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1Introduction

The existence of dark matter (DM) in the Universe is one of the most fascinating
problems that modern physics needs to solve. Since its proposal by Jan Oort and
Fritz Zwicky in the 1930s, it has nowadays been accepted by the physics commu-
nity in order to explain many otherwise puzzling astrophysical and cosmological
anomalies. Dark matter properties can be inferred from the observation of several
phenomena and it is commonly believed that roughly 25% of the mass-energy
content of the universe is in some non-baryonic form that does not interact elec-
tromagnetically nor via the strong force. Possible alternative explanations, such
as theories proposing modifications to Einstein’s theory of gravity, have failed so
far to explain these observations across all scales. The most promising candidate
for dark matter and the most relevant one for this thesis is a yet to be discovered
weakly interacting massive particle (WIMP). Those particles, that cannot be found
within the Standard Model (SM), must interact weakly enough to survive a myriad
of bounds set by precision astrophysical and cosmological tests and heavy enough
to have been in non-relativistic motion when they decoupled from the hot particle
plasma in the early stages of the expansion of the Universe. Many theories that
predict the existence of phenomena not included in the SM provide a valuable
WIMP candidate that could be experimentally observed thanks to its possible
interactions with SM particles.

Despite the worldwide efforts to answer to such an urgent question, at the moment
of writing, no clear direct indication that such particles exist has been found at
particle accelerators or elsewhere. Hence, the nature of the dark matter is still
a mystery that involves thousands of scientists from different fields that have
developed several methods in order to capture these elusive particles.

Models in which the dark matter particles can annihilate suggest the possibility
to indirectly search for dark matter by the observation of annihilation final
state products, among which neutrinos, antiprotons and positrons can be found.
Indirect astrophysical searches have the advantage of associating any SM particle
excess with a dark matter over-density region. However, the search of such
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an excess in astrophysical observations is difficult and it is affected by large
uncertainties.

The golden method to observe dark matter is represented by direct searches that
aim to spot effects of a possible interaction between a dark matter candidate with
the target material of the detector. Different technologies are currently exploited
to diversify direct dark matter searches. A non exhaustive list comprises bubble
chambers, cryogenic bolometers with ionization or scintillation detection, point
contact germanium and sodium/caesium iodide scintillation detectors, and finally
experiments using liquid xenon (LZ, LUX, XENON1T and PandaX-II among others)
and, more recently, liquid argon (ArDM, DEAP-3600, MiniCLEAN, WArP and
DarkSide-50 among others). At the moment of writing, two of the dual-phase
liquid xenon experiments, namely XENON1T and PandaX-II, possess the most
stringent limits on WIMP-nucleon cross section in the WIMP mass range from
about 10 GeV to 10 TeV.

Due to the lack of a clear observation of dark matter, the motivation for direct
WIMP searches remains extremely strong, driving the efforts to construct a new
generation of experiments. In order to explore lower cross sections and improve
current sensitivity levels by a few orders of magnitude, it now becomes mandatory
to build detectors with tens of tonnes of active target mass. However, at this stage
the control of backgrounds coming from neutrino-electron scattering would be of
utmost importance for a possible discovery of dark matter. In this context, argon
detectors outperform other technologies with their outstanding β/γ background
rejection. For this reason, a two-phase liquid argon time projection chamber of 20
tonne active mass, capable of collecting an exposure of 100 tonne year, has been
proposed by the DarkSide Collaboration. This detector, to be located at Laboratori
Nazionali del Gran Sasso, is called DarkSide-20k and it is expected to operate in
a so-called background free regime, so that a positive claim can be made with as
few events as possible. This means that for the nominal exposure the number of
instrumental background interactions will be kept to less than 0.1 events, apart
from background events induced by Coherent Elastic neutrino-Nucleus Scattering
(CEnNS).

Nuclear recoils from CEnNS are indistinguishable from WIMP-induced nuclear
recoils and thus represent an irreducible source of background. The proposal to
quantitatively estimate the impact of this background and the detailed calculation
of the number of CEnNS events attended in DarkSide-20k has been carried out
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for the first time during this thesis project. It has been found that, with the
nuclear recoil energy thresholds needed to achieve the excellent electron recoil
rejection in argon, only atmospheric neutrinos and the diffuse supernova neutrino
background are energetic enough to produce nuclear recoils in the WIMP region
of interest. As a result of this study, it has been discovered that this background
cannot be neglected. On the contrary, it will represent the main background
source for DarkSide-20k and it must be accounted for in the derivation of the
WIMP-nucleon sensitivity curve. The latter has been determined as well in this
thesis and represents the official outcome of the DarkSide-20k experiment.

It is a recent news that the four world-leading liquid argon dark matter collab-
orations (ArDM at LSC, DarkSide-50 at LNGS, DEAP-3600 and MiniCLEAN at
SNOLAB) have agreed to continue the collaboration beyond DarkSide-20k to
build an even larger experiment, with a fiducial mass of a few hundreds of tonnes,
capable of collecting an exposure between 1000-3000 tonne year. Similarly to
DarkSide-20k, this detector will be able to remove all backgrounds except the
CEnNS component. However, at these exposures, the latter contribution will be
significant, reaching the “ultimate limit” of dark matter searches in absence of
directional sensitivity. This ultimate limit is usually referred to as the neutrino
floor, the knowledge of which has been deepened as a part of this thesis project.

Being the number of CEnNS events at this exposure so large that the WIMP-
nucleon sensitivity will start to saturate, a breakthrough will be represented by the
development of directional detectors, able to provide information on the incoming
WIMP or neutrino direction. During this thesis project, the feasibility studies for an
argon dark matter detector able to discriminate the recoil direction of a nucleus
after a dark matter interaction have been developed. Several prototypes of
directional detectors exist but they are usually limited in mass, thus being capable
of collecting limited exposures. A promising technique for a very large-mass
detector with directional DM capability would be to exploit the phenomenon
called Columnar Recombination (CR). As a part of this PhD project, the author has
collaborated to the development of a more realistic extension of the original CR
model. All these studies corroborated the motivation for the construction of a
small prototype dual-phase TPC called RED, which is part of the DarkSide program
and currently in his commissioning phase, that aims to prove the directional
sensitivity using a beam of neutrons.
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Due to the fact that the coherent elastic scattering of neutrinos off nuclei has
eluded detection for about four decades since its prediction, as a part of this thesis
project, the study of possible physics effects beyond the SM modifying CEnNS
predictions has been developed. This study is relevant due to the importance of
this background for DarkSide-20k. Unexpectedly, this process has been detected
for the first time in August 2017 by the COHERENT Collaboration, and it turned
out to be 77 ± 16 per cent of the SM value. This deficit has been interpreted by
the author of this thesis including in the SM predictions the contribution of the
neutron form factor, which has usually been neglected until now. As a by-product
of this analysis, it was possible to experimentally determine for the first time
the average radius of the caesium iodine (CsI) nuclei. This result provides a
better understanding of the neutrino background for future direct dark matter
experiments but has also implications in many fields, including neutron stars
phenomenology, stellar collapse processes and obviously nuclear physics models.
Finally, the author of this thesis has also worked on the interaction between dark
matter and argon nuclei within an effective field theory framework, re-analysing
the last DarkSide-50 experimental results in terms of limits on non-relativistic
effective operators from non standard interactions. However, since this study
refers to DarkSide-50, it will not be discussed here.

This thesis is organised as follows. The second and third chapter familiarises the
reader to all the necessary knowledge to understand the topics presented. In
particular, the second chapter gives an introduction to dark matter and reviews
the evidences in support of the DM paradigm, while the third chapter focuses
on the discussion of direct detection techniques and contains a short review of
the current state of art and exclusion limits. The DarkSide-20k experiment is
presented in the fourth chapter. In the fifth chapter the statistical tools used to
obtain upper limits on the WIMP-nucleon cross section are initially presented,
followed by the derivation of the predicted number of neutrino background events
in DarkSide-20k. Finally, the calculation of the 90% Confidence Level (C.L.) WIMP-
nucleon cross section sensitivity of the DarkSide-20k experiment and of a future
detector capable of achieving an exposure between 1000-3000 tonne year will be
reported. In the sixth chapter the potential of a DM detector able to discriminate
the recoil nucleus direction will be examined and finally, in the seventh chapter,
the method used to obtain the first measurement of the average CsI neutron
density radius fitting the COHERENT data will be illustrated. To conclude, in the
eighth chapter, the results obtained are summarised and commented upon.
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2Theoretical overview of dark
matter

Contents
2.1 Evidence for dark matter . . . . . . . . . . . . . . . . . . . . 10
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In the last two centuries, significant progresses have been made towards a rational
understanding of the Universe and more and more complex experiments have
been built to gather information on a plethora of natural phenomena. The
Standard Model (SM) of particle physics is the theory that describes, to the
best of today’s knowledge, the fundamental particles and the forces through
which particles interact, namely the electromagnetic, the strong and the weak
interactions. Over the last decades, the SM has been extensively scrutinized and
its predictions have been confirmed by innumerable experimental results. In the
recent years, a big success of the SM has been the discovery of the so-called Higgs
boson, thanks to the ATLAS and CMS experiments. It is a massive spin-0 particle
predicted by the Higgs mechanism, which is responsible for the mass of bosons
and fermions in the SM. However, despite the many successes, some big questions
are still unanswered and there is a general consensus that the SM must be an
effective theory whose validity breaks down at some higher energy scale, larger
than few hundred GeV according to most recent experimental constraints. For
example, the most familiar force in our everyday lives, gravity, is not included or
contributions from physics beyond the SM are needed in order to explain the large
matter-antimatter asymmetry that resulted in the matter dominated universe we
observe today.

Among these, one of the most intriguing question in physics which needs to be
answered is the origin of the so-called Dark Matter (DM), which existence and
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properties are inferred from its gravitational effects. In particular, its existence is
needed to explain a number of otherwise puzzling astronomical observations, as
it will be explained in this chapter, and it cannot be constituted by SM particles.
The answer to this big problem involves thousands of scientists from different
fields, ranging from astronomy to particle physics passing by cosmology. Despite
these world-wide efforts to answer to such an important and urgent question, it
still represents one of the most demanding challenge of particle physics. Indeed,
the interaction of DM particles must be very weak in order to survive a myriad of
bounds set by precision astrophysical and cosmological tests. Thus, the failure to
observe dark matter particles so far tells us that their interactions must be even
weaker.

The detection of DM using terrestrial detectors would give strong clues about the
nature and possibly the identity of DM. As it will be explained in this chapter,
the most intriguing candidate for DM is a so called Weakly Interactive Massive
Particle (WIMP), that broadly speaking is a new, yet undiscovered, big-bang relic
particle that interact via gravity and any other force, possibly also not included
in the SM, which is as weak or weaker than the weak nuclear SM force. WIMPs
could in principle be detected through their collisions with ordinary nuclei in an
instrumented target, producing low-energy (<200 keV) nuclear recoils. So far, the
analysis of these so-called Direct Detection (DD) experiments has given no positive
results or clues in the last decades. Very low interaction rates are expected for
such particles, based on the model for their production and existing limits. Since
the discovery limit is a function of the exposure, the product between the active
mass of the detector and its live-time, one could expect that the discovery of
DM is only a matter of time. However, since the interaction between DM and
ordinary matter is very weak, possible background contaminations of the signal
assume a crucial role and have to be taken into account. Current direct detection
experiments have demonstrated to be able to reduce the background content
to a level for which a discovery should still be possible if the interaction is not
too weak. However, there are two important issues to take into account. One is
related to the reliability of the possible discovery when measuring only the recoil
energy of the target nuclei. Indeed, accumulating statistics during several years
the recoil rate is expected to modulate with a year-periodicity due to the WIMPs
relative velocity change caused by the Earth orbital motion. However, many
backgrounds, like particles originating from cosmic rays, are known to modulate
with a similar year periodicity. Thus, in presence of background contaminations
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it is difficult to be fully convinced that the measured modulation is only due to
DM interactions, mining the reliability of the result. The second problem of this
detection technique is connected with the fact that near future DM experiments
will be sensitive to Coherent Elastic neutrino-Nucleus Scattering (CEnNS), which
produce an experimental indistinguishable signal with respect to that induced by
a DM particle, representing an irreducible source of background.

A common partial solution for these two problems will be to develop so-called
directional DM detectors. This kind of detectors would be able to provide informa-
tion not only on the nuclear recoil energy induced by a DM scattering on nucleus
but also on the incident direction of the DM particle. The latter is useful since, ex-
ploiting the Earth rotation around its own axis, a sizeable diurnal modulation rate
is expected. Since there are not known backgrounds that can reproduce a similar
behaviour, this technique can help in disentangling the signal and background
hypotheses in a stronger way than using only the energy spectrum information.
Since the incident DM direction is correlated with the direction of motion of the
solar system through the galaxy towards the Cygnus constellation, this prefer-
ential direction is the ultimate tool to reduce any other isotropic background,
like CEnNS from atmospheric and diffuse supernova neutrinos, or even better
to distinguish backgrounds with a definite but different incident direction, like
for example solar neutrinos. Such efforts are advancing rapidly thanks to the
simultaneous technological developments and new results are expected in the
next decade.

At the moment of writing, a clear evidence for DM interactions in terrestrial
laboratories is still lacking. Without a detection of a possible particle candidate,
the only answer to the origin of DM question can be developed reviewing the
current evidence for its existence. Evidences for DM are found on scales from the
Milky Way up to the cosmological horizon, with a range of observations which
cannot be adequately explained with the observed constituents of the Universe.
Dark matter is an invisible component introduced to reconcile these observations
with the known laws of physics - most importantly, General Relativity (GR).
Beyond this general definition, there is a wide range of particle physics candidates
which may play the role of dark matter. These new particle candidates are usually
provided by theories of physics beyond the SM, meaning that the study of the
properties of dark matter can shed light on theories of high energy physics. Many
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of these proposed dark matter candidates have weak but non-zero interactions
with particles of the SM, giving hope that DM could be discovered also through
non gravitational-only effects.

In this chapter, the evidences in support of the DM paradigm, including constraints
from precision cosmology will be summarised. Some of the features which DM
particles must satisfy will be discussed, as well as describing a few specific
candidates in more detail. Finally, current progresses and constraints from direct
and indirect searches for particle DM will be reviewed.

2.1 Evidence for dark matter

In 1933, Zwicky measured the velocity dispersion of eight galaxies in the Coma
cluster [17], 99 Mpc away from the Milky Way, finding an unexpectedly large
velocity dispersion, σ = 1019 ± 360 km s−1. By applying the Virial Theorem,
that relates the velocity of orbiting objects to the amount of gravitational force
acting on them, he concluded from these observations that the mean density of
the Coma cluster would have had to be 400 times greater than that which was
derived from luminous matter, calling this exceeding non-luminous mass dark
matter. Despite the fact that this estimate was too large due to an old value for
the Hubble parameter H0 used in the calculation, and despite the fact that it is
now known that some of this mass is in the form of hot (∼1 million K) X-ray
emitting intracluster gas [18], a large discrepancy remains. Current estimates of
the mass-to-light ratio of the Coma cluster give a value of roughly 150 times that
of the Sun [19, 20]. This discovery turned out to be one of the most profound
scientific revolutions of the 20th century. Despite the initial scepticism, further
studies revealed that the Coma cluster was not unusual.

In this section, the evidences that lead physicists to believe in the existence of
DM will be briefly summarised. After this section it will be clear that evidence for
dark matter appears over a wide range of distance scales. Dark matter is required
to explain the formation and growth of large scale structure, the dynamics of
both galaxies and galaxy clusters and the anisotropic temperature distribution
of the CMB among others. In spite of this, there remain several problems and
unanswered questions with the dark matter paradigm that will be reviewed in
Sec. 2.1.4.
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2.1.1 Velocity dispersion of spiral galaxies

The measurement of the rotation curves of many galaxies, namely the velocity
versus the radial distance for stars and gas in spiral galaxies, gives strong indica-
tions of the existence of dark matter. A spiral galaxy like our own has most of the
luminous material concentrated in a central hub at small radii, plus a thin disc.
This suggests that the velocity, v, should increase at small distances, r, from the
galaxy center and fall off at large distances, namely v ≈ r−1/2. On the contrary,
the observed rotation curves are flat at large r, at least to values of r comparable
with the disc radius, implying a total mass growing linearly with radius [21, 22].
In fact, observations of hydrogen 21 cm emission indicate that the constancy of
the circular velocity extends well beyond the optical edge of galaxies [23, 24].
However, the inclusion of an approximately spherically symmetric, non-luminous
dark matter halo can reconcile this expectation with the observed flat rotation
curves, as schematically shown in Fig. 2.1. As it can be seen analysing the differ-
ent components in this figure, the visible and gaseous components alone cannot
explain the flatness of the curves at large radii. Instead, one has to assume the
existence of a dark halo or a modified theory of gravity (MOND), see Sec. 2.5, to
explain the shapes of these curves. The density profiles ρ(r) required to provide a
good fit to rotation curve data may be consistent with those obtained from N-body
simulations, such as the Navarro-Frenk-White profile [25]

ρ(r) = ρ0
r/Rs(1 + r/Rs)2 , (2.1)

which is described by a characteristic density ρ0 and scale radius Rs. N-body sim-
ulations and evidences for DM coming from them will be explained in Sec. 2.1.4.
The rotation curve of the Milky Way itself has also been studied [26, 27, 28] and
found to be almost flat. Using a variety of techniques, it is also possible to measure
a non-zero DM density near the Sun’s position. An understanding of this density
has significant implications for the study of dark matter direct detection.

2.1.2 Gravitational lensing

Gravitational lensing is an effect of Einstein’s theory of GR. The gravitational field
of a massive object causes light rays passing close to that object, and thus through
its gravitational field, to be bent. The more massive the object, the stronger
its gravitational field and hence the greater the bending of light rays. Thus, by
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Fig. 2.1.: Schematic illustration of galaxy rotation curves (circular velocity as a function
of galactocentric distance). The different components contributions are sep-
arately shown. The total circular velocity (black) and also the contributions
from the spherical nucleus (red), the disk (blue) and that of the dark matter
halo (green) are separately plotted. Figure form Ref. [29].

looking at the gravitational lensing distortions, the mass profile of galaxy centers
or galaxy clusters can be measured. Lensing can also act like a magnifying glass,
allowing us to see images of galaxies that would otherwise be too faint to see.
Two different regimes of gravitational lensing can be defined, so called strong
and weak lensing. Strong lensing happens when the light from a bright source
has to go through a massive object, like a cluster of galaxies, before to reach us
and it is thus deflected by large angles. In this case, it is easy to see and measure
the effects of lensing. In particular, the strength of the deflection is proportional
to the square root of object mass. However, there are not that many clusters in
the sky that are so big that they cause such a large lensing effect. So even if
strong lensing is indeed very useful it is also pretty rare. In fact, most galaxies
visible from Earth are lensed such that their shapes are altered by only ∼ 1%,
an effect that is called weak gravitational lensing. In this case the gravitational
lensing angle is quite small to be measured and it is only possible to study the
average lensing effect on a set of galaxies. By making some assumptions, like that
all galaxies are roughly elliptical in overall shape, and that they are orientated
randomly on the sky, in the presence of a lensing effect, one would expect that
the galaxies in a patch of sky would appear to align themselves together slightly
on the sky, as lensing stretches all their images in the same direction. In this way,
any deviation from a random distribution of galaxy shape orientations is a direct
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measure of the lensing signal in that patch of sky. Weak lensing can thus be used
to measure the gravitational lensing signal on any part of the sky. The result of
many studies of gravitational lensing is that the baryonic matter is not enough to
account for the lensing effects that are observed.

Several experiments based on gravitational lensing have also tried to use this effect
to search for relatively compact objects, non-luminous and with a mass as low as
10−7 solar masses. Lensing effects on this scale are known as micro-lensing. These
bodies are commonly referred to as Massive Compact Halo Objects (MaCHOs),
and many dozens of such microlensing events have been observed in recent years.
Present data indicate that these non-luminous stellar objects, undoubtedly of
baryonic matter like normal stars, have a small potential contribution to the total
dark matter content, being the current upper limit equal to 1.7× 10−7.

Lensing has also been used to study the properties dark matter itself, meaning
that it cannot be accounted for by ordinary baryonic matter. This can be achieved
observing the so-called Bullet Cluster, a system of two galaxy clusters that recently
(on cosmological time-scale) collided. An X-ray and optical (visible) light picture
of such an event is shown in Fig. 2.2. The majority of the light coming from the
Bullet Cluster comes from hot X-ray emitting gas. It has been overlaid onto the
visible-light image in pink. Superimposed in blue it is possible to see the location
of the dark matter in the cluster, determined from measuring the lensing signal
from the visible-light images of the galaxies. During the collision, the baryonic
X-ray gas particles, the ’normal’ matter, will interact with each other through
both gravity and electrostatic forces, slowing and shocking one another. The dark
matter particles, however, only interact through gravity and can pass through
each other unimpeded by electrostatic interactions. This means that the X-ray
gas lags behind the dark matter as the two clusters escape the collision, causing
the observed offset. Thus, even if most of the visible matter is in the centre of
the image, gravitational lensing proves that most of the mass lies further out.
This offset is then a very strong indication for the presence of a far more weakly
interacting form of matter than baryonic matter, with a total mass that by far
exceeds the baryonic mass.
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Fig. 2.2.: Chandra X-ray image of A 3667 (MV07) with superimposed the optical (visible)
light. Credit: NASA/Chandra X-ray Observatory.

