the

same spectrum [98]. The result shows that in total only 1,220,382 out of 4,000,000

neutrons generated made their way to the surface. Of those, there are 474,982 ±

689 neutrons with energy below 5 keV (i.e. 38.92 ± 0.06 %) and 278,806 ± 528 with

energy between 1 and 10 MeV, the so called fast neutrons. Their relative percentage

of 22.85 ± 0.05% is compatible with results from calculations performed by Michael

Browne in 1999. Indeed, in his PhD thesis [97], it is recorded that 15 ± 5 % of the

total neutron �ux underground has energy between 1 and 10 MeV. For the simulation

accuracy's purpose, due to its high population density, the region of energy below 5
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Table 5.4: Number of Neutrons captured by the NCDs

region 1 region2 region3 region4 region5

Total of 9,000,000 generated 21,077 1,053,526 1,098,482 1,329,784 5,497,131

HDPE-0 20 ± 5 1,049 ± 32 851 ± 29 279 ± 17 94 ± 10

HDPE-1 4+3
−2 351 ± 19 487 ± 22 603 ± 25 1,549 ± 39

HDPE-2 2 +3
−1 148 ± 12 257 ± 16 344± 19 1,828 ± 43

HDPE-3 2 +3
−1 80 ± 9 113 ± 11 166 ± 13 1,434 ± 38

HDPE-0 + WT 0 +2
−0 3 +3

−2 5 +3
−2 4 +3

−2 32 ± 6

HDPE-1 + WT 0 +2
−0 1 +2

−1 3 +3
−2 2 3

−1 17 ± 4

HDPE-2 + WT 0 +2
−0 1 +2

−1 0 +2
−0 4 +3

−2 11 ± 3

HDPE-3 + WT 0 +2
−0 6 +4

−3 0 +2
−0 0 +2

−0 1 +2
−1

keV (inside the lab) was divided into 4 regions as follows: region 1 from 0 to 5× 10−9

MeV, region 2 from 5× 10−9 to 5× 10−7 MeV, region 3 from 5× 10−7 to 5× 10−5

MeV and region 4 from 5× 10−5 to 5× 10−3 MeV. The zone with energy above 5

keV was kept undivided and represented region 5. Note that this is the region of

interest for PICASSO as the detectors are only sensitive to neutrons with energy

greater or equal to about 5 keV. The results are presented in Table 5.4 and Table 5.5

displays a comparison between the combined results from the simulation and the

results from measurements. In the tables, WT stands for the water tanks used for

shielding, and �HDPE-i� (i=0,1,2,3) represents i inches of HDPE box surrounding the

NCDs. Despite the fact that the Monte Carlo simulation was not precisely detailed

(exact geometry of the "ladder-lab", shielding materials2), Table 5.5 shows a very

good agreement between simulation and measurement. This con�rms the measure-

ments presented in Table 5.3. The new shielding set up is very e�cient at eliminating

neutrons of all energy ranges (about 99% on average) including the PICASSO energy

range of interest (5 keV and above). This quoted number of 99% is not a very rep-

resentative number for de�ning the e�ciency for PICASSO, as the region of interest

(ROI) is only from 5 keV and above. To determine the e�ciency of the shielding for

PICASSO's purposes, having veri�ed that the simulation was credible, the ratio of

2The volume of the water inside the tanks need to be revised to best describe subsequent �ll
levels.
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Table 5.5: Ratios of rates(neutrons/s): simulation versus measurements.
HDPE-0 indicates the bare counting, HDPE-i (i = 0, 1, 2, 3) indicates counting with i
inches of HDPE box around the NCDs. WT indicates the water shielding set up. The
second row of the table compares the bare counting results with the results when the
full shielding set up is in place but no HDPE boxes are installed around the NCDs.

Counting situation 5 regions combined (Simulation) Measurement (Data)

HDPE-2/HDPE-3 1.437 ±0.045 1.432 ±0.147
HDPE-0/(WT+HDPE-0) 52.114 ± 8.362 50.287±4.066

(WT+HDPE-0)/(WT+HDPE-1) 1.913 ± 0.515 2.071 ±0.0.615
1- ((WT+HDPE-2)/HDPE-2) 0.994±0.002 0.991 ± 0.001

the number of neutrons with energy above 5 keV inside the shielded volume with and

without the water tanks was calculated. This then gave the number of neutrons above

threshold that would be present with or without shielding, and hence the e�ciency.

This was determined to be equal to 99.66 ± 0.01 % and was translated to a reduction

factor of 294 for the ambient neutron �ux inside PICASSO frame. Using the estimate

of the fast neutron �ux underground (4000 neutrons/m2/d ±50%) [104] and the sen-

sitivity of the detectors to neutrons which is about 0.1 cts/neutron/gcm2 [104], the

expected event rate induced by fast neutrons was determined to be 0.14 cts/kg/day.

Prior to this study, an accurate determination of the shielding e�ciency for the old

set up was not made. It was thus decided to model the old set up as well in order to

evaluate the improvement in neutron mitigation by exchanging the set up geometries.

The results are discussed below.

5.1.3 Neutron background reduction: Old shielding set up

The old shielding set up was made of 242 cardboard boxes containing very light

polyethylene boxes �lled with water surrounding the detectors as shown in Figure 5.7.

Each of the cardboard boxes is modeled as a ∼ 31×31×31 cm3 (12×12×12 inch3)

cube with a thickness of 0.254 cm (0.1 inch). The polyethylene boxes inside the card-

board are 0.15 cm (0.06 inch) thick and the water inside them is 75.9% of the total

volume of the cardboard box (11.08×10.68×11.08); which is similar to the 75% in
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volume measured at Queen's university. The cardboard density was also measured

and its composition was taken to be similar to a typical wood composition. Unequal

gaps of 0.3 inch and 0.5 inch along the y, x and z directions were inserted between

the cardboard and the polyethylene boxes. As was done previously, the e�ciency of

the shielding set up in the ROI was determined using the ratio between the number

of neutrons above threshold inside the inner volume of the shielding with or without

the presence of water tanks. 5,497,131 neutrons in the ROI were generated at the

wall of the laboratory and only 295,407 arrived at the shielding set up. Of those,

11,305 made their way through the shielding tanks and reached the inner surface of

the shielding. 136,208 neutrons hit the same inner surface without the presence of

the shielding. An e�ciency of 96.04± 0.05% was deduced corresponding to a neutron

induced event rate of 1.58 cts/kg/d. This event rate is a factor of ∼10 higher than

what was obtained with the new shielding. The improvement in the new shielding is

mostly due to the fact that it is more hermetic and thick.

The conclusion is that the neutron background is well understood and diminished

in PICASSO. The rate of false positive signals produced by neutrons is substantially

reduced with the new shielding arrangement compared to the former one. In addi-

tion, the simulations investigating the self shielding power of detectors revealed an

extra reduction of that rate making it very negligible compared to the other main

backgrounds which are alpha particles. Neutrons would become worrisome, relatively

speaking, if the alpha induced count rate was to be reduced to a similar amount.

5.2 Alpha Backgrounds

Alpha particles from natural radioactivity constitutes the major background. They

lose their kinetic energy as they pass though the detectors and generate several nu-

cleations along their path inducing fake positive signals. A lot of e�ort had been



5.2. ALPHA BACKGROUNDS 105

Figure 5.7: A view of half of the old shielding set up. In total, 242 cardboard boxes
�lled with water and divided in four set of layers were used to completely shield the
detectors. Two inches of gap was introduced between those layers as a representative
of the metal plate present in the reality. The color map is as follow: in orange are
the side cardboard boxes; in green are the top and bottom cardboard boxes; in grey
is the air gap between those boxes and the light polyethylene boxes. In blue is the
water �lling the polyethylene boxes.

undertaken to mitigate against these particles as will be discussed in this section.

5.2.1 Sources of Alpha Backgrounds

Uranium-238 and Thorium-232 decay chains involve several alpha emitters which

release fast moving alpha particles such as 222Rn (5.59 MeV α) and 220Rn (6.288 MeV

α). Both the alpha particle and the recoiling nucleus may initiate nucleation within

the detectors. However, the high stopping power (dE/dx) of alpha particles in the gel

limit their e�ect. Only alphas produced within the gel matrix or the droplets could

create fake bubbles. Those generated on the detector containers or outside of the

containers cannot. The concentration of these radionuclides in both the gel and the

droplets is therefore the main worry. Unlike the other alpha emitters, Radon is a gas.

As such, it could di�use through the detector containers at high temperatures and

reach the gel or the droplet where it releases alpha particles that induce fake signals.
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Figure 5.8: Detector count rate vs detector number. A signi�cant reduction in the
count rates is observed as a result of the improvement in puri�cation techniques.

The ambient air within the PICASSO detector frame is consequently another source

of the alpha backgrounds.

5.2.2 Alpha Background Reduction

There are several ways to mitigate against the alpha backgrounds. The most pro-

ductive method is to limit their interactions with the detectors and a second one is

to develop techniques to identify their interactions within the detectors. If the alpha

backgrounds originate from localized areas in the detectors, then with good position

reconstruction of events they could also be excluded from the �ducial volume.

The �rst point was addressed many years ago by reducing the alpha contamination

in the detectors through the careful selection of low U/Th contaminated materials

and the improvement in radio-puri�cation techniques during detector fabrication as

explained in Chapter 4. Figure 5.8 shows a small, but signi�cant reduction in the

detector count rates as a clean fabrication technique was optimized.
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0.79 0.79

Figure 5.9: PICASSO detector response to di�erent types of particles. From left to
right: 1.75 MeV γ-rays and minimum ionizing particles (square-dashed); 19F recoils
modeled assuming the scattering of a 50 GeV/c2 WIMP (red); poly-energetic neu-
trons from an AcBe source (dot-dashed); α particles at the Bragg peak from 241Am
decays (open triangles); and 210Pb recoil nuclei from 226Am spikes (full dots). Taken
from [105].

The second point implies a proper understanding of the characteristics of the al-

pha induced signal events and their separation from nuclear recoil events caused by

neutrons and/or potentially WIMPs. This was partially addressed in the past as dis-

cussed below. Calibration measurements with neutron and alpha sources have aided

in determining the spectrum of these particle interaction rates as a function of tem-

perature. As shown in Figure 5.9, their detector response functions di�er signi�cantly

in shape in the operating range of temperatures. However, this global di�erence in the

shape of their response function does not enable to reject alpha events on an event-by-

event basis. Instead, it is exploited to set limits on a possible WIMP signal as will be

discussed in Chapter 7. Further calibration work targeting an event-by-event tagging

and removal of the alpha backgrounds was carried out. It was discovered that, for the

detector used in that analysis, the amplitudes of alpha induced events were typically
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higher than that of neutron induced events and therefore that of WIMP events [106].

This di�erence in amplitude could be explained by the di�erence in the number of

nucleation sites generated in the droplets by these particle interactions. A nuclear

recoil caused by a neutron (or a WIMP) has a typical mean free path of order tens

of nm and can create only one nucleation site in the droplet while several nucleation

sites are created along an alpha track (of ∼ 35 µm path length) within the droplet.

Therefore, the sound intensity (energy, acoustic pressure wave) released during the

vaporization of the bubble droplet will be higher in alpha events than in neutron and

WIMP events. Equation 5.1 taken from [107] describes the relationship between the

total intensity of the emitted sound and the acceleration of the volume of the gas

bubble within the liquid droplet.

I =
ρeV̈ (t)

4πc
(5.1)

where V̈ (t) = 4π
3

(d
2R3(t)
d2t

) with R(t) the radius of the bubble at time t, c is the speed of

sound and ρe is the density of the liquid within the droplet. Moreover, the di�erence

in the number of nucleation sites could imply a di�erence in frequency nodes that

could be combined with the di�erence in amplitude to build an acoustic variable that

permits a di�erentiation between these two types of events.

Numerous analytical techniques have been developed and implemented to exploit this

�nding and suppress the alpha backgrounds on an event-by-event basis. They are so-

called event-by-event (α, n) discrimination analyses. Such analyses were developed

independently in PICASSO and COUPP experiments3 In the following subsection, the

most successful one of them in PICASSO is reviewed and its limitations are discussed.

This will pave a way to introduce the heart of this thesis research discussed in the next

chapter. It is the development and application of a wavelet technology to PICASSO

3COUPP had had a tremendous success in reducing their alpha background using the amplitude
di�erence in signal events discovered by PICASSO [85].
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data to discriminate, on an event-by-event basis, WIMP like neutron induced events

from other background induced events. The other backgrounds targeted were mainly

alpha particles, but also a mysterious type of background events whose cause and

origin are still not fully understood. Hence the name mystery events. These mystery

events and their suppression using the wavelet analysis will be discussed in the next

chapter.

