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Abstract

The NEWS-G experiments aims at the discovery of low mass dark matter, using
spherical proportional counters lled with gas. The latest detector, a 140-cm diameter
copper sphere, has collected data in the Fall of 2019 at theboratoire souterrain de
Modane (LSM) as a preparation for its future operation at SNOLAB starting in 2021.
A paper from this data is in the nal stages of preparation, and this thesis describes
my work related to data analysis.

More concretely, this thesis rst explores the sphere conditions that a ect the
electron drift time. Then, it looks at the e ect of alpha contamination and how the
related background can be cut from the data. Finally, it shows how spike events can

be identi ed and removed from the event selection.
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Chapter 1

Introduction

At the end of the 19" century, many physicists, even among the most renowned,
thought that the majority of physics was already understood, and the only possible
advancement of science left was to improve the precision of measurements [1]. It would
turn out that more than a century later, in 2021, about 95% of the universe is still
almost completely unknown [2]. Among what constitutes the universe, 26.6% of it is
a mysterious mass referred as dark matter that has a signi cant e ect gravitationally
on the structure and history of the universe, but does not correspond to any known
particle in the Standard Model of particle physics and has yet to be observed. Many
theories have been explored to describe the nature of dark matter, from new neutral
particles beyond the Standard Model (Weakly Interacting Massive Particles, axions,
sterile neutrinos etc.) to new models of gravity and miniature black holes. Attempting
to discover potential dark matter particles, or at least to constrain their mass, is one
of the biggest elds of research in particle physics for the past decades, and it could be
for many years to come. Many experiments all over the world are trying to detect dark
matter, whether directly or indirectly, and one of them is NEWS-G (New Experiment

With Spheres - Gas).



The NEWS-G experiment is searching for weakly interacting massive particles
(WIMP) using a spherical proportional counter (SPC), a detector that uses ionization
of gas under a radial electric eld, in order to detect a nuclear recoil due to a WIMP
interaction. This method is particularly competitive in the search for low mass dark
matter (down to half a GeV) since it is sensitive to recoil energies as low as a few tens
of electron-volts. The latest version of the detector is a 140 cm copper sphere with
which data was taken in September and October 2019 at tHeaboratoire souterrain
de Modane(LSM), in France. There, the detector ran rst with a mixture of 95%
neon and 5% methane, and then with pure methane, collecting data from tens of
millions of event signals. However, the vast majority of it is meaningless background
that has to be removed. The background rate at low energy is especially high and
troublesome, since this is also where the region of interest for dark matter is located.
In particular, the low energy background events caused by alpha particles and a
particular background known as spikes can be identi ed using cuts based on the time
correlation of events happening or pulse shape discrimination. The work | have done
for my Master's degree has been focused on analyzing the calibration and physics
data to understand and remove those background events for the selection of dark

matter candidate events.

The second chapter of this thesis will give a proper introduction to dark matter,
introduce the basic theory behind WIMPs and explore the diverse methods used by
various experiments to detect dark matter. The third chapter will be on the NEWS-G
experiment, the speci cs of the runs taken at the LSM and how each event's signal
is converted into useful data. The fourth chapter will focus on electron drift time

in the detector, its de nition and how it evolves throughout di erent runs. The



fth chapter will discuss the presence of alphas in the detector as well as how the
background coming from them can be removed. Lastly, the sixth chapter will present
the selection cuts that di erentiate spikes from good electron events, for the nal

selected data used to put new constraints on dark matter.



Chapter 2

Dark matter

2.1 Proofs of existence

Dark matter is the name given to the unknown cold non-radiating matter that con-
stitutes 84.2% of the mass of the universe [2], the rest being the ordinary baryonic
matter composed of protons, neutrons and electrons that comprises almost every mas-
sive thing directly observable in the universe. This is a monumental claim, that often
raises doubts in the mind of young physics students. That is why it is important to

look at all the evidence for dark matter and the history of its discovery.

Figure 2.1: Composition of the universe according to Planck 2018 [3]
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2.1.1 First hints

Although there is more than ve times as much dark matter as ordinary matter in
the universe, it is only less than a century ago, in the early 1930s that the rst hints
of its existence started to surface. Over the span of 4 years, rst Knut Lundmark
doing spectroscopy on galaxies in 1930, then Jan Oort in 1932, looking at stars in the
vicinity of the Sun, and nally Fritz Zwicky, studying numerous galaxies and galaxy
clusters a year later, noticed that the amount of observable luminous matter was
vastly inferior to what was needed gravitationally to explain their motion inferred
from their redshift [4]. Using the virial theorem, Zwicky estimated that the density
of the Coma cluster determined by the velocities was 400 times larger than what he
could observe from the nebulae's visible mass [5].

The virial theorem states that at thermal equilibrium in a closed system, the mean

kinetic energyK is equal to half the mean potential energy:

K= -U (2.1)

The potential and kinetic energies of an homogeneous gravitationally bound system

are:
3GM 2

U= R (2.2)
1 2

K = éMv (2.3)

whereM is the total mass,R is the radius,V is the velocity andG is the gravitational

constant.The expected mass is found by combining the three previous equations:

_ BRv?

M
3G

(2.4)
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Still, the distances, masses and luminosity of stars were not as precisely known
as they are today, so for many, like Martin Schwarzschild, the discrepancy seemed
to be due to large uncertainties in the data. Zwicky's bad temper and reputation of
coming up with farfetched theories also did not help in selling his results [6]. A few
astrophysicists, like Arrigo Finzi, believed in the discrepancies found by Zwicky, but
prioritized a modi ed version of Newtonian gravity at high scales instead of invisible
matter. For a few decades, several astronomers would nevertheless also con rm the
existence of dark matter using a di erent method, that would eventually settle that

debate [7].