2.1.3 Cosmological evidence

Dark matter evidences are such that, the most recognized model that summarizes
our understanding about the origin of the Universe, includes Dark Matter as a key
component. For this reason it is called the Lambda Cold Dark Matter (ΛCDM)
model of modern cosmology. Developed in the late 1990s, this model is the
simplest parametrization of the Big Bang cosmological model that is broadly
consistent with several observations, namely the existence and properties of the
cosmic microwave background, the large-scale structure in the distribution of
galaxies, the abundances of hydrogen (including deuterium) and helium and the
accelerating expansion of the universe observed in the light from distant galaxies
and supernovae. The name of the model indicates its two principal ingredients:
Λ refers to a Cosmological constant, i.e. the energy density or Dark Energy of
the vacuum, and CDM stands for Cold Dark Matter, slowly moving particles that
account for a wide variety of cosmological observations that seem to imply the
presence of missing mass.

In this framework, the total energy density of the Universe receives three con-
tributions, namely the radiation density ρr, the dark energy density ρΛ and the
matter density ρm. The latter can be further subdivided into baryonic ρb, and cold
dark matter component ρCDM . Those quantities are usually given in terms of
fraction of total density, Ωi = ρi/ρc, being ρc the critical density required for the
universe to be flat and homogeneous. Up to today knowledges, the energy density
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of the Universe today is dominated by the constant and uniform contribution of
the vacuum, Λ. This constant term was originally introduced by Einstein before
the advent of the Big Bang scenario in order to avoid spontaneous collapse of
the Universe. Nowadays, this contribution is needed to exert a negative pressure
and to drive the accelerating expansion of the Universe, whose discovery was
rewarded in 2011 with a Nobel Prize in Physics [30, 31]. According to this model,
the structures that emerged in the early Universe are caused by the clustering
of a non-interacting, slow moving and yet undetected matter component [32],
usually referred to as Cold Dark Matter. The fact that DM is non-interacting (or at
least, interacts only very weakly) means that it begins to collapse gravitationally
earlier in cosmic time than baryonic matter. After decoupling, baryons then fall
into the gravitational wells produced by the infalling DM structures. Without DM,
the baryonic matter in the Universe could not have had enough time to collapse
to form the range of gravitationally bound structures we see today [33, 32].

Cosmological experiments sensitive to the expansion and structure formation his-
tory of the Universe, like e.g. Planck [34] WMAP [35], BOSS [36] and CFHTLenS
[37, 38], allow to precisely determine the contributions of the various different
components to the energy density of the Universe, constraining cosmological pa-
rameters. In this framework, a lot of information has been gathered by measuring
Baryon Acoustic Oscillations (BAOs) [39]. BAOs are regular, periodic fluctuations
in the density of the visible baryonic matter (normal matter) of the universe,
basically a feature imprinted on the distribution of matter in the Universe by
acoustic waves prior to recombination. They can be measured by using galaxy
redshift surveys, such as SDSS [40], to map out the large scale structure of the
Universe. In the same way that supernovae provide a “standard candle” which
can be used to measure luminosity distances in the Universe, the identification
and the fit of the acoustic peak provide a “standard ruler” for measuring cosmo-
logical distances. Thus, redshift surveys of type-Ia supernovae [41] for which we
know the luminosity allow to reconstruct these distance scales over cosmic time.
This information allows to constrain the expansion history of the Universe and
therefore the various contributions to the density of the Universe.

A particularly sensitive probe for determining the dark matter contribution to the
energy budget of the Universe is the measurement of the temperature anisotropies
of Cosmic Microwave Background (CMB) photons. The CMB is the electromag-
netic radiation left over from an early stage of the universe in Big Bang cosmology.
Indeed, at the end of the so-called epoch of recombination, in which neutral
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atoms were formed, the universe became transparent to electromagnetic radia-
tion, and photons were able to freely travel ever since and can still be observed
today with a temperature of 2.726± 0.010 K. The recent Planck experiment [34]
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Fig. 2.3.: Angular power spectrum of CMB temperature anisotropies as measured by
the Planck satellite. Data are shown as blue points with the best fit ΛCDM
cosmological model shown as a red line. Figure from Ref. [34].

measured the angular power spectrum of these CMB temperature anisotropies.
The power spectrum is simply a measurement of the amount each point in the
universe deviates from the mean temperature, decomposed into spherical har-
monics. Indeed, while the CMB is mostly isotropic, showing that the universe is
largely homogeneous, small anisotropies are present due almost entirely to the
temperature fluctuations in the early universe that were caused by the under-
and over-densities in different regions as particles began to freeze out at different
times. The intensity and size of these fluctuations depend entirely on the different
components and species present at the time, making the CMB sensitive to the
amount of dark matter present in the early universe. Figure 2.3 shows the results
of these measurements, as well as the best fit using the six parameters ΛCDM
model. The amplitude of the power spectrum at various values of l, the angular
size (π/l) of a given spherical harmonic, gives a quantitative measurement of
the anisotropies in the CMB, which allows us to determine the abundance of
different kinds of particles in the universe after the freeze out, as well as many
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Parameter 68% limits
ΩΛ 0.685 ± 0.013

Ωmh
2 0.1426 ± 0.0020

Ωbh
2 0.02222 ± 0.00023

ΩCDMh
2 0.1197 ± 0.0022

H0 67.31 ± 0.96

Tab. 2.1.: Density parameter Ω (defined in the text) of the cosmological constant (Λ),
total matter (m), and separate baryonic (b) and cold dark matter (CDM)
components, as obtained by the Planck Collaboration [34]. The reduced
Hubble constant is defined as h = H0/(100 km s−1Mpc−1).

other properties. The contributions of the cosmological constant, the total matter
component, and the separate baryonic and dark matter components to the total
energy density of the Universe are shown in Table 2.1. These are given in terms
of the density parameter Ωi = 8πGρi/3H2

0 , where G is Newton’s constant, H0 is
the Hubble parameter and ρi is the energy density of component i. These results,
constrained with an accuracy of less than 2%, point to the conclusion that ∼84%
of the matter content of the Universe is in fact dark.

2.1.4 N-body simulations of Universe evolution

The success of the ΛCDM paradigm is also due to the results coming from so-
called N-body simulations. An N-body simulation is a computer simulation that
involves a large number of particles interacting according to basic physical laws.
N-body simulations are used to track the evolution of structure in the Universe.
In such a simulation, millions of particles are configured according to an initial
density distribution and are allowed to interact following the laws of gravity. The
computer calculates how the particles will move under the influence of gravity in
a small time step, and uses the resulting distribution of particles as the starting
point for a new calculation. By calculating many time steps, the simulation can
track the growth of structures in the model system. Depending on the initial
density distribution and cosmological parameters selected, different structures
appear at different stages of evolution.

In 1973, the astronomers Jeremiah Ostriker and James Peebles used for the first
time N-body simulations to study how galaxies evolve. They programmed 300
mass points into their computer to represent groups of stars in a galaxy rotating
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about a central point. Their simulated galaxy resulted in more mass points, or
stars, toward the center and fewer toward the edge. For a galaxy of the size of
the Milky Way, we know that a star (a mass point in a N-body simulation) about
halfway out the edge moves at about 200 kilometers per second and orbits the
center in about 50 million years. Ostriker and Peebles found that in a time less
than an orbital period, most of the mass points would collapse to a bar-shaped,
dense concentration close to the center of the galaxy with only a few mass points
at larger radii. This looked nothing like the elegant spiral or elliptical shapes
that exists in our Universe. However, adding a static, uniform distribution of
mass from 3 to 10 times the size of the total mass of the mass points, they found
that a more recognizable structure would emerge. For the first time there were
numerical evidence that dark matter was necessary to form the types of galaxies
we observe in our Universe.

Most of N-body simulations currently used are DM-only, simulating only the gravi-
tational dynamics of collisionless particles. However, an increasing number are
incorporating baryonic physics such as gas dynamics, as well as stellar evolution,
chemical enrichment and a variety of interaction processes (see e.g. [42, 43]). As
it can be easily understood, these simulations are resource intensive because the
number of interactions the computer must calculate at each time step is propor-
tional to the number of particles squared. A sophisticated N-body simulation can
require tens of thousands of supercomputer hours. In particular, appropriately
accounting for baryonic physics is extremely complex and in some cases the
strength of these processes is unknown and must be tuned in the simulations to
match observations [44].

In spite of this, a consistent picture has emerged from several N-body simulations.
The distribution of galaxies observed in large scale structure surveys matches that
predicted by N-body simulations over a range of distance scales [45]. In addition,
simulations have begun to accurately reproduce the observed populations of
elliptical and spiral galaxies [43], as well as obtaining Milky Way-like simulated
galaxies [42]. This ability of simulations containing DM to reproduce structures
observed in the Universe is a further strong evidence in support of the DM
paradigm.
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Problems with dark matter in N-body simulations

There have emerged several issues with the dark matter dominated model of
structure formation as studied with N-body simulations. For example, DM-only
simulations predict the existence of a large number of massive subhalos around
Milky Way-size galaxies [46]. Using semi-analytical models of galaxy formation
Kauffmann et al. [47] predicted that a Milky Way-size halo should host over
100 subhalos massive enough to support observable satellite galaxies. However,
the known population of dwarf spheroidal (dSph) satellite galaxies for the Milky
Way is on the order of 20 [48], although more ultra-faint satellites are still being
discovered (e.g. see Ref. [49]). This discrepancy between the predicted and
observed amount of substructure in CDM structure formation is often referred
to as the “missing satellite problem” [50]. However, a recent work [51] suggests
that it is possible to obtain a match between the observed satellite counts and
the number of luminous satellites predicted by CDM. This match can be obtained
including in the simulations the phenomena of feedback that keeps cold gas from
forming stars, which could be caused by ionizing photons that heat up colder gas,
supernovae explosions that eject colder gas outside the galaxy, stellar winds, etc.
This paper attempts to demonstrates that once the above described effects are
taken into account, missing satellite problem ceases to exist.

A related issue is the so-called “too big to fail” problem, which concerns the
density of dark matter subhalos. In particular, it is found that the most massive
DM subhalos found in N-body simulations are too massive compared to the visible
matter contained in the Milky Way’s dSph satellites [52]. On the contrary, if the
observed dSph galaxies are hosted instead by less massive subhalos, this leaves
a large number of more massive DM halos which have not yet been observed
[53].

Finally, there is also a discrepancy between observed and simulated density
profiles of galaxies. This is the so-called “Core-Cusp” problem (for a review, see
Ref. [54]). N-body simulations indicate that the DM density should be sharply
peaked near the centres of DM halos [55, 25]. In contrast, observations of the
rotation curves of a large number of galaxies (in particular low surface brightness
and dSph galaxies) suggests the presence of a core - a flat dark matter density
profile near the centre [56, 57]. While these results are still under debate (for
example, Ref. [58] find rotation curves consistent with cuspy density profiles),
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they may indicate a discrepancy between the process of structure formation in
the Universe and that implied by ΛCDM.

A number of possible solutions to these issues have been suggested. Baryonic
effects such as dynamical friction and stellar and supernova feedback (see for
example Refs. [59, 60, 61]) can lead to the expulsion of DM from the centres
of halos, reducing the total halo mass and leading to a flatter central density
profile. Others have suggested that a warm dark matter model may be a better fit
to the data [62, 63, 64], reducing the amount of structure on small scales, as we
will discuss in Sec. 2.2. Whatever the ultimate resolution of these problems, it is
clear that dark matter dominated structures such as dSph galaxies are a testing
ground for an even more precise understanding of structure formation in the DM
paradigm.

2.2 Properties of dark matter

Beyond its gravitational contribution to the Universe, at the moment still very
little is known about the nature of particle dark matter. However, the success of
the ΛCDM model and the lack of a confirmed detection so far means that some
hints on properties of any potential candidate can be derived.

For example, it is now clear that DM cannot have an electromagnetic charge,
otherwise it would have been seen in a range of searches that will be quickly sum-
marised here. Namely, the possibility that CHArged Massive Particles (CHAMPs)
may account for dark matter was proposed by De Rujula et al. [65]. Such particles
can be free and stable or may instead bind with electrons or positrons to form
heavy neutral hydrogen-like objects. However, null searches for anomalous hydro-
gen in sea water [66] and anomalous heavy elements [67], as well as searches for
CHAMPs in cosmic ray experiments [68] indicate that CHAMPs must be present
in negligible densities in the Milky Way for masses in the range 10 − 108 GeV.
Millicharged DM is also strongly constrained. Searches for neutrino magnetic
moments in reactor experiments exclude DM with charge greater than 10−5e for
keV-scale masses and below [69]. Searches for distortions in the CMB caused by
the interactions of millicharged particles limit the DM charge to be less than 10−7e

for masses of 1 eV and below [70]. It is also known that DM candidates cannot
carry a bare colour charge. In this case, DM particles would interact strongly with
particles of the SM, causing problems to galaxy formation [71] and the formation
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of the CMB [72] due to scattering off baryons. We are left with the conclusion that
DM particles must carry no (or almost no) conventional electromagnetic or strong
charge. This rules out most of SM particles as accounting for DM, hinting strongly
that these particles must derive from theories of physics beyond the Standard
Model.

Any particle candidate must also be stable or long-lived otherwise it cannot play
the role of dark matter today. For models in which DM is not indefinitely stable,
this allows us to place stringent limits on the lifetime of the DM particle, simply
speaking its lifetime must be larger than the age of universe [73, 74]. Moreover
the self-interaction as well as the ordinary matter interaction cross sections must
be very weak. A good DM candidate must furthermore be produced with sufficient
abundance to match the currently observed value of the cold dark matter energy
density, ΩCDMh

2 = 0.1197±0.0022, as shown in Table 2.1. If it is produced with a
smaller abundance, the candidate cannot account for the entirety of the Universe’s
dark matter. It could still contribute, but only along with other candidates, as
in Ref. [75]. If, on the other hand, it is produced with too abundantly, it could
exceed the DM density constraint set by recent observations.

Finally, it must be compatible with primordial nucleosynthesis. This last point
deserve a better explanation and will be discussed in more detail in the next
section.

2.2.1 Big Bang Nucleosynthesis and charged dark matter
particles

Primordial nucleosynthesis (or Big Bang Nucleosynthesis, BBN) describes the
production of light nuclei in the first few minutes after the Big Bang. By solving a
set of coupled Boltzmann equations describing the nuclear reactions of protons,
neutrons and light nuclei, we can obtain the primordial abundances of these light
nuclei and compare it with the found values [76]. Significantly, these abundances
depend strongly on the baryon to photon ratio η and therefore the total baryon
density. Fits to data lead to the result Ωbh

2 = 0.017 − 0.024 [77], independent
of the value obtained from CMB measurements (Table 2.1). Thus, the baryonic
matter can make up only a fraction of the total matter density of the Universe.
This provides further evidence that particle dark matter must consist of some
non-baryonic particle.
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The results of BBN are also very sensitive to light new species, which can alter the
number of relativistic degrees of freedom in the early Universe and therefore affect
the expansion rate. These include, for example, gravitinos [78] and right-handed
neutrinos [79]. BBN therefore provides strong constraints on models in which
these particles play the role of DM. In addition, the decay of dark matter particles
into electromagnetic or hadronic showers during nucleosynthesis can drastically
change the primordial abundances of the light elements. BBN can therefore be
used to constrain models in which dark matter decays promptly (or in which dark
matter is produced by the decays of heavier particles) [80].

2.3 Particle dark matter candidates

As it has been explained in Sec. 2.2, valid DM candidates need to satisfy several
conditions and constraints. In this section, possible candidates that can be derived
from existing physics models will be analysed. There are in fact a number of
possible extensions of the SM that could provide dark matter candidates. These
models differ from each other since they predict different masses and interactions
of DM candidates with SM particles. Exploiting these differences and using the
results coming from various direct and indirect searches it is possible to put
constraints on the different models. Two main categories of DM candidates can be
identified, namely so-called hot (relativistic), warm and cold (non-relativistic) dark
matter candidates. As already anticipated, in order to reproduce the formation of
galactic structure in the early universe, it is known that the majority of the DM
in the universe cannot be hot. This means that DM must have been travelling
non-relativistically when it was produced in the early universe. The typical speed
of DM particles in the early universe defines the so-called free-streaming length.
Below this length-scale, density perturbations are suppressed due to Landau
damping [81]. For non-relativistic species produced by thermal freeze-out, this
free-streaming length scales as M−1/2

χ for thermal relics of mass Mχ [82]. For
particle candidates which are too light, and which therefore travel too quickly after
decoupling, small scale structures cannot form and cannot match the distribution
of structures we see today. Light particles which are produced via a mechanism
other than thermal freeze-out may still account for DM (see e.g. Ref. [83]), though
this alternative mechanism must still ensure that it is not produced with relativistic
speeds. In practice, constraints on the free-streaming length imply that thermally-
produced DM cannot have a mass greater than around 1 keV [84]. It is typically
assumed that dark matter is significantly heavier than this, decoupling ultra-
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non-relativistically in the early Universe, rendering it cold. Warm dark matter
candidates with keV-scale masses have been suggested to explain the subhalo
structures at the scale of dSph galaxies, as discussed in Sec. 2.1.4. However, hot
dark matter, which decouples at relativistic speeds, is strongly-constrained and
cannot make up more than around 1% of the total dark matter component [85,
86].

In this section the most motivated candidates that are also consistent with obser-
vations will be illustrated, namely so-called Weakly Interacting Massive Particles,
neutrinos and axions. Some further examples include WIMPless dark matter [87],
primordial black holes [88], mirror dark matter [89] and little Higgs dark matter
[90], as well as minimal approaches to DM [91], but they will not be discussed in
detail in this thesis.

2.3.1 Weakly Interacting Massive Particles

Perhaps the most likely dark matter candidates, and the ones that has searched
most by experimentalists, are the stable, weakly interacting massive particles, χ,
that decoupled when they were non-relativistic, and thus constitute cold dark
matter, with practically no radiation pressure. In fact, WIMP candidates can
be found in a wide range of models of particle physics beyond the standard
model. Such a WIMP candidate may be provided by the Lightest Supersymmetric
Particle (LSP) in supersymmetric theories [92]. In supersymmetry (SUSY), each
of the known SM particles has a supersymmetric partner (or “spartner”), with
bosons having fermionic partners and vice versa. The symmetry must be broken,
otherwise SM particles and their partners would have the same mass. This
additional symmetry is often invoked to help alleviate the hierarchy problem, i.e.
understanding why the mass of the Higgs boson is so smaller than the Planck
mass [93]. In models which possess R-parity, which may be required to protect
the proton from decay, particles carry R-parity 1 while supersymmetric particles
(“sparticles”) carry R-parity -1. The conservation of this number means that the
lightest sparticle cannot decay into SM particles and it is therefore stable, making
it a promising DM candidate.

These particles would have been produced like other particles in thermal equi-
librium in the Big Bang, and their abundance today would be determined by
their annihilation cross-section to SM quark and lepton pairs, e.g. χχ→ qq. The
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standard scenario for the production of dark matter is referred to as thermal
freeze-out [32]. In this scenario, DM particles remain in kinetic and chemical
equilibrium with SM particles in the very early Universe through scattering and
annihilation processes. Their number density n follows a Maxwell-Boltzmann
distribution

n ∝ exp(−Mχ/T ) , (2.2)

for a particle mass Mχ and temperature T . As the Universe expands, however,
the particles become diluted, reducing the interaction rate until eventually the
DM particles become decoupled from the SM particles and are “frozen-out”. They
are then left with the abundance they had when they decoupled, which is further
diluted by the expansion of the Universe to become the abundance we see today.
The exact relic abundance depends on 〈σannv〉, the average annihilation cross
section of the DM particles weighted by the DM speed. If this is small, DM will
decouple early when the temperature of the Universe is still high, leading to a
large relic abundance. If the annihilation cross section is large, DM will remain in
equilibrium for longer, even as the particles become more and more diluted. The
DM then freezes out later, with a lower temperature and lower relic abundance.
The resulting relic abundance for GeV-scale DM is given approximately by [32]:

ΩCDMh
2 ≈ 3× 10−27 cm3 s−1

〈σannv〉
. (2.3)

This leads to a canonical value of around 〈σannv〉 ≈ 3 × 10−26 cm3 s−1 for the
annihilation cross section, which corresponds to the measured abundance of CDM.
This coincides well with the value expected for particles with SM weak-scale
interactions, called for this reason WIMPs, leading some to refer to this argument
as the WIMP miracle. A Big Bang relic population of weakly interacting particles,
with mass in the 10 GeV-TeV range, would naturally have the correct present
density and they could also helps in solving the hierarchy problem. In reality, the
full differential equations describing the DM number density must be solved [94],
accounting for co-annihilations [95], which may boost the total cross section.
However, the simplicity of this scenario makes such thermal relics an attractive
candidate for DM.