(α, n) Discrimination: Acoustic Energy Variable At High Frequency

The main acoustic energy variable used in PICASSO (called Evar) has proven to

be a powerful tool to discriminate between random noise induced signals and bubble

induced signals [108]. Figures 5.10 and 5.11 depict graphically the construction of

Evar for a �noisy� versus �non-noisy event�. The �rst plot from the left is a sample

of one raw signal obtained from the DAQ. The sampling frequency is 800 kHz and

the sampling time is 20,480 µs for a total of 16,384 sampling points. The plot shows

almost zero DC o�set indicating a good stability of the electronics. Small instabili-

ties can cause very low frequency noise (below 18 kHz) which are removed through

a �ltering procedure. The �ltering is done by using the standard Fourier transform

as shown in the second plot on the top right. Fourier analysis and its limitations

will be tackled in the following paragraph. The third plot displays the �ltered signal

attained after removing the low frequency noise below 18 kHz. It can be observed

that the signal noise disappeared after this �ltering operation. The fourth plot is the

signal power and the �fth one shows the calculated cumulative power along with a

straight line descriptive of the cumulative power if it were due to white noise. The

last plot depicts the di�erence between the cumulative power and the straight line.

The integral of that di�erence is calculated and assigned to Evar. Evar is thus an

amplitude based variable that helps to discriminate between particle induced events
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and non-particle induced events such as those produced by electronic noise or acous-

tic noise in the surrounding of the detector (Figure 5.10, Figure 5.11 and Figure 5.12).

Because of the huge success of Evar in the above context, it was used to attempt

(α, n) discrimination and showed some potentials in doing so. From the Evar con-

struction shown in Figures 5.10 and 5.11, Evar values strongly rely on the �lter used.

For speci�c frequency �lters at speci�c temperatures, Evar values of alpha induced

bubbles are generally a bit higher than that of neutron induced bubbles. The di�er-

ence is more noticeable at 45◦C for a band pass �lter of 130-160 kHz. An 80% alpha

rejection was attained for one particular detector with a very high concentration of

alpha emitters in the droplets (Figure 5.13). Other operating temperatures and de-

tectors yielded a poorer discrimination [89]. Evar130-160kHz could not therefore be

used in the analysis to reduce the alpha backgrounds in all detectors. Additionally,

Evar relies on the Fourier transform which is known to be inappropriate for natural

signals like PICASSO signals. Indeed, due to its in�nite cosine and sine analysis

functions, Fourier analysis only provides global information on the frequency with no

information whatsoever about the time at which these frequencies appear in the sig-

nal. For acoustic signals such as the one obtained in PICASSO, the time information

of those frequencies is crucial since the discrimination between the alpha and neutron

induced signals is maximal in a very short time window during the initial phase of

bubble formation. An analysis, such as the wavelet analysis, that provides both the

time and frequency information is needed.
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Figure 5.10: Graphical representation of the Evar algorithm for one �non-noisy� PI-
CASSO event. For clarity, this plot shows only one piezo-transducer (channel 0).
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Figure 5.11: Graphical representation of the Evar algorithm for one �noisy� PICASSO
event. For clarity, this plot shows only one piezo-transducer (channel 0).
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Figure 5.12: Evar distribution at 45◦C for a calibration run using an AmBe neutron
source. Two separated populations are visible. The �rst one represent the electronic
noise induced events whereas the second one is the WIMP like neutron induced bub-
bles. Note that Evar values smoothly increase with temperature.

Figure 5.13: Di�erence in Evar distribution at 45◦C between a neutron calibration
(in red) and a WIMP search run (in blue), for detector 93. During a WIMP search
run, the main signal is from alpha particles. Taken from [89].
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Chapter 6

A Wavelet Analysis Of PICASSO Data

Electronic signals produced by instrumentation in modern physics experiments

(e.g. acoustic signals) are generally obtained in the time domain and some sort of

transformation must be performed to extract additional information from them. Such

signal transformations usually make use of Fourier transform like sinusoidal functions

as analyzing functions to decompose the signals. However, with the arrival of the

wavelet technology and the multiple advantages it presents for some applications,

wavelet analysis is being increasingly employed.

In this chapter, which describes the development of a wavelet approach for bubble

technologies applied to the analysis of PICASSO data, the advantages of the wavelet

transform will be explained while thoroughly describing the technique. Also, the

results of its application to the PICASSO data to reduce the backgrounds leading to

a better sensitivity to Dark Matter particles will be discussed.

6.1 History Of The Wavelet Technology

In 1807, the French mathematician Jean Baptiste Joseph Fourier developed the so-

called frequency analysis which is known today as the Fourier transform. He showed

that sinusoidal functions could be employed as the basis of decomposition to extract
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the frequency information from a given signal. This brought a new perspective about

how to view functions and, as a result, laid the mathematical basis on which the

wavelet technology was developed. The word wavelet was �rst mentioned in 1909 by

Alfred Haar in his PhD thesis to designate a set of rectangular basis functions he

developed. After Haar's work, the �eld of wavelet analysis lay almost dormant until

the 1930's when results of an investigation conducted on the Brownian motion by

the physicist Paul Levy, using both the Fourier basis functions and the scale-varying

Haar basis functions, revealed that the Haar basis functions were more suitable than

Fourier's to study small and complicated details. A great advancement occurred in

1984 when Jean Morlet and Alex Grossman developed a method of decomposing a

signal into wavelet coe�cients and transforming it back into its original form without

any signi�cant loss of information. The signal decomposition (forward transforma-

tions) and reconstruction (backward transformations) were thus developed. Another

great contribution to the �eld was the development of a multiresolution analysis

(MRA) utilizing wavelets developed by Stephane Mallat and Yves Meyer in 1986.

Their work had a major impact in the �eld as it allowed interested researchers to

construct their own family of wavelets using the criteria derived. Around 1988, a

Belgian physicist and mathematician named Ingrid Daubechies used the concept of

multiresolution analysis to create the �rst family of orthogonal wavelets which are

known today as the Daubechies wavelets. Her work inspired other scientists to create

their own families of wavelets and nowadays there are over a hundred wavelet families

that are employed in many �elds including medicine (medical imaging), mathemat-

ics, physics, and engineering for various signal and image processing applications such

as data compression, smoothing and image denoising, �ngerprint veri�cation, speech

recognition, DNA and protein analysis [109, 110, 111].
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6.2 From Fourier Transform To Wavelet Transform: Why Wavelets?

Wavelet and Fourier analyses are two methods used in electronic signal transforma-

tion. They both calculate the amount of overlap or �correlation� between a signal

and the analyzing functions. The compactness of their analyzing functions consti-

tutes the primary di�erence between the two. Fourier analyzing functions are in�nite

sinusoidal functions while wavelet analyzing functions are short oscillating functions

which vanish outside of a �nite time interval. The in�nite time support of the sine

and cosine functions used in the standard Fourier transform only allows the retrieval

of the global frequency content of a signal without information on the time at which

those frequencies appeared in the signal. For stationary signals such as periodic

signals, the Fourier transform is very satisfactory as is well known. However, for

signals which have non stationary components (aperiodic, noisy and/or have abrupt

discontinuities), the Fourier transform is no longer appropriate. Such signals need

local analysis approaches that will give simultaneously the frequency and the time

at which those frequencies were present. The proponents of the Fourier transform

have suggested the so-called Short Time Fourier Transform (STFT) to overcome this

inadequacy of the Fourier Transform (FT). In STFT, the original signal is subdivided

into several small portions of equal length, and the FT is applied on each individual

time windowed stationary-like portion of the signal. By so doing, both the frequency

components and the time intervals of these frequencies are obtained. Mathematically,

STFT is expressed as follows:

CSTFT (τ, f) =

∫ ∞
−∞

x(t)g∗(t− τ)e−j2πftdt (6.1)

where x(t) is the original signal, x(t)g∗(t− τ) is a windowed portion of the signal

centered at a time shift τ obtained by convolving the signal with the window g(t).

Since g(t) is of constant length, the time resolution (∆t) is constant implying that the
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frequency resolution (∆f ) is constant as well. This is deduced from the Heisenberg

time-frequency uncertainty principle:

∆f∆t ≥
1

4π
.

A constant time-frequency resolution analysis is not ideal. For high frequencies, a

good timing resolution (obtained with a small g(t)) is preferable over a poor fre-

quency resolution, while for low frequencies, it is the inverse. This is because, high

frequencies generally appear for a short time while low frequencies appear for a much

longer time. For this reason, an analysis that supplies a varying size for the window

g(t) to capture these fundamentals in the signal is favorable. Such an analysis is

termed a multiresolution analysis and is provided by the wavelets. Figure 6.1 shows

schematically the di�erence in resolution between the wavelet and Fourier analyses.

Besides these main di�erences between the two methods, the wavelet transformation

possesses several analyzing functions that give the user more �exibility. In addition,

it helps to reduce the computational time during data analysis since it allows a precise

determination of the portion of the signal which contains relevant information and

thus allows the signal analysis to be restricted to that relevant portion. A reduction

in the data analysis time is very welcome. Last but not least, wavelet transforma-

tions (WT) allow an accurate de-noising of the signal which is indispensable for data

treatment.

6.3 Wavelet Properties

As the name suggests, a wavelet function depicts a short wave, i.e. an oscillation

that decays quickly. As a review, below are the di�erent criteria a function ψ(t) must
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Figure 6.1: Illustration of the constant time-frequency resolution plane for STFT (left)
and of the variable time-frequency resolution plane for WT (right). Taken from [112].
On the left, the resolution does not vary as a function of frequency or time whereas
on the right, the binning allows high frequency signals to be studied over short time
intervals while using long time intervals to observe low frequency components.

satisfy to be a suitable wavelet [113]:

(1) ψ(t) must have a �nite energy

E =

∫ +∞

−∞
|ψ(t)|2dt <∞

(2) The Fourier transform Ψ(f) of ψ(t) must satisfy

Cψ =

∫ +∞

0

|Ψ(f)|2

f
df <∞

The condition (2) is called the admissibility condition. It is the most impor-

tant property of wavelets. It implies that the wavelet has no zero frequency

component; i.e.

|Ψ(f)|f=0 = 0
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meaning that the time-averaged value of ψ(t) must be 0

Ψ(0) = 0⇒
∫
ψ(t)dt = 0

Therefore, ψ(t) must be oscillatory i.e. ψ(t) must be a wave.

(3) For complex ψ(t), the Fourier transform Ψ(t) must be both real and vanish for

negative frequencies [112].

(4) The function ψ(t) must be localized in both the time and frequency domains.

This wavelet property is known as the regularity condition and is imposed to

make the wavelet transform coe�cients decrease with decreasing scale. The

scale is related to the window size of the wavelet; it is roughly the inverse of the

frequency.

To wrap up, the admissibility and regularity conditions give wavelets their name.

The �rst one speci�es that ψ must be a wave and the second one indicates that it

decays quickly whereof the let ; hence the name wavelet. In short, the name wavelet

designates any localized and square integrable function which has a �nite energy and

satis�es the admissibility condition. Their compactness permits a time-frequency

analysis of signals and enables a good handling of transient, sharp spikes and dis-

continuities. Displayed in Figures 6.2, 6.3, 6.4 and 6.5 are some examples of wavelet

families which were used in the quest to understand and optimize the transformation1.

The Daubechies family was selected as the �nal choice for the discrete wavelet trans-

formation (due to orthogonality discussed in Section6.5) whereas the Morlet wavelet

was chosen for the continuous version of the transformation. This is because the

shapes of both wavelets suit better the PICASSO acoustic signals. Hence, a strong

correlation is obtained when there is an overlap between these wavelets and the real

1All these wavelets are shown at an arbitrary scale. The y-axis represents the amplitude and
x-axis represents steps along the pulse.
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Figure 6.2: The Haar wavelet [114]

Figure 6.3: Some members of the Daubechies wavelet family denoted dbN with N
comprised between 2 and 10. db1 is equivalent to the Haar wavelet plotted in Fig-
ure 6.2.

signal.

6.4 Description Of The Continuous Wavelet Transformation

The continuous version of the wavelet transformation was the �rst one to be imple-

mented in the 1900's. It computes the correlation or similarity between a signal x(t)

Figure 6.4: The Mexican hat wavelet.
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Figure 6.5: The Morlet wavelet.

and a set of template functions obtained while scaling and shifting a base wavelet ψ(t)

called the mother wavelet (equation 6.2). These template functions are represented

as ψ(τ,s)(t) where s parameterizes the scaling (i.e. the dilation or the contraction) of

the mother wavelet and τ parameterizes its shift (i.e. its translation along the time

axis). The scaling parameter s can be considered to be inversely proportional to the

frequency and determines the time and frequency resolution of the transformation

and consequently its performance. Small scales correspond to high frequencies (short

wavelet windows), giving detailed information about the signal while large scales cor-

relate with low frequencies (large wavelet windows) and provide global information

on the signal. By varying the scale, both the coarse and detailed features of the signal

are acquired. That is why wavelet analyse are often referred to in the literature as the

way of seeing the forest and the trees. Using the time shift τ , these spectral features

are extracted in an orderly time manner for the entire duration of the signal.

CCWTψx
(s, τ) =< x(t), ψ(s,τ)(t) >=

1√
s

∫
x(t)ψ∗(

t− τ
s

)dt (6.2)

where

ψ(s,τ)(t) =
1√
s
ψ(
t− τ
s

) (6.3)

with 1√
(s)

the normalization factor which ensures that the norm ‖ ψ(τ,s)(t) ‖ is in-

dependent of the scale s. From equation 6.2, it is understood that keeping s �xed

while varying τ �lls a row in the time-scale plane, while keeping τ �xed and varying
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s �lls a column in that plane. An example of the above is illustrated in Figure 6.6.