2.1.2 Galaxy rotation curves

Zwicky, who thought that the virial theorem did not apply to galaxies because of
internal gravitational forces (that actually were shown to be negligible by Chan-
drasekhar in 1941 [8]) proposed another way to measure the mass of galaxies: the
rotation curves. Since visible matter is concentrated at the center of galaxies, we
would expect the radial velocity of stars and gas in spiral galaxies to rst increase
when the radius gets bigger, but rapidly hit a maximum and then slowly decrease
afterwards. This follows the third law of Kepler, since approximately circular galaxies

have the gravitational acceleration equal to the centripetal acceleration:

v — (2.6)
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wherer is the radius, or distance to the galactic center. We thus see that in the ap-
proximation where the galaxy mass is concentrated at its center, the rotation velocity
decreases as the square root of the radius.

Horace Babcock was one of the rst to perform this measurement, and found
that the rotation curve of the Andromeda galaxy stays constant at high radii instead
of decreasing. That strange plateau behaviour can be explained by adding mass to
the galaxies, more speci cally a dark matter halo with high density away from the
galactic centers (Figure 2.2). But it still was possible that the missing mass was
due to stars being hidden by dense gas clouds [7]. Jan Oort proposed a solution,
to look at the radio part of the electromagnetic spectrum, where light does not get
absorbed by gas clouds. For that, the most relevant signal is the 21 cm line, from
the hyper ne structure of hydrogen, corresponding to the energy transition between
the parallel or antiparallel spin direction of its proton and electron. Although this
method was already being used in the 1950s, it was only in the seventies that more
solid measurements concerning the existence of dark matter are taken using more
advanced technologies, such as parabolic radio telescopes and radio interferometers.
Notably, Vera Rubin and Kent Ford, Ken Freeman and nally Albert Bosma all
showed very precise results in which the rotational velocity of various spiral galaxies
(notably M33 and NGC 300) plateaus without decreasing [9]. This, combined with
simulations of galaxy formation also pointing towards the direction of a dark matter
halo, nally convinced the vast majority of astrophysicists of the existence of dark

matter.
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Figure 2.2: Rotation curves of the galaxy NGC 6503: a dark matter halo is needed
to explain the galaxy's rotation curve. [10]

2.1.3 Cosmology and the CMB

The Cosmic Microwave Background (CMB) is the radiation coming from every di-
rection in the sky, coming from behind everything else in the universe, that was acci-
dentally discovered by Arno Penzias and Robert Wilson in 1964. For cosmologists, it
serves as the oldest photograph of the early universe, when photons decoupled from
matter and started moving freely approximately 300,000 years after the Big Bang,
with that light having now redshifted towards the microwave spectrum (Figure 2.3).
After its observation on Earth, three space telescopes, COBE, WMAP and Planck
have successively improved its measurement to show a more precise picture of the
minuscule anisotropies in the CMB. While it shows an almost perfectly homogeneous
temperature of 2.725+ 0.002 K, the tiniest di erences correspond to the density

uctuations that drove the formation of galaxies and superclusters of galaxies [11].
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Figure 2.3: The cosmological microwave background: 9 year survey of the universe
by the WMAP telescope, showing 20QK temperature di erences 13.77 Gy ago. [12]

The LCDM-model is the current cosmological model of the universe including
the cosmological constant. from dark energy, as well as the presence of cold dark
matter. The angular power spectrum of the CMB anisotropies can be very accurately
tted to the L CDM-model, using speci ¢ parameters for the Universe's proportion of
radiation, matter, and dark energy (Figure 2.4). The high quality of the t indicates
high con dence in the quantity of matter existing from the early universe, which gives
us the proportion of the universe density coming from matter, 31.5%.

Furthermore, the primordial amount of helium and deuterium created in what
is called Big Bang nucleosynthesis, constrains the baryonic density of the universe
to a maximum of around 5% of the total universe density. This constraint comes
from the current observation of the exact critical density for a at universe, as well
as the observed abundance of elements [6, 9]. Since that density is clearly less than
the matter density, the di erence must be another kind of non-interacting (or very

weakly interacting) matter, dark matter.
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Figure 2.4: Angular power spectrum of the cosmological microwave background
anisotropies by Planck 2018, with its corresponding t to theL CDM-model parame-
ters. [13]

2.1.4 Gravitational lensing

If rotation curves proved the existence of dark matter at the galactic scale and the
CMB did the same at the cosmological scale, a lot more is possible by using grav-
itational lensing. As described by Einstein's theory of general relativity, gigantic
celestial bodies curve space-time with their mass, and thus also curve the direction
of light from objects behind them from the terrestrial point of view. On Earth, the
very small deformed portions of the sky, often looking like an arc of light or doubled
images in the case of strong lensing, are an indication of a concentrated amount of
matter. In the case of weak lensing that is more appropriate for dark matter, the
change is much more subtle, like an elliptical galaxy looking slightly stretched [14].
With this method, it is possible to detect the dark matter clusters that exist in be-

tween galaxies. Also, X-ray telescopes can see hot gas clusters that can only be held
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together by the gravity from dark matter. Finally, gravitational lensing also betrays
the presence of dark matter in galactic collisions, like the one in the Bullet Cluster,
where ordinary baryonic matter gets slowed down while dark matter does not interact
and passes through (Figure 2.5). The di erence in the shape of the cluster seen from
X-ray telescopes and deduced by gravitational lensing clearly show that there are two

distinct kinds of matter in the composition of galaxies [10].