Depending on the parameters of the supersymmetric theory, there are many
possibilities for which sparticles can be the LSP. One popular and well-studied
possibility is the lightest neutralino χ [96], which is a linear combination of the
wino, the bino and the CP-even higgsino, the neutral supersymmetric partners
of the W , the B, the U(1) gauge field corresponding to weak hypercharge, and
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the Higgs boson, respectively. The properties of the lightest neutralino can
vary dramatically depending on the mixing between these different components
and the underlying supersymmetric parameters [97]. According to the Minimal
Supersymmetric Standard Model (MSSM), a theory with ∼100 free parameters,
the neutralino is a stable Majorana particle, with no electric or color charge, with
a mass in the range GeV< Mχ <TeV. In some more constrained theories, with a
smaller number of parameters, it is also possible to make more precise quantitative
predictions for the properties of the neutralino. Two examples are the cMSSM
(constrained MSSM) and the pMSSM (phenomenological MSSM). The first model,
the simplest one, with only 5 free parameters, has become disfavoured after the
recent experimental evidence at the LHC. The pMSSM model is instead based on
some experimentally motivated assumptions (as the R-parity conservation and
the absence of new CP violations) and it allows to reduce the number of free
parameters number down to 19. In other cases, the LSP may be the sneutrino [98],
a partner of the standard model neutrino. Another alternative is the gravitino,
which provides a good cold DM candidate for masses above around 100 keV
[99].

WIMPs also arise in theories of universal extra dimensions, in which the additional
dimensions are compactified, leading to a tower of excited states of the standard
model particles [100]. These “Kaluza-Klein” (KK) particles also possess a KK-parity,
which means that the lightest KK particle (LKP) is stable [101]. One possibility
for the LKP is the first excitation of the B weak hypercharge boson, B(1). In this
case, the WIMP would be a spin-1 particle with a mass of around 1 TeV (in order
to be produced thermally with the correct relic abundance) [102]. It has also
been shown that the first KK excitations of the photon and neutrino are viable
DM candidates if they also have masses at the TeV scale [103]. In contrast to the
LSP, the LKP is described by a relatively small parameter space and may be more
easily constrained by upcoming experiments [104].

WIMPs can in principle be detected in different ways, as it will be explained in
Sec. 2.4.

2.3.2 Sterile neutrinos

In the SM there are three species of neutrinos, namely νe, νµ and ντ , with a not-
vanishing but small mass. Measurements done by Planck indicate an upper bound
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on their total mass of ∼0.72 eV (0.17 eV) using Planck TT+LowP (Planck TT, TE,
EE+lowP+BAO) data [34]. In addition to photons, positrons and electrons, νe,
νµ and ντ neutrinos would have been produced in the early universe, all with
comparable densities. These relic neutrinos are possible dark matter candidates
and have the great advantage that they are known to exist. However, the problem
with SM neutrinos is that they are hot dark matter. They were relativistic when
they decoupled and relativistic when the large-scale structures in the universe
were forming. As a consequence they will stream rapidly under gravity and tend
to iron out any primordial density fluctuations, which are needed to seed such
structures. The conclusion is that neutrinos may constitute some of the dark
matter, but cannot account for a large fraction.

However, a possible expansion of the SM which allows to describe in a natural way
the smallness of the neutrino mass, through the so-called See-Saw mechanism,
consists in adding one or three generations of sterile massive neutrinos. A sterile
neutrino could be either an additional flavour of neutrino that does not couple to
any other known leptons, except possibly indirectly by oscillating into another
flavour, or a right-handed neutrino (or left-handed anti-neutrino) that is invisible
due to its failure to couple with leptons like its left-handed counterpart. Sterile
neutrinos would also be a natural candidate for warm dark matter. They would be
detectable through their tiny mixing with active neutrinos. No theory can predict
their exact mass scale but high enough masses such that they are not-relativistic
are not excluded by Planck measurements, that refer only to relativistic species.
Moreover, astrophysical observations [105, 106] currently limit the mass of warm
sterile neutrinos [107], by looking at the level of small-scale structure formation
observed in the universe, to be larger than 10 keV. If sterile neutrinos are near this
lower mass bound, there must be at least one other form of dark matter; however,
sufficiently massive sterile neutrinos may explain the modern dark matter density
without violating small-scale structure observations.

2.3.3 Axions

One of the most fundamental principle in physics is that of symmetry. A symmetry
operation leaves (at least conceptually) a system invariant. In particle physics,
the discrete symmetries with a significant relevance are
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• Charge conjugation, C: It changes the sign of all internal quantum charges,
like the sign of the electric charge of a particle.

• Parity, P: It is a reflection operator that changes the sign of all three spatial
coordinates. For example, under this operation the momentum, −→p , of a
particle changes its sign, −−→p .

• Time reversal, T: It reverses the time coordinate (t→ -t).

Each of these three discrete symmetries and also partial combinations, like CP ,
is broken in weak interactions. According to quantum chromodynamics (QCD)
there could be a violation of CP symmetry also in strong interactions. However,
CP seems to be a valid symmetry for QCD according to many experimental results,
among all the search for an anomalous neutron electric dipole moment. This
problem is often referred to as the strong CP problem.

Axions are hypothetical light neutral pseudoscalar particles originally introduced
by Peccei and Quinn [108] to solve the strong CP problem. The problem can
in fact be solved by invoking a new spontaneously broken symmetry, leading in
turn to the prediction of the axion, which (if it exists) would certainly have been
produced in great abundance as a sort of condensate in the early universe [109].
Being produced out of equilibrium, with the so-called Misalignment Mechanism,
axions could constitute “cold” dark matter, and, for masses in the range 10−5−10−3

eV, can account for the observed cosmological dark matter [110]. Masses of the
order of µeV are excluded by the constraint on the relic density from the ΛCDM
cosmological paradigm. Masses larger than 1 eV are instead disfavoured by other
observations.

Axions might in principle be detected using a microwave cavity in a strong mag-
netic field; they would be converted to microwave photons in the field. Many
experiments are currently being designed and operated to explore the meV mass
range. Currently underway experiments are ADMX [111] and CAST [112], aiming
to detect the conversion of axions to photons in a magnetic field.
Also of interest are axion-like particles, which emerge naturally in string the-
ory and are expected to span many orders of magnitude in mass and coupling
strength [113].
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2.4 Detection of dark matter

As it has been explained in the previous sections, many theories beyond the SM
provides DM candidates that can interact, even if very weakly, with SM particles.
This allows these models to be tested. Of course, it could still be possible that DM
interacts only gravitationally. In this section, the different strategies that can be
pursued to probe the various models of particle DM will be listed and analysed.

A diagrammatic way to summarize interactions between DM and SM particles is
represented in Fig. 2.4. Production, annihilation and scattering processes between
DM and SM particles can be used as a window to detect particle DM. Each of these
processes leads to a distinct detection strategy, referred to as collider, indirect and
direction detection.

Fig. 2.4.: Schematic diagram of different strategies to detect a dark matter particle χ.
From righ to left: production at colliders; from bottom to top: direct detection
via elastic scattering on nuclei; from left to right: indirect detection through
DM annihilation and identification of decay products.

2.4.1 Collider production

Searches for DM at particle colliders such as the LHC rely on the process depicted
from right to left in Fig. 2.4, namely the fact that SM particles interact to produce
dark matter particles. However, the weak interactions of the DM means that once
produced, it will escape the detector around the interaction point without being
observed. Thus, collider searches for DM must look for signatures of it different
from directly observing it.

One approach is to look for signatures which are predicted by a particular theory.
For example, looking for evidence of KK states [114, 115], or searching for particle
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signatures from decay chains which are expected from SUSY [116, 117]. While
this allows constraints to be placed on specific models, the range of models may
be large, meaning that each must be constrained separately.

A different approach is to look for deviations from SM expectations and use
these to put limits on the operators of a generic Effective Field Theory (EFT),
see e.g. Ref. [118]. One possibility is to look for the pair production of DM
particles, with initial state radiation of a SM particle, which may be observed as a
single jet or a single boson or lepton, depending on which particle was radiated,
accompanied by missing energy, which is carried away by the DM. By combining
all possible particles radiated at the initial state, one can place limits on the
effective operators which describe SM-DM interactions [119]. Using this kind of
approach one can exclude DM with a standard thermal freeze-out cross section
for masses Mχ < 15 (75) GeV in the case of vector (axial-vector) couplings to
quarks [120].

A great advantage of this second approach is that it is possible to translate
these limits into bounds on signals at direct and indirect experiments, giving the
possibility for collider results to be incorporated with other experimental searches
in a complementary fashion [121]. However, attention must be put in applying
the EFT approach at the LHC in a naive way as well as in translating this to other
search channels [122, 123].

So far, despite the numerous searches that are currently pursued at the LHC, there
has been no evidence observed [124]. The non-observation of supersymmetric
particles at the LHC has also begun to place some stringent constraints on SUSY
models, and the simplest DM candidates are now in tension with experimental
limits [125], though they are not yet excluded [126]. The second run of LHC
(2015-2018) and future upgrades (from 2021 on) should be able to explore more
of the possible dark matter parameter space.

2.4.2 Indirect detection

If DM can annihilate into SM particles, as described from left to right in Fig. 2.4,
then it may be detected indirectly, by searching for these excess annihilation prod-
ucts and subsequent related decay products. The Fermi-LAT collaboration have
published limits on searches for unexpected spectral lines and new contributions
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to the diffuse background of gamma rays [127, 128, 129, 130]. Cosmic ray exper-
iments such as PAMELA [131] have aimed to measure the p± and e± abundances
in cosmic rays. Few years ago, the AMS experiment [132] has confirmed a rise
in the cosmic ray positron fraction at energies above 10 GeV, which was previ-
ously observed by PAMELA [133] and Fermi-LAT [134]. This feature has been
interpreted as tentative evidence for dark matter annihilations (see e.g. Ref. [135,
136]). Recently, the DArk Matter Particle Explorer (DAMPE) experiment detected,
during its first 530 days of scientific observation, a tantalizing hint [137] of a peak
at about 1.4 TeV in the Cosmic Ray Electrons plus positrons (CREs) spectrum, see
Fig. 2.5, that could be due to dark matter. Moreover, the direct detection of a
spectral break at E∼0.9 TeV confirms the evidence found by HESS, clarifying the
behaviour of the CRE spectrum at energies above 1 TeV.

Fig. 2.5.: Comparison of two spectral models for the DAMPE Cosmic Ray Electrons plus
positrons spectrum. The dashed and solid line show the best fit results of the
single power-law and smoothly broken power-law models, respectively. Figure
from Ref. [137].

Due to the presence of astrophysical magnets, the trajectory of charged cosmic
rays is deflected, making it impossible to resolve individual sources [138]. On the
other hand, photons are not deflected, allowing specific locations to be targeted.
Since the signal rate along the line of sight is proportional to the DM annihilation
rate, any potential signal should scale as the square of the dark matter density.
Thus, in order to maximize the signal rate one has to point into areas where the
DM density is expected to be high [139], like for example dSph galaxies, which
are dark matter dominated objects. The Fermi-LAT telescope [140] has so far
found no significant gamma ray excess after a survey of about 25 Milky Way
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satellite galaxies. Depending on the WIMP mass and annihilation channel, upper
limits coming from these searches on the annihilation cross section are getting
close to the thermal freeze-out value of 〈σannv〉 ≈ 3 × 10−26 cm3 s−1. In 2012
the presence of a bump in the gamma ray spectrum of Fermi-LAT data around
130 GeV [141] has been suggested by Weniger. However, subsequent analysis has
found that this feature may be a systematic effect in the detector [142] and that it
is difficult to reconcile it with conventional models for dark matter [143, 144].

The sensitivity of gamma ray searches can be extended up to TeV-scale masses
thanks to ground-based Imaging Atmospheric Cherenkov Telescopes (IACTs).
These experiments rely on the Cherenkov radiation produced from charged
particles produced when very high energy gamma rays hit the atmosphere. The
current generation of IACTs experiments, like HESS [145], MAGIC [146] and
VERITAS [147], are used to conduct searches for line-like gamma ray spectra as
well as searches for signals from dwarf galaxies. However, these limits are typically
around two orders of magnitude above the thermal cross section. The Cherenkov
Telescope Array (CTA) will be the next generation ground-based observatory for
gamma-ray astronomy at very-high energies. With more than 100 telescopes
located in the northern and southern hemispheres, CTA will be the world’s largest
and most sensitive high-energy gamma-ray observatory. It may be able to probe
down to this thermal cross section for high WIMP masses [148].

DM particles may scatter with nuclei of the Sun and the Earth, losing energy
and eventually becoming captured. This would result in a local over-density of
DM, making the Sun and the Earth potentially rich source of DM annihilation
processes. The only annihilation products which can escape are neutrinos. They
can then be detected at neutrino telescopes such as ANTARES [149] and IceCube
[150]. Because the neutrino flux depends on the scattering rate of DM with nuclei,
such signals can probe similar parameter spaces to direct detection experiments.
In almost 3 years of data taking the IceCube Collaboration [151] found no signifi-
cant excess of neutrinos over the background, measuring neutrinos produced in
atmospheric air showers from cosmic ray interactions. This results in the most
stringent limit on a neutrino signal from dark matter with mass between 10 GeV
and 100 GeV, with a limit of 〈σv〉 = 1.18×10−23 cm3 s−1 for 100 GeV DM particles
self-annihilating via τ+τ− to neutrinos.
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2.4.3 Direct detection

Processes described from bottom to top in the diagram in Fig. 2.4 lead to the
possibility of scattering between DM and SM particles. The principle of direct
detection is to look for nuclear recoils due to this scattering in a dedicated detector
[152, 153]. WIMPs with GeV-scale masses and speeds v ∼ 10−3 c are expected to
produce keV-scale nuclear recoils, which are difficult to detect. In addition, due
to the expected low cross section for such interactions, the predicted rate is very
small. Thus, this kind of DM detection is very challenging and implies the usage
of large (ton-scale) detectors and also sophisticated methods for discriminating
signal from background. This method of detection of dark matter is the one
exploited in this thesis and it will be explained in more details in Chap. 3.

2.5 Alternatives to dark matter

In this chapter, I have discussed a wide range of evidences that suggest the
existence of DM, as well as some unresolved problems with the ΛCDM paradigm.
In this last section, the possibility that these observations can be explained not
by invoking a new matter species but by a modified law of gravity is considered.
Milgrom [154, 155, 156] proposed the idea of Modified Newtonian Dynamics
(MOND). According to this theory, for small accelerations, namely smaller than
some characteristic value a0, the usual Newtonian dynamics no longer holds.
More in detail, the acceleration a of a particle in a gravitational field ΦN is
governed by

f̃(|a|/a0)a = −∇ΦN . (2.4)

The interpolation function f̃ tends to unity for large values (the Newtonian limit)
but tends to |a|/a0 for values |a| � a0 (the MOND limit). At large distances from
the centres of galaxies, the acceleration will drop below a0 and Eq. 2.4 reduces to
a = v2

c (r)/r =
√
a0∇ΦN , where vc is the circular velocity. Assuming that there is

no DM content, the mass M enclosed within a radius r becomes constant and one
obtains |∇ΦN | ≈ GM/r2. Combining these results, it is possible to see that

v4
c (r) ≈ GMao , (2.5)

which is independent of radius. The key point of MOND is that a flat rotation
curve is obtained without the need to invoke DM. Moreover, Eq. 2.5 is the baryonic
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Tully-Fisher law, which relates the baryonic mass of a galaxy with the asymptotic
rotation velocity, and which does not have an obvious origin in DM-based models
[157]. The value for the characteristic acceleration obtained from fits to over
100 galaxies is a0 = 1.2× 10−10 m s−2 [21], which also reproduces the measured
proportionality constant in the Tully-Fisher law [158].

The phenomenological approach of MOND can be written into a fully covariant
theory of modified gravity, which is known as tensor-vector-scalar (TeVeS) gravity
[159]. This theory contains new dynamical vector and scalar degrees of freedom
and contains a free function, analogous to the interpolation function f̃ . The
formalism for both lensing [160] and cosmological perturbations [161] have both
been studied in TeVeS, with perturbations in the new scalar and vector fields
allowing structure to form without the need for DM.

This kind of models has been severely ruled out [162] after the joint detection
of gravitational waves (GW) observed by the LIGO and VIRGO interferometers
[163] and the optical counterpart [164] from the coalescence of binary neutron
stars. This simultaneous detection of GW and electromagnetic signals rules out a
class of modified gravity theories known as “Dark matter emulators”, including
TeVeS.

Phenomenologically, MOND is able to explain the rotation curves of galaxies
surprisingly well. More recently, Verlinde [165] has given an original but con-
troversial derivation of the MOND formula. He has proposed that the dark
matter phenomena can be attributed to an elastic response of the dark energy
medium. One common problem of this approach is the difficulty to obtain a
“metric-covariant” theory. In fact, such theories are usually formulated in the
weak-field regime, whereas it is known that gravity requires a metric-covariant
description given by GR, at least at solar system scales. In a recent work [166],
some authors proposed that the additional component of the acceleration, com-
monly attributed to DM, can be explained as a radial pressure generated by the
reaction of the dark energy fluid to the presence of baryonic matter. With this
approach they are able to correctly reproduce the leading features of a MOND-like
potential at galactic scales obtaining a covariant theory.

To summarize, MOND can generally give good fits to galaxy rotation curves
[21, 167, 168] and can do so with fewer free parameters than DM halo models.
Moreover, MOND can also reduce the tension between the visible mass in clusters
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and the dynamical or lensing masses [169, 170], but typically only to within a
factor two, still requiring some collisionless matter to fit the data [171]. However,
the biggest problem is that relativistic extensions of MOND still do not reproduce
the features of large scale structure, CMB and more importantly the Bullet Cluster
behaviour with the same success as ΛCDM [172, 173].
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3Direct detection of dark matter
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If a terrestrial dark matter detector is exposed to a DM flux, the dark matter
could scatter off the nucleus of the detector material, as a result of which the
detector nucleus will suffer a recoil. The idea that particle DM may be observed in
terrestrial detectors was first proposed by Goodman and Witten in 1985 [152] and
by Drukier, Freese and Spergel in 1986 [153]. If DM can interact with particles
of the SM, the flux and the interaction cross section of DM from the halo of the
Milky Way may be large enough to cause measurable scattering from nuclei. If
the subsequent recoils can be detected and their energy spectrum measured, it
should be possible to infer some properties of the DM particles. In the simplest
scenario, the scattering is considered to be elastic, and since the WIMPs kinetic
energy in the Earth rest frame is mostly determined by the solar system velocity,
the recoil energy of the nucleus will be very low. A dark matter direct detection
experiment looks for the signature of this low recoil energy (∼keV) of the nucleus
due to the possible impact of dark matter.

However, the expected event rate for keV-scale recoils at such a detector would
be of the order of 10−5 events per kg of detector material per day per keV
recoil energy [174]. With such a low event rate, it is mandatory to reduce
the background content as much as possible. Such detectors therefore should
be installed in a very low background environment in order to detect this rare
and very low recoil energy signal. In addition, detectors should be as large as
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possible and sensitive to a wide range of recoil energies, in order to maximise
the total number of events observed. Thus, specialised detectors are required to
shield the active detector material from backgrounds and to discriminate between
these backgrounds and signal events. The energy lost by the recoiling nucleus is
detected by the effect it may produce in the detector. These can be scintillation
light, ionization, bolometric current, phonon excitation, etc.

There exist at present a wide range of detectors using a variety of different
sophisticated techniques for detecting such a weak signal against unavoidable
backgrounds, each probing a slightly different range of DM parameter space.
The calculations of direct detection rates involve broadly two aspects. One
involves both particle physics and nuclear physics, which are required to calculate
the elastic scattering cross-sections, and the other is the astrophysics aspect that
deals with inputs like galactic and solar dynamics results, the local dark matter
density, the dark matter velocity distribution in galactic halo, etc. Knowledge
of dark matter density is an essential ingredient in the computation of direct
detection rates.

There remain a number of uncertainties in the direct detection of dark matter.
These come from a variety of sources and can be approximately partitioned into
experimental, nuclear, particle and astrophysical uncertainties. Understanding
these uncertainties is important in order to interpreter the results of direct de-
tection experiments in a proper way. I also helps in understanding whether a
coherent picture can emerge from a number of different experimental results.

In this chapter, I will review the formalism for direct detection. I will then briefly
discuss the most used experimental techniques to achieve the required sensitivity
for DM searches. Eventually I will summarise current experimental results and
constraints. A particular focus will be put on the role of the nuclear form factor
and directional dark matter detection, that is a technique that could help to
distinguish if a hypothetical signal seen by a future detector is a genuine signal or
if it is due to other backgrounds which modulate with a year periodicity.

3.1 Direct detection formalism

In this section I will explain how to obtain the rate of nuclear recoils per unit
detector mass due to elastic, non-relativistic scattering from a fermionic weakly
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interacting massive particle. Dark matter is typically assumed to be spin-1/2,
though the analysis here can be generalised to particles of arbitrary spin [175].
The differential event rate can be written straightforwardly as

dR
dER

= NT Φχ
dσ

dER
, (3.1)

for recoils of energy ER, NT target particles, a DM flux Φχ and a differential
scattering cross section dσ/dER. Per unit detector mass, the number of target
particles is simply NT = 1/mN , for nuclei of mass mN . The DM flux for particles
with speed in the range v → v + dv in the laboratory frame is Φχ = nχvf1(v) dv.
Here, nχ is the number density of dark matter particles χ and f1(v) is the speed
distribution for the dark matter. The orbit of the Earth means that its velocity
is time-varying, producing an annual modulation in f1(v) and therefore in the
direct detection event rate [176]. However, this modulation is expected to be a
percent-level effect and we consider here only the time averaged distribution.