Before completing this section, a few other things are worth mentioning. First, an

Figure 6.6: Algorithm for the calculation of the CWT. Taken from [115]

inverse wavelet transformation to reconstruct the original signal is possible through

the admissibility condition discussed in Section 6.3. The formula is

x(t) =
1

Cψ

∫
s>0

∫
τ

CCWTψx
(s, τ)ψ(

t− τ
s

)
dsdτ

s2
(6.4)

with Cψ the admissibility constant de�ned earlier. Secondly, since most signals to be

analyzed are discretized, a discretized version of the continuous wavelet transforma-

tion is preferable and, in which case, discrete values for τ and s are generally used as

explained in reference [116]. This ought not to be confused with the discrete version
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of the wavelet transform treated in the next section.

Figure 6.7: Illustration of the discrete wavelet transform algorithm using sub-band
coding. The notion of Approximation (Ai) and Detail (Di) coe�cients as well as the
role of the down-sampling operation (↓ 2) are explained in the text.

6.5 Description Of The Discrete Wavelet Transformation

The discrete wavelet transformation is not used to analyze the signal for its time-

frequency components, but rather as a tool to remove noise from the recorded signal.

The transformation itself could simply be viewed as a �subband coding� as illustrated

in Figure 6.7. The signal is divided into several frequency window components by

iteratively passing it through high-pass and low-pass �lters. These �lters are derived

from wavelet functions as shown in the mathematical description of the transform
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discussed below.

Step1: Discrete wavelets

The starting point is the expression of the wavelet functions used in discrete trans-

form. As understood from the last part of Section 6.4, these template functions are

piecewise continuous functions2 given by equation 6.5 [117, 118]

ψ(j,k)(t) =
1√
2j
ψ(
t− k2j

2j
) (6.5)

with ∫
ψ(j,k)(t)ψ

∗
(l,m)(t)dt = δj,kδl,m with j, k, l,m, integers . (6.6)

The orthogonality condition imposed on the wavelets along with the discrete sampling

of the time-scale plane is to reduce the number of (scaling and translation) operations

involved and to help remove the redundancy observed in the continuous version of

the transformation. This can save some computational time [117, 118]. The factor

2j leads to the repeated binary division of the signals as the high-low pass �ltering is

applied.

Step2: Scaling function

The admissibility condition discussed in Section 6.3 plays a key role in the discrete

transform. From that condition, it is noticed that wavelets have band-pass like spec-

tra (since (Ψ(f) is band limited as Ψ(f)→ 0 both as f → 0 and f →∞), meaning

that they behave as band-pass �lters. Consequently, the transformation which con-

sists of time translating wavelets to cover the time domain of the signal to be analyzed

could be regarded in the frequency domain as the coverage of that signal frequency

spectrum by the spectra of wavelets and performing band-pass �ltering operation.

2For discrete signals, t takes on discrete values and the wavelets become truly discrete.
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From the Fourier transform (equation 6.7),

F (f(at)) =
1

|a|
F (
f

a
) (6.7)

such that each time a wavelet is stretched in time by a factor of two3, its bandwidth

is halved. Covering the signal frequency space all the way down to zero would thus

require a near in�nite number of wavelets. To avoid the use of such a large number of

functions, a so-called scaling function de�ned in equation 6.8 is introduced [119]. This

function is used to represent the lower range of the signal spectrum while the dilated

wavelets used in the discrete transform will cover the upper range of the spectrum.

φ(t) =
l∑
j,k

CDWTψx
(j, k)ψ(j,k)(t) (6.8)

with the script l indicating that the frequency spectrum of the signal is covered by the

scaling function up to a minimum frequency value ∼ 1/l. This function is very useful

because it is very time e�cient while preserving the good performance of the trans-

formation. However, it makes the discrete transformation disadvantageous in terms

of a proper wavelet time-scale analysis of the signal since it hides interesting scale

information as indicated by its formula in 6.8. However, since the discrete transform

is mainly used for de-noising, this is not an issue. A few examples of scaling func-

tions for the two wavelet families that were selected for PICASSO usage are shown

in Figure 6.8.

Step3: The transform

At this stage, it is worth spelling out in simple terms what was said above: dilated

wavelets as de�ned in equation 6.5 can be regarded as constituting high-pass �lters

3As noted in equation 6.5, the scale s = 2j increases by a factor of 2 in each step. Also, since
s > 1, the wavelet is referred to as a dilated wavelet.
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whereas a scaling function as de�ned in equation 6.8 will constitute a low-pass �lter.

Paired together, they constitute a �lter bank and their action on the signal could be

implemented as a sub-band coding as displayed in Figure 6.7. They are applied in

a sequence of increasing scale (i.e. increasing j commonly referred to as a level of

decomposition) to produce high-pass and low-pass transform coe�cients (commonly

called Detail coe�cients (Dj) and Approximation coe�cients (Aj)). Their expression

Figure 6.8: Wavelet functions (ψ(t)) and scaling functions (φ(t)) for some members
of the Daubechies family: db2 and db8. Taken from [112].

at a decomposition level j + 1 is given by [120]

Aj+1(k) =
∑
n

h(2k − n)Aj(n) (6.9)

Dj+1(k) =
∑
n

g(2k − n)Aj(n) (6.10)

implying that the reconstructed signal from that level will have the expression

Aj(k) =
∑
m

Aj+1(m)h̄(2k −m) +
∑
m

Dj+1(m)ḡ(2k −m) (6.11)
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where g(k) is called a high-pass wavelet decomposition �lter and h(k) a low-pass

scaling decomposition �lter whereas ḡ(k) is called a high-pass wavelet recomposition

�lter and h̄(k) a low-pass scaling recomposition �lter). Because of the orthonormality

of the wavelet (equation 6.6), these �lters are not independent, but are related to one

another through some relations that de�ne them as quadrature mirror �lters.

Before ending this section, a few observations can be made from equations 6.9 to

6.11. First, the Detail and Approximation coe�cients at a level j + 1 are acquired

by applying low-pass and high-pass �lters on the low-pass spectrum output derived

from the previous level j (Figure 6.7). This means that the original signal A0 can be

regarded as the output of a low-pass �lter at an imaginary j = 0 level of decomposi-

tion. Secondly, the factor 2k in the equations means that only every other coe�cient

is used. This down-sampling by a factor of two of the coe�cient vectors avoids re-

dundancy and ensures that the output data set is not twice as large as the input

data set at a given level j. Their individual size is half of that of the previous level.

Thirdly, the original signal can be reconstructed from any level j by simply using

the Approximation coe�cients and the Detail coe�cients leading to that particular

level j. Fourthly, the �nal level of decomposition (jmax) is determined by the size

of the Approximation coe�cient vector. The signal could be decomposed of up to

jmax ≥ log2N where N is the size of the original signal. This corresponds to only

one element inside the Approximation vector at which point further decomposition

makes no sense. Lastly, the �nal output of the transform is obtained by stitching

together the set of Approximation coe�cients at the �nal level of decomposition with

all the Detail coe�cients in an orderly manner: AjmaxDjmaxDjmax−1Djmax−2...D1,

i.e., A3D3D2D1 for Figure 6.7.
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6.5.1 Signal De-noising: Hard Versus Soft Level Dependent (Indepen-

dent) Thresholding

The logical follow up of the discrete wavelet transformation is the noise removal in

the signal. This leads to a better analysis of the signal and also, a better signal com-

pression which ultimately yields more compact data storage in, for example, image

compression. Signal de-noising targeting better data storage is one of the main ap-

plications of the transformation as used in the various �elds listed in Section 6.1. As

an example, prior to wavelet technology, the FBI used to store �ngerprints physically

as they demand a large amount of memory space. Every �ngerprint one wished to

verify with the original was then mailed to Washington making the process tedious.

As the discrete wavelet technology allows the storage of �ngerprints electronically,

the transmission of the information, and the search in the electronic archive is easier.

In PICASSO, the transform is used to de-noise the raw signals. The signal is de-

noised by a process known as thresholding4 where the Detail coe�cients have noise

removed whereas the approximation coe�cients are left unchanged in order to keep

the regularity of the original signal. This aids in removing high frequency transients

and noise [121]. The reconstructed signal obtained by the inverse transformation

of the thresholded coe�cients is thus clean and compressed with nearly zero loss of

meaningful information.

There exist several thresholding methods. Their di�erence resides in �nding the high-

est signal to noise ratio, i.e. how well the noise can be removed without signi�cantly

a�ecting the true signal [122, 123]. The thresholding can be hard (in which case all

Detail coe�cients below the threshold value are set to zero while Detail coe�cients

above the threshold are kept unchanged) or soft (in which case all Detail coe�cients

4A thresholding operation consists of sorting a data set according to a particular value called the
threshold and zeroing all coe�cients below the threshold value.
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below threshold are set to zero while Detail coe�cients above threshold are lowered

by the threshold value). The threshold itself can be applied in a (decomposition) level

dependent or level independent way. In the case of a level independent thresholding,

a unique threshold is found and applied to all the Detail coe�cients from all levels

of the decomposition. In a level dependent thresholding on the other hand, a level

varying threshold is determined at each level j and applied solely to the set of detail

coe�cients at that level j.

For cleaning PICASSO signals, di�erent combinations of all the methods listed above

were tested. The level dependent soft thresholding method was �nally selected for its

better performance. The formula used for the threshold was taken from reference [123]

and is given by the equation 6.12

Dthresh = σn
√

2 loge n (6.12)

where n (≥ 4) is the size of the set of Detail coe�cients under consideration and σn,

the noise variance of that set which was estimated using its median absolute deviation.

For example in PICASSO, at the highest frequencies, the threshold is about 4.2σn

whereas, at extremely low frequencies, the cut will not be as harsh with a threshold

of 1.7σn de�ned for n=4.

6.6 Application Of The Discrete Wavelet Software: Results And Discus-

sion

Free and good software for the implementation of the wavelet transform is not easily

available online. Basic code for the implementation of discrete wavelet transform

can be found, but it should be tuned and transformed to �t the speci�c purpose

of the user. For PICASSO purposes, an available free software [124] was modi�ed
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and some validity checks were performed to con�rm the goodness of the new mod-

i�ed version. Once that stage was successful, the code was applied to PICASSO data.

Figure 6.9(a) shows the product of the application of the discrete wavelet transform

to one �good� (not very noisy) PICASSO signal. On the left hand-side in red, are

the Approximation coe�cients for 5 levels of decomposition and, on the right hand-

side in blue are the corresponding Detail coe�cients. In principle, due to the length

of the signal, there could be up to jmax ≡ log2(16384) = 14 levels of decomposition;

meaning that, the signal could be sorted out in frequency bands as low as [0, 800

kHz/214] ≡ [0, ∼ 24Hz] to investigate the strength of each band. However, the low

noise component of the signal below 18 kHz is not very interesting. Therefore, the

signal was decomposed only up to 5 levels. The original signal is shown in Figure 6.10

and the de-noised version of the signal is depicted in Figure 6.11. The de-noised signal

is reconstructed from thresholded coe�cients of which more than 90% are set to zero.

Despite that, the reconstructed signal energy is more than 95% of the original signal

energy. There is indeed a potential for a very good compression of the data with little

loss of valuable information. But this is not PICASSO main interest.

The de-noising process of a �bad� (very noisy) signal is also displayed in �gures 6.12(a),

6.13 and 6.14. The intent is to demonstrate that an acoustic energy variable such

as Evar discussed in Chapter 5 will yield a very good discrimination between noise

events and good bubble events after they have all been de-noised/cleaned using DWT.

Apart from Evar-DWT, other variables exploiting the strength of the Detail coe�-

cients for di�erent interesting frequency bands were created, for instance, avg-DWT

which calculates the average of the Detail coe�cients in a frequency region attributed

to the true signal. Although they give a good suppression of electronic noise events,
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they were not very successful in discriminating between nuclear recoil induced bub-

ble events and other background induced bubble events. This is not surprising. A

continuous wavelet analysis is more appropriate for this discriminatory job as stated

before.

6.7 Application Of The Continuous Wavelet Software: Results And Dis-

cussion

The complexity of the implementation of the continuous wavelet transform (CWT)

makes useable code rarely available. Very few CWT software packages are available

online and are generally not free. Hence, a CWT software for PICASSO usage was

developed. The preliminary step consisted in cross checking the software results with

available results from online tutorials. That step was successfully completed and

some of the key comparisons are shown in Figures 6.15 and 6.16. The signal analyzed

in Figure 6.15 is a delta function centered at t=500 sampling point, and the basis

function chosen is the Haar Wavelet. This form of representation of the output is

called a scalogram in analogy to the Fourier spectrogram. The y-axis is the scale

and the x-axis is the time shift τ along the signal. Hence the transformation shows a

strong coloration (color code) at t=500 and a delta function behavior. The resolution

properties of the CWT can also be observed. To obtain an accurate determination of

the time, the high frequency (small scale) portion of the scalogram should be used.