Figure 2.5: The Bullet Cluster: In pink, hot gas observed from X-rays; in blue, dark
matter deduced by gravitational lensing. The gas slowed down after the collision of
the original galaxies, while dark matter continued its path with no interaction. [15]

2.2 Dark matter candidates

2.2.1 First candidates

The rst candidate to explain the mass discrepancies in galaxies was actually baryonic
matter, in the form of MAssive Compact Halo Objects (MACHOSs). Those are for
example brown stars (not massive enough to undergo nuclear fusion), gigantic gas

planets like Jupiter, very dim red stars, white dwarfs (dead stars) and black holes
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[16]. All of those are much more di cult to observe than regular stars, and could
have explained the missing matter observed in galaxies. However, with gravitational
microlensing, it is possible to detect perturbations in the luminosity of stars coming
from behind those MACHOSs. Using that method, it was shown that MACHOs are
not su cient to explain all of the missing mass in the galaxy, even accounting for
numerous celestial bodies as light as the moon [7].

If dark matter is not made of celestial bodies, then it is logical to think the
halo is formed of a speci ¢ non baryonic particle. In the standard model of particle
physics (SM), one obvious candidate stands out: the neutrino. The neutrino is a very
light neutral particle that only interacts very weakly with the weak nuclear force.
In fact, they interact so weakly that it is a well-known fact that it takes a light-
year thickness of lead to stop 50% of neutrinos [17]. Although the standard model
describes neutrinos as massless, that statement was proven wrong by the observation
of neutrino oscillations by the Super-Kamiokande and SNO experiments in 1998 and
2001 [18, 19]. Aside from being produced in star nuclear fusion, neutrinos left from
the big bang are extremely abundant in the universe, with around 300 per square
centimeter.

However, the current measurements of neutrino mass put higher limits that are
too low to account for the totality of dark matter [16]. Furthermore, the extremely
small mass of neutrinos makes them relativistic particles that have too much kinetic
energy to correspond to the accepted model of dark matter. Concretely, they are hot
dark matter (HDM) that would form large structures that then divide, known as "top-
down", unlike cold dark matter (CDM) that would form small structures that then

assemble, known as "bottom-up”. The universe is observed to follow more closely the
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(a) "Top-down" model from HDM (b) "Bottom-up" model from CDM

Figure 2.6: The universe's structure follows more closely the "bottom-up” model from
cold dark matter. [20]

bottom-up model (Figure 2.6) [6, 7]. Although warm dark matter remains possible
[21] with a contribution from neutrinos, this solidi es that the nature of dark matter

cannot be found in the known particles from the standard model.

2.2.2 Current candidates

The most popular candidate for a new particle beyond the standard model that can
explain dark matter is the WIMP, or Weakly Interacting Massive Particle, that will
be explored in more details in section 2.2.3.

Apart from WIMPs, another popular dark matter candidate is the sterile neutrino.
Neutrinos are all peculiarly light and of a left-handed chirality. They also carry mass,
which the Standard Model cannot explain. That can be resolved if neutrinos are
Majorana particles instead of Dirac particles. By what is called the seesaw mechanism,
one or several heavy right-handed neutrinos could exist and interact only through

neutrino oscillations. That would also mean that neutrinos are their own antiparticle,
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which could be proven by the observation of neutrinoless double-beta decay. If that
happens, the possibility of sterile neutrinos being the nature of dark matter will
become more plausible [22].

Another well-known candidate for dark matter is the axion. First theorized as a
solution to the strong CP problem, the axion would be an extremely light neutral spin-
less Goldstone boson due to spontaneous symmetry breaking as explained by Roberto
Peccei and Helen Quinn in 1977 [23, 24], and expanded on by Steven Weinberg and
Frank Wilczek in 1978 [25, 26]. Today, axions and hypothetical particles that behave
like axions remain a strong contender for dark matter. There are also many other
possible candidates, like Strongly Interacting Massive Particles (SIMPs) [27], fuzzy
dark matter [28], asymmetric dark matter [29], WIMPzillas [30], primordial black

holes [31] and many more.

Figure 2.7: A very large number of possible candidates for dark matter is being
explored by theorists. [32]
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Apart from that plethora of other dark matter candidates, some physicists still
think that a modi cation to gravity can give a better explanation to the inconsisten-
cies observed in galaxies. In particular, MOdi ed Newtonian Dynamics or MOND
was thought by Mordehai Milgrom in 1983 as an alternative to dark matter. In that
theory, Newtonian gravity only applies above a certain acceleration, below which
the gravitational force is proportional to the inverse distance instead of the inverse
distance squared. That model can explain the spiral galaxy rotation curves quite ac-
curately among other dark matter related phenomena, but still cannot explain others
such as the Bullet Cluster observations. Of course, it is a very ad-hoc explanation,
but since a particle acting as dark matter has yet to be discovered, MOND remains

a possible reality [16].

2.2.3 Weakly Interactive Massive Particles

As can be seen on Figure 2.7, there is a multitude of dark matter candidates, but a
large part of them are actually categorized as WIMPs. WIMPs were rst theorized in
supersymmetry (SUSY), an hypothetical extension to the standard model (SM) de-
veloped by particle physicists to solve the hierarchy problem, which is the unnatural
di erence between the electroweak and Planck energy scales that can only be ex-
plained by a very precise and seemingly arbitrary ne-tuning [33]. In supersymmetry,
every SM particle has a superpartner particle with an opposite quantum number R
(+1 for SM, -1 for SUSY), with a half-unit di erence in spin (a SUSY boson partner
for SM fermions and vice-versa) [11]. Most of these new particles would be unsta-

ble, except the lightest one since its quantum number prevents it from decaying into
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SM particles. That lightest supersymmetric particle expected to be either the grav-
itino, superpartner of the (also hypothetical) graviton, the sneutrino, superpartner
of the neutrino or the neutralino, a mixing of the photon, Z boson and Higgs boson
superpartners.