Denoting the local dark matter density by ρ0, we can obtain the number density
from the mass density dividing by the DM particle mass Mχ as nχ = ρ0/Mχ. By
integrating over all DM speeds, we therefore obtain

dR
dER

= ρ0
mNMχ

∫ ∞
vmin

vf1(v) dσ
dER

dv , (3.2)

where vmin is the minimum velocity required to scatter a nucleus with recoil
energy ER

vmin =
√
mNER
2µ2

χN

. (3.3)

Here, we have written the reduced mass of the WIMP-nucleus system as µχN =
MχmN/(Mχ +mN ).

The differential scattering cross section per solid angle in the zero-momentum
frame (ZMF), known also as center-of-momentum frame, Ω∗, is given by

dσ
dΩ∗ = 1

64π2s

p∗f
p∗i
|M|2 , (3.4)

whereM is the scattering amplitude obtained from the Lagrangian. For elastic
scattering, the final and initial momenta in the ZMF are equal p∗f = p∗i . The
centre-of-mass energy squared, s, can be written as s ≈ (Mχ +mN )2, where we
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have used the non-relativistic approximation. The recoil energy can be written in
terms of the ZMF scattering angle θ∗ as [174]

ER =
µ2
χNv

2

mN
(1− cos θ∗) . (3.5)

Noting that dΩ∗ = d cos θ∗dφ, we can write

dER
dΩ∗ =

µ2
χNv

2

2πmN
, (3.6)

and therefore
dσ

dER
= 1

32πmNM2
χv

2 |M|
2 . (3.7)

The matrix element M is obtained from interaction terms in the Lagrangian
between the DM particle and quarks. This will depend on the particular DM
model under consideration and the full form of these interaction terms is not
known. It is typically assumed that these terms can be adequately described by a
contact interaction, meaning that the particles mediating the interaction are much
more massive than the momentum transferred [177]. The momentum transfer in
direct detection experiments is typically less than ∼ 200 MeV, suggesting that this
assumption is somehow reasonable.

Because the WIMPs have speeds of order 10−3c, the scattering occurs in the
non-relativistic limit, allowing some important simplifications. In this limit, the
axial-vector interaction simply couples the spins of the WIMP and quark. The
scalar interaction induces a coupling of the WIMP to the number of nucleons in
the nucleus, with the vector1 and tensor interactions assuming the same form as
the scalar in the non-relativistic limit [92]. All other interactions are typically
suppressed by powers of v/c and so will be subdominant. Generically, then, the
cross section is written in terms of spin-independent (SI) and spin-dependent
(SD) interactions [152] as

dσTOT

dER
= dσSI

dER
+ dσSD

dER
. (3.8)

The theoretical calculation for the elastic scattering cross-section of a cold dark
matter particle off a target nucleus requires three steps.

1For the case of a Majorana fermion, the vector current vanishes and we do not need to consider
it.
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1. The interaction at the fundamental level is guided by the coupling of the
WIMP with quarks (and gluons) inside the nucleon. This coupling is depen-
dent on the particle candidate of CDM for a chosen particle physics model
and hence it is model dependent. The interaction at the fundamental level
is guided by the coupling of the WIMP with quarks (and gluons) inside the
nucleon.

2. Since it is the nucleus whose recoil energy or momentum transfer is im-
portant (WIMP-nucleus scattering), the second step is to translate this
interaction from fundamental particle level to nucleonic level using proper
hadronic matrix elements. Also needed is the distribution of quarks in
nucleons.

3. The final step is to take into account the proper nuclear matrix elements
that are obtained by evaluating the matrix elements of nucleon operator in
the nuclear state.

As already said, the WIMP-nucleus scattering cross section derived following this
prescription is constituted by two parts, the SI and SD one. In the next section I
will explain in more detail each of them.

3.1.1 Spin-independent cross section

Spin-independent interactions are generated predominantly by scalar terms in a
four-Fermi effective Lagrangian of the type

L ⊃ αqSχ̄χq̄q , (3.9)

which describes interactions with a quark species q with coupling αqS and χ repre-
sents the particle dark matter field. The operator q̄q is simply the quark number
operator, which couples to the quark density. However, we should recall that
the quarks are in nucleon bound states. We consider first the contributions from
neutrons |n〉, so we should evaluate 〈n|q̄q|n〉, adding coherently the contributions
from both valence and sea quarks. These matrix elements are obtained from
chiral perturbation theory [178] or Lattice QCD [179] and can be parametrised
in terms of their contribution to the nucleon mass in the form:

mnf
n
Tq ≡ 〈n|mq q̄q|n〉 . (3.10)
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Adding the contributions of the light quarks q, as well as the heavy quarks Q and
gluons g (which contribute through the chiral anomaly [180]), we can obtain the
following expression

〈n|
∑
q,Q,g

q̄q|n〉 =

 ∑
q=u,d,s

mn

mq
fnTqα

q
S + 2

27f
n
TQ

∑
Q=c,b,t

mn

mq
αQS

 ≡ fn . (3.11)

The parameters describing the contributions of the different quarks to the nucleon
mass must be determined experimentally.

We now consider the matrix elements of the nucleon operators within a nuclear
state, |ΨN 〉: 〈ΨN |fnn̄n|ΨN 〉. These operators now simply count the number of
nucleons in the nucleus Nn, along with a momentum-dependent form factor,
F (q). This depends on the momentum transfer q and corresponds to the Fourier
transform of the nucleon density. This takes into account the loss of coherence for
nuclear scattering due to the fact that the nucleus is not point-like. We therefore
obtain:

〈ΨN |fnn̄n|ΨN 〉 = 〈ΨN |ΨN 〉fnNnFn(q) = 2mNf
nNnFn(q) , (3.12)

where we note that we require the wave functions to be normalised to 2E ≈ 2mN

for a nucleus of mass mN . We now add the contribution from protons to the
matrix element, assuming2 that Fn ≈ Fp = F

〈ΨN |fnn̄n+ fpp̄p|ΨN 〉 = 2mN (fnNn + fpNp)F (q) , (3.13)

where now Nn and Np are the neutron and proton numbers of the nucleus
respectively.

The corresponding matrix element for the scalar WIMP operator χ̄χ is simple in
the non-relativistic limit, which gives 2Mχ [92, 181]. Combining these, we obtain
the scalar matrix element

|MS |2 = 16M2
χm

2
N |fpZ + fn(A− Z)|2 |F (q)|2 , (3.14)

and the SI cross section

dσSI
dER

= mN

2πv2 |f
pZ + fn(A− Z)|2 |F (q)|2 , (3.15)

2This assumption is not always valid as we will see in Sec. 3.1.4
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where we have used the atomic number Z and mass number A to describe the
composition of the nucleus. It is conventional to write this in terms of the WIMP-
proton SI cross section, which does not depend on the particular (A,Z) of the
target nucleus and thus allows easy comparison between experiments. This cross
section is given by

σpSI =
µ2
χp

π
(fp)2 , (3.16)

and so the WIMP-proton differential cross section is

dσSI
dER

= mNσ
p
SI

2µ2
χpv

2 |Z + (fn/fp)(A− Z)|2 |F (ER)|2 . (3.17)

For equal coupling between WIMP-proton and WIMP-neutron, which means
fp = fn, the differential cross section becomes

dσSI
dER

= mNσ
p
SI

2µ2
χpv

2A
2 |F (ER)|2 , (3.18)

in which we recognize the usual A2 proportionality. This is telling us that for
WIMP detection is preferable to use a heavy nuclei but since the form factor
|F (ER)|2 decreases faster for bigger nuclei, as we will see in next sections, the
optimal choice of the target nuclei depends on the WIMP mass range that we are
interested in exploring. I will examine in depth this trade-off effect later.

3.1.2 Spin Dependent cross section

The spin-dependent interaction originates from axial-vector currents of the form

L ⊃ αqAV (χ̄γµγ5χ)(q̄γµγ5q) . (3.19)

These result in a coupling of the spins of the WIMP and nucleus. In analogy with
the SI case, we can write the neutron quark matrix elements in the form [182,
183, 184]

〈n|q̄γµγ5q|n〉 = 2snµ∆n
q , (3.20)

where sµ is the spin 4-vector and ∆q parametrises the contribution of quark q to
this total spin. Adding the contributions of the different quarks, we can define

ap,n =
∑

q=u,d,s

αqAV√
2GF

∆p,n
q , (3.21)
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which are the effective proton and neutron spin couplings.

Including the contribution from the WIMP axial-vector current, the nuclear matrix
element can then be written as

〈ΨN |
∑

q=u,d,s
aqAV (χ̄γµγ5χ)(q̄γµγ5q)|ΨN 〉

= 8
√

2GFMχ〈ΨN |apSpµ + anS
n
µ |ΨN 〉sµχ |FSD(q)|2 , (3.22)

where sµχ is the WIMP spin, Sp,n are the total proton and neutron spin in the
nucleus and FSD(q) is a form factor, as in the SI case, which is determined by the
internal spin structure of the nucleus. From this, the full SD cross section is [174]

dσSD
dER

= 16mN

πv2 G2
F

J + 1
J
|ap〈Sp〉+ an〈Sn〉|2 |FSD(ER)|2 , (3.23)

where J is the total nuclear spin and 〈Sp,n〉 are the expectation values for the
proton and neutron spin in the nucleus.

Again, as in the SI case, it is convenient to rewrite this expression in terms of the
proton cross section σpSD, which is given by

σpSD = 24G2
F

π
µ2
χp(ap)2 . (3.24)

This leads to the final expression for the SD cross section

dσSD
dER

= 2mNσ
p
SD

3µ2
χpv

2
J + 1
J
|〈Sp〉+ (an/ap)〈Sn〉|2 |FSD(ER)|2 . (3.25)

3.1.3 The final event rate

It is helpful to collect these various results together to form a coherent picture of
the event rate. Combining the SI and SD rates together, we can write

dσTOT

dER
= mN

2µ2
χpv

2

(
σpSICSI |F (ER)|2 + σpSDCSD|FSD(ER)|2

)
, (3.26)
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where the proton cross sections σpSI,SD were defined in the previous section, the
form factors F 2

(SD) will be discussed in more detail in Sec. 3.5.1 and we have
defined the enhancement factors as

CSI = |Z + (fn/fp)(A− Z)|2 (3.27)

CSD = 4
3
J + 1
J
|〈Sp〉+ (an/ap)〈Sn〉|2 . (3.28)

We can now incorporate these into the full event rate

dR
dER

= ρ0
2µ2

χpMχ

(
σpSICSI |F (ER)|2 + σpSDCSD|FSD(ER)|2

) ∫ ∞
vmin

f1(v)
v

dv .

(3.29)

Since in this thesis we are mainly interested to argon as a target material I
will present only the SI event rate since 40Ar is a spinless nucleus and the SD
contribution vanishes.

The SI differential rate for equal coupling between WIMP and proton and WIMP
and neutron is

dR
dER

= ρ0
2µ2

χpMχ

(
σpSIA

2|F (ER)|2
) ∫ ∞

vmin

f1(v)
v

dv , (3.30)

where σpSI = σnSI ≡ σSI will be referred to as the WIMP-nucleon cross section.

In a direct dark matter experiment, the coherence of elastic scattering is important
as the target becomes insensitive to the energy deposition if the coherence is
lost. One can make an estimation of the recoil energy for which such coherence
will be lost for a target nucleus of mass number A. The WIMP-nucleus scattering
interaction loses its coherence when the de Broglie wavelength λ (corresponding
to the momentum transfer) becomes greater than the nuclear size R ∼ A1/3 fm.
In natural units (~ = c = 1, 200 MeV fm'1), the condition for coherent scattering
can be written as

λ . A1/3 . (3.31)

With the momentum transfer |q| =
√

2mNER the condition in Eq. 3.31 takes the
form

λ = 1
|q| = 1√

2mN [GeV]ER[keV]
.
A1/3

200 MeV−1 . (3.32)

3.1 Direct detection formalism 43



With the approximation mn = mp ' 1 GeV (mn, mp are the masses of proton and
neutron, respectively), the nuclear mass is mN ' AGeV. Thus from the condition
in Eq. 3.32, the coherence is lost when

ER &
2× 104

A5/3 keV . (3.33)

Therefore, although the choice of heavier nuclei in principle gives enhanced
scattering cross-section (see Eq. 3.18 and Eq. 3.30), care should be taken when
designing a direct dark matter detection experiment in order to not loose the
coherence. For example, for argon (A=40) the coherence is lost approximately for
ER greater than 43 keV, while for xenon (A=131) it happens for recoil energies
greater than 6 keV. This point will be quantitatively studied in the next section in
connection with the form factor which takes into account more properly the loss
of coherence.

The shape of the differential event rate in Eq. 3.30 depends on a number of
factors: the DM and target nuclear masses which determine the kinematics of the
process (like the minimum WIMP velocity), the recoiling energy and the WIMP
flux. A less trivial dependence is embedded in the nuclear form factor and in the
shape of the DM speed distribution f1(v). I will analyse these two last ingredients
in the following sections.

3.1.4 Nuclear form factor

Nuclear physics enters into the calculation of form factors, describing the internal
nucleon and spin structures of the nuclei. For the SI case, the form factor is
obtained from the Fourier transform of a spherically symmetric ground state mass
distribution normalized so that F (0) = 1:

F (q) = 1
mN

∫
ρmass(r)e−iq·rd3r = 1

mN

∫ ∞
0

ρmass(r)
sin qr
qr

4πr2dr. (3.34)

Since the mass distribution in the nucleus is difficult to probe, it is generally
assumed that mass and charge densities are proportional

ρmass(r) = mN

Ze
ρcharge(r), (3.35)
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so that charge densities, determined through elastic electron scattering, can be
utilized instead. Because of the normalization at q = 0, the proportionality
assumption amounts to

Fmass(q) = Fcharge(q). (3.36)

It is of course convenient to have an analytic expression for the form factor. Up to
now, this expression has been provided by the Helm form factor FH [185]. The
latter is defined as the product of two fairly simple form factors: one associated
with a uniform (box) density FB and the other one accounting for a Gaussian
falloff FG

FH(q) = FB(q)FG(q) = 3 j1(qR0)
qR0

e−q
2 s2/2 , (3.37)

where

FB(q) =
∫
e−iq·rρ

B
(r)d3r =

∫
e−iq·r

(3Θ(R0−r)
4πR3

0

)
d3r = 3 j1(qR0)

qR0
, (3.38a)

FG(q) =
∫
e−iq·rρ

G
(r)d3r =

∫
e−iq·r

(
e−r

2/(2 s2)

(2π s2)3/2

)
d3r = e−q

2 s2/2 . (3.38b)

Here, Θ is the Heaviside function and j1(x) is the spherical Bessel function of
order one

j1(x) = sin(x)
x2 − cos(x)

x
. (3.39)

A great advantage of the Helm form factor is that it is defined in terms of a form
factor that encodes the uniform interior density and another one that characterizes
the nuclear surface. As a consequence, the Helm form factor is defined entirely
in terms of two constants the box (or “diffraction”) radius R0 and the surface
thickness s, parameters that need to be fit separately for each nucleus. A closed-
form expression for the Helm density exists and it is given by,

ρ
H
(r)= 1

2ρ0

[
erf
(
r +R0√

2 s

)
−erf

(
r −R0√

2 s

)]
(3.40)

+ 1√
2π

(
s

r

)
ρ
0

[
exp

(
−(r +R0)2

2 s2

)
−exp

(
−(r −R0)2

2 s2

)]
,

where ρ
0
≡ 3

4πR3
0

and erf(x) is the error function

erf(x) = 2√
π

∫ x

0
e−z

2
dz. (3.41)
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The first three moments of the Helm distribution are given by the following simple
expressions

R2 ≡ 〈r2〉 = 3
5R

2
0 + 3s2 , (3.42a)

R4 ≡ 〈r4〉 = 3
7R

4
0 + 6R2

0s
2 + 15s4 , (3.42b)

R6 ≡ 〈r6〉 = 1
3R

6
0 + 9R4

0s
2 + 63R2

0s
4 + 105s6 . (3.42c)

The parameters R0 and s are usually chosen to match numerical integration
of Two-Parameter Fermi (Woods-Saxon) model or other parametric models of
nuclear density. For example, Lewin and Smith [186] demonstrated a method
for fitting parameters in the Helm form factor to muon spectroscopy data in the
Fricke et al. compilation [187]. They performed a two-parameter least squares fit
to the muonic spectroscopy data, finding the values of R0 and s for the Helm form
factor which best reproduce the numerical Fourier transform of a Two-Parameter
Fermi distribution. Explicitly they set

R0(A) =
√
c(A)2 + 7

3π
2a2 − 5s2 (3.43)

and take s ' 0.9 fm, a ' 0.52 fm (as Fricke et al. in their table IIIA), and

c(A) ' 1.23A1/3 − 0.60 fm (3.44)

which is a least squares fit to the same table in Fricke et al..
This procedure, however, should be approached with caution due to the fact that
the results depend on the nuclear density model (in this case the Two-Parameter
Fermi) which was used in the original fit to the data. Moreover, in the Fricke et al.
compilation in their table IIIA, the value of the skin thickness was fixed, resulting
in a one parameter fit. Hence the fit to the form factor generated from the muon
spectroscopy data is in essence a fit to a fit. The advantage here is that a more
accurate Helm form factor is generated which is analytic and eliminates the need
for numerical integration. In Fig. 3.1 I show the square of the Helm form factor as
in Eq. 3.37 using the Lewin-Smith [186] prescription for R0 in Eq. 3.43 for three
different nuclei, xenon (blue solid line), argon (red dashed line) and germanium
(green dot-dashed line) as a function of recoil energy ER in keV (top panel), the
momentum transfer q in fm−1 (middle panel) and q in MeV (bottom panel).

It is important to note that the use of the Helm form factor has been adopted in
all the WIMP rate calculations performed by all the direct detection collaborations
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Fig. 3.1.: Square of the Helm form factor as in Eq. 3.37 using the Lewin-Smith [186]
prescription for R0 in Eq. 3.43 for three different nuclei, xenon (blue solid
line), argon (red dashed line) and germanium (green dot-dashed line) as a
function of recoil energy ER in keV (top panel), the momentum transfer q in
fm−1 (middle panel) and the momentum transfer in MeV (bottom panel).
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when obtaining their results (i.e. the exclusion or sensitivity curves). The reason is
twofold. One is that the Helm form factor with the Lewin and Smith prescription
provides an analytical way to obtain straightforwardly the form factor for all the
interested nuclei with only one free parameter, namely the atomic number A. The
second reason concerns the need to uniform all the experimental results in order
to make the comparison between the different exclusion curves in a simply way.

However, I want to remind here that the WIMP event rate formula in Eq. 3.30
is effected by two main approximations. The first is that the form factor of the
proton distribution is equal to that of the neutron, namely Fn ≈ Fp = F which as
we will see in the discussion in Chap. 7, it is not necessarily true and moreover
it is very relevant. The second is that the Helm form factor, F = FH does not
represent the distribution of all the nucleons in the nucleus but rather the proton
distribution since it has been obtained through the electron scattering data which
probe only the charged distribution.
Relaxing all these hypotheses, the WIMP event rate, for equal couplings fp = fn,
should read as

dR
dER

= ρ0σ
p
SI

2µ2
χpMχ

(
|ZFp(ER) + (A− Z)Fn(ER)|2

) ∫ ∞
vmin

f1(v)
v

dv , (3.45)

where Fn(ER) and Fp(ER) are, respectively, the nuclear neutron and proton
form factors. The neutron distribution is basically not known because it is more
difficult to obtain experimentally than the information on the proton nuclear
form factor, that can be obtained with elastic electron-nucleus scattering and
other electromagnetic processes. Probably for this reason, in the dark matter
community the approximation that Fn ≈ Fp = FH has been extensively used and
it is at present the most used prescription despite its limitation.

I will examine this problem in Chap. 7 and I will propose a possible extension in
view of the possibility to extract some information of the neutron form factor using
the coherent elastic neutrino nucleus scattering data [1] from the COHERENT
experiment [188].