On the other hand, the original signal whose output is displayed in Figure 6.16, is a

non stationary sinusoid made of four di�erent frequencies. Therefore, the transforma-

tion shows four di�erent (scale-time translation) blocks as a representative of the four

di�erent frequencies (scales) appearing at distinct time intervals. The base wavelet

chosen by Polikar is unknown but, this analysis uses the Mexican hat wavelet. As

observed in both �gures, any di�erence between the outputs resides in the amplitude
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(a)

(b)

Figure 6.9: Discrete wavelet transform of the �good� signal shown in Figure 6.10 using
db10 as the base wavelet. (a) displays the coe�cients at each of the 5 levels of de-
composition and (b) displays them stitched together in the order A5D5D4D3D2D1 as
explained in Section 6.5. From an examination of the amplitudes of these histograms,
one sees that most of the power in the signal is at lower frequencies corresponding to
level 4 (and 5) and there is not much at higher frequencies.
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Figure 6.10: A sample of a �good� raw PICASSO signal as recorded by one of the
piezo-transducers (channel 0). In total, there are 16384 sampling points.

Figure 6.11: An example of a de-noised �good� PICASSO signal (channel 0). This
signal is reconstructed after setting ∼ 93% of the output coe�cients to zero, but its
energy is nearly identical (∼ 98%) to that of the original signal shown in Figure 6.10.
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(a)

(b)

Figure 6.12: Discrete wavelet transform of the �bad� signal shown in Figure 6.13
using db10 as the base wavelet. (a) displays the coe�cients at each of the 5 levels of
decomposition and (b) displays them stitched together in the order A5D5D4D3D2D1

as explained in Figure 6.7. In this case, there is clear evidence for higher frequency
noise with no structure.
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Figure 6.13: An example of a �bad� raw PICASSO signal (channel 0).

Figure 6.14: An example of a de-noised �bad� PICASSO signal (channel 0). This
signal is reconstructed after setting ∼ 96% of the output coe�cients to zero; and its
energy is ∼ 47% to that of the original signal in Figure 6.13. It is expected since the
original signal was mostly made of noise.
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Figure 6.15: Cross checking the CWT software result with MATLAB. Left: new code.
Right: MATLAB [125]. The y-axis is the scale and the x-axis is the time shift τ along
the signal.

of the coe�cients of the transform which strongly depend on the basis functions cho-

sen and some other parameters (e.g. histogram axis binning and step size for time

translation τ). However, an amplitude di�erence is not an issue as the results can be

normalized.

Figures 6.17 and 6.18 are the products of the application of the continuous wavelet

transform software. They are the scalograms of the two event signals (�good� versus

�bad�) treated in the previous section. From a study of numerous scalograms, it was

noticed that the energy of a �good� event signal is localized in time and scale, while

the energy in a �bad� event is sparsely distributed over the time and scale parameter

space. This detailed time information on the energy was employed to attempt alpha

induced bubble rejection (discussed in 6.7.2) and the mystery bubble rejection (dis-

cussed in 6.7.2).

In addition to utilizing the scalogram for performing a background discrimination,

it was also successfully employed to extract the starting time t0 of the event signal.

This t0 extraction routine will not be discussed in this dissertation, but it is worth
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Figure 6.16: Cross checking the CWT software result with Robi Polikar's result. Left:
new code. Right: Robi Polikar's result [126]

Figure 6.17: Example of a �good� event scalogram using the Morlet wavelet as the
base wavelet. The occurrence of a given frequency (in the y-axis) in di�erent time
periods (in the x-axis) is given by the color code representing the strength of the
CWT coe�cients. The red color indicates the highest coe�cients whereas the dark
blue indicates the lowest coe�cients. The strongest coloration is situated between
2000 and 4000 µs where the main signal is contained.
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Figure 6.18: Example of a �bad� event scalogram using the same base wavelet as in
Figure 6.17. The scales (y-axis) versus times (x-axis) at di�erent CWT coe�cients
are plotted. Here, it could be observed a sparse distribution of the di�erent colors.

mentioning here the determination of t0 using scalograms as another example of the

several things that were done with the wavelet technology.

6.7.1 Alpha Background Rejection

Studies with calibration data indicate that the highest intrinsic di�erence between al-

pha and neutron induced bubbles is contained in the �rst 100 µs after the start of the

event. Consequently, the key feature of the scalogram discussed above was exploited

to construct several variables with a goal of attaining a very good alpha-neutron dis-

crimination, surpassing results of the former analysis variable Evar130-160kHz (rf.

reviewed in Section 5.2. All these variables were tested on two samples of good neu-

tron induced bubbles and good alpha induced bubbles to see how well they could be

separated. Below is a summary discussion of some of the variables.

• The �rst intuition was to create a variable called CWT-SUM(t0+100) which calcu-

lates the sum of the CWT coe�cients within the �rst 100 µs after the beginning (t0)
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of the signal. The alpha-neutron separation that was obtained was not that great,

perhaps due to the very short window considered which implies that any miscalcula-

tion of t0 by a few bins could cause a serious variation of the variable. Also, for that

very small time window, it is primordial to reduce the frequency/scale to the best

bandwidth that favors discrimination. This idea led to the second attempt discussed

next.

• Next, the scalograms were projected on the time shift-CWT coe�cient plane as

well as on the scale-CWT coe�cient plane to study the correlation between these

variables in each plane for the two type of events. The output results for one of the

detectors are shown in Figures 6.19(a) and 6.19(b). The �rst one 6.19(a) showing

how strong the CWT coe�cients are with time indicates that, for the second half of

the signal, these coe�cient values for alpha induced events are generally higher than

that for neutron induced events. The variable that was created to exploit this fact

did not yield any signi�cant improvement on the discrimination. The reason being

that this behavior was not always reproducible between detectors and from run to

run. The second half of the signal has a more complicated physics going on and, will

depend on the echoing of the pressure wave as it hits the detector walls.

From the second �gure 6.19(b), the strength of each frequency/scale in the signal was

studied. For a good portion of events within the same detector, the behavior observed

in Figure 6.19(b) is the same. The strength of the scale in the two group of events

has the same trend and is only di�erentiated by its magnitude (i.e. the amplitude of

the CWT coe�cients) which should be in principle higher for alpha than for neutron

induced events in the frequency/scale window attributable to the true signal. The

logical follow up to this was to create a variable that was basically the maximum of

the CWT coe�cient (max-CWT ) for each event in that plane, but it did not work as

well as expected. It may be because of the non uniform size of the droplets which are

distributed between 150 and 250 µs. This non uniformity can cause the max-CWT
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of an event generated by an alpha track within a small droplet to be similar to that

of an event produced by a nuclear recoil within a larger droplet. Of course, I tried

normalizing the variables to remove the bias introduced by the droplet size, but it was

di�cult and not as productive as the �nal method chosen. The variable discussed

next, called SCratio, is what was �nally considered. It is naturally normalized to

remove the droplet size bias and also uses the full potential of the scalogram (i.e. the

joint time-scale information) in a simple way.

• The variable SCratio calculates the ratio between the energy accumulated within

Figure 6.19: Average of the 1DX (time shift in sample number) and 1DY (scale)
projection of the scalograms of 20 good bubble events induced by alpha particles (in
blue) and neutrons (in red).

two speci�c time and scale regions according to the equation 6.13.

SCratio =

τ2∑
τ=τ1

s2∑
s=s1

CWTψx (τ, s)

τ4∑
τ=τ3

s2∑
s=s1

CWTψx (τ, s)

(6.13)

These regions (τ1 → τ2, τ3 → τ4 and s1 → s2) were carefully chosen to optimize the

intrinsic di�erence between the scalograms and deliver the best separation between

the neutron and the alpha induced event samples. Di�erent combinations of τ1 → τ2

and τ3 → τ4 taken from the PICASSO �true signal� region were investigated and at
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the end two regions were chosen.

The �rst one is τ1 → τ2 ≡ t0 → t0 + 100, τ3 → τ4 ≡ t0 + 1250→ t0 + 1350 (in µs)

and the second one is τ1 → τ2 ≡ 2000→ 4000, τ3 → τ4 ≡ 4000→ 6000 (in µs). The

second choice was retained in the analysis stream as it also helped in removing a class

of background bubble events called mystery events discussed in the next section.

As observed in Figure 6.20, the variable SCratio is very strong in discriminating

between electronic noise and bubble events. Concerning the (α, n) discrimination,

SCratio is very promising with about an 80% alpha rejection and neutron acceptance

at 45◦C for a particular detector with a very high rate of alpha contamination in the

droplets. Figure 6.21 shows the (α, n) discrimination for that detector. For other

detectors, SCratio yields results similar to Evar130-160kHz variable.

Figure 6.20: SCratio vs Evar distribution at 45◦C for a calibration run using an
AmBe neutron source. The 1D histogram of SCratio distribution is also shown. A
very good separation between electronic noise (on the left) and physics events (on the
right) is noticeable as well as a strong correlation between SCratio and Evar.

6.7.2 Mystery Event Rejection

Further investigation on the event scalograms led to a signi�cant discovery. It was

discovered that the variable SCratio could be used in collaboration with a localization
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Figure 6.21: Di�erence in SCratio distribution at 45◦C between a neutron calibration
run (in red) and a WIMP search run in blue, representing alpha events predominantly
(detector 93). A good separation between the neutron peak and the alpha peak is
observed.

Figure 6.22: Bubble event positioning inside a mystery event detector (detector 164)
at 48◦C of operation. The position of the bubble events removed by the SCratio
variable is also displayed (in red open circles). The black closed circles are bubble
events surviving the cut. Knowing that the active height of this detector is about
±13.75 cm, this plot indicates that the mystery events happen mostly around the
vertical edges of the detector.
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analysis to remove a class of events called mystery events. Mystery events are a

strange type of events which were observed only in 7 out of the 32 detector modules

at high temperature of operation (45◦C and above). They are characterized by an

increasing rate at high temperatures. The plausibility of a WIMP signal was discarded

since these events were not present in all detectors and, when present, did not have

a consistent rate between detectors. The possibility of a neutron signal was also

discarded since the rate of these events was higher in WIMP search runs than in

neutron calibration runs. These events are dominant in runs where the overall event

count rate is low, implying that they are not produced by particle interactions. One

common feature is their localization inside the detectors. They are mostly found on

the vertical edges of the detector around the gel-oil or gel-acrylic interface, as shown

in Figure 6.22. The fact that the SCratio variable removed bubble events that were

mostly reconstructed at the edges (and sometime outside) of the physical detector by

the localization algorithm was a motivation to further the investigation on mystery

events using SCratio. The next step was to con�rm the second observation that

mystery events only occur at high temperatures. Detectors with and without mystery

events were studied at low and high temperatures and the aforementioned observation

was con�rmed. As shown in Figure 6.23, for mystery and non-mystery event detectors

at 30◦C, the SCratio cut barely removes any events, but as the temperature increases

(45◦C and 48◦C), the SCratio values of some bubble events start to become low

and leak into the region that is considered as the mystery event region. These will

be removed by the cut. This con�rmation validated SCratio and allowed both the

SCratio cut and the �ducial volume cut to be applied to remove these problematic

events.

Their removal permitted the inclusion of the very low threshold data at 50◦C (i.e.

0.86 keV) in the �nal PICASSO analysis result. Figure 6.24 portrays the bubble

event rate before and after for one of the mystery event detectors. It can be noticed
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that once these background events were removed, the corrected bubble count rate is

consistent with being �at as is expected for an alpha induced bubble event rate.

Figure 6.23: SCratio behavior with temperature for mystery and non-mystery event
detectors. Left: non-mystery event detector (detector 110). Right: mystery event
detector (detector 165). The top rows are data at 30◦C, the next ones are data at
45◦C and the last ones are data at 48◦C. The red dots represent all events in a sample
of WIMP search runs while the blue color represents all good bubble events from that
sample. The black line is an example SCratio cut to visualize the e�ect of the cut
which removes bubble events in a mystery detector as temperature increases while
for a non mystery event detector it does not remove any bubbles.



6.7. APPLICATION OF THE CONTINUOUS WAVELET
SOFTWARE: RESULTS AND DISCUSSION 145

Figure 6.24: From left to right: bubble event rate in a mystery event detector (detector
165) before and after mystery event removal.
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Chapter 7

Fom Raw Data To The Exclusion Curve: WIMP

Signal Extraction

This chapter tackles the treatment of the data taken during the last phase of

the PICASSO experiment. No signal consistent with a Dark Matter hypothesis was

observed. Consequently, limits (at 90% CL) on a possible Dark Matter contribution

to the observed detector count rate are derived and plotted as an exclusion curve in

the WIMP mass-cross-section parameter space. The results presented in this chapter

represent the �nal results from the PICASSO collaboration and the overall exclusion

curve. These results are the basis of a publication, currently being drafted.

In the subsequent sections, the di�erent procedures involved in a WIMP signal ex-

traction are comprehensively examined.

7.1 Data Pre-Processing: Merging Raw Data

As mentioned in previous chapters, the main background in PICASSO are the alpha

emitters present in the gel. Analysis techniques have been developed to tag and

remove events produced by these particles, but these analyses have su�ered some

limitations due to the speed of the DAQ and drawbacks from the electronics. For this
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last and �nal phase of the experiment, these issues were addressed by modifying some

of the electronics and doubling the sampling speed of the DAQ. The �double speed�

doubled the sampling rate and was important to collect detailed signal information

near the beginning of the pulse (t0). The detailed information at the beginning of

the pulse is important to increase the discrimination capability. As stated earlier,

many intrinsic di�erences between event signals induced by various backgrounds is

contained around that time region.