The predicted mass of that lightest supersymmetric particle, a weakly interacting
massive particle, would be around 100 GeV to a TeV. That would result in a certain
density after the Big Bang's freeze-out period (when the expansion of the universe
breaks the thermal equilibrium of DM production) that roughly corresponds to the
observed density of dark matter. Possibly more than a coincidence, this fact was
dubbed the "WIMP miracle" and brought a lot of excitement towards supersymme-
try and WIMPs. One of the main objectives of the Large Hadron Collider (LHC)
operated by CERN at the France-Switzerland border was to discover supersymmetric
particles with its energy of 14 TeV. However, aside from the already relatively well-
established Higgs boson, the largest particle accelerator in the world did not discover
any new particle, putting pressure on the supersymmetric theory. Therefore, many
new models beyond the original Minimal Supersymmetric Standard Model (MSSM)
and predicting WIMPs are being explored, although they require the inclusion of new

ne-tunings in order to explain the non discovery of SUSY particles.

Motivation for low-mass WIMPs

As supersymmetric theories wander farther from the initial supersymmetric model, so
does the considered mass range of possible WIMPs, going as low as a few GeV or even
lower for some experiments [34]. The attractiveness of the WIMP as an explanation

to dark matter, combined with the inability for experiments to detect any dark matter
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particle at higher masses motivates many to search for light dark matter despite the
current lack of clear guidance from theory [35]. WIMP interaction operate under a
yet unknown set of rules, which could lead to a dark sector of new physics to discover.
As long as WIMPs remain undiscovered at higher masses, the hypothesis of low mass

WIMPs outside the realm of current theories remains worthwhile to explore.

2.3 Dierent detection methods

2.3.1 Direct / indirect / collider

While dark matter is only con rmed to interact via the gravitational force, the pes-
simistic scenario of a dark matter particle that does not interact with ordinary matter
in any other way would make all possible dark matter search pointless. The assump-
tion that very weak interactions do rarely occur and could be detectable on Earth is
a requirement for all experiments. Dark matter is expected to have some interaction
with SM particles due to the models of thermal production of CDM at the Big Bang,
but non-thermal production is not out of the picture.

There are three paths that experiments can take to discover dark matter, presented
on Figure 2.8: collider production, indirect detection and direct detection.

In collider production, DM particles are created from SM particles. The biggest
collider in the world, the LHC, makes billions of proton collisions at TeV range energies
and analyses the tracks from the nal resulting particles to determine which particles
were created and destroyed in the interaction [36]. This method has great potential
for discovering new particles and understanding them, but it could not prove that
those would be the ones behind dark matter.

In indirect detection, SM particles are created from DM particles. Experiments
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using this approach search for particles like neutrinos [37, 38], gamma rays [39] or
antimatter that could be the result of dark matter self-annihilation, most likely to
happen in the center of galaxy clusters, galaxies, stars or planets, where DM accumu-
lates [16]. The downside of that method is the di culty to prove that those signals

indeed come from dark matter and not another astrophysical phenomenon.

Figure 2.8: Dark matter searches exploit all possible interactions of Dark Matter
(DM) with Standard Model (SM) particles.

2.3.2 Direct detection

Finally, direct detection looks at interactions where dark matter and standard matter
exchange energies, mostly through nuclear recoils. Experiments optimize their sensi-
tivity by having a low threshold and background, a high target mass and a long time
of running. One of the main di culties with that method is that due to the very
weak interaction from dark matter particles, the background of those experiments

must absolutely be at an extreme minimum. To escape the muons produced by high
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energy cosmic rays in the atmosphere, that decay and produce photons and neutrons
after matter interaction, the experiments need to be far below the Earth's surface
in order to be shielded by hundreds or thousands of meters of rock. To protect the
detectors from backgrounds due to ambient radioactivity, shields of lead, water or
polyethylene are usually used, with extremely radiopure materials used for the detec-
tor itself. Neutrons are particularly troublesome, as they interact with the nucleus
of the target material, similar to what WIMPs would do, as opposed to electrons
and photons that are likely to interact with the electron cloud. It is then up to the

analysis team to di erentiate WIMP candidate events from normal background.

Modulation and directionality

There are also other ways to isolate the dark matter signal that rely on the Earth's
motion in space. As the solar system travels around the galaxy and across the dark
matter halo at about 230,000 m/s, a wind of dark matter blows on all bodies inside it.
That wind gets stronger and weaker as the Earth travels on its orbit, being maximal
in June when the planet goes mostly against the dark matter wind, and minimal in
December when it goes more in the same direction. That means that the WIMP
signal rate detected would modulate and be 7% higher in June than in December.
The DAMA experiment [40] (in)famously did nd an annual modulation of its signal
over several years, with roughly the expected timings and magnitudes. However,
no other experiment was ever able to detect any WIMPs at the energies and cross-
sections found by DAMA. Although DAMA still maintains the validity of their results
invoking the unigueness of their detection method, this remains a controversial claim.

Another way to use the DM wind is to exploit the rotation of the Earth that will
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make the direction WIMPs are coming from relative to the detector change over the
course of a sidereal day. DRIFT [41] in the United Kingdom and NEWAGE [42] in
Japan are examples of experiments looking at directionality in their search for dark

matter.