In the SD case, however, the situation is even more complicated. In order to
calculate the SD cross section, we need to know the proton and neutron spin
content 〈Sp,n〉 as well as the form factor |FSD|2. The form factor can be written
in the form

|FSD(ER)|2 = S(ER)/S(0) , (3.46)
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in terms of the response function S(ER). This response function can in turn be
decomposed into three spin-dependent structure functions (SDSFs)

S(ER) = a2
0S00(ER) + a0a1S01(ER) + a2

1S11(ER) , (3.47)

where a0 = ap + an is the isoscalar coupling and a1 = ap − an is the isovector
coupling. The zero momentum transfer value S(0) is related to the proton and
neutron spin expectation values by [189]

S(0) = 2J + 1
π

J + 1
J
|ap〈Sp〉+ an〈Sn〉|2 . (3.48)

We can therefore write the SD cross section of Eq. 3.25 as

dσSD
dER

= 2π
3
mNσ

p
SD

µ2
χpv

2
1

2J + 1
S(ER)
(ap)2 . (3.49)

The nuclear physics is now encapsulated in a single response function S(ER) (or
equivalently two SDSFs S00 and S11). The functional form for Sij can be calculated
from shell models of the nucleus [190]. However, there are a number of competing
models in the market, for example the Independent Single Particle Shell Model
[191], the Odd Group Model [192] and the Interacting Boson Fermion Model
[193] just to cite some of them. Different methods to account for forces between
quarks are used by this models which result in different forms for the SDSFs.
This is a clear sign of a big uncertainty associated to the SD cross section. This
problem was studied and partially solved by Cerdeño et al. [194]. He proposed a
parametrisation for the spin structure functions in terms of u = (qb)2/2, where
b =

√
41.467/(45.0A−1/3 − 25.0A−2/3) is the oscillator size parameter. It was

shown that the Cerdeño parametrisation was able reduce the uncertainties in the
SD cross section.
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3.2 Distribution of DM in our galaxy

In order to understand the distribution of dark matter in the Milky Way and
the correlated speed distribution of the DM, one may broadly consider three
important zones, namely the galactic center, the solar neighbourhood, and the
DM halo that extends much beyond the visible Milky Way disk and that surrounds
the disk and bulge of the Milky Way. The galactic center is difficult to probe
from the position of the solar system as the visible light is mostly obscured by the
interstellar medium on the line of sight. However, it is known that there is a bulge
in the central region of the galaxy but it is difficult to estimate the mass of it since
its evolution cannot be treated without considering the evolution of the galactic
disk. However, the stars in the bulge contribute dominantly to the luminosity of it
up to about 1 kpc from the galactic center. Near the galactic center, there is a star
cluster which is a mixture of old and new stars. This cluster has a central cusp
that follows a power law ∼ r−1.2 up to about 0.22 pc and afterwards it appears to
follow a broken power law with ∼ r−1.7 for larger distances from the center.
Many such observational results may be used to determine some properties of
dark matter in the galaxies such as the local DM density, the mass of the halo,
etc. But one also needs to know, for example, the velocity distribution of DM, the
DM substructure, and also the profile of the halo. In cases such as these where
the observational results are not sufficient, one has to depend on theoretical
models and N-body numerical simulations. Some of these theoretical models rely
on numerical simulation and consider that there is a perturbation called a seed
perturbation and that the materials accrete around this seed perturbation in a
self-similar manner. However, it is realized that the formation of a DM halo cannot
be represented by this simplistic model. The dark matter halo formation can have
a very different history. For example, some halos might have experienced the
violent merger of smaller mass halos. Therefore the simplistic model of self-similar
accretion should be considered with this kind of chaotic and violent picture for
the formation of DM halos. It is perhaps also becoming increasingly apparent that
the DM halo is not just a smooth distribution of DM. The halo perhaps has lots of
substructures with an average smooth nature. These substructures in fact may
store important information of the particle nature of the DM.

The numerical simulation for halo formation is generally based on the spherical
accretion of mass and the merger of lower mass halos. But the halos formed by
such clustering may not be that spherical. In fact, the more massive a halo is, the
more it tends to deviate from its spherical nature. With the increase of mass, the
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shape of the halo tends to be more and more prolate while the major axis tracks
the large-scale structure distribution. In simulation, a uniform grid of particles is
first considered for the unperturbed Universe and a linear density perturbation is
introduced. The growth around the perturbation is then simulated. The overdense
region breaks away from the Universe’s expansion. The gravitating (self-bound)
dark matter halo formation is then studied. These simulations predicts a density
profile steeper than ρ ∝ r−2 (for the spherical symmetric case) [195]. In order to
construct a universal halo density profile, the spherically averaged profiles are
considered. The simulation indicates that the slope at the central inner region is
asymptotically ρ ∝ r−1 [196] and at the outer region, the density profile suffers a
steeper nature (ρ ∝ r−3), indicating a double power law profile. One of these,
the Navarro-Frenk-White (NFW) profile, is nearly universal for wide range of
halo masses. Recent results from Aquarius simulations suggest that at the central
region of the halo, the profile tends to be progressively more shallow rather than
acquiring an asymptotic slope [197]. This behaviour favours more the Einasto
profile given by ρ (r) = ρ−2 exp [− ((r/r−2)α − 1)], where ρ−2 is the density at
r−2, the radius at which the log slope is -2 for the Milky Way, α=0.17.

The local dark matter density in the solar neighbourhood is important for various
DM calculations. Firstly, the experimental bounds on DM direct detection cross
sections for different DM masses are becoming more and more stringent as we
will see in Sec. 3.6. Indirect detection experiments are coming up with new
results in detecting the excess gamma rays, positron excess, etc as we have briefly
seen in Sec. 2.4.2. The theoretical calculations for these excesses on the basis
of dark matter annihilations also require the knowledge of local DM density. To
complicate the situation, there is the idea of the presence of a DM disk which is
distinct from the DM halo. The theoretical probe for the existence of such a disk
demands understanding of the distribution of DM in our neighbourhood. The
calculation of the local density depends on the potential which is calculated from
the stellar distribution function. The stellar distribution function f is defined
such that the total number of stars in an elementary phase space volume d3x d3v

is f (x, v) d3x d3v where d3v denotes an elementary volume in velocity space
around the velocity v. From this, the density of stars perpendicular to the disk
plane, ρs (z), is estimated from the gravitational potential φ (z) perpendicular to
the disk. Now, this potential is due to both stars and DM. With a model for φ (z),
the total density (dark matter + stellar), ρT is formulated. The resulting equations
are then solved iteratively to obtain solutions for ρT and ρs (z) from which the
local dark matter density is estimated. Computer-based studies of the models of
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galaxy formation and their comparison with relevant observational results, lead
to obtaining the density profile of the galactic halo. Some simulations seem to
suggest a central density cusp and self-similar halo, whereas the observations are
indicative of a flat density profile. For the simulations, one generally considers that
the dominant component of DM is nonbaryonic cold DM that is nonrelativistic,
collisionless, and interacts with baryons only gravitationally. These simulations
however do not support the possibility of a baryonic component of DM in the
formation of a flat halo. If the galactic gas and stars at the outer region of the
galaxy move with a constant circular velocity, the density profile of the dark
matter halo should go as ρ−2, for appropriate r. This profile is similar to the case
of a system of particles that is self-gravitating and isothermal, having constant
velocity dispersion. Thus, the approximated isothermal density profile is given by

ρ (r) = ρcen

1 + r2

r2
core

, (3.50)

where ρcen is the density at the center and rcore is the core radius. In the zone
where r < rcore, this isothermal density profile becomes almost constant, suggest-
ing a finite central density. But some other simulations claim to have obtained
a cuspy nature of central dark matter density whereby ρ diverges as r−1 in the
central region. In other words, ρ tends to infinity at the center (this is the “Core-
Cusp” problem introduced in Sec. 2.1.4). But this nature of the halo profile at the
central region is difficult to verify for the case of spiral galaxies as the baryons
dominate gravitationally in the inner region of a normal galaxy. The other suitable
alternatives are to investigate the dark-matter-rich spiral dwarf galaxies. Studies
of rotation curves of such galaxies indicate that the halo density is not infinite
at the center and appears to support a shallow isothermal type profile as shown
in Eq. 3.50. However there are other halo profiles that are in vogue such us the
Moore profile [198] and different kind of parametric form of the Einasto halo
profile [199].

The other important aspect is the velocity distribution of dark matter in the
DM halo. Knowledge of it is important for both direct and indirect detection
calculations. For the case of direct detection, the high-energy tail of the velocity
distribution is more relevant. Since the scattering process of dark matter off the
target nucleus is driven by the kinematics of the process, it is more sensitive to
the high-velocity end of the profile. On the other hand, the indirect detection
of DM through,for example, the high-energy solar neutrinos produced by the
annihilation of DM captured by the gravity of solar core, is more sensitive to the
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lowest velocity of the profile. From the knowledge of the motion of collisionless
stars in galaxies and considering the influence of other constituents of the galaxy
leads one to apply the central limit theorem that brings to a Maxwell-Boltzmann
distribution for velocities. The latter distribution for the DM velocities is given by

f(v) = 1√
(2πσ2

v)
3

exp
[
−1

2

( v
σv

)2
]
, (3.51)

where σv is the velocity dispersion. It should be noted that this distribution
depends only on the velocity. This is thus an isotropic distribution and may
perhaps be derived from a simple isothermal profile. However, as already said,
the formation of the Milky Way via merger events may lead to significant structure
in both the spatial and velocity distribution of the dark matter halo, including
dark matter streams and tidal debris [200, 201, 202].

In the following section I will examine in more detail the velocity distribution of
dark matter particles in the Galactic halo which affects the signal in dark matter
detectors.

3.3 Dark matter speed distribution

The WIMP speed distribution is typically assumed to have a simple form in the
so-called Standard Halo Model (SHM) [203, 204], in which WIMPs are considered
to be an isothermal sphere with an isotropic, Maxwellian velocity distribution,
truncated at the Galactic escape speed vesc ≈ 544 km s−1 [205, 206], and rms
velocity dispersion σv. We define f̃(v) as the distribution in the rest frame of
the dark matter population (i.e. the frame in which the bulk motion of the dark
matter particles is zero); in the case of the (essentially) non-rotating smooth halo
background, that frame is the Galactic rest frame. The lab frame distribution is
obtained through a Galilean transformation as described later. The SHM velocity
distribution is written as

f̃(v) =


1

Nesc

(
3

2πσ2
v

)3/2
e−3v2/2σ2

v , for |v| < vesc

0, otherwise.
(3.52)

Here, the factor Nesc is required to satisfy the normalization condition:∫
f̃(v) d3v = 1 , (3.53)
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which gives

Nesc = erf(z)− 2√
π
ze−z

2
, (3.54)

with z ≡ vesc/v0 and v0 =
√

2/3σv3 is the most probable speed, with an approxi-
mate value of 235 km/s [207, 208, 209, 210].

By integrating over all directions we obtain f(v) and the speed distribution is
then given by

f1(v) = f(v) v2 =
∫
f̃(v) v2 dΩv . (3.55)

The Maxwellian distribution is truncated at the escape velocity vesc to account for
the fact that WIMPs with sufficiently high velocities escape the Galaxy’s potential
well and, thus, the high-velocity tail of the distribution is depleted. The DM
escape velocity in the Milky Way is estimated from that of high-velocity stars.

For obtaining the DM direct detection rates at Earth, the velocity in the galactic
rest frame vgal should be transformed into the Earth rest frame, which can be
realized by the transformation

vr = vgal − vE , (3.56)

where vE is the velocity of the Earth with respect to the galactic rest frame. The
Earth moves with the solar system through the Galaxy with the same velocity vsol

and it has a periodic orbital velocity vorb around the sun. Thus, the expression for
vE is

vE = vsol + vorb cos γ
(2π (t− t0)

T

)
. (3.57)

In the above equation γ denotes the angle subtended by the Earth’s orbital plane
(ecliptic) at the galactic plane (γ '60°), vorb is about 30 km/s, T(= 1 year) is the
time period of Earth’s revolution around the sun and t0 is a reference time in a
year. The velocity vsol of the solar system in the galactic rest frame is given by

vsol = v0 + vpec , (3.58)

where v0 is the speed of the local system around the galactic center at the position
of solar system, vpec is the peculiar velocity, about 12 km/s, which is the velocity

3Note that if we write the speed distribution function as in Eq. 3.51 the relation between the
dispersion and the velocity becomes v0 =

√
2σv.
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of solar system with respect to the local system and for v0 a value of 220 km/s
can be adopted4.

With this variable change we can obtain the relevant one-variable DM velocity
distribution in the Earth reference frame for direct detection experiment. Ignoring
for the moment the seasonal motion of the Earth around the Sun5, we manipulate
Eq. 3.52

f̃(v)d3v = 1
Nesc(v0

√
π)3 e

−v2/v2
0d3v , (3.59)

to obtain the one-variable velocity distribution

f1(v)dv = 4v2N

v3
0
√
π
e−v

2/v2
0dv . (3.60)

With the variable change in Eq. 3.56, we have

f(vr)d3vr = f(v)d3v = f(vr + vE)d3vr because d3v = d3vr . (3.61)

For a fixed vr, we integrate the polar angle between vr and vE to obtain the final
result

f1(vr)dvr = N
vrdvr
vEv0

√
π

(
e−(min(vr−vE ,vesc))2/v2

0 − e−(min(vr+vE ,vesc))2/v2
0
)
. (3.62)

Note that if vr > vesc + vE , then f1(vr) = 0.

The one-variable DM velocity distribution in the Earth reference frame enters into
the direct detection rate, see Eq. 3.30, through the integral6

η(vmin) ≡
∫ ∞
vmin

f1(v)
v

dv , (3.63)

which is referred to as the “velocity integral” or the “mean inverse speed”.

4The canonical value for the disk rotation speed has typically been assumed to be 220 km/s [207],
but more recent estimates tend to place it 5–15% higher [208, 209, 210]. A value of 235 km/s is
more centrally located within current estimates and is more frequently being used as a fiducial
value, though 220 km/s remains viable.

5This will be the topic of Sec. 3.3.1.
6Since all the calculations in the following will be done in the Earth reference frame, I will for

simplicity use vr ≡ v.
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For the SHM, the mean inverse speed η can be analytically solved [211, 212]
resulting in

η(vmin) =



1
vobs

for z < y, x < |y−z| ,

1
2Nescvobs

[
erf(x+y)− erf(x−y)− 4√

π
ye−z

2
]

for z > y, x < |y−z| ,
1

2Nescvobs

[
erf(z)− erf(x−y)− 2√

π
(y+z−x) e−z2

]
for |y−z| < x < y+z ,

0 for y+z < x

(3.64)
where x and y are defined as x ≡ vmin/v0 and y ≡ vE/v0.

In Fig. 3.2 I show the DM velocity distribution f(v) evaluated at the Earth
reference frame (top panel) and the corresponding one-variable distribution f1(v)
(bottom panel) in the Standard Halo Model. It is possible to see that the first
vanishes at v = vE + vesc = 232 + 544 km/s = 776 km/s which is the maximum
speed that a DM particle can have in the SHM as seen by a detector at Earth. The
one-variable speed f1(v) presents a maximum at v = vesc−vE = 544−232 km/s =
312 km/s. In Fig. 3.3 I show the mean inverse speed in Eq. 3.64 for different WIMP
masses, namely Mχ = (20, 50, 200 and 1000) GeV, for an argon nuclei (top panel)
and for a xenon nuclei (bottom panel). The mean inverse speed shows a maximum
value for ER = 0 keV and it decreases monotonically as the recoil energy increase
and the drop is smaller as the WIMP mass increase. For a WIMP mass of Mχ = 20
GeV in argon the reduction of η(vmin) starts to be become important for ER & 40
keV and it reaches a null value for ER ' 61 keV. For xenon the reduction is
even more important and it starts at ER & 21 keV and it reaches a null value for
ER ' 33 keV. This determines the behaviour of the sensitivity to WIMPs for small
values of the WIMP mass, as we will see later. To better understand this point, it
is instructive to study the behaviour of η(vmin) as a function of the WIMP mass
for different recoil energies, as in Fig. 3.4. For argon we note that for a recoil
energy of 2 keV the mean inverse speed is different from zero for WIMP masses
greater than ∼ 2.5 GeV, for ER = (5, 10, 15, 20, and 25) keV the same happens for
∼ 4.1, 6.1, 7.8, 9.3, and 10.7 GeV, respectively. For xenon we have that the mean
inverse speed goes more quickly to zero at fixed WIMP mass. Indeed, for ER = 2
keV the minimum WIMP mass for which η is different from zero is 4.4 GeV (to be
compared with 2.5 GeV for argon) and for the other recoil energies this value is

56 Chapter 3 Direct detection of dark matter



Standard Halo Model

0 200 400 600 800
0

2.µ10
-8

4.µ10
-8

6.µ10
-8

8.µ10
-8

v @kmêsD

fHv
L@

k
m

-
3
s

3
D

Standard Halo Model

0 200 400 600 800
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

v @kmêsD

f
1
Hv
L@

k
m

-
1
s
D

Fig. 3.2.: Dark matter velocity distribution f(v) evaluated at the Earth reference frame
(top panel) and the corresponding one-variable distribution f1(v) (bottom
panel) in the Standard Halo Model.
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Fig. 3.3.: Mean inverse speed η(vmin) in Eq. 3.64 for argon (top panel) and for xenon
(bottom panel) as a function of the recoil energy ER in keV for four different
WIMP masses Mχ = (20, 50, 200 and 1000) GeV.
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Fig. 3.4.: Mean inverse speed η(vmin) in Eq. 3.64 for argon (top panel) and for xenon
(bottom panel) as a function of the WIMP mass Mχ in GeV for six different
recoil energies ER = (2, 5, 10, 15, 20, and 25) keV.
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systematically greater than for the argon case. From this observation we note that
argon is a better target to explore low WIMP masses. However, for large WIMP
masses the trend is inverted as visible from top panel of Fig. 3.5. As highlighted
for the WIMP mass of 200 GeV, the mean inverse speed is bigger for xenon than
for argon. The value of the WIMP mass for which we have approximatively the
same distribution for η in xenon and argon as a function of the recoil energy is
about 67.5 GeV. The ratio between the mean inverse speed for argon and xenon,
ηAr(vmin)
ηXe(vmin) , for different WIMP masses is show in the bottom panel of Fig. 3.5. As

visible for masses below about 67.5 GeV the ηAr(vmin) can be significantly larger
then the xenon one. Above 67.5 GeV ηXe(vmin) becomes larger showing however
a smaller dependency on the mass.

This is somehow counterintuitive because in the dark matter community often
it is reported that xenon is better than argon to explore low WIMP masses and
vice versa for high masses. However, until now we have considered only the
contribution of the DM velocity distribution on the WIMP differential rate. As
we have seen in Eq. 3.30 the latter receives contribution also from the form
factor, atomic number, and other kinematic variables. In particular, including the
contribution of the form factor the curves shown in Fig. 3.5 become as those
shown in Fig. 3.6. The effect of the form factor is that also for high WIMP masses
the argon is above xenon. This advantage is however partially lost (especially at
low WIMP masses) when considering the impact of the coherence term A2 as I
will show in Sec. 3.4.

3.3.1 Annual modulation of DM rate

Before to move to the final WIMP differential rate I want to discuss a consequence
of including the Earth’s motion during the year.

The annual periodicity of Earth’s motion around the sun, vE in Eq. 3.57, imparts
a periodic variation of the detection rate. This is usually referred to as annual
modulation of the DM rate that should be observable by DD experiments. This
annual variation in the rate of dark matter signal can be understood from Fig.
3.7.

According to the SHM, the sun (along with the Earth) moves through the “static”
dark matter halo of the Milky Way in the direction of the Cygnus constellation. As
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Fig. 3.5.: Mean inverse speed η(vmin) in Eq. 3.64 as a function of the recoil energy ER in
keV for WIMP masses Mχ = (20, and 200)GeV for argon (red lines) and xenon
(blue lines)(top panel) and for the value of the WIMP mass, ∼67.5 GeV, which
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Fig. 3.6.: The curves show the quantity |F (ER)|2 η(vmin) as a function of the recoil
energy ER in keV for WIMP masses Mχ = (20, and 200)GeV for argon (red
lines) and xenon (blue lines).

a result, the Earth will encounter an apparent DM wind coming from the direction
opposite to the direction of motion of the sun or solar system (see Fig. 3.7). At
any position of the Earth on its orbit, its velocity can be decomposed into two
perpendicular components. For the position of the Earth when one of its velocity
components, vp is parallel to the direction of motion of the solar system, the Earth
will be encountered by the maximum amount of dark matter since the direction
of the velocity component at this position is opposite in direction (antiparallel) to
the flow of the apparent DM wind. The situation is just reversed (after 6 months
from the former position) when the direction of vp is the same as that of the
apparent DM wind. In this situation the DM flux encountered by the Earth will
be minimum. Thus, there is a modulation of the DM flux encountered by the
Earth from a maximum to a minimum over a year. Therefore, the dark matter
detection rate in a terrestrial direct detection experiment will also undergo similar
modulation.

3.3.2 Daily and directional variation of DM rate

Along with the orbital motion, the Earth also has a rotational motion about its
own axis with a time period of ' 24 hours or a sidereal day. As a result of
this rotation, the apparent WIMP wind will experience a directional anisotropy
as the Earth goes around its own axis. This can be understood from the fact
that an orthogonal system of axes (e.g., Cartesian coordinates x-y-z) attached
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Fig. 3.7.: Schematic diagram to explain the annual modulation of dark matter direct
detection signal.

to the laboratory situated at a certain latitude will also suffer a rotation with
the rotational motion of the Earth. As a result of this, the positive direction, for
example, of an axis x or y or z will continually change its directionality before
the system of axes comes back to its original configuration after one rotation
time period of the Earth (one sidereal day). Hence, the directional measurement
of dark matter will accordingly show a variation in the detected yield. This is
illustrated in Fig. 3.8. Since the Earth also has an orbital motion around the sun
and a motion around the galaxy (as a part of the solar system that goes around
the galactic center), the variation in dark matter detection rates due to diurnal
motion of the Earth will also be affected by these motions.

I will examine more in detail the implications of such a modulation when I
will explore the potentialities of a directional dark matter detector located at
Laboratori Nazionali del Gran Sasso (LNGS) in Chap. 6.

3.4 Final SI WIMP differential rate for different nuclei

Finally, in this section I will derive and show the spin-independent WIMP dif-
ferential rate in Eq. 3.30 for different nuclei, namely xenon, argon, silicon and
germanium.
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In Figs. 3.9 and 3.10 this rate for argon (solid blue), xenon (dashed red), germa-
nium (dot-dashed green) and silicon (dashed yellow) targets and several WIMP
masses is shown.