The DAQ speed was doubled via the addition of extra motherboards to record in

parallel to the existing electronics. This led to two motherboards of 400 kHz sampling

frequency each with every other bit alternating between channels A and B, named

mother-channelA and mother-channelB. The merged mother-channelAB having a 800

kHz sampling frequency was a result of a complex DAQ software that was written

to zip together the single speed data (i.e. the two 400 kHz data). After successfully

developing and testing the software, it was applied to the raw data. The algorithm

compared the trigger time of an event in mother-channelA (tAi) with the trigger time

of 10 successive events1 in mother-channelB (tBj). Once an identical match (trigger

time di�erence < 1µs) was found, the two corresponding events were merged into

a new event which had twice the sampling points of mother-channelA and mother-

channelB for the same sampling time. This resulted in doubling the sampling rate.

Table 7.1 helps visualize how the algorithm works. Figures 7.1 and 7.2 display the

discretized signal before and after the merging process.

7.2 Calibration Measurements And Event Selection Cuts

After the pre-processing stage, the next stage was to process the data, i.e., applying

a set of criteria to label the event signals and separate those caused by droplet expan-

sions due to neutron and potential WIMP interactions from those caused by other

1Ten (10) was the optimal number to get matching event pairs.
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Mother-channel A

event A0, trig-time tA0
event A1, trig-time tA1
event A2, trig-time tA2
event A3, trig-time tA3
event A4, trig-time tA4
event A5, trig-time tA5
event A6, trig-time tA6
event A7, trig-time tA7
event A8, trig-time tA8
event A9, trig-time tA9
event A10, trig-time tA10

...

event An, trig-time tAn

Mother-channel B

event B0, trig-time tB0
event B1, trig-time tB1
event B2, trig-time tB2
event B3, trig-time tB3
event B4, trig-time tB4
event B5, trig-time tB5
event B6, trig-time tB6
event B7, trig-time tB7
event B8, trig-time tB8
event B9, trig-time tB9

event B10, trig-time tB10

...

event Bm, trig-time tBm

Table 7.1: Illustration of the data merging algorithm. The trigger time of an event
in channel A is compared with the trigger time of 10 successive events in channel B
until a close match is found and the data is merged (data-AB=data-A ∪ data-B).

known backgrounds. Ideally, the events caused by known backgrounds (electronic

and acoustic backgrounds, alpha background and mystery events backgrounds) will

be suppressed and the rest of events will be used to determine the �nal event count

rate and the Dark Matter limit (Section 7.6). This is limited by the ability to com-

pletely reduce the alpha background.

The set of criteria utilized in the selection/suppression process is determined from

calibration measurements. As such, calibration processes, their results and applica-

tions are very essential and will be discussed prior to proceeding with more details

on the good event selection process. It is important to state here that one has to

optimize the time spent collecting data on WIMP search runs with the time spent

calibrating the detector to characterize detector performance. Consequently, for some

newer detectors, the amount of calibration data is limited.
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Figure 7.1: A sample of event in mother-channel A and mother-channel B before the
merging.

Figure 7.2: A sample of merged double speed data. The data array data-AB is double
the size of data-A or data-B.

7.2.1 Calibration Measurements

Calibration measurements serve two purposes. First they are used to understand and

di�erentiate the features which are associated with neutron (or WIMP) induced sig-

nals from those which are associated with other background induced signals. Second

they are also utilized to monitor the performance of the detectors. At regular time

intervals, test measurements using various particle sources are performed and their
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results are carefully investigated. These various calibration tests are brie�y discussed

below.

1) Neutron calibrations. They constitute the foundation for our knowledge of

PICASSO detectors.

• Former calibration measurements with mono-energetic neutrons from the Tan-

dem van de Graa� accelerator at the University of Montreal were used to de-

termine the detector energy threshold as a function of temperature. This led

to a good understanding of the detector sensitivity and e�ciency as well as its

response to WIMPs (Chapter 4).

• Calibration measurements with an AcBe source conducted in Montreal after

the fabrication of every detector are utilized to obtain an accurate estimate of

the active mass of the detector after fabrication.

• Calibration measurements with an AmBe source performed underground

roughly once per month were mainly employed to train and optimize the anal-

ysis variables as seen in previous chapters. This point will further be addressed

in the next subsection. They have tremendously helped to discriminate between

particle and non particle induced event signals

2) Alpha calibrations. They are employed to comprehend the principal back-

ground and to probe possible ways to mitigate against them. Measurements

on a test detector spiked with 226Ra and 241Am were used to distinguish the

detector response with respect to alpha emitters located inside and outside the

gel. The threshold di�erence due to these two scenarios corresponded to a dif-

ference in the temperature (∼ 4◦C) at which the detectors become sensitive to

each of them. This was translated into a small temperature shift in the alpha

rate pro�le (Figure 5.9)
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3) Gamma calibrations. They are employed to understand the detector response

to minimum ionizing particles. Measurements using a variety of gamma sources

(22Na, 57Co, 60Co, 137Cs) con�rmed that the detectors are blind to these particles

in the temperature window of operation and they become sensitive to them only

above 60◦C.

7.2.2 Event Selection Cuts

The sorting of PICASSO data could be separated into two di�erent stages. In the

�rst stage, a series of pre-selection cuts (StoN, NoiseRMS and Burst Cut) was applied

as follows. The �rst one serves to remove obvious electronic noise events which have

strange pulse shape and very low signal to noise ratio. The second one eliminates

double (multiple) triggering events which are occasional artifacts of the DAQ and

which are characterized by a higher pre-trigger noise value. The last one removes

events which happen very close in time2. It was observed that the triggering time of

some events are very similar and, upon investigation, it was found that these events

were not independent, but correlated. These events could be due to mechanical dis-

turbances in the gel induced perhaps by many nucleations inside the gel. Such an

e�ect could cause the migration of freon droplets which could stick close to each other

and in which case the expansion of one will induce the expansion of the other in a very

short amount of time. Therefore, the signal registered due to the second expansion

should be disregarded. No cut e�ciency correction is needed for the �rst two cuts

since they only a�ect electronic noise, but a very small time correction is applied to

the run exposure to account for dead time due to the third cut.

The second stage was the application of �ve sophisticated variable cuts aimed at

2It removes events which are within 0.1 s (or 3.1 s) triggering time from each other for calibration
runs (for WIMP search runs). Given the very low event rates in these detectors, the live time lost
due to this cut is negligible as the probability for this to be two real separated events is extremely
small.
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extracting good particle interaction induced events, i.e. the good bubble events. As

mentioned above, all these variable cuts were trained and optimized using AmBe

neutron calibration measurements at all available temperatures. These �ve variables

are, respectively:

◦ Evar-18kHz which investigates the integrated energy in the fast component of

the signal (i.e. frequencies below 18 kHz are removed) as stated in Chapter 5.

It preferentially selects data with a fast rise of the integrated signal power as

true events have a high signal to noise ratio and a quick turn on. Consequently,

it mainly removes electronic noise.

◦ Rvar which looks into the rise time of the signal. It calculates the standard

deviation of the signal amplitude in the �rst 100 µs after the signal starts (t0).

It also eliminates electronic noise and was used to remove a class of background

events that was present in the old single speed DAQ data that are not present

in the double speed data.

◦ Tvar which is an event time variable calculated by �nding the mean weighted

time bin in the signal. It removes a small class of non-physical repeating events

due to delayed signals and electronic glitches.

◦ Qvar which examines the shape of the event. It computes the ratio of signal

power within the �rst and second halves of the signal. It gets rid of events with

unusual shape, for instance, long ringing type signals which are due to electronic

noise.

◦ SCratio which investigates the accumulated energy in two time regions of the

scalograms for a given frequency band ( Chapter 6). It di�erentiates between

electronic noise events, mystery events and good bubble events. In combination

with the �ducial volume cut, it helps to eliminate mystery events.
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Figure 7.3: SCratio distribution for several neutron calibration runs at 45◦C (detector
110). The red dashed line represents the loose cuts that separate physics events (with
SCratio > 1.3) from non physics events.

Fiducial volume cut is a geometry/position based cut. It removes the upper

and lower layers of the detector as well as layers of the detector vertical walls.

The thickness of the layer was determined in combination with the wavelet

study to remove most of the mystery events.

Since the determination of the variable cut values follows the same procedure for all

the variables, the procedure will be reviewed here solely for the newest variable called

SCratio.

First, the distribution of the average over the nine piezo-channels of the SCratio vari-

able value for neutron calibration runs at a given temperature is plotted3. Then,

a loose cut is applied to separate the neutron induced event bulk from the bulk of

obvious electronic and acoustic noise induced events (Figure 7.3). After this stage,

a second SCratio distribution is plotted for the �rst 200 events which passed the

3The average of the variable value over the nine channels is taken to correct/reduce the solid
angle e�ect due to the relative position of the piezo-transducers.
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loose cut. These events could be referred to as preliminary good neutron bubbles.

The SCratio distribution of the preliminary good neutron bubbles is then �t using a

Gaussian PDF. A lower cut at the 95% CL of the �tted neutron peak is applied and

its value de�nes the preliminary variable cut value at that temperature. This process

is repeated at all temperatures and for all detectors and it is observed that the de�ned

preliminary cut value increases with temperature (Figure 7.4) as anticipated4. These

preliminary cut values are plotted with respect to the temperature and then �t using

a polynomial PDF as seen in Figure 7.5. The resulting �t value at any temperature

is de�ned as the variable cut value (SCratioCut) at that temperature, and will be ap-

plied to select the good bubble events in WIMP search runs. The polynomial �tting

ensures the smoothness of the cut distribution and permits cut values for intermediate

temperatures to be obtained. Note that the value of the cut depends on the detector

module and will always increase with temperature.

The choice of only 200 good neutron induced bubbles to determine/characterize each

one of the variable cuts is due results from previous calibration studies [89]. These

studies indicated that the amplitude of events decreases with the number of events.

This fact is due to the fact that the accumulation/pile up of the gas bubbles inside

the gel matrix a�ects the sound propagation and thus decreases the amplitude of the

acoustic signal recorded by the piezo-transducers. Moreover, due to the nature of the

pressurization scheme, a huge number of bubbles can also change the pressure slightly

a�ecting thereof the amplitude of events recorded, which a�ects mostly calibration

runs due to the multitude of nucleation events. In WIMP runs, less nucleation hap-

pens. The �rst 200 good bubble events in calibration measurements were thus chosen.

4Since the amplitude of the signal increases with temperature as discussed in previous chapters.
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Figure 7.4: SCratio distribution for neutron calibration runs at all operating tem-
perature (detector 110). The Gaussian �t to each distribution is also displayed. The
color code is as follows: in blue is the 30◦C data, in green the 35◦C data, in black the
40◦C data, in pink the 45◦C data and in red the 48◦C data.

Figure 7.5: Polynomial �t of the SCratio cut values obtained at the 95% CL of the
�tted neutron peak versus temperature (detector 110). The variable cut value at a
given temperature is not the same for all detector modules.
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7.3 Detector Selection And Run Selection

A run list recording anomalous behavior during data taking is a primary tool to

discard bad runs. In addition, investigations have shown that WIMP search (or cali-

bration) runs which were shorter than 15 hours (or an hour) were aborted early and

in most cases were problematic; thus, they were rejected. Also, runs in which less

than 6 out of 9 piezo-transducers were active were discarded because they were also

problematic. Additionally, runs in which there were temperature or/and pressure

instabilities (i.e. a di�erence between the pressure (temperature) inside the detec-

tor and the ambient pressure (set temperature) of more than 0.1 bar (0.1◦C)) were

discarded. The overall exposure for WIMP search data was corrected to account for

these small e�ects. As for the detectors, since no signi�cant hardware related problem

(such as cracks in a detector container due to over-pressurization) or software problem

(such as failure to �t or to calibrate) was reported, none of them was excluded from

the �nal analysis. Table 7.2 shows the �nal detector list and their respective expo-

sure for WIMP search data. A cumulative exposure of 409.64 kg days was calculated

using data over the temperature range 30◦C to 45◦C5. A plot of the exposure for this

analysis compared to that of the previous 2012 publication is shown in Figure 7.6.

7.4 Global Cut E�ciency and Systematic Uncertainties

An accurate determination of the overall e�ciency of all these �ve main variables

combined and the determination of the associated systematic error is crucial. The

overall cut e�ciency gives the percentage of good bubbles that are removed by the

variable cuts. As such, it is used to determined properly the true event count rate

yielding in turn an accurate limit setting on Dark Matter interaction cross-section.