Direct detection experiment methods

The various DM direct detection experiments use diverse detection mechanisms that
can be roughly categorized into three groups based on the nature of their WIMP
signal: heat, charge or ionization, and light or scintillation (Figure 2.9). One should
note that those categories of signals are not mutually exclusive for experiments, as it
is very common for experiments to take advantages of at least two types of signals
for a better discrimination of background events.

Some experiments use the ionization of atoms as a signal for dark matter. This
charge detection can notably be done through gaseous detectors (like in NEWS-G)
[43, 41], silicon CCDs (charged-coupled devices) [44, 45] or cryogenic semiconductors
[46]. lonization detection is capable of having very low thresholds, but usually cannot
di erentiate nuclear recoils from electron recoils.

Heat detection can also be used to look at the kinetic energy deposited in a detector
target. This method can take di erent forms. One is the detection of phonons at very
low temperatures, phonons being quanta of vibration energy (more or less the sound
equivalent of a photon). This was used by Edelweiss and CDMS (today Super-CDMS)
starting in the early 2000s, alongside with ionization detection [7, 47, 48]. Another
form of heat detection is bubble chambers, superheated liquids that produce bubbles

after nuclear recoils. This was used by the PICASSO and COUPP experiments, today
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merged as PICO [49, 50].

Finally, there are experiments that look at scintillating materials that emit light
(detected with photodetectors) after radiation excites the material [51]. Most of
those experiments use noble liquids, like argon [52, 53] and xenon [54, 55, 56]. Others
potential scintillating targets are crystals like Nal, used by Dama [40], and cryogenic

CaWO, that also produces phonons, used by CRESST [57].

Figure 2.9: Classi cation of direct DM detection experiments [58, 59]

2.3.3 Cross-sections

Since apart from DAMA, no experiment has found a signi cant excess of WIMP
candidate events leading to a discovery, direct detection dark matter experiments
take advantage of that lack of discovery to constrain the possible WIMP mass and

cross-section for it to go undetected. Those limits enable experiments to compare
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their results. A very sensitive experiment will reject masses at a very low cross-
section, although experiments specialize in low or high mass, where they are the most
sensitive. The di erential cross-section of the interaction between the WIMP and

target nucleus is:

d WN (C]) _ Mj 2 _ OWNFZ(q)

dg v 4 2y2 2.7)

where y is the cross-sectiong is the momentum transfer,v is the WIMP velocity,
F2(g) is the form factor and 3 is the reduced mass of the WIMP-nucleus system
[51]. The cross-section can be isolated to the following formula, as two terms, one
spin-independent and one spin-dependent:

42 2 2 +1
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where Z is the target atomic number, A is the target atomic mass,Gg is Fermi's
constant, J is the nucleus spinf, is the e ective spin-independent coupling of the
WIMP to the proton, f, is the e ective spin-independent coupling of the WIMP to
the neutron, a, is the e ective spin-dependent coupling of the WIMP to the proton,
an is the e ective spin-dependent coupling of the WIMP to the neutron}S;i is the
expectation value of the proton spin andS,i is the expectation value of the neutron
spin. Since the cross-section depends on the spin interaction of the WIMP, and the
spin of the WIMP is unknown, a di erent exclusion plot is made for spin-independent
limits (Figure 2.10) and spin-dependent limits (Figure 2.11). To be sensitive to spin-
dependent interaction, the target atom must have an unpaired nucleon, so there

are fewer experiments that are able to set spin-dependent limits, and they can be
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separated by if their target material has an odd number of protons or neutrons.

Figure 2.10: Spin-independent exclusion curves [60]

There is however a cross-section lower limit under which dark matter experiments
become sensitive to neutrino coherent scattering, a background that is very di cult to
remove. This "neutrino oor" is usually represented on exclusion plots as a shaded part
on the lower side of the graph (in yellow in Figures 2.10 and 2.11), where cross-section
of WIMPs would be lower than solar (for lower WIMP masses) and atmospheric (for
higher WIMP masses) neutrino cross-sections. One of the solutions to pursue dark
matter direct detection if WIMPs still are not discovered at that point would be
in directional detectors. Statistical analysis and modulation observations are other
possible options. Fortunately, there still is a lot more region to search for before

experiments reach that point.
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(a) Proton interaction

(b) Neutron interaction

Figure 2.11: Spin-dependent exclusion curves [60]
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2.4 Summary and Discussion

There is overwhelming evidence of a mysterious invisible non-baryonic mass inside
galaxies. The current standard model of particle physics has no answer to the nature
of that cold dark matter. Several theories beyond the standard model predict dark
matter candidates, the most popular being the weakly interacting massive particle.
All over the world, there are experiments trying to detect dark matter outside of its
gravitational interaction so we can one day learn about its nature and properties. The
next chapter will discuss in detail the direct WIMP detection experiment NEWS-G

and its used methods to search for dark matter.
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Chapter 3

The NEWS-G experiment

3.1 The spherical proportional counter

NEWS-G (New Experiments With Spheres - Gas) is a direct detection WIMP search
experiment using a spherical proportional counter (SPC). Proportional counters have
existed since the beginning of the 20century, gaseous detectors for even longer, but
the spherical proportional counter was invented as late as 2008 by loannis Giomataris
and his collaborators [61]. The SPC is a metallic sphere, lled with gas under a radial
electric eld from a high voltage metallic ball supported by a rod at its center, serving
as anode and sensor. As a proportional counter, the SPC measures a signal that is
proportional to the energy left by particles inside it. It is a simple detector with the
potential to have a very low threshold of the order of 10 eV, which makes it perfect

for WIMP detection.