As we increase the mass of the target nucleus, we see an increase in the low energy
event rate. This is a consequence of the A2 enhancement for SI interactions,
resulting in the xenon (A ≈ 131)7 spectrum being a factor of around 10 higher
than the argon (A = 40) spectrum at low energies. When considering higher
energies, however, we observe that the spectrum for heavier targets decays more
quickly. This is due to a more sharply falling form factor; the larger size of the
nucleus results in a more rapid loss of coherence as the recoil energy increases.
The drop of the xenon event rate at around 100 keV recoil energy visible in
Fig. 3.10 reflects a feature of the xenon Helm form factor.

Moreover, as the WIMP mass increases the recoil spectrum becomes flatter. This
is primarily due to the dependence of vmin on Mχ (shown in Eq. 3.3). As we
increase Mχ, the reduced mass µχN increases, meaning that vmin varies more
slowly with energy. This means that the integral over the speed distribution
also varies more slowly with energy (see top panel of Fig. 3.5). Physically, low
mass WIMPs require a larger speed to impart the same recoil energy and as we
increase the recoil energy this required speed grows quickly. The rapid cut-off in
the spectrum observed in the Mχ = 20 GeV case, especially for xenon (top panel

7Note that A is given as an approximated number because of the presence of different xenon
isotopes.
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of Fig. 3.9) occurs when there are no more WIMPs below the Galactic escape
speed which have sufficient speed to produce recoils of the desired energy. Since
in this thesis I will focus mainly on argon as a target material, in Fig. 3.11 the SI
differential event rate for argon is shown for five different WIMP masses, namely
Mχ = (20, 50, 100, 200 and 1000) GeV.

Considering a real experiment, the detector will be only sensitive to recoil energies
within a given range, namely between a minimum energy Emin (often called
threshold Eth) to a maximum energy Emax (often called Eup). This energy range
depends on the particular nuclei used as a target due to different technologies
used and problems related to the specific background content. The total number
of the expected events is then obtained by integrating over this range of recoil
energies and the exposure, which is the product of the livetime T and the detector
mass M (Exp ≡ M T ). In a real experiment there will be also a nuclear recoil
acceptance function, A(ER), which takes into account all the backgrounds cuts,
the WIMP signal selection efficiency and the experimental resolution. These
experimental details will be discussed in the description of the DarkSide-20k
experiment (see Chap. 4) which is a next generation argon DM detector and
object of this thesis.

The predicted number of WIMP events is then given by

Nχ = M T

∫ Eup

Eth

A(ER) dR
dER

dER . (3.65)

3.5 DM differential event rate uncertainties

The calculation of the DM differential event rate dR/dER and, in turn, the calcula-
tion of the predicted number of WIMP events requires not only a knowledge of the
DM parameters Mχ and SI/SD cross sections but also a number of other factors
which enter into the calculation. It is important to understand how uncertainties
in these different factors and parameters propagate into the event rate in order
to ensure that the conclusions we draw from direct detection experiments are
reliable [184]. These uncertainties are divided into three separate classes: nuclear
physics, particle physics and astrophysics.
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Fig. 3.9.: Spin-independent differential event rates predicted for the nuclear targets
Argon (solid blue), Xenon (dashed red), Germanium (dot-dashed green) and
Silicon (dashed yellow) and for Mχ = (20 and 50) GeV, assuming fp = fn. We
assume a Standard Halo Model speed distribution, ρ0 = 0.3 GeV cm−3 and a
spin-independent cross section σp

SI = 10−47 cm2. The Helm form factor [185]
is assumed (see Sec. 3.5.1).

66 Chapter 3 Direct detection of dark matter



Argon

Xenon

Germanium

Silicon

0 50 100 150
10

-5

10
-4

0.001

0.01

0.1

1

ER@keVD

d
R
êd

E
R
@E

v
e

n
ts

to
n
-

1
y
e

a
r-

1
k
e

V
-

1
D

MΧ=200 GeV and Σ
SI

p
=10

-47
cm

2

Argon

Xenon

Germanium

Silicon

0 50 100 150
10

-5

10
-4

0.001

0.01

0.1

1

ER@keVD

d
R
êd

E
R
@E

v
e

n
ts

to
n
-

1
y
e

a
r-

1
k
e

V
-

1
D

MΧ=1000 GeV and Σ
SI

p
=10

-47
cm

2

Fig. 3.10.: Spin-independent differential event rates predicted for the nuclear targets
Argon (solid blue), Xenon (dashed red), Germanium (dot-dashed green) and
Silicon (dashed yellow) and for Mχ = (200 and 1000) GeV, assuming fp = fn.
We assume a Standard Halo Model speed distribution, ρ0 = 0.3 GeV cm−3

and a spin-independent cross section σp
SI = 10−47 cm2. The Helm form factor

[185] is assumed (see Sec. 3.5.1).
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Fig. 3.11.: Spin-independent differential event rates predicted for argon and for different
WIMP masses Mχ = (20, 50, 100, 200 and 1000) GeV, assuming fp = fn. We
assume a Standard Halo Model speed distribution, ρ0 = 0.3 GeV cm−3 and a
spin-independent cross section σp

SI = 10−47 cm2. The Helm form factor [185]
is assumed (see Sec. 3.5.1).

3.5.1 Nuclear physics uncertainties

If one considers the nucleon-level effective operators (and equivalently the WIMP-
nucleon cross sections) the main uncertainty related to nuclear physics which
affects the WIMP rate calculation is that concerning the coherent nature of the
interaction. Indeed, the predictions rely on the assumption that proton and
neutron form factor are the same. Moreover due to the lack of knowledge of the
neutron distribution inside the nucleus, it is generally assumed that the proton
form factor could provide a good description also for the neutron part. The key
parameter that is assumed to be the same is the radius of both proton and neutron
distributions, that in turn determine the form factor shape. This assumption
is relatively well motivated, since theoretical models point out to a difference
between neutron and proton radius in the range 0.1-0.2 fm. However, there
are very few experimental indications that this difference could be larger [213]
leading to a sizeable effect in the predicted number of WIMP events. This issue
will be scrutinized in Chap. 7.
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If one, instead, wishes to deal directly with quark-level couplings, he has to
consider nucleon matrix elements. As we have already seen, nuclear physics
enters into the calculation of the nucleon matrix elements mnf

n
Tq ≡ 〈n|mq q̄q|n〉 in

Eq. 3.10. The factors fnTq must be determined experimentally, and have values

fpTu = 0.020± 0.004, fpTd = 0.026± 0.005, fpTs = 0.118± 0.062 , (3.66)

with fpTu = fnTd, f
p
Td = fnTu and fpTs = fnTs. The main uncertainties come from the

determination of the π-nucleon sigma term, determined either experimentally
from low energy pion-nucleon scattering [214, 215, 178] or from Lattice QCD
calculations [179, 216]. Similarly, the spin contributions ∆q to the nucleus values
must be obtained experimentally [217, 218, 183, 219] and they are

∆p
u = 0.77± 0.08; ∆p

d = −0.38± 0.08; ∆p
s = −0.09± 0.08 , (3.67)

although efforts are being made to obtain these values directly via calculation
[220, 221].

3.5.2 Particle physics uncertainties

Like the WIMP mass Mχ and SI/SD cross sections also the ratio of proton to
neutron couplings must be determined experimentally. In the case of SI scattering,
the dominant contribution comes from the coupling to strange quarks fTs, which
is equal for protons and neutrons. It is therefore typically assumed that fp = fn,
even though one can consider also isospin violating dark matter models [222,
223, 224]. Similarly, for the SD interaction, a specific relation is typically assumed
between the proton and neutron couplings, such as ap/an = ±1. While specific
models often predict such a relation [92], it should be noted that this ratio is a
model dependent quantity.

Further uncertainty is derived from the form of the interaction terms themselves.
Here, we have considered the dominant contributions to scattering in the case
of non-relativistic contact interactions. Extensions including mediator particles
have been considered [225, 226], as well as models in which DM can interact
electromagnetically with nuclei [227, 228]. There has also been significant effort
towards developing a general non-relativistic field theory for the interaction of
WIMPs with nuclei [175, 229, 181, 177]. Current limits can be translated into
limits on the couplings associated with a range of effective operators. While this
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approach significantly widens the parameter space of dark matter direct detection,
it is more general and does not rely on assumptions about DM interactions.

3.5.3 Astrophysical uncertainties

Astrophysical uncertainties enter into the direct detection event rate through the
local dark matter density ρ0 and the speed distribution f1(v).

DM density, ρ0

The DM mass density sets the overall scale of the scattering rate, meaning that an
accurate determination is important. However, being a scale factor it does not
affect the outcome of the comparison between different experiments that assume
the same DM density.
A possible method to obtain the value of ρ0 is by mass modelling of the Milky
Way. To do so it is necessary to build a model for the Galaxy incorporating various
sources of mass, including first of all the DM halo, the stellar bulge, disc and also
dust [230]. Fitting the velocities of some selected tracers, the total Milky Way
mass, the local surface mass density and other similar data it is possible to derive
the parameters of the model and extract ρ0. Estimates using this method have
generally a big uncertainty, typically lying in the range 0.2− 0.4 GeV cm−3 (see
e.g. Ref. [230]). A recent determination combining different data sets obtains a
value of ρ0 = 0.47+0.05

−0.06 GeV cm−3 [231].

An alternative method is to use local stellar kinematic data to constrain the
gravitational potential near the Sun and thus obtain an estimate of ρ0. Using
kinematic data from roughly 2000 K-dwarfs, Garbari et al. [232] obtain the
value ρ0 = 0.85+0.57

−0.50 GeV cm−3 while Zhang et al., using a larger sample of 9000
K-dwarfs, obtain 0.28± 0.08 GeV cm−3. Including microlensing data, the range
of allowed values at 1σ is ρ0 = 0.20 − 0.56 GeV cm−3 [233]. A further model
independent method was proposed by [234]. The advantage of such approaches
is that one does not need to assume a particular form for the DM halo density
profile.

In spite of the large number of determinations, no consistent value appears to
be emerging, with values ranging from 0.2− 0.6 GeV cm−3. There also remain a
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number of uncertainties in these determinations, including the shape of the DM
halo.

In order to have a common value the DM community agreed to adopt a standard
value for the analysis of direct detection experiments of 0.3 GeV cm−3. The same
value will be assumed through this thesis.

DM speed distribution

As we have seen, the SHM distribution is obtained assuming a spherical, isother-
mal DM halo with density profile ρ ∼ r−2 that results in the relation σv =
v0/
√

2.

In this section, I want to highlight the main source of uncertainties that affect the
parameters that enter into f1(v).

In particular, we have seen that the parameter v0 is given by the local circular
speed vc = 220± 10 km s−1 [235] plus a contribution from the peculiar motion
of the Sun and the Earth’s orbital motion. In the SHM, this speed is typically
assumed to be close to the local circular speed, though more recent determinations
of the solar velocity point towards higher values [236, 237], of about 240 −
250 km s−1. Also σv is affected by some uncertainties. The relation σv = v0/

√
2

is obtained from solving the Jeans equation assuming ρ ∼ r−2 [238]. Relaxing
this assumption means that this relation no longer holds and that σv is no longer
as well constrained. Finally, the Galactic escape speed can be estimated from
the radial velocities of Milky Way stars. The RAdial Velocity Experiment (RAVE)
survey, that covered 20000 square degrees of the sky, obtained the range for the
radial velocity vesc = 544+64

−46 km s−1 at 90% confidence level [239].

Even taking into account these uncertainties, there are some reasons to believe
that the SHM is unlikely to be an accurate representation of the DM halo. Among
others, observations and N-body simulations that indicate that the halo should
deviate from a 1/r2 profile and may not be spherically symmetric. To take these
effects into account, alternative models have been proposed, like speed distribu-
tions associated with triaxial halos [240] or with more realistic density profiles
[241], as well as analytic parametrisations which should provide more realistic
behaviour at low and high speeds [242]. It is also possible to extract the speed
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distribution from N-body simulations. Such distribution functions tend to peak at
lower speeds than the SHM and have a more populated high speed tail [243, 244,
245].
It should be noted that N-body simulations do not probe down to the sub-
milliparsec scales which are probed by direct detection experiments. There
may be a concern then that the local dark matter distribution could be dominated
by localised subhalos or streams which are not captured by these simulations and
which may affect the interpretation of direct detection experiments. However,
an analysis of N-body simulations has found that no individual subhalos should
dominate the local distribution [246].
Another result obtained from simulations that is not included in the SHM is the
possibility of a dark disk (dd). When baryons are included in simulations of
galaxy formation, this can result in DM subhalos being preferentially dragged into
the disk plane [247, 248]. The resulting dark disk co-rotates with approximately
the same speed as the baryonic matter, though with a smaller velocity dispersion
σddv ∼ 50 km s−1. Recent ERIS results [249] suggest that this dark disk should
contribute to just 10% of the density of the halo.

The impact of all these uncertainties to the WIMP speed distribution has been
studied in several works (see e.g. Refs. [250, 251, 252]). It has been shown that
poor assumptions about the speed distribution may result in biased reconstructions
of the DM mass and cross sections from future direct detection data. Even
when including some uncertainties in the shape of the MB speed distribution,
these works suggest that there could be still a bias in the reconstructed WIMP
parameters. If the MB speed distribution cannot reproduce the shape of the
event spectrum closely, the WIMP mass and cross section move to different
values to compensate and improve the fit. Not only a bias is introduced, but the
resulting contours are also smaller, leading to the erroneous believe that one
could reconstruct the WIMP parameters with a higher precision.

However, despite these limitations of the SHM, as in the case of the Helm form
factor it still represents the most used prescription by the DM community to
describe the DM speed in the Milky Way.

We now turn our attention to the discussion of real experiments and the current
state of dark matter direct searches.
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3.6 Direct detection experiments current limits and
anomalies

In order to measure the event spectrum, a range of obstacles must be overcome.
A number of backgrounds can cause nuclear recoils and therefore mimic a WIMP
signal. Furthermore, electron recoils can also deposit energy in the detector and
must be distinguished from nuclear recoils caused by WIMP interactions. I will
now summarise some of these backgrounds and how they can be mitigated. I will
then discuss some of the different technologies which are used to discriminate
electron from nuclear recoils and to measure the recoil energy itself.

One possible source of background is constituted by high energy cosmic rays.
For this reason, direct detection experiments are typically operated underground,
such as at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy or the SNOLAB
laboratory in Canada, in order to reduce the penetration of these cosmic rays.
However, cosmogenic muons and neutrons can still penetrate the experiments,
leading to the need for active shields which can detect these particles and provide
a veto for any nuclear recoils they produce. It is also possible to veto events which
produce multiple-scatters in the detector as WIMPs are expected to scatter only
once. Passive shielding also reduces the neutron flux from surrounding rock and
other sources.

Radioactive decays due to naturally occurring isotopes may cause keV energy
nuclear recoils in the detector, meaning that care must be taken to reduce their
impact. The radiopurity of the target material is therefore of utmost importance,
as well as the radiopurity of the detector equipment itself. In some cases, the
naturally occurring target material is contaminated with a particular radioisotope,
such as 39Ar contamination in argon. In these cases, special sources of the material
must be found [253], or the amount of contamination must be carefully reduced
[3].

Scatterings of DM particles off nuclei can be detected via subsequently produced
light (scintillation photons from excitation and later de-excitation of nuclei),
charge (ionization of atoms in a target material) or heat (phonons in crystal
detectors) see Fig. 3.12 for a summary scheme. Using one or a combination
of two such discrimination techniques is now often employed to disentangle a
potential WIMP signal from nuclear recoils and background electron recoils. This
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Fig. 3.12.: Direct dark matter detection experiments organised by energy deposition
channel(s) used.

is possible due to different quenching factors that describe the difference between
the recorded signal and the actually measured recoil energy. The electron recoils
constitute the background of the experiment and can come from, e.g., γ-radiation
from natural radioactivity or β-decays that take place in the detector surrounding
materials, on its surface or even inside the detector. Other sources of background,
e.g., neutrons or α-decays, can be associated with nuclear recoils that can mimic
the WIMP signal. Therefore they need to be either screened out or rejected at the
level of signal analysis. A particularly challenging type of such a background that
will be very important for future detectors, especially for DM mass below 10 GeV,
comes from coherent elastic neutrino-nucleus scatterings [254] and cause the
existence of the so-called coherent neutrino background [255, 256]. This issue
will be the main topic of Chap. 5.

Depending on the choice of signal detection technique a variety of target materials
can be employed in DD searches. Light signal from DM-nucleus scattering can be
collected, e.g., by using scintillating crystals.8

Crystal scintillator experiments such as DAMA/LIBRA [258, 259] use crystals
of Thallium-doped Sodium Iodide, NaI(Tl), while KIMS [260] uses Thallium-
doped Cesium Iodide, CsI(Tl), as the detector material. When a nuclear recoil

8Signal in single-phase liquid noble gas detectors also comes entirely from scintillation light
emitted by ionized or excited dimers (for a review see [257]).
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occurs with the nuclei in the crystal, scintillation occurs. The light is collected by
photomultiplier tubes, with the total recoil energy being related to the amount
of scintillation light produced. In the case of DAMA/LIBRA, electron-nuclear
recoil discrimination is not employed. The experiment aims to observe the annual
modulation of the signal which is expected due to the periodic motion of the
Earth through the WIMP halo, as explained in Sec. 3.3.1. In other cases, such as
NAIAD [261], pulse shape discrimination has been used to distinguish nuclear
and electron recoils.

Phonon signal coming from DM-nuclei scattering in crystals can provide another
important experimental signature in DM DD searches. This technique is particu-
larly useful when looking for low mass DM due to a very low energy threshold.
Moreover, one typically further improves the treatment of the background in such
experiments by using cryogenic bolometers with additional charge or scintillation
light readouts.

Cryogenic experiments, such as CDMS [262], CRESST [263], CoGeNT [264, 265]
and EDELWEISS [266], use cryogenic crystals of materials such as germanium or
silicon as target materials. When a WIMP recoils from a target nucleus, phonons
are generated in the crystal along with an ionization signal. By summing the
energy collected in these two channels (and accounting for any which may be
incompletely collected), the total energy of the nuclear recoil can be obtained.
The ratio of the total nuclear recoil energy and the ionization signal is referred to
as the “ionisation yield” and can be used to discriminate electron from nuclear
recoils. Indeed, electron recoils deposit more energy into ionisation. However,
care must be taken to identify so-called “surface events”, events occurring close to
the detector surface which result in an incomplete collection of ionisation signal
and can thus mimic a WIMP signal.

Noble liquid experiments use liquid (or two-phase) noble elements such as xenon
and argon as target materials. Completed or operational xenon detectors include
XENON1T [267], LUX [268] and PandaX-II [269]. In these detectors, xenon
recoils produce a scintillation signal (S1) which can be observed directly using
photomultiplier tubes. Ionisation electrons are also produced, which drift in an
applied electric field, producing an electroluminescence signal (S2) in the gas
phase. The sum of these signals can be used to reconstruct the total recoil energy,
while the ratio S2/S1 is used to discriminate electron from nuclear recoils. The
two signals can also be used to localise the event within the detector. A fiducial
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volume is then defined within the detector, only events inside this volume are
considered in data analysis. This allows liquid noble detectors to be self-shielding;
the fiducial volume is in fact shielded by the remaining detector volume. The
xenon technology has been used earlier in comparing to that of argon. The
pioneer experiment utilising argon has been the WARP experiment [270]. The
DarkSide-50 experiment, at LNGS, is currently operating as a dual-phase liquid
argon TPC using timing of the scintillation signal (pulse shape discrimination) as
a discriminant.

DM-nuclei scatterings also can be detected via heat signal in experiments based
on superheated fluids used as a target material. DM particle passing through a
detector can then be visualized thanks to an initiated process of bubble creation.
Superheated liquid detectors such as COUPP [271], SIMPLE [272] and PICASSO
[273] use a detector volume filled with droplets of superheated liquid such as
C4F10. The deposition of kinetic energy by a WIMP will induce the nucleation
of a bubble producing an acoustic signal which is detected by piezoelectric
transducers. Energy deposition by other particles, such as muons, γ- and β-
radiation, typically occurs over longer length scales and thus does not produce
a signal. The temperature and pressure of the detector can be tuned to specify
the threshold energy, the minimum energy which must be deposited before
nucleation occurs. As such, superheated liquid detectors cannot measure the
energy of specific events but rather the total event rate above the energy threshold.
However, by increasing the latter, the recoil spectrum can effectively be measured.
Due to the light targets such as fluorine used by these experiments, they are
typically more sensitive to light WIMPs with SD interactions.