For instance, increasing the count rate raises the exclusion curve while decreasing the

5This value of the exposure should be taken with caution since the exact value of the active mass
of some detectors is not fully understood at the moment. These detectors are being re-calibrated at
the University of Montreal to determine the uncertainty in the active mass.
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Detector # Fluorine mass (g) Exposure (kgd)

106 42.69 6.55
108 39.66 6.09
110 75.81 11.51
112 19.15 2.94
123 64.00 9.72
131 82.79 19.48
136 82.27 12.50
137 81.35 19.03
141 68.70 13.10
144 41.51 9.56
145 69.85 13.35
146 71.82 11.01
147 66.26 12.71
148 109.53 20.63
150 81.396 12.21
151 101.35 22.68
153 100.55 26.68
154 71.50 18.56
155 71.82 19.18
156 68.39 18.29
157 78.60 11.86
158 82.59 12.52
159 79.32 8.64
160 79.00 8.58

161(∗) 83.71 12.68
162(∗) 81.95 11.85
163(∗) 79.80 8.51
164(∗) 82.19 9.01
165(∗) 94.24 13.72
166(∗) 79.00 8.79
167(∗) 76.61 8.38
168(∗) 83.79 9.32

Table 7.2: Summary table of the detector list along with their individual active mass
and exposure in kg days. The exact value of the active mass of the detectors labeled
with (∗) is not fully understood at the moment.
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Figure 7.6: Cumulative exposure plot for the last phase of PICASSO covering the
temperature range 30◦C to 48◦C. The red horizonal line marks the end of the exposure
used in the 2012 publication [105] whereas the two black lines delimit the exposure
for the last phase of the experiment.

count rate lowers the exclusion limit. The systematics from the global cut e�ciency

will be combined with other systematics (rf. Section 7.4.2) to produce a band in the

WIMP mass-cross-section parameter space.

7.4.1 Global Cut E�ciency Calculation

To each of these main variable cuts is associated an e�ciency on good bubbles accep-

tance which is fairly straightforward to calculate. However, the correlation between

the variables makes the determination of their global e�ciency complex6. A Monte

Carlo Simulation was thus employed to handle their correlation and determine the

6In absence of correlation, the overall e�ciency will be obtained by multiplying all the �ve
individual e�ciencies.
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overall e�ciency as explained below.

The correlation matrix computed using good bubbles from calibrations runs is used

to simulate Y number of events with values of the 5-tuple (Evar, Rvar, Qvar, Tvar,

SCratio) randomly generated around their gaussian PDF as constrained by the �t-

ting of these variables. The random values for one simulated event is compared at the

same time and in an orderly manner against the �ve variable cut values (EvarCut,

RvarCut, QvarCut, Tvar Cut, SCratioCut) de�ned in Section 7.2.2.

Evar > EvarCut,Rvar > RvarCut, Tvar < TvarCut,Qvar > QvarCut, SCratio > SCratioCut

(7.1)

If the condition 7.1 is satis�ed, the number of simulated events passing the cut (labeled

by X) will be incremented by one. Once X has reached a set number of events (chosen

to be a million for statistical accuracy), the global e�ciency at a speci�c temperature

is computed by equation 7.2

εglobal(temp) ≡
X

Y
(7.2)

The overall variable cut e�ciency computed is around 80-90% with a tiny statistical

uncertainty on the order of 0.03%. These e�ciencies versus temperature were also

parameterized (for smoothness) to obtain the e�ciency at intermediate temperatures.

Table 7.3 displays the value of the e�ciency at all temperatures for several detectors.

7.4.2 Systematic Uncertainties

The systematic error associated to each individual e�ciency εglobal(temp) was deter-

mined through a run selection bias study7. The values obtained from the run selection

7That is, the study of the impact of choosing one set of calibration runs over the others during
the characterization of the di�erent variable cuts. This is believed to be the dominant systematic
e�ect.
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25◦C 30◦C 35◦C 40◦C 45◦C 48◦C 50◦C

detector 106 0.827 0.826 0.824 0.823 0.822
detector 108 0.821 0.823 0.825 0.828 0.829
detector 110 0.884 0.877 0.870 0.863 0.859
detector 112 0.854 0.852 0.849 0.847 0.845
detector 123 0.845 0.844 0.843 0.842 0.842
detector 131 0.838 0.839 0.841 0.842 0.843 0.844
detector 136 0.848 0.846 0.844 0.841 0.840
detector 137 0.830 0.826 0.822 0.818 0.813 0.811 0.809
detector 141 0.844 0.839 0.835 0.831 0.827 0.824 0.823
detector 144 0.837 0.831 0.825 0.819 0.815 0.813
detector 145 0.832 0.833 0.835 0.836 0.838 0.839 0.839
detector 146 0.837 0.831 0.825 0.819 0.815
detector 147 0.840 0.836 0.832 0.828 0.826
detector 148 0.853 0.847 0.840 0.834 0.830 0.828
detector 150 0.848 0.844 0.839 0.835 0.833
detector 151 0.832 0.829 0.826 0.823 0.821 0.819
detector 153 0.847 0.837 0.827 0.817 0.811 0.807
detector 154 0.846 0.839 0.831 0.824 0.817 0.813 0.810
detector 155 0.867 0.861 0.854 0.848 0.841 0.838 0.835
detector 156 0.856 0.848 0.839 0.831 0.826 0.823
detector 157 0.850 0.845 0.840 0.835 0.832
detector 158 0.850 0.846 0.843 0.840 0.838
detector 159 0.838 0.841 0.843 0.846 0.848
detector 160 0.856 0.849 0.842 0.836 0.831
detector 161 0.868 0.858 0.848 0.838 0.832
detector 162 0.868 0.861 0.854 0.847 0.843
detector 163 0.863 0.849 0.834 0.820 0.812
detector 164 0.834 0.847 0.860 0.872 0.880
detector 165 0.847 0.846 0.845 0.844 0.843
detector 166 0.832 0.831 0.830 0.828 0.827
detector 167 0.851 0.844 0.837 0.830 0.826
detector 168 0.830 0.838 0.847 0.856 0.851

Average 0.844 0.845 0.842 0.838 0.835 0.833 0.823

Table 7.3: Table of global cut e�ciency for all the detector modules at all operating
temperatures. An empty cell signi�es that no calibration data were taken for those
detectors at those temperatures.
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Figure 7.7: E�ciency and systematic uncertainty parametrization (detector 110).
The dots represent the εglobal(temp) obtained through the Monte Carlo simulation.
The error bars give the systematic error determined from the run selection bias study.

bias study were added to corresponding e�ciency which, once plotted versus temper-

ature, were �t using a linear PDF (uncertainty propagation). See Figure 7.7 for

an example. This resulted in the systematic errors described by equation 7.3 and

recorded in Table 7.4. Other detectors for which a run selection bias study could

not be performed (due to insu�cient calibration data) were assigned the average

systematic recorded in the table. As recorded, an average of ±3% (30◦C) to ±4%

(48◦C) global cut e�ciency uncertainty was calculated for individual detectors and

temperatures by varying run selections.

δεglobal(temp) ≡
√

(δa× temp)2 + (δb)2

a× temp+ b
× 100% (7.3)
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25◦C 30◦C 35◦C 40◦C 45◦C 48◦C 50◦C

detector 110 2.28% 2.48% 2.69% 2.92% 3.06%
detector 123 4.02% 4.23% 4.47% 4.72% 4.87%
detector 131 2.19% 2.35% 2.52% 2.70% 2.82%
detector 136 2.74% 2.92% 3.12% 3.33% 3.46%
detector 137 0.42% 0.45% 0.48% 0.52% 0.56% 0.58% 0.60%
detector 141 1.96% 2.10% 2.25% 2.42% 2.60% 2.71% 2.79%
detector 144 1.89% 2.03% 2.19% 2.35% 2.45%
detector 145 3.17% 3.38% 3.62% 3.87% 4.14% 4.31% 4.42%
detector 147 2.89% 3.07% 3.26% 3.47% 3.59%
detector 148 1.35% 1.45% 1.57% 1.69% 1.76% 1.81%
detector 150 4.83% 5.15% 5.49% 5.87% 6.11%
detector 151 1.86% 1.98% 2.11% 2.24% 2.33% 2.39%
detector 153 2.52% 2.71% 2.93% 3.16% 3.31% 3.41%
detector 154 0.84% 0.91% 0.99% 1.08% 1.17% 1.23% 1.26%
detector 155 3.15% 3.33% 3.54% 3.76% 4.01% 4.17% 4.27%
detector 156 2.69% 2.86% 3.06% 3.26% 3.39% 3.48%
detector 157 2.58% 2.78% 3.00% 3.23% 3.38%
detector 158 3.33% 3.51% 3.71% 3.93% 4.07%
detector 159 5.88% 6.31% 6.77% 7.26% 7.57%
detector 160 2.30% 2.47% 2.65% 2.85% 2.98%
detector 161 3.55% 3.81% 4.10% 4.41% 4.61%
detector 162 7.42% 7.99% 8.60% 9.24% 9.65%
detector 163 5.07% 5.42% 5.81% 6.22% 6.48%
detector 164 3.19% 3.45% 3.73% 4.04% 4.23%
detector 165 3.82% 4.13% 4.46% 4.81% 5.03%

Average 3.06% 3.28% 3.52% 3.77% 3.93%

detector 106 (*) 3.06% 3.28% 3.52% 3.77% 3.93%
detector 108 (*) 3.06% 3.28% 3.52% 3.77% 3.93%
detector 112 (*) 3.06% 3.28% 3.52% 3.77% 3.93%
detector 146 (*) 3.06% 3.28% 3.52% 3.77% 3.93%
detector 166 (*) 3.06% 3.28% 3.52% 3.77% 3.93%
detector 167 (*) 3.06% 3.28% 3.52% 3.77% 3.93%
detector 168 (*) 3.06% 3.28% 3.52% 3.77% 3.93%

Table 7.4: Table of systematic errors for all the detector modules. The systematic un-
certainty of the detectors labeled with (∗) could not be determined due to insu�cient
calibration data.
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The other systematic error contributions needed for the �nal limit setting are:

◦ ±1% uncertainty from energy scale shifts due to temperature uncertainties dur-

ing neutron beam calibrations.

◦ ±3% uncertainty in recoil detection e�ciency inferred from α particle response.

◦ < ±1% from atmospheric pressure change uncertainties in the mine.

◦ < ±1% due to hydrostatic pressure uncertainty in the detector. This uncer-

tainty comes from the inaccuracy in the determination of the z position of a

bubble in the detector.

◦ Fiducial Volume Cut uncertainty: Not fully known at the moment.

◦ Active mass uncertainty: Not fully known at the moment.

The latter two systematic error analyses are ongoing in Montreal but preliminary

results show they will not signi�cantly change these results.

Figure 7.8: Piezo-transducer (channel) trigger e�ciency for all calibration (left) and
WIMP search (right) runs. These plots show that each of the nine piezos/channels
are fully (100%) e�cient in recording good bubbles. That is why only the color code
of the last channel is seen as its curve sits on top of the other channels' curves.
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Figure 7.9: Overall piezo channel trigger e�ciency as a function of temperature for
all calibration and WIMP search runs. The calibration �calib� curve lies on top of
the WIMP curve.

7.5 Piezo-transducer Trigger E�ciency Study

The study of the trigger e�ciency of piezo-transducers attached to a detector module

is one of the primary investigations that was carried out after the variable cut values

were de�ned. That study is a sanity check of the behavior of the main hardware

component which are the piezo-transducers. It has to be performed anytime the

DAQ system is modi�ed. As the gain of the preampli�ers built on individual piezo-

transducer (channel) was changed, it was logical to verify that the amplitude threshold

set on each piezo channel was adequate. That is, to make sure that the piezo channel

amplitude threshold was neither too high nor too low. In the �rst situation, good

event signals generated inside the detectors may not pass the amplitude threshold

selection criteria of some piezo channels and, thus may end up not been recorded by

the computer. In the second case, very low acoustic and electronic noise and other

electronic artefacts will be recorded and use a lot of memory space in the storage

machine. To summarize, the goal of this study helps is to know if, due to their set
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amplitude threshold, the piezos channels are fully e�cient in detecting good bubbles.

If they are not, the data obtained will be discarded and the electronics will be adjusted

to have their threshold amplitude reset.

For this study, two main quantities are calculated and analyzed using good bubble

events from calibration and WIMP search runs. They are the �trigger� e�ciencies of

individual piezo channel and the overall �trigger� e�ciency of all piezo channels [128].

For a particular channel i (running from 0 to 8 since, as stated in Chapter 4, there

are 9 piezo-transducers mounted on every single detector), the individual channel

�trigger� e�ciency is calculated as

εi 6=j = 1− Nbi

NT i

(7.4)

where NT i is the total number of good events recorded in channel i, Nbi is the number

of good events in channel i whose maximum amplitude is below threshold, and j

represents the triggering channel. To reduce the bias of the results, i 6= j; i.e., the

triggering channel is not taken into account since it will always have events with

maximum amplitude above threshold by de�nition. The channel trigger e�ciency is

basically the probability that a good event signal that has triggered on one channel

will be seen and recorded on all the other non triggering channels. This analysis

has been carried out for all the 32 double speed data detectors and for all operating

temperatures. For a �xed threshold, the channel trigger e�ciency is expected to

increase with temperature.

The overall trigger e�ciency could be determined using the formula8:

εtrig = 1−
8∏
i=0

(1− εi) (7.5)

8This formula is only an approximation since it does not take into account the correlation between
the piezos channels
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It represents the probability that a good signal event triggered on one of the piezo

channels could not be totally missed by the others.

Sample plots for these two quantities for WIMP and calibration runs are shown in

Figure 7.8 and 7.9 for detector 151. Most detectors have similar results.