3.1.1 Electric eld

Ignoring for now the perturbations from the rod, the electric eld inside an SPC

depends only on the radius. It can be calculated with Gauss' law, by applying the
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Figure 3.1: The "Sedine" NEWS-G SPC (left: outside view / right: inside view) [43]

boundary conditions of 0 voltage at the sphere's surface and voltagg at the surface
of the anode [62]. The electric eldE inside the sphere for a radius is thus:

V,
E(r)= rg (3.1)
with 1= 1 1

= —; R 3.2
= B 2 (3.2)

whereR is the radius of the sphere an®, is the radius of the spherical anode. Since
R1 >> R ,, that means the electric eld is approximately proportional to the anode
radius. It also is inversely proportional to the distance to the center, meaning the
electric eld gets weaker very fast as that distance gets larger. That is why reaching
a su ciently high voltage is necessary for the quality of the experiment. Still, if the
voltage gets too high, electric discharges can occur near the anode and disturb the
signal, so in practice, there is a maximum usable voltage that depends on the gas.
Of course, this theoretical model ignores the impact of the rod placed on the
northern hemisphere (upper half) of the sphere. Because of it, that model only really

applies to the southern hemisphere (lower half, away from the rod). Nevertheless, it
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is possible to correct the signal on most of the northern hemisphere, except very close
to the rod, by using a secondary electrode on the rod close to the anode, called an
umbrella. The umbrella is made of glass or Bakelite, highly resistive materials, so it
doesn't cause electric discharges. It can be either at a lower voltage than the anode
to make the eld closer to isotropic, or it can be of the opposite sign (negative) to
divert primary electrons coming from the northern hemisphere to the southern side of
the anode. The electric eld inside the sphere using that second method is presented

on Figure 3.2.

3.1.2 WIMP detection principle

When a patrticle like a WIMP interacts with a nucleus of an atom of gas inside the
detector, it gives it energy and makes the nucleus recoil. The recoiling nucleus will
then ionize some of the gas that is surrounding it, freeing primary electrons. The
primary electrons, attracted by the electric eld, will drift towards the center of
the sphere. Close to the anode, at a distance of the order of one millimeter, the
electric eld is so strong that electrons will ionize even more and more gas in what is
called a Townsend avalanche; every primary electron will create thousands of pairs of
secondary electrons and ions. It is all the secondary ions drifting towards the exterior
that will induce a measurable current on the sensor.

The current induced on the sensor is transmitted to a preampli er, with a char-
acteristic exponential decay time. The resulting signal is hence a convolution of the
pulse and the exponential decay time. That signal is given to a data acquisition
system, with a digitizer that is normally set to 1.041670 MHz (the typical raw signal

will be shown later on Figure 3.7a).
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Figure 3.2: Left: Detection of a WIMP. Right: Electric eld lines inside the sphere.
A WIMP interaction ionizes the gas though nuclear recoil (1), with the primary
electrons drifting towards the high voltage anode at the center (2). There, primary
electrons accelerated by the stronger electric eld ionize more gas (3), with the drift
of secondary ions creating a signal on the electrode sensor (4). [63]

The detector can di erentiate particles by the amplitude of the signal, propor-
tional to the number of primary electrons, and the time taken for the charges to be
collected. Neutral particles like WIMPs, neutrons, photons and neutrinos deposit
all their energy in a very little volume. Those point-like events have all the charges
drift to the center in a very short amount of time. Referencing the time taken for
the signal to rise to its maximum, we say they have a short rise time (more thorough
de nition of rise time in section 3.2.2). Inversely, electrons, muons and alpha particles
will heavily scatter in the gas and deposit their energy in a very large volume. Those
track events will have charges get to the sensor for a much longer time, resulting
in a very long rise time. Furthermore, due to di usion in the gas, point-like events
that happen at a larger distance from the center will have their charges gather in the

sensor for a slightly longer time than events that happen closer to the center. This
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means that events coming from the surface can also be discriminated from events that

happen inside the bulk of the sphere by their rise time (Figure 3.3).

(a) Surface events rise time as a function of amplitude

(b) Bulk events rise time as a function of amplitude

Figure 3.3: Surface events have a higher rise time than bulk events. [43]

3.1.3 Signal generation

The generated signal is proportional to the energy given to the gas atoms for the

ionization of electrons. The mean energy needed to ionize an atom of gas and create
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an electron-ion pair is called the W-value, and it is higher than the simple ionization
energy because of energy losses as heat or radiation. The ratio of the kinetic energy
given by the incident particle over the ionization energy is the quenching factor (QF).
The quenching factor has very little e ect on atomic electron recoils, since its value
in that case is very close to 1. However, for nuclear recoils, the quenching factor is
important (QF<1) and so knowing its value is essential to relate the measured energy
from a signal to a possible WIMP energy.

The generated signal from an event also depends on the number of secondary elec-
trons from the Townsend avalanche, which itself depends on the number of primary
electrons from the initial ionization. Moreover, both numbers are partially random,
being described by probabilistic functions, which especially matters at the lowest en-
ergies. The number of primary electrons freed from the gas after the ionization can

be closely approximated with Poisson statistics:

N
P(N) = e (3.3)

whereN is the number of electrons freed and is the expected value oN, as well as
the distribution variance in an ordinary Poisson distribution. However, the ionizations
are not perfectly independent events, so this property of doesn't hold in the case of
ion-electron pairs creation. The variance 3 was shown empirically to be the product

of the expected value and a factorF lower than 1 called the Fano factor [64]:
2
F=-X (3.4)

The actual distribution of the number of electrons freed by the recoil thus follows a
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di erent but closely related distribution, the COM-Poisson formula [65]:

N

P (3.5)

PIN)= -

where and are parameters that can be numerically tted so the distribution
re ects an expected value and a Fano factorF. For the secondary electrons, their
number from the avalanche of a single primary electron follows di erent statistics,

the Polya distribution:

! !
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wheren is the number of secondary electron$ni is the average gain of the detector
and is a parameter that a ects the shape of the function and depends on the detector
properties, being usually under 0.1. can be determined with laser calibration, by
tting the convolution of noise and Polya distributions for each primary electron
produced by the photoelectric e ect, to the observed signal amplitude.