A final class of direct detection experiments are known as “directional” direct
detection experiments. These aim to measure not only the energy deposited by
WIMP scattering events but also the direction of the nuclear recoils. It is hoped
that a recoil spectrum peaked in the direction opposite to the Earth’s motion will
provide strong evidence for a DM origin for the recoils. One possibility for this
is the use of specialised gas TPCs, which allow measurable track lengths from
which the recoil direction can be determined. Unfortunately, this kind of detectors
are limited in mass. Another possibility is to exploit the so-called columnar
recombination effect [274] in double-phase liquid noble TPC. The directional
detection of dark matter will be the subject of Chap. 6.
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3.6.1 Current limits and results

In this section, I will review some of the experimental results in the direct dark
matter detection. The DAMA/LIBRA experiment [258] operating at the LNGS
laboratory in Italy, for two decades has been reporting to see an annually modu-
lated DM-like signal, which currently has a significance at the level of 9.3σ [259].
The estimated mass of the DM particles from this measurement would range
between 10 to 15 GeV or between 60 to 100 GeV depending on the actual nucleus
involved in the scattering process (sodium or iodine, respectively). However, the
DM interpretation of these results is in strong tension with null results published
by some other collaborations: the first XENON1T limit [275], the final LUX [276]
and the PandaX-II [269] limits, as well as, in the low mass region, with the limits
from CDMSlite [277] and XMASS [278], which excluded the annual modulation
of DM interpretation of the effect claimed by DAMA/LIBRA. Alternative explana-
tions were also considered, including unknown source of background, as well as
possible errors in data collection and processing (for a review see Ref. [279]). In
addition, other experiments employing similar detection strategy have been pro-
posed to verify the DAMA/LIBRA results. In particular, the results of the KIMS-CsI
experiment [260] disfavour the interpretation of DAMA/LIBRA signal in which
the DM particles scatter off iodine nuclei. This could be circumvented in specific
scenarios, e.g., for Magnetic Inelastic DM (see, however, the recent XENON1T
limit [280]), in models with dominant WIMP inelastic spin-dependent coupling
to protons if different quenching factors are assumed in both experiments [281,
282] (for an detailed discussion see also Ref. [283] and for recent limits see
Ref. [284]) or leptonically interacting DM particles that induce electron recoils
[285].

An annual modulation signal was also observed in the CoGeNT experiment
[264, 286, 287]. In this case too, the period and phase are consistent with
expectations, though, the amplitude of the annual modulation is approximately 5
times larger than expected. The CoGeNT experiment observed an exponentially
rising excess of events at low energies, down to 0.5 keVee (electron equivalent
recoil energy). A maximum likelihood analysis [287] pointed towards a ∼ 8GeV
WIMP interpretation, with a cross section of around σpSI ∼ 5× 10−41 cm2, though
the significance of the “signal” lies at only 2.8σ. This signal was not confirmed in
later searches in the similar mass range. On the other hand, the observed excess
of events may be fully explained when an improved background treatment is
applied, as pointed out in Ref. [288, 289]. The DM interpretation of the CoGeNT
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data has also been disfavoured by other germanium detectors, e.g., CDEX [290]
and MALBEK [291]. A halo-independent analysis performed in Ref. [292] for
light (∼ 10 GeV) WIMPs showed a strong tension between the DM interpretation
of the annual modulation of DAMA/LIBRA and CoGeNT events when compared
with the CDMS-II silicon data.

Another DM-like signal was found in the data obtained by the CRESST-II Collabo-
ration [263] in 2011. An excess in the expected number of events was observed
in two mass ranges around 10 GeV and 25 GeV with the significance at the level
of 4.2σ and 4.7σ, respectively. However, as it was pointed out in Ref. [293] and
confirmed in a later study by the collaboration [294], the excess was mainly due
to a missing contribution to the background (see also Ref. [283] and [279] for an
updated discussion).

Finally, a recent analysis of the Silicon detector data from CDMS-II (CDMS-Si)
[295] found 3 events in the signal region. However, the very low expected
background means that this small number of events may be significant. The
probability of the known backgrounds producing these three events has been
calculated at 5.4% and a likelihood analysis shows consistency with a WIMP
with Mχ ≈ 9 GeV and σpSI ≈ 2 × 10−41 cm2. However, these results were not
confirmed by the germanium CDMS-II [296], SuperCDMS [297] and CDMSlite
[277] detectors and there is no plausible DM halo function for which this tension
could be alleviated unless one assumes, e.g., exothermic DM with Ge-phobic
interactions as discussed in Ref. [298]. Moreover, these results are in tension with
those found by the EDELWEISS-III collaboration [299].

An alternative explanation is that the claimed signals are due to a DM particle,
but that its properties are not as simple as in the canonical case, explaining why it
has not been observed in all experiments. One possibility is that the astrophysical
distribution of DM does not match the standard assumptions. I discussed this
astrophysical distribution shortly in Sec. 3.5.3. However, it appears that even with
this additional freedom, the different results cannot be reconciled [300, 301, 302,
303]. A number of particle physics models have also been considered to explain
the results, including spin-dependent interactions [304], isospin violating dark
matter (for which fp 6= fn) [222], inelastic dark matter [305] and mirror dark
matter [306]. However, a consistent picture which reconciles all experimental
datasets remains elusive [307].
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The most stringent current limit on σp
SI for large DM mass comes from null results

of DM searches in dual phase (liquid-gas) xenon detectors: XENON1T [275] and
PandaX-II [269], both of which are the most recent (and currently the strongest)
limits, and the final LUX result [276]. All these three limits improved the previous
best limit set by the XENON100 collaboration [308], see Fig.3.13. Overlaid in
the figure, there is also the WIMP search discovery limit @3σ when considering
the presence of the coherent neutrino background [256]. This is the so-called
neutrino floor and it would be extensively explained in Chap. 5. Moreover, in
the same figure the representative minimal supersymmetric model contours @2σ
are shown. They represents the allowed regions once taking into account the
experimental constrains on SUSY models after Run 1 at the Large Hadron Collider
[309].

Moving to the spin-dependent case, the strongest up-to-date exclusion limits for
spin-dependent cross section, σp

SD, from DD experiments were published by the
PICO collaboration [314, 315] (see also LUX [316] and XENON100 [308] results).
However, σp

SD can also be effectively constrained by neutrino telescopes. See Fig.
3.14 for a summary plot of σp

SD limits and future projections.
Concerning future plans, the PICO bubble chamber detectors can be made very
large, have extremely low backgrounds, and work with diverse target nuclei.
Most important recent scientific impacts have come from C3F8 targets, where
the 19F nucleus gives unique sensitivity to spin-dependent WIMP couplings to
the proton. Due to coherent enhancement of the background neutrino rate, the
ultimate background from atmospheric and solar neutrinos is expected to be two
orders of magnitude lower for C3F8 than for xenon, when cast in terms of spin-
dependent sensitivity. In addition to the C3F8 program, the PICO Collaboration is
investigating alternative targets for future searches in PICO-40L, PICO-500, or an
array of PICO-500 detectors.

It is important to note that the limits presented in the WIMP mass and WIMP-
nucleon cross section plane can vary depending on the underlying assumptions
about relevant astrophysical quantities, e.g., the local DM density and the DM
velocity distribution. The dependence on the velocity distribution is typically
weak [327], but can become more important, e.g., if detector is sensitive only
to the tail of the distribution [212]. Alternatively, the limits can be shown in a
DM halo-independent way [328] (see also Ref. [329] and references therein) if a
positive signal is measured by at least two different targets.
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Fig. 3.13.: Current and future limits on DM direct detection spin-independent cross section, σSI
p

in cm2, as a function of the WIMP mass, Mχ in GeV. The current limits are shown
with solid orange (PandaX-II [269]), solid brown (XENON1T [275]), solid blue (LUX
[276]), solid light green DEAP-3600 [310], solid dark red DarkSide-50 [10], solid light
purple WARP [270], solid salmon pink EDELWEISS-III [299], solid dark green CRESST-
II [311] and solid violet (CDMSlite-II [277]) lines. Future projections correspond
to XENON1T [312] (dashed brown), LZ [313] (dashed blue) and DarkSide-20k [3],
developed in this work (dashed red). Post-LHC-Run1 minimal-SUSY model allowed
contours from ref. [309] are shown by green stars. The shaded areas on top of the
plot correspond to the favoured regions for DM interpretations of anomalies reported
in the literature by the CDMS-Si [295] (cyan), CoGeNT [264] (black-grey), CRESST-II
[263] (light blue) and DAMA/LIBRA [258] (light yellow) collaborations. The shaded
area below the dashed orange line on the bottom of the plot corresponds to the 3σ
discovery limit for xenon in the presence of an irreducible neutrino background [256].

Implications for WIMP models Direct detection searches play a vital role in
constraining various WIMP models. For instance, early negative results from the
Heidelberg-Moscow experiment [330] led to an exclusion of the scenario in which
the majority of DM was composed of the left-handed sneutrinos in the MSSM
[331]. Since then, many other theoretical candidates have been constrained by
null results of searches for the DM particles in DD experiments.

Limits from DD have also been derived on effective contact operators describing
possible interactions between DM and the SM particles (see for example Refs.
[332, 333]). One can then translate the usual DD limits shown in the (Mχ,σp

SI)
plane into the actual limits on the coefficients of the operators that contribute
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Fig. 3.14.: (Upper panel) Current and future limits on DM direct detection spin-
dependent cross section on proton as a function of the dark matter mass. The
current limits are shown with solid dark red (CDMS-II [317]), light yellow
(XENON100 [308]), light blue Super-Kamiokande [318], purple PICASSO
[319], orange PandaX [320], dark blue LUX [321], light green PICO-60 [322]
and black IceCube[323] lines. Future projections correspond to CYGNUS
HD-10 (red dashed) and PICO-500 [324] (green dashed). (Lower panel)
Current and future limits on DM direct detection spin-dependent cross section
on neutron as a function of the dark matter mass: (solid red) CDMS-II [325],
(solid orange) CDEX-1 [326], (solid green) XENON100 [308], (solid black)
PandaX-II [320], (solid blue) LUX [321] and the projected sensitivity for LZ
(dashed blue).
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to σp
SI, while the other coefficients remain free and can, e.g., help to achieve

the proper value of the DM relic density. Stronger constraints can be obtained
when both direct and indirect detection searches are taken into account (see for
example Ref. [334]).

Another phenomenological approach consists in expanding the contact operator
approach by introducing specific mediators (“portals”) between the DM sector
and the SM particles in a framework of so-called simplified models as suggested in
Refs. [335, 336, 337, 338, 339]. It has been pointed out that gauge invariance and
perturbative unitarity need to be carefully taken into account when constructing
simplified models of DM interactions [340, 341]. For further discussion about
the effective theory approach (EFT) and simplified models see Ref. [342] and
references therein.

3.6.2 Future experiments

Experiments which are planned or under construction typically aim to scale up the
size of current detectors and reduce unwanted backgrounds (in order to increase
the sensitivity to lower cross sections) or decrease the energy threshold (which
increases sensitivity to lower masses). In the low mass regime large part of the
(Mχ, σp

SI) parameter space will be probed by the future germanium and silicon
detectors in the SuperCDMS experiment operating at SNOLAB [343]. In the high
mass region, there are a number of xenon ton scale detectors either in operation
or planned for the near future, including the currently running XENON1T [267],
and the future XENONnT [312] and LZ [313]. More far away in the future there
is the project to build a 50 tonne (40 tonne active) detector called DARWIN
[344]. Similarly, using argon as a target material, there is the currently running
DEAP3600 [345], ArDM [346] and the future DarkSide-20k [3]. The argon
dark matter community has recently coalesced into a Global Argon Dark Matter
Collaboration (GADMC), with the goal of constructing and operating a 300 tonne
argon detector allowing a kilotonne-year exposure for a dark matter search, which
will follow the DarkSide-20k experiment at LNGS.

With this next generation of detectors, the aim is to achieve sensitivity to the
SI WIMP-nucleon cross section down to σpSI = 10−48 cm2. Below this value,
irreducible backgrounds from solar and atmospheric neutrinos become important
and the identification of a DM signal becomes more difficult [347].
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There have also been a number of proposals for novel methods of directly detecting
dark matter. These include using DNA-based detectors to provide high spatial
resolution [348], using nano-scale explosives [349] or charged-coupled devices
[350] to achieve very low energy thresholds and using proton-beam experiments
as a source of dark matter for direct detection experiments [351]. It has also
been suggested that the direct detection experiments could be used to search for
DM interactions with electrons, rather than nuclei (see e.g. Refs. [352, 353]).
Clearly, there are a range of approaches being pursued both in refining current
technologies and developing new ones.

3.7 Conclusions

In this chapter, I have discussed the dark matter direct detection formalism,
focusing on the contribution from scalar and axial-vector contact interactions. I
have shown that the event rate can be divided into a spin-dependent and spin-
independent contribution. After analysing all the different ingredients that enter
the definition of the differential energy recoil spectrum, I have shown the final
WIMP rate for different nuclei target and its dependence on the assumed WIMP
mass. Finally, at the end of the chapter, I have discussed a number of sophisticated
experiments that have been and continue to be developed which should allow
the rare nuclear recoils produced by these interactions to be detected. The use of
different channels such as scintillation, ionisation and phonons not only allows
the energy of these events to be measured but also aids discrimination against
electronic recoils which can act as a significant background.

Tentative hints of a signal from the DAMA/LIBRA, CRESST-II and CoGeNT exper-
iments have been interpreted as evidence for a WIMP with mass Mχ ∼ 10 GeV
and cross section σpSI ∼ 10−41 cm2. However, null results from XENON, CDMS,
EDELWEISS-III and other experiments are in tension with this claimed signal. The
origin of this discrepancy may lie in unidentified backgrounds or in an unconven-
tional model for DM. Thus, corroboration from indirect and collider experiments
is eagerly needed before such a signal can be confirmed.

As visible from Fig. 3.13, the post-LHC-Run1 minimal-SUSY model allowed
contours show a preference for a WIMP mass between 50 GeV and 3 TeV and
WIMP-nucleon cross section between∼ 10−43cm2 and∼ 10−50cm2. This preferred
region has been further reduced by the recent results of XENON1T and PandaX-II
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collaborations. The first has set the best limit on SI WIMP-nucleon cross section
excluding the values down to 7.7× 10−47cm2 for a 35 GeV WIMP mass while the
second possesses the best limit for WIMP masses larger than about 100 GeV. In
order to explore lower cross sections in this mass range it is necessary to build
ton scale experiments. The most promising technology is represented by xenon
and argon double-phase TPCs. These experiments are the future XENONnT, LZ,
DARWIN with a xenon target and DarkSide-20k and GADMC for an argon target.
They will explore the cross sections down to the ∼ 10−48cm2 thanks to exposures
of the order of tens (hundreds) of tonne year for xenon (argon).

At these exposures, the contribution of the coherent scattering of atmospheric
and diffuse supernova neutrinos (and even from solar neutrinos for low threshold
energies) starts to contribute becoming an irreducible source of background that
needs to be carefully taken into account. The impact of this background on the
sensitivity curves of DarkSide-20k, that will be described in Chap. 4, and future
developments will be the topic of Chap. 5.
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I have shown in the previous chapter that, despite the worldwide efforts to search
for dark matter the motivation for direct WIMP searches remains extremely
strong, especially for high (above a few hundred GeV) masses that will be out
of the LHC reach, and the region of low cross sections (10−45 cm2 to 10−48 cm2)
corresponding to Higgs-mediated scattering [354]. To discover the nature of
dark matter particles, it is important for direct and indirect detection to reach
new levels of sensitivity, improving them by a few orders of magnitude. For the
direct detection searches, the ability to build experiments able to operate in a
background-free mode will be crucial for a possible discovery of dark matter.

In this chapter I will focus in particular on an argon based DM detector called
DarkSide-20k. The DarkSide-20k experiment has been proposed in 2015 and
aims at a significant improvement in the sensitivity for the direct detection of
WIMPs. It is proposed to achieve this goal with a liquid argon time projection
chamber (LAr TPC) experiment with an active (fiducial) mass of 23 tonne (20
tonne), for a total exposure of 100 tonne year (t yr) to be accumulated in a run of
5 years. Thanks to its exceptionally low instrumental background, DarkSide-20k
could extend its operation to a decade, increasing the exposure to 200 t yr.

The following chapter is based on Ref. [3], selecting the most relevant parts for
this thesis.
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4.1 Overview and goals of DarkSide-20k

Being dark matter interactions very rare, and the onset of ν-induced nuclear
recoils for exposures of 100 tonne year and beyond, it is of utmost importance
to contain the number of instrumental background interactions to <0.1 events ,
so that a positive claim can be made with as few events as possible. A discovery
for dark matter could come at any exposure level, and even a low but non-zero
instrumental background can hinder the task of discovering DM.

Among the variety of detector technologies, noble liquid TPCs, which detect both
the scintillation light and the ionization electrons produced by recoiling nuclei,
have significant advantages for direct dark matter searches. For liquid argon,
the powerful discrimination against background using the time-development of
the primary scintillation signal (pulse-shape discrimination or PSD), the precise
determination of event positions in all three dimensions given by the TPC, and
the effectiveness of chemical and cryogenic purification of the argon have all
been demonstrated (see Refs. [355, 356] and references cited therein). The
specific goal of searching for and discovering high-mass dark matter particles
allows the search to be concentrated in the range of recoil energies from 30 keV
to 200 keV (WIMP search region). In this region, argon detectors outperform
other technologies with their outstanding β/γ background rejection, as verified
by WArP [357] and DarkSide-50 [356].

The DarkSide Collaboration has published background-free WIMP search results
(<0.1 events expected and no observed events in the search region) from an
exposure of (1422± 67) kg day with atmospheric argon (AAr) [356] and from a
separate exposure of (2616± 43) kg day with underground argon (UAr) [358].
The combined result of the AAr and UAr data analysis, leads to the expectation
that a result free from instrumental background can also be obtained from a much
larger exposure with a multi-tonne detector.

In addition to choosing a detector technology and target, the exact configuration
of the target is an important choice. The light quenching in LAr introduced by
the presence of a drift field was first discovered and then precisely measured by
the SCENE experiment [359]. The precise measurements obtained with SCENE
leads to the choice of a drift field of 200 V/cm, which minimally penalizes the
light yield of nuclear recoils, containing its loss within 10%, and resulting in a
barely noticeable loss of performance. Ultimately the reconstruction of energy of
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Fig. 4.1.: Cross sectional view of the DarkSide-20k experiment through its center plane,
showing the water tank and the WCV detector, the stainless steel sphere and
LSV detector, and the cryostat and LAr TPC.

the events is based on the consideration of both the scintillation signal, S1, and
the ionization signal, S2, and so a very good resolution can be obtained.

The choice of using single- or dual-phase geometry is driven by the need to obtain
the best performance in WIMP dark matter searches, and not a need for optimizing
event reconstruction in terms of S1 and f90, the fraction of S1 light detected
in the first 90 ns of the pulse. The dual-phase LAr detector DarkSide-50 has
demonstrated an impressive performance in background rejection by producing
two independent background-free results, with AAr [356] and UAr [358]. The
dual-phase xenon detectors have also achieved an impressive performance and
lead the race for WIMP dark matter sensitivity.

On this basis, an enlarged DarkSide Collaboration proposed the construction of
DarkSide-20k, a direct WIMP search detector using a LAr TPC with an active
(fiducial) mass of 23 t (20 t) of UAr. As shown in Fig. 4.1, the DarkSide-20k
TPC will be located underground at LNGS. DarkSide-20k will be a detector with
ultra-low background levels and the ability to measure its backgrounds in situ.
The projected sensitivity of DarkSide-20k which is one of the main topics of this
thesis and that will be carefully illustrated in Chap. 5, is compared with other
current and planned projects in Tab. 4.1.
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Tab. 4.1.: Comparison of sensitivity for current dark matter experiments leading the
search for high mass WIMPs and of future approved and proposed experiments.
Also included are the calculated sensitivities for hypothetical xenon and argon-
based experiments with an expectation of one coherent neutrino-nucleus
scatter during their operation and with thresholds of 10 keV and 30 keV,
respectively.

Experiment Target Exposure/[t yr] σ/[cm2] @1 TeV/c2 σ/[cm2] @10 TeV/c2 Reference
DarkSide-50 Ar 0.011 9× 10−44 8× 10−43 [358]
XENON-100 Xe 0.021 2× 10−44 2× 10−43 [360]
LUX Xe 0.092 1× 10−45 1× 10−44 [361]
ArDM Ar 1.5 8× 10−45 7× 10−44 [362]
DEAP-3600 Ar 3.0 5× 10−46 5× 10−45 [363]
XENON1T Xe 2 1× 10−46 1× 10−45 [312]
LZ Xe 15 3× 10−47 3× 10−46 [313]
XENONnT Xe 20 2× 10−47 2× 10−46 [312]
1 ν-induced
nuclear recoil

Xe
Ar

34
52

5.9× 10−48

1.6× 10−47
5.8× 10−47

1.5× 10−46 this thesis

DarkSide-20k UAr 100 1.2× 10−47 1.1× 10−46 this thesis
DarkSide-20k DAr 200 7.4× 10−48 6.9× 10−47 this thesis
Argo DAr 1000 2.7× 10−48 2.5× 10−47 this thesis

In the longer term, the aim of the DarkSide collaboration is to develop a path
towards a dark matter detector to be built with a 300 t (200 t) active (fiducial)
mass of depleted argon (DAr), UAr with an 39Ar content further depleted by
processing the UAr through a cryogenic distillation column. The details of this
experiment are still under debate as well as its name. Indeed, it can be found
in the literature both as Argoor GADMC. A successful DarkSide-20k experiment
would represent a fundamental milestone toward the realization of Argo(GADMC).
The latter is conceived to accumulate an exposure between 1000-3000 tonne year,
free of background other than that induced by coherent scattering of neutrinos.