As seen from Figure 7.8, each of the nine piezo-transducers has a 100% e�ciency in

recording good bubble events at all temperatures in either neutron calibration data

or in WIMP search data. This implies that all good events have their maximum

amplitude above the threshold value for all piezo channels. Consequently, there is no

need to reject the data or to alter the threshold value for any piezo-transducers. As

anticipated, the overall trigger e�ciency is 100 percent at all temperatures as seen in

Figure 7.9. Plots of the average of the maximum amplitude of all good bubble events

as a function of temperature for some piezo channels are shown in Figure 7.10. This

aids in visualizing the percentage of good events with amplitude below threshold and

at which temperature this happens. As can be seen in a typical detector, detector

151, there are none.

7.6 Rate Plots And WIMP Exclusion Curve

After removing bad runs and ensuring that the piezo-transducers were e�cient in

recording good bubble events, the event selection cuts were �nally applied to WIMP

search data. Table 7.5 shows the trigger rate per day and the bubble rate per day for

two detectors along with their statistical uncertainties. This table is meant for two

purposes. The �rst one is to show the power of the novel SCratio variable combined

with the �ducial volume cut in removing mystery events. For this reason, the �ve

main cuts discussed in Section 7.2.2 were divided into two groups. The �rst group

contains the �rst four variable cuts: EvarCut, RvarCut, QvarCut and TvarCut, while

the second group contains the variable SCratioCut + the �ducial volume cut. These
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Figure 7.10: Average maximum amplitude versus temperature of all good events
from calibration (in red) and WIMP search (in blue) runs. The horizontal green line
indicates the threshold.

two are combined because they remove a similar set of events which are events re-

constructed on the edge and outside of the detectors. Of course, the detector mass is

corrected to account for the layers removed through its �ducialisation. As observed,

those two cuts are mostly active at the high temperatures at which mystery events

appear.

The second purpose of the table is to demonstrate the power of all the variable cuts

in removing undesirable signal events. More than 97% of the non-particle induced

signals are removed while keeping on average ∼ 84% of the particle induced signal
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Figure 7.11: Best detector count rate per day per kilogram of 19F. The count rate is
due to the contribution of alpha particles and potentially WIMPs.

events. Recall that these variables are quite correlated and equally powerful to re-

move electronic and acoustic noise events making up most of the triggers.

The bubble count rate as a function of temperature for the lowest background

detector is plotted in Figure 7.11. The average bubble count rate pro�le for all the

32 detectors listed earlier is also shown in Figure 7.12. In contrast to Table 7.5, the

rates plotted in this �gure are in counts per days per kg of �uorine and include the

e�ciency correction calculated in Section 7.4.1 as well as the diminution of the active

mass through �ducialisaton. These event rate pro�les are used to probe the existence

of a WIMP signal in the data, i.e., the WIMP signal is either extracted or a limit

on its possible contribution to the overall event rate is derived. It could be assumed

that the overall event rate is due to potential WIMPs and alpha background solely

since the contribution from the neutron background is negligible in comparison to the

known alpha background. At higher temperatures than used in operation, gamma-

ray backgrounds will start to contribute and the event rate will look more like that

shown in Figure 7.13.
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detector 165: mystery event detector

30◦C 35◦C 40◦C 45◦C 48◦C
Triggers 464 0 0 8,013 13,509

Trigger rate
18.88 ±

0.88
0 0

96.39 ±
1.08

356.88
± 3.07

Preliminary bubbles #1
(pre-cuts)

79 0 0 1,800 4,071

Preliminary bubble rate #1
(pre-cuts)

3.21 ±
0.36

0 0
21.65 ±

0.51
107.55
± 1.69

Preliminary bubbles #2 (4
�rst main cuts)

30 0 0 250 126

Preliminary bubble rate #2 (4
�rst main cuts)

1.22 ±
0.22

0 0
3.01 ±

0.19
3.33 ±

0.30
Final bubbles #3(SCratioCut
+ �d. vol. cut

10 0 0 25 12

Final bubble rate
#3(SCratioCut + �d. vol. cut

0.41 ±
0.13

0 0
0.30 ±

0.06
0.32 ±

0.09

detector 166: best detector

30◦C 35◦C 40◦C 45◦C 48◦C
Triggers 164 0 0 9,694 6,616

Trigger rate
6.67 ±

0.52
0 0

152.43
± 1.55

286.42
± 3.52

Preliminary bubbles #1
(pre-cuts)

58 0 0 2,333 2,048

Preliminary bubble rate #1
(pre-cuts)

2.36 ±
0.31

0 0
36.68 ±

0.76
88.66 ±

1.96
Preliminary bubbles #2 (4
�rst main cuts)

5 0 0 20 12

Preliminary bubble rate #2 (4
�rst main cuts)

0.20
+0.11
−0.07

0 0
0.31 ±

0.07
0.52 ±

0.15
Final bubbles #3(SCratioCut
+ �d. vol. cut

1 0 0 5 1

Final bubble rate
#3(SCratioCut + �d. vol. cut

0.04
+0.09
−0.03

0 0
0.08
+0.05
−0.03

0.04
+0.10
−0.04

Table 7.5: Trigger rate per day versus bubble rate per day for two detector modules.
The rate shown here includes statistical uncertainties only.



7.6. RATE PLOTS AND WIMP EXCLUSION CURVE 170

Figure 7.12: Combined count rate for all 32 detector modules. The statistical �uctua-
tion of individual detector rates is canceled out. Its shape is very similar to that from
the α background (Figure 7.14) with a turn on due to threshold at low temperature,
and then consistent with being �at once full e�ciency is achieved.

Figure 7.13: Representation of a detector rate pro�le due to a strong low-mass WIMP
signal and the backgrounds. Below 50◦C, no gamma background contribution to the
rate is expected.
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Figure 7.14: Alpha response as a function of temperature. The blue points represent
the count rate of a detector spiked with Americium 241 and the red curve is the
sigmoid function that was used to parameterize the count rate. As observed, from
30◦ onward, the alpha response curve is reasonably �at.

7.6.1 PICASSO Alpha Response Function

Since the alpha background could not be suppressed, their response to the detector

as a function of temperature is used to extract any potential WIMP contribution.

The detector �nal count rate could be expressed as a linear combination of alpha

and WIMP contributions: ARα +Rχ(Mχ, σχp). The WIMP-proton scattering cross-

section (σχp) is a free parameter as well as the amplitude (A) of the alpha response

function which is free to move up or down to account for the di�erence in the level of

contamination in the detectors, as mentioned previously. The WIMP mass (Mχ) is a

�xed parameter which can take on any value within the pre-determined set of WIMP

masses being probed.
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The detector response to alpha emitters during the aforementioned calibration mea-

surements (rf. Section 7.2.1) was �t to extract the shape of the alpha response versus

temperature. It looks more like a sigmoid function as observed in Figure 7.14. What is

of interest for the WIMP signal extraction analysis presented here is that the shape in

the temperature range of interest (30◦ to 50◦) is �at. Therefore, in the probability dis-

tribution function chosen to �t the experimental rate: PDF ≡ ARα +Rχ(Mχ, σχp),

the alpha response pro�le Rα is an horizontal line, i.e., constant. Its initial value is set

to be the average rate over the temperature range of interest of the detector module

under consideration.

7.6.2 PICASSO WIMP Response Function

At a given temperature, the expected WIMP count rate in a detector with a temper-

ature dependent threshold energy Eth(T ) is given by (rf. Chapter 3, Section 3.3.1)

Rχ(Mχ, σχp, ε(Eth(T ), ER)) =

∫ ERmax

ERmin

R0

< ER >
e
− ER
<ER>F 2(ER)ε(Eth(T ), ER)dER (7.6)

where

R0 =
2√
π

NA

A

ρχ
Mχ

µ2
A

µ2
p

CSD
A

CSD
p

< vχ > σSDχp (7.7)

with CSD
A the Spin-Dependent enhancement factor for scattering on the entire nucleus

and CSD
p the corresponding enhancement factor for scattering on free protons.

CSD
A

CSD
p

= 0.7779 .

Also, F 2(ER) is approximated to unity. F 2(ER) ≡ F 2(|q|rn) ≡ sin |q|rn
|q|rn with rn = 2.08fm

(for A = 19) and |q| =
√

2MNER the momentum transfer in keV/c. The largest mo-

mentum transfer is less than 100 keV/c and, even for that value, F 2(ER) = 0.97. As

|q| decreases, F 2(ER) becomes even closer to unity.
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Figure 7.15: Expected WIMP response in PICASSO detectors for several WIMP
masses (10 GeV/c2, 50 GeV/c2, 100 GeV/c2, 500 GeV/c2 and 3000 GeV/c2). The
cross-section has been set to σχp =1pb and the parameter a(T ) has been chosen to
be equal to 5.0. Recall that the parameter a(T ) was determined to be between 2.5
and 7.5 and that it controls the slope of the WIMP response curve and thus controls
how fast each curve reaches the plateau (rf. chapter4).

The expected WIMP count rate as a function of temperature for several WIMP masses

and a WIMP-proton cross-section of 1pb is portrayed in Figure 7.15. Changing the

value of the cross-section will yield an up or down translation of the response curves

but does not a�ect the temperature at which the response curve for a speci�c WIMP

mass turns on. This curve also shows the power of the PICASSO experiment to

measure accurately the low mass WIMP cross-section limit since at low masses the

WIMP and alpha responses are quite di�erent and separable. At higher masses, the

resolving power is lower.
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7.6.3 WIMP Exclusion Curve

After reviewing the alpha and WIMP response functions, the �tting procedure to

the detector rate plots could now be tackled. The combined response from alpha and

WIMP contributions (PDF ≡ ARα +Rχ(Mχ, σχp)) is �t simultaneously to individual

detector count rate using the TMinuit �tting package from the ROOT library [129].

The strategy used in TMinuit �tting is to simultaneously �nd the values of the free

parameters (elements of θ vector) that minimizes the chi-squared whose expression is

given below:

χ2(θ) =
n∑
i=1

(Ri − PDF (xi, θ))

σ2
i

(7.8)

For very low counts, Poisson asymmetric errors are used altering slightly the pro-

cedure described above (equation 7.8). Ri represents the count rate at a speci�c

temperature and σi is the corresponding uncertainty. For detector 166 which will

be used in this section for illustrative purposes, n=3 since there are only 3 points

(rf. Table 7.5). PDF (xi, θ) is the combined PDF mentioned above. xi indicates the

abscissa associated to each single data point Ri; θ comprises the WIMP mass (which

is �xed during each �t) and the WIMP-proton cross-section and, the amplitude of

the alpha response (which are free to vary to match individual detector count rates).

For a given WIMP mass, the WIMP responses for di�erent values of the WIMP-

proton cross-section coupled to the alpha response at di�erent scales are �t to the

detector count rate. Combined values of the alpha scale and of the cross-section

at which the χ2 is minimized are stored along with their associated statistical un-

certainties at a 1σ level. Call them Abest−fit ± δAbest−fit and σbest−fitχp ± δσbest−fitχp ,

respectively. An illustrative plot for the �t to detector 166 count rate is displayed in

Figure 7.16 for a WIMP mass of 10 GeV. At that mass, the best �t cross-section is

equal to 0.013± 0.063 pb, consistent with zero, and the best alpha scale is 2.08± 3.34
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Figure 7.16: Example of �tting the PDF to detector 166 count rate.

counts/kg/d. Once these best �t values are found for a given WIMP mass, the pro-

cedure is repeated by scanning over the range of WIMP masses under consideration.

At the end, a set of Abest−fit ± δAbest−fit and σbest−fitχp ± δσbest−fitχp is obtained for the

range of WIMP masses probed. The set of cross section values obtained for detector

166 are displayed in Figure 7.17. As can be observed, they are all consistent with zero

within uncertainty, indicating that no WIMP signal was found in that data set. There-

fore, upper bounds (at 90% CL) on these scattering cross sections are determined and

plotted over the WIMP mass range probed constituting the exclusion plot for that

detector. The upper limit to these cross-section values at the 90% CL are calculated

based on the Feldman Cousins uni�ed approach [130]9 whose constructed con�dence

interval at 90%CL is displayed in Figure 7.18. The y-axis represents the upper and

9The uni�ed Feldman Cousins approach is chosen as it best handles the construction of con�dence
level interval for negative estimated values. However, it should be employed with prudence since
a largely negative estimated cross-section value (due to a strong downward rate �uctuation) could
be translated to a very optimistic limit. Since the true cross-section should not be negative, the
estimated cross-section should not be strongly negative. Also, if a negative value for the cross-
section is obtained quite often, it becomes suspicious. In PICASSO analysis, the cross-section was
constrained with a bound of ±3σ. The Feldman Cousins procedure is demonstrated in Figure 7.18.
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Figure 7.17: Best �t cross-section versus WIMP mass: detector 166. The error bars
on each data point are the corresponding δσbest−fitχp at the 1σ level. The horizontal
red line represents the null σχp.

lower limit on an estimated value (in this case, it is the cross-section σbest−fitχp ) and the

x-axis represents the ratio between the estimated value and its statistical uncertainty

(in this case, the quantity σbest−fitχp /δσbest−fitχp ). The exclusion curve of detector 166 is

plotted in Figure 7.19.