Finally, the current induced on the sensor,q by the drifting ions from the

avalanche is found from the Shockley-Ramo theorem [62, 66]:

ling (1) = 3t 4 = Gons Vions \50) (3.7)
V, 2 1
lind (t) = Gons 9°0 (38)
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where Qj,¢ are the induced charges in the electrode,is the time after the start of
the avalanche,gons is the total charge from secondary ionsyions IS the ions velocity,

E(r) is the electric eld at radius r, P is the gas pressure in atmosphere¥j is the
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voltage applied on the anode and is the ion mobility of the gas at 1 atm. The nal
signal is the convolution of that pulse current and the exponential decay functioh

from the preampli er:
f(t) = Gpreamp€® (3.9)

where Gyeamp IS the gain of the preampli er and is its characteristic decay time.
The signal is then nally recorded by the SAMBA program (written by Michel Gros,

Saclay) in an 8 ms window, centered at the start of the trigger.

The achinos sensor

When upscaling the detector in order to increase its target mass, one big problem
with the standard one-ball sensor appears as the contradiction in its optimal radius
R,. Equation 3.1 shows that the electric eld weakens fast at higher radii, but can
be increased by a larger anode. On the other hand, it can be shown from equation
3.8 that the induced current from the avalanche, and by extension the detector gain,
weakens as the anode radius increases. In short, the detector requires a higher an-
ode radius when far from it, and a lower anode radius when close to it. This can
be achieved with a multiball sensor (Figure 3.4) [63]. The multiball sensor, called
achinos (Greek for sea urchin), creates an electric eld that approaches the one from
a big anode in most of the sphere's volume, but is dominated by the closest single ball
at very short distance from the sensor, where the Townsend avalanche happens. The
gain is however not as isotropic as the single ball sensor, being stronger when closer

to one anode, but this can be corrected by adjusting the voltages of the anodes [67].
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The currently used achinos has 11 equally spaced balls attached to a central elec-
trode coated in diamond-like carbon (DLC), with six connected balls in the southern
hemisphere far from the rod and ve in the northern hemisphere near the rod, all
on the vertices of a icosahedron, the twelfth vertex being occupied by the rod. At
the moment, the signal is divided only into two channels, a north channel for the
ve connected anodes near the rod and a south channel for the six connected anodes
on the far side of the rod. A three-channel achinos with the southernmost anode
having its own channel is currently being studied. In the future, an achinos with one
independent channel for each ball could lead to directional detection, by exploiting
the tracks made by nuclear recoils in low pressure gas. An achinos in the shape of a

dodecahedron with 19 balls is also a possible improvement.

Figure 3.4. The achinos sensor has 11 anodes divided in two channels. It allows the
electric eld to be stronger without decreasing the gain. [67]

With the current two-channel setup, a crosstalk phenomenon is observed in the

north and south channels. A signal in one channel is accompanied by a proportionally
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smaller negative signal on the other channel, due to consequences of the Shockley-
Ramo theorem. This is thus a physical e ect in the electric eld inside the sphere.
The crosstalk e ect is being studied empirically in greater details by Georgios Sav-
vidis from Queen's University, and simulated by Thomas Neep at the University of

Birmingham.

3.1.4 Gas properties

The gases used as targets for WIMP interactions are normally noble gases (helium,
neon, argon, xenon) due to their low electronegativity, having the maximum amount
of valence electrons in the outer shell (closed shell), with dinitrogen, methane and
dihydrogen also being possible options. Thanks to the kinematic matching of the
energy transfer between the WIMP and the nucleus, higher atomic masses for the gas
lead to stronger limits on higher WIMP masses, while lower atomic masses result in
stronger limits on low WIMP masses.

A low percentage (2-10%) of quenching gas, generally methane, is also added
to prevent recreating additional electrons, when avalanche ions approach the inner
surface. This would happen due to the photoelectric e ect on the copper surface, after
ultraviolet (UV) scintillation of the main gas by the avalanche ions. The quenching gas
absorbs the extra energy from the UV with its chemical bonds, therefore preventing
a perpetual ionization [65]. Moreover, through the Penning e ect, the quenching gas
improves the gain from the avalanche by taking energy from the main gas when it is
not enough for ionization, and still releasing an electron since it has lower ionization
energy [66]. Added methane also gives the option to use WIMP scattering on the

hydrogen nucleus for the dark matter search.



3.1. THE SPHERICAL PROPORTIONAL COUNTER 36

Gas purity is also an important aspect to take into account. Radon, especially
present in underground environments where WIMP search is optimal, is a troublesome
source of background. Its concentration can be greatly reduced by using a radon trap,
that exploits the a nity for adhesion of radon on certain materials, like activated
charcoal [68]. One is currently being designed by Patrick O'Brien at the University
of Alberta.

Two other problematic gases that are even more common are dioxygen and water
vapour. Due to their high electronegativity, they can catch electrons before they
reach the center of the sphere, even with concentrations of a few ppm. This is called
attachment, and it leads to the energy of an event being negatively correlated on the
di usion of charges. A solution to this is the usage of an oxygen lter (also called
getter), with improved e ect from a slow continuous circulation of the gas. The gas
quality can be monitored with a Residual Gas Analyzer or RGA [69]. Oxygen and
water have another complication when a sphere is left for a long time with normal air
inside. Even after being emptied, some atoms from the air stick to the inner surface
wall, and only get released later through outgassing when under subatmospheric
pressures. The solution for this is to put the sphere under high temperature for
a certain time. That "baking" of the sphere accelerates the release of those atoms of
air before the start of experimentation. Successive lling and removal of inert gas in

the sphere is also a complementary solution.

3.1.5 Calibration

Diverse sources are used for calibration of the detector. First, the main calibration

source is a UV laser that sends light pulses through an optical ber that separates the
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light into two paths: inside the sphere and in a photodetector. The light inside the
sphere hits the inner copper surface on the southern hemisphere and releases electrons
by the photoelectric e ect. The number of primary electrons can be ne-tuned with
the laser current, and the rate of events can also be adjusted. In conjunction with
the photodetector signal, laser events give the value of the electron drift time from
the wall to the sensor (more details on section 4.1).

The laser also has another use: the parameter from the Polya distribution is
determined by tting the convolution of noise and Polya distributions for each number
of primary electrons produced by the photoelectric e ect in low current laser runs,
to the histogram of observed signal amplitudes, which is proportional to the number
of secondary electrons produced for each event [65]. Moreover, the laser is used on
every run at a constant rate so the e ect it has on the electric eld stays constant
due to a phenomenon called the space charge e ect that will be explained in section

4.3.

Besides the laser, calibration is done using radioactive sources. Americium-beryllium
is a source of neutrons, which is very useful since neutrons scatter on nuclei like
WIMPs. Neutron beams from accelerators are also used for a measurement of the
guenching factor at low energy, done at the Paci ¢ Northwest National Laboratory
(PNNL), although measurements done at the Reactor Materials Testing Laboratory
(RMTL) in Queen's University are being tested.

Argon-37 is a radioactive isotope that has the great advantage of being a gas, so
it can create bulk events uniformly inside the detector. With a half-life of 35 days,
37Ar emits X-rays through electron capture [69]. The two low energy peaks at 270 eV

and 2.82 keV are extremely valuable for energy calibration of the detector, since the
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Figure 3.5: Laser calibration in NEWS-G: UV light passes through an optical ber
and is separated into two paths, one towards a photodetector and the other towards
the inner copper surface of the SPC, where it produces electrons through the photo-
electric e ect. [70]

di erence in prevalence and energy between the two peaks in known (Figure 3.6).
Sodium-22 is also sometimes used as a gamma source, and iron-55 as a double-
peak event source due to it inducing uorescence of argon, resulting in two consecutive

events of similar energy in certain conditions [66].

3.1.6 Strengths and weaknesses

One strength of the SPC is its very low thresholds, being able to detect a single
electron due to its high gain and low noise. It also involves fairly simple physics and
engineering, and is easy to use. The sensor and rod can be removed relatively easily
from the sphere, for an upgrade or experimentation in a di erent environment. The

SPC is capable of using di erent gases to bene t from the mass, cost and properties
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Figure 3.6: The 270 eV (here at ~500 ADU) and 2.82 keV (here at ~7000 ADU)
peaks of*’Ar are used to calibrate the detector energy.

of any gas, and it is very competitive with other low mass dark matter experiments.
The spherical shape of the detector also has the advantage of minimizing the surface
to volume ratio, which is bene cial since most of the expected background would
come from the impurities in the copper surface, that already can be made to have
ultra-low radioactivity. Lastly, apart from the biggest models, SPCs are very easy to
transport, so they can be moved to other facilities for more extensive calibration or
for di erent experimentation.

The weaknesses of the SPC are that it is not competitive in high mass dark matter
detection, due to the very low total mass from a gas inside the detector compared to
solid or liquid detectors. It is also very dependent on the quality of the quenching
factor measurements, and is unable to discriminate between nuclear and electronic
recoil.

The SPC also has a few possible applications beyond WIMP search. Staying on
the dark matter subject, it was used by Francisco Vazquez de Sola to put new limits

on Kazula-Klein axions [66]. With a lling of high pressure xenon, it is possible that
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next generation SPCs could be sensitive to neutrinoless double beta decay, which
is the goal of the R2D2 experiment [71]. It could also be used to study coherent
elastic neutrino-nucleus scattering (CBNS) when lled with neon, argon or xenon at

a nuclear reactor [61].

3.2 Signal processing

3.2.1 Double deconvolution

The raw pulse given by the SPC already contains some useful information. The
maximum height of a pulse from its baseline is the raw amplitude in ADU (Analog
to digital unit), which is proportional to the event energy. The raw rise time is the
time taken for a pulse to go from 10% to 90% of its maximal height, and is a measure
of the diusion of charges, correlated to the event radial position. The width, or
full time width at half maximum, is also a useful parameter. However, there is a
problem with using the raw pulse directly. If the decay time of the preamplier
is shorter than the time it takes for all charges to be collected by the sensor, the
pulse will already start dropping before it is completed, causing an underestimated
amplitude and rise time. Since the pulse is a convolution of the original signal and
the exponential decay function of the preampli er, the solution is to deconvolve the
pulse to retrieve the original signal. The double deconvolution method devised by
Francisco Vazquez de Sola [66] rst deconvolves the preampli er response (equation
3.9) applying a linear algorithm with a manually adjusted decay time, and then uses
Fourier space to deconvolve the current response from the ions (equation 3.8).

A trapezoidal Iter, which is essentially a derivative with smoothing, is used for

the signal trigger, since it improves the signal to noise ratio. The double deconvolved
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