WIMP exclusion Curve For all 32 detectors

After describing and illustrating the �tting procedure using detector 166, the overall

result for all 32 detector modules listed in the earlier sections is presented next.

The combined cross-sections and associated statistical uncertainties are obtained by

simultaneously �tting all detector count rates placed side by side10. The resulting

σbest−fitχp and δσbest−fitχp are presented in Figure 7.20. As can be observed, considering

10Simultaneously �tting all detector count rates yields the same results as �tting each detector
individually and performing a weighted average of the resulting cross-section at the end.
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Figure 7.18: Feldman Cousins 90% con�dence intervals. The y-axis is the upper
and lower limit at 90%CL and the x-axis is the estimated/measured central value
in units of 1σ. For instance, as the dotted lines show, for σbest−fitχp = 2.0± 1.0,
σbest−fitχp /δσbest−fitχp = 2.0 and the upper limit on the central value is around 3.6. Orig-
inal plot taken from [130].

Figure 7.19: Exclusion curve versus WIMP mass for detector 166.
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Figure 7.20: Best �t cross-section versus WIMP mass: all detectors combined. The
error bars on each data point are the corresponding δσbest−fitχp at the 1σ level. The
horizontal line represents the null σχp.

all the detectors, there is no evidence of a non-zero cross-section at the 90% CL for

the WIMP mass range probed. An exclusion curve (Figure 7.21) with a minimum

value of the cross-section of σbest−fitχp = 0.0228 pb at 20 GeV/c2 was then plotted.

Further discussion of these results and their physics impacts on results from other

experiments will be addressed in the next chapter which concludes this dissertation.
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Figure 7.21: Exclusion curve versus WIMP mass for all 32 detector modules. The
minimum exclusion cross-section is found for WIMP interactions on the proton at
Mχ = 20 GeV/c2 and it is equal to 0.0228 pb.
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Chapter 8

Discussion And Conclusion

As reported in the preceding chapter, the analysis of PICASSO's last data set

(Nov. 2012 to Jan. 2014 with new and upgraded electronics and neutron shielding

set up) was completed. Small �ne tunings such as the accurate determination of

the active mass of some detectors is yet to be concluded but, will not signi�cantly

change the results presented in this dissertation. The analysis which was performed

with a new set of sophisticated analysis variables (such as the wavelet variable SCra-

tio) shows no signal compatible with a WIMP neutralino Dark Matter hypothesis.

These results show a small, but signi�cant improvement in the WIMP parameter

space probed compared to the latest analysis results published in 2012 [105]. In the

Spin-Independent sector, at low WIMP masses, the improvement is enough to now

completely exclude the DAMA/LIBRA discovery region below 12 GeV/c2 while cut-

ting a little more into the signal regions originally claimed by CRESST and CDMS

Si as will be seen in Section 8.1.2.

The 2012 results were combined with the current 2014 results presented in Chapter 7

and yielded a meaningful improvement whose signi�cance (physics impact) relative

to results of other experiments in both sector of Dark Matter searches will also be

addressed in Section 8.1. This chapter is concluded with comments on the exciting

future prospects of the PICO (PICASSO-COUPP) experiment in Section 8.2.
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8.1 Summary And Discussion

8.1.1 Spin-Dependent Sector: Limitation Of The Technique

Figure 8.1 displays the 2014 exclusion curve derived in the last chapter as well as that

published in 2012 and the combined exclusion curve from both years compared to the

results from other experiments. The results from the two data sets were merged using

the equations

σ̄j =

∑2
i=1wiσi∑2
i=1 wi

and σ̄σj =
1√∑2
i=1 wi

. (8.1)

where wi = 1
σσi

, with σσi the uncertainty on the central value of the cross-section σi

obtained by �tting the joined PDF of a j GeV/c2 WIMP neutralino response function

with that of the alpha background: PDF ≡ ARα +Rχ(j, σj) as explained in Chap-

ter 7, Section 7.6.3. The combined exclusion curve at 90%CL shown in the �gure

with a minimum of σSDχp = 0.0188 pb at 20 GeV/c2 was obtained.

Also, as observed from the �gure, the current 2014 results show an improvement

compared to the 2012 results. Especially at low masses, a fair amelioration could be

noticed. Despite obtaining world leading limits in some parts of the phase space, the

improvement was not as great as originally hoped. Although this might seem puz-

zling, it is understandable. Indeed, the limitation of the droplet detector technique

is the main cause. The droplets used are small (on average around 200 µm) and it is

now understood why this does not favor a good alpha-neutron discrimination which

would allow the rejection of the troublesome alpha background and yield a better

sensitivity. As stated and explained in earlier chapters, the amplitude of the sound

recorded is the main particle background discrimination tool. Intensive calibration

measurements showed that there was a di�erence in amplitude between neutron par-

ticle induced signals and alpha emitter induced signals. However, this was discovered
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Figure 8.1: Signi�cance of these results compared with that of other experiments in
the SD sector. In green and labeled �PICASSO 2014� are the preliminary 2014 results
and in blue labeled �2012-2014 COMBINED� is the combined 2012-2014 result.

in a detector where much of the alpha activity was in the droplets. Due to the rel-

atively small size of the droplets in the detector, this di�erence could not be fully

exploited in other detectors. In most cases, the alpha particles were emitted in the

gel and so do not deposit all their energy within the droplet1. As discussed, in these

cases, the sound recorded would be similar to that produced by neutrons making the

discrimination impossible.

The COUPP experimenters made use of this discovery and created an amplitude

based variable that allows them to have ∼ 99% alpha rejection with an almost full

neutron acceptance as displayed in Figure 8.2 taken from their 2012 publication [85].

As a reminder, they used a bubble chamber technique. When compared to PICASSO

1Recall that the energy deposited must be local (i.e. within a radius of the order of the critical
radius RC) to generated a nucleation.



8.1. SUMMARY AND DISCUSSION 183

Figure 8.2: Alpha-neutron discrimination in the COUPP experiment. Taken
from [85].

droplet detectors, COUPP could be viewed as using a big droplet of many liters

instead of the tiny ones used in PICASSO. Consequently, alpha particles produced

inside the detectors will fully deposit their energy within the detector yielding the

big gap in the ln(AP) distributions of neutron and alpha events as seen in �gure 7.2.

Thus, this explained their stronger limit (at the higher masses to which they were

sensitive) when compared to PICASSO during all of its di�erent phases of operation

(rf. Figure 8.1). It is worth commenting at this point on the SIMPLE experiment also

shown in Figure 8.1 and exhibiting a better limit than PICASSO at higher masses as

well. The reason being that, even though they utilized similar technique as PICASSO,

and have an even tinier droplet size, they claim a near perfect alpha suppression which

makes them reach the limit exhibited. In dedicated tests, PICASSO experimenters

have been unable to reproduce SIMPLE results and this remains a mystery.

The limitations due to droplet size were partially understood prior to the last
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Figure 8.3: Understanding alpha-neutron discrimination in PICASSO scenario #1:
fully contained alpha tracks. The discrimination is in principle possible at all temper-
atures as demarcated by the blue band. This is because there are several nucleations
associated with the recoiling nucleus (R) and the alpha Bragg Peak (BP) and over
this range of temperatures one has time to observe the expansion before they merge
into one bubble.

phase of the experiment. This is now fully understood, made possible after address-

ing issues such as signal saturation and the coarse sampling of the signals by upgrading

the electronics and DAQ system. It was expected that the �incomplete� amplitude

di�erence could be coupled with the di�erence in frequency content from these two

types of event signals to improve the discrimination between them. Some improve-

ment was made by exploiting a newer insight into the dynamics of the gas bubble

growth inside the detectors which helped to determine the best time region in which

the discrimination should be optimal. It was found that the �rst 100 µs window after

the start of the signal should yield the best alpha neutron discrimination possible.



8.1. SUMMARY AND DISCUSSION 185

Figure 8.4: Understanding alpha-neutron discrimination in PICASSO scenario #2:
partially contained alpha track with Bragg peak outside (external nucleation sites are
indicated by the dashed cirles). The discrimination is in principle possible solely at
high temperatures as demarcated by the blue band.

Indeed, as illustrated in Figures 8.3, 8.4 and 8.5, once the multiple nucleation sites

produced by the decay of an alpha emitter start to grow, it takes a very short amount

of time before they merge and the resulting gas proto-bubble becomes similar after

that time to that generated by nuclear recoils caused by neutrons (or WIMPs). If

the event is studied prior to the merger, then it will be relatively easy to discriminate

between the two. This is in principle true at all temperatures of operation if the

gas proto-bubbles produced along the alpha track are fully contained in the droplet.

When the alpha track is only partially inside the droplet (i.e. a portion of its track

is also in the gel matrix), no discrimination is possible, especially at low tempera-

tures. That is again one main advantage of the COUPP �one droplet technology�.
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Figure 8.5: Understanding alpha-neutron discrimination in PICASSO scenario #3:
partially contained alpha track with Bragg peak inside (external nucleation sites are
indicated by the dashed cirles). The discrimination is in principle possible solely at
high temperatures as demarcated by the blue band.

The alpha particles are always produced and contained inside the �droplet� making

the discrimination nearly perfect every time.

The wavelet technology described in this dissertation was developed mainly for dis-

criminating against alpha backgrounds by exploiting the �nding discussed above. The

amplitude and frequency di�erences as well as the time window which optimizes the

di�erence between alpha and neutron induced events were exploited to create the

variable SCratio. Although it was not as successful as was hoped when applied to

PICASSO data with the alpha particles in the gel, it is a very powerful technique for

fully contained alpha particles and will be applied to the PICO data in the future.
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8.1.2 Results For The Spin-Independent Sector

Although PICASSO is mainly sensitive to Spin-Dependent interactions, an interesting

limit on the WIMP-proton cross-section in the Spin-Independent sector at low WIMP

masses could also be determined. By utilizing formula 8.2 instead of formula 8.3 to

convert the cross-section of the scattering reaction of WIMPs o� �uorine nuclei into

the cross-section of WIMPs o� protons in the SI sector (σSIχp), limits on σSIχp can be

set using the same procedure described in details in the previous chapter.

σSIχp =
µ2
p

µ2
A

CSI
A

CSI
p

σχF (8.2)

σSDχp =
µ2
p

µ2
A

CSD
A

CSD
p

σχF (8.3)

The resulting exclusion curve plotted in the lowWIMPmasses region below 13 GeV/c2

is shown in Figure 8.6. As observed, the DAMA signal region is now completely

excluded in that range while the CRESST and the CDMS Si results are further

constrained.

8.2 Towards The Future: The PICO-250L Experiment

This section addresses a few points about the PICO-250L experiment being designed

by the partnership between PICASSO and COUPP experiments. This joint collab-

oration promises an exciting future since the expertise gained in both groups (in

terms of analysis techniques and hardware) during all their phases of operation will

be transferred to PICO-250L to make it a very strong competitor in the race for Dark

Matter discovery in both sectors of Dark Matter searches. Below is the list of the

progress recorded to date towards PICO-250L

• The detector design has been chosen to follow the pattern of COUPP bubble

chamber jar vessel as it is suitable to drastically suppress the internal alpha
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Figure 8.6: Signi�cance of these results compared with other experiments in the SI
sector. The black curve labeled �PICASSO 2014� is the preliminary 2014 result and
the curve labeled �2012-2014 COMBINED� is the combined 2012-2014 result.

backgrounds (rf. Section 8.1.1).

• The active liquid component has been selected to be the PICASSO style C3F8

instead of CF3I as the Fluorine-WIMP interactions appear below the achievable

threshold in CF3I.

• After the partnership between the two experiments became o�cial at the be-

ginning of the summer last year, the prototype detector called PICO-2L was

designed, built, sent to SNOLAB and operated for almost 8 months. The data

collected were analyzed and will be published soon, but the preliminary results

show a great promise for this technology. The detectors are stable, have low

rates and produce good limits.
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• Currently, the collaboration is actively working on understanding the nature of

some backgrounds which appear to be introduced as dust.

8.3 In Closing

In closing, after many years of running, the PICASSO experiment has �nished this

phase of the project and will continue in a joint collaboration with the COUPP

experiment. Early in 2014, taking data was stopped, and at the end of the summer,

the whole experimental set up was dismantled. The analysis of the data recorded in

the last phase is essentially complete and a publication on the results is in progress.

As reported and discussed in this thesis, a new limit for Dark Matter interactions

has been achieved which is a modest improvement compared to the previous 2012

results. The expertise gained in developing the diverse analysis techniques will greatly

bene�t the collaboration with COUPP which will de�nitively be the best Dark Matter

experiment in the SD sector and a strong leader in the low WIMP mass range of the SI

sector. Additionally, it should be added that PICASSO has been a strong competitor

in the SD sector of Dark Matter search for all these years. PICASSO experimenters

made crucial contributions in the �eld; some of which were used by other experiments

as recorded in this dissertation.

As for the overall picture, it is my �rm opinion that the mystery of WIMP Dark

Matter will come to an end in the next decade. The next generation of direct search

Dark Matter experiments are now being built, indirect detection e�orts are expanding,

and the accelerator based production experiments are getting ready to probe greater

energy scales.
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