The low recoil energies and cross sections targeted with DarkSide-20k repre-
sent an enormous experimental challenge, especially in the face of daunting
backgrounds from electron recoil interactions and from neutrons that mimic
the nuclear recoil signature of WIMPs. To meet its challenge, DarkSide-20k will
exploit the auxiliary facilities, including radon-free clean rooms, already built at
LNGS as part of the DarkSide program. The cryostat will be placed inside a 8 m
diameter stainless steel sphere filled with boron-loaded liquid scintillator, serving
as an active neutron veto (LSV), which in turn will sit inside a newly constructed
15 m diameter 14.65 m tall stainless steel tank, filled with ultrapure water, func-
tioning as an active muon veto (WCV). The LAr TPC will be instrumented with
Silicon PhotoMultipliers (SiPMs) as photosensors. To provide the UAr target,
the DarkSide Collaboration is already establishing, through the Urania and Aria
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projects, the entire chain of extraction, purification, depletion, transport, and
storage of low-radioactivity argon at the multi-tonne level.

In the next section the main sources of background for DarkSide-20k will be
presented in detail.

4.1.1 Nuclear recoils

Neutrino-induced coherent nuclear scattering

With the nuclear recoil energy thresholds needed to achieve the excellent electron
recoil rejection in LAr from pulse shape discrimination (PSD), only atmospheric
neutrinos and the diffuse supernova neutrino background are energetic enough to
produce nuclear recoils in the WIMP region of interest. Individual nuclear recoils
from coherent scattering of neutrinos from the argon nuclei in the target are
indistinguishable from WIMP-induced nuclear recoils. The exact calculation of
the amount of this background that is expected for DarkSide-20k will be presented
in Chap. 5.

Neutron scattering

Since individual elastic neutron scatters are essentially indistinguishable from
elastic WIMP scatters, background from all sources of neutrons must be reduced
well below the <0.1 events level. The main system that allows this is a highly
efficient neutron veto system, similar to that used in DarkSide-50, which drew
from the design of Borexino solar neutrino detector. Direct measurements of the
cosmogenic backgrounds in Borexino and comparison with Monte Carlo simula-
tions [364, 365] lead to the expectation that cosmogenic neutron backgrounds
can be kept under control by using veto signals from the LSV and WCV, with
no WIMP-like events expected for exposures much larger than that expected for
DarkSide-20k.

Background due to radiogenic neutrons from (α,n) and fission decays in the
construction materials of the LAr TPC must also be suppressed to below <0.1
events in the 100 t yr exposure. The rate of neutrons entering the detector will
be reduced by using radiopure silicon-based photosensors and careful screening
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and selection of construction materials. It is currently foreseen that the biggest
contributor to this background will be the cryostat and the reflective panels
of the LAr TPC, therefore, building the cryostat from either stainless steel or
titanium will be investigated. Any residual neutron rate will be measured and
efficiently rejected using the LSV. The sub-centimeter position resolution of
the LAr TPC [356] also helps reducing background from radiogenic neutrons
by fiducialization and rejecting events with multiple-sited energy deposition.
With careful selection and screening of all construction materials and detector
components, it is foreseen that the background due to radiogenic neutrons from
(α,n) and fission decays can be kept below the <0.1 events level.

4.1.2 Electron recoils

For electron recoils, the successful strategy developed in DarkSide-50 was to
reduce the raw rates by stringent materials screening and selection, then to
suppress the remaining events by analysis cuts (fiducial volume, multiple-site
energy deposition, etc.), and finally to apply PSD to identify residual electron
recoil background events. The energy region of interest (ROI) for the WIMP
search is 30 keV to 200 keV, roughly equivalent to 7 keVee to 50 keVee. Given
the effectiveness of self-shielding and fiducial cuts against external backgrounds
for large detectors, the most important sources of electron recoil background
for DarkSide-20k are those uniformly distributed throughout the fiducial volume
and those which come from radioactive decays within the detector materials.
These include decays of radioactive nuclides in the noble liquid target material
itself, and electron scatters induced by solar neutrinos. Based on results from the
DarkSide-50 experiment and Monte Carlo simulations, it has been demonstrated
that these backgrounds can be held to below the required level (<0.1 events) in
a 100 t yr exposure, if operated with a low-radioactivity argon target. The crucial
sources of electron recoil background are:

Solar neutrino-induced electron recoils

Electron scatters from pp neutrinos within the energy ROI occur at a rate of 200
events /(t yr), giving 2.0× 104 events in the 100 t yr exposure. The β/γ rejection
power demonstrated with DarkSide-50 in its AAr run [356] was better than one
part in 1.5× 107, more than sufficient to reject this pp neutrino background for
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the entire planned exposure. This would also hold true for the 1000 (3000) t yr
exposure planned for Argo (GADMC).

238U, 232Th, and daughters

The radioactive noble element radon may enter and dissolve in the LAr after being
produced in the 238U and 232Th decay chains. The most important background
contribution comes from β decays of the radon daughters whose spectra fall partly
within the energy ROI. The 222Rn specific activity in DarkSide-50 was measured
to be below 2 µBq/kg. The 222Rn concentration in DarkSide-20k is expected to be
much lower than the upper limit obtained for DarkSide-50 due to the reduction in
the surface-to-volume ratio. However, even if the 222Rn contamination were at the
DarkSide-50 upper limit, only 1000 events/(t yr) from 214Pb β decays would be
expected in the energy ROI, giving 1.0× 105 events in the total 100 t yr exposure.
Once again the β/γ rejection power demonstrated with DarkSide-50 in its AAr
run [356], better than one part in 1.5× 107, is more than sufficient to exclude
this source of background from the WIMP search region at the level required for
an instrumental background free result.

The 39Ar contamination

DarkSide-50 accumulated an exposure of (1422± 67) kg day with AAr (39Ar spe-
cific activity: 1 Bq/kg), followed by an exposure of (2616± 43) kg day with
UAr (39Ar specific activity: (0.73± 0.11) mBq/kg). Both campaigns provided
background-free results, and with 1.5× 107 events left in the energy ROI, but
located in the electron recoil band, provided a limit on the suppression factor for
electron recoil events >1.5× 107, provided by PSD alone. Argon extracted from
the atmosphere is not an option for DarkSide-20k with its maximum drift time of
2.5 ms, due to a constant pile-up of events that would exist, but using UAr with
a much reduced 39Ar component solves this constant pile-up problem. To better
understand what ultimate electron recoil rejection factor can be achieved, the
Geant4-based MC simulation package tuned using DarkSide-50 data was used to
simulate large exposures of 39Ar events inside the geometry of the DarkSide-20k
detector. A suppression for 39Ar events using only PSD is estimated to be >3× 109,
more than sufficient to discriminate against the expected 1.8× 108 remaining
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39Ar events coming from the UAr. This is further supported by the recent results
from the DEAP-1 experiment, which show that a reduction fraction for electron
recoils on the order of 1010 can be achieved in a LAr detector with a scintillation
light yield of at least 8 PE/keVee [366].

The 85Kr contamination

Recent data from DarkSide-50 show that the UAr contains 85Kr at a specific activity
of (2.05± 0.13) mBq/kg, a rate comparable to the 39Ar activity just discussed.
The 85Kr in UAr comes either from atmospheric leaks during the collection and
purification, or from deep underground natural fission processes. No attempt was
made to remove Kr from the UAr for the DarkSide-50 target, simply because the
presence of 85Kr was not expected at the time of purification. For the LAr target, it
is expected that the Urania UAr extraction plant will be able to reduce the 85Kr to
a level resulting in a specific activity much less than the residual 39Ar. However, if
for some reason the Urania plant is unable to reduce the 85Kr to the desired level,
Seruci-I at Aria will be capable of making the necessary chemical purification
of the UAr. Kr in Xe has been reduced by a factor ∼1000 per pass by cryogenic
distillation [367], which should be even better for Ar. Calculations show that the
Aria cryogenic distillation column can reduce 85Kr and other chemical impurities
by a similar factor of more than 103 per pass, at a rate of O(1 t/day), making this
source of contamination negligible in DarkSide-20k.

4.1.3 Surface recoils and Cherenkov backgrounds

Surface recoils occur when a radioisotope decays on the interior surface of the
detector. During the decay, it may eject an alpha particle toward the wall and recoil
into the active argon volume, producing a nuclear recoil signal. In DarkSide-50,
a surface recoil rate of 0.8 mBq was observed (across 0.75 m2 of surface area)
and used to do a study of the alpha light yield in LAr. For the WIMP search
all the surface events were rejected through the use of fiducial cuts, specifically
a drift time cut. In the case that the surface backgrounds do not exactly scale
when moving to DarkSide-20k, a radial fiducial volume cut, in addition to the
drift time cut, is already envisioned and is taken into account when making
the total exposure calculation. With the effectiveness of the drift-time cut seen
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in DarkSide-50and the implementation of a radial fiducial volume cut surface
backgrounds will contribute a negligible amount to the background budget.

Cherenkov background occurs when an electron recoil event is contaminated
with Cherenkov light coming from a β/γ interaction in the surrounding detector
materials either resulting from multiple Compton scattering of a single particle or
a separate particle interacting in time-coincidence with the first. The Cherenkov
light can overlap with the S1 signal from the LAr interaction producing an f90

value that a nuclear recoil would take. While the distribution of S1 light is a major
factor in rejecting these types of events, the additional information given by the
position reconstruction using the S2 signal allows for a more stringent cut to be
placed, ensuring that no Cherenkov background event will survive the cut.

4.2 Experimental design of DarkSide-20k

This section gives a general overview of the project and introduces the features of
the experiment. Fig. 4.1 shows the projected experimental arrangement, similar
to an expanded version of the DarkSide-50 setup.

4.2.1 The LAr TPC

The DarkSide-20k LAr TPC is the dark matter detector and the central element of
the experiment, with all auxiliary detectors and systems specified and designed
in support of the LAr TPC. To achieve its stated physics goals, the LAr TPC must
respond to a stringent set of requirements. The LAr TPC operates in a two-phase
mode, utilizing both the liquid and gas phases of argon, as in DarkSide-50. Fig. 4.2
shows a 3D representation of the LAr TPC contained inside the cryostat. Energy
deposits in the LAr target result in a characteristic production of excited and
ionized argon atoms, according to the underlying process of a recoiling electron
or nucleus. Excited argon atoms, which can also be produced by recombining
ionization charge, lead to an efficient formation of argon excimers decaying via
the emission of scintillation light containing two components with different time
constants of emission. Both components combined together to yield an instant
light signal S1. Due to the deep UV nature (around 128 nm) of this scintillation
light, which is absorbed by most materials, a thin layer of wavelength shifter
must cover all exposed surfaces. Ionization electrons escaping recombination
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Fig. 4.2.: 3D rendering of the DarkSide-20k LAr TPC and cryostat.

are drifted by an applied electric field to the top of the LAr, where a stronger
applied field extracts the electrons into the gas pocket above the liquid. Here the
strong field accelerates the electrons, enough for them to excite (but not ionize)
the argon gas, producing a secondary scintillation signal S2, proportional to the
ionization charge. For a simplified scheme of the S1 and S2 signal formation see
Fig. 4.3.
Arrays of SiPMs, arranged in assemblies called photodetector modules (PDMs),

are placed behind wavelength shifter coated windows at the top and bottom of
the TPC, and read out both scintillation signals in each event. Substantial effort
was put in the developments of this technology, since SiPMs promise a higher
effective quantum efficiency, higher reliability at LAr temperature, and a much
higher radiopurity than PMTs. S1 is used for energy determination, as well as for
PSD, the latter is derived from the ratio of the prompt and delayed light fractions.
S2 is used for energy and 3D position measurement of the event, the vertical
coordinate from the drift time between S1 and S2, and the horizontal coordinates
from the light pattern in the top photosensors.

All components of the detector, above all the inner components, like the LAr TPC,
the cryostat, the SiPM arrays, and cables, must be made from materials of highest
radiopurity to keep backgrounds as small as possible.
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Fig. 4.3.: Schematic diagram of the functioning of dual-phase LAr TPC. WIMP scattering
will induce nuclear recoils which in turn produce excitation and ionization. The
recombination process results in a primary scintillation light called S1, which
can be observed directly using silicon photomultipliers. Ionisation electrons
drift in an applied electric field, producing an electroluminescence signal called
S2 in the gas phase.

4.2.2 The active vetoes: Water Cherenkov Veto and Liquid
Scintillator Veto

The veto system is crucial for the suppression of cosmogenic and radiogenic
backgrounds originating from internal detector components, as well as from the
surrounding environment. At the LNGS underground site, a depth of 3800 meter
water equivalent (m.w.e.), the rate of cosmic rays is reduced to 1.1/(m2·hr).
The outer veto, called Water Cherenkov Veto (WCV) provides general tagging of
cosmic rays and shielding from radioactivity in the laboratory and the surrounding
rock. The inner liquid-scintillator neutron veto (LSV) system targets events
induced by internally- and externally-generated neutrons with high efficiency and
is also effective to detect gamma-induced events in the LAr TPC. The requirement
for the neutron detection efficiency is set as >99 %, a target that was achieved in
DarkSide-50.

Nuclear recoils induced by single neutron scatters are indistinguishable from
WIMP interactions. Even the large size of the LAr TPC does not allow a fiducial
volume completely shielded from neutron-induced backgrounds. External passive
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shielding provides protection against neutrons from outside the TPC (cosmogenic
or radiogenic from Hall C), but not from neutrons from the components of the
TPC itself. Neutron induced recoils will be suppressed using a LSV [368], a
separate detector surrounding the TPC in which the neutrons from both internal
and external sources are detected with very high efficiency, and the corresponding
recoil events in the LAr TPC are identified and rejected. In addition to removing
neutron backgrounds, the LSV also provides in situ measurements of the neutron
backgrounds, allowing for reliable predictions of the number of neutron-induced
recoils expected in the data sample to be made. It also has a substantial efficiency
for detecting γ-rays from the TPC and cryostat.

To lower the background rate in the LSV in order to allow as low an energy thresh-
old as possible for efficient neutron-detection, additional shielding is required
surrounding the LSV. The LSV will be surrounded by a large tank of ultra-pure
water, instrumented as a Cherenkov detector to veto cosmic rays, the WCV. This
layered veto concept has been used very successfully in DarkSide-50 [356, 358,
369].

Neutrons that enter the LAr TPC come primarily from four sources:

• Radioactivity in the environment outside the detector;

• Cosmogenic interactions due to cosmic ray muons;

• Spontaneous fission reactions in the detector materials;

• (α,n) reactions in the detector materials.

Neutrons from the first two sources are suppressed by the shielding and signals
generated by the veto detectors. Fission reactions that produce neutrons often
generate multiple neutrons and high energy gamma-rays, significantly increasing
the probability of multiple coincident interactions in either the LAr TPC or in the
neutron veto. This leaves (α,n) neutrons as the most challenging type of neutron
to veto, and much of the design is targeted around vetoing this class of neutrons
with high efficiency.

(α,n) neutrons are produced by the alpha decays of radioisotopes in the detector
materials, in particular by the 238U,235U, and 232Th decay chains. Cross sections
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for (α,n) reactions result in a neutron yield usually between 10−5 to 10−7 neutrons
per equilibrium decay of the entire chain, with light elements giving the highest
yields. (α,n) yield is strongly dependent on the α energy, making the lower
sections of the 238U and 232Th decay chains particularly important.

It is planned to use a liquid scintillator doped with an isotope with a high cross
section for thermal neutron capture. In DarkSide-50 this isotope was 10B, accom-
plished by a solution of 1,2,4-TriMethylBenzene (PseudoCumene or PC) as solvent
and 2,5-DiPhenylOxazole (PPO) as fluor mixed with TriMethylBorate (TMB) [356,
358, 369].

Neutrons can be detected by exploiting two signals, usually defined as prompt
and delayed signals. The prompt signal is produced during the thermalization
of the neutrons. Neutrons lose their energy by scattering off the nuclei of the
scintillator, in particular hydrogen. Protons that are scattered by neutrons produce
scintillation light. The scintillation light of the protons, although heavily quenched,
can be detected by the PMTs. The thermalization of the neutrons is a fast process,
usually contained in a narrow time window of a few hundred ns with respect to
the scattering on argon, therefore a very low threshold can be used in a narrow
prompt window.

The delayed signal is due to the neutron capture. The thermalized neutron can
capture on various isotopes in the scintillator. 10B, with a natural abundance
of 20%, is one of the isotopes with the highest thermal neutron capture cross
section, 3840 barn. The time scale and the relative probability of capture in boron,
hydrogen, or carbon nuclei depends on the amount on boron in the scintillator,
with 10B dominant at all but the smallest concentrations. The capture on 10B has
two branches:

10B + n→ 7Li + α (1775 keV) [6.4 %]
10B + n→ 7Li + α (1471 keV) [93.6 %]

↪→7 Li→7 Li + γ (478 keV).

The advantage of the 10B final products is that the alpha and 7Li have very short
range. Therefore if a neutron is captured on 10B in the LSV, the reaction always
produces some scintillation light. An important feature of this signal is that it
is independent of the energy of the neutron, meaning that a neutron that has
too low an energy to produce a detectable prompt signal may still produce a
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detectable delayed signal. However, the light yield of alpha and 7Li nuclei is highly
suppressed due to ionization quenching, causing them to scintillate equivalent
to a 50 to 60 keV electron. Detecting these reaction products therefore requires a
high light collection efficiency. The time scale of the delayed signal depends on
the TMB concentration. With a 50 % volume concentration, the neutron capture
time is 2.2 µs, and ∼99.2 % of neutron captures happens on 10B (the rest of the
captures happens mostly on H), while with a 5 % concentration, the neutron
capture time is 22 µs and ∼92 % of neutron captures happens on 10B.

4.3 Procurement and purification of the underground
argon target

The collaboration has developed a broad strategy to increase the production of
UAr to procure the target required for DarkSide-20k.
The Urania project will extract and purify the UAr from the CO2 wells at the
Kinder Morgan Doe Canyon Facility located in Cortez, CO at a production rate
of 100 kg/day. The Urania project will extract at least 50 t of low-radioactivity
UAr, providing the required 35 t of UAr to fill DarkSide-20k. It will be neces-
sary to make a final chemical purification of the UAr before deployment into
the LAr TPC (driven by the filtration capacity of the getter purification unit),
bringing the chemical impurity levels to those shown in Table 4.2. Argon from
active CO2 wells in southwestern Colorado have been found to contain very
low levels of the radioactive isotope 39Ar, with the concentration shown to be a
factor of (1.4± 0.2)× 103 below that of argon derived from the atmosphere [358].

Additionally, it would be beneficial to further deplete the UAr of 39Ar, giving
extended sensitivity to DarkSide-20k and a level of 39Ar that is acceptable to be
used in an experiment such as Argo. The Aria project will serve to chemically
purify the UAr to better than the levels shown in Table 4.2 using a cryogenic
distillation column called Seruci-I. Aria could also potentially further deplete the
UAr of 39Ar by a second, and larger cryogenic distillation column called Seruci-II.
The ultimate goal of the Aria project is to process about 150 kg/day of argon
through Seruci-II to achieve an additional depletion factor between 10 and 100
(in addition to the reduction of 39Ar already seen in the UAr). However, the
first objective of the Aria project is to chemically purify the UAr using Seruci-I.
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Tab. 4.2.: Urania/Aria: Inlet purity required by the getter of DarkSide-20k.

Element Inlet Purity Requirements (ppm)
CH4 <0.25
CO <0.1
CO2 <0.1
H2 <1
H2O <1
N2 <1
O2 <1

Therefore, the procurement of the UAr for DarkSide-20k is broken into two main
operations, extraction of the UAr by Urania and then chemical purification by
Aria using Seruci-I.

4.3.1 The Aria project

The aim of the Aria project is to perform chemical purification of the UAr extracted
by Urania. Aria will also be the test bench to develop active depletion of 39Ar
from the UAr to possibly provide DAr targets for LAr detectors. Aria consists
of two 350 m tall distillation columns of different processing diameters, Seruci-I
and Seruci-II, capable of separating isotopes by means of cryogenic distillation,
a process that exploits the tiny difference in volatility due to the difference in
isotopic mass [370, 371, 372].

Aria is to be installed in underground vertical shafts of diameter 5 m and depth
350 m, located at the Seruci mine campus of CarboSulcis, a mining company
owned by the Regione Autonoma della Sardegna (RAS).

Algorithms developed by to calculate the relative volatility of argon isotopes [373],
based on the extensive and detailed models available in the literature, predict that
the volatility of 39Ar relative to 40Ar is 1.0015± 0.0001, and that it stays constant
within theoretical uncertainties in the range of temperatures practical for the
distillation of argon (84 K to 100 K). The small volatility difference can be used
to achieve active isotopic separation by using a cryogenic distillation system with
thousands of equilibrium stages [374, 375, 376, 377].

Calculations indicate that Seruci-I will be able to process UAr at a rate of O(1 t/day),
while removing all chemical impurities (including traces of N2, CO2, and Kr) with
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separation power better than 103 per pass. Additionally, Seruci-I will be used
to test the isotopic separation of the argon, in order to further reduce the 39Ar
content in the UAr. The same models which have been used to calculate the
chemical purification rate, have also been used to show that Seruci-I would be
able to isotopically separate the UAr at a rate of 10 kg/day, while obtaining an
39Ar depletion factor of 10 per pass. Scaling the model to the size required for
Seruci-II predicts a processing rate of 150 kg/day, while maintaining the same
depletion factor.

4.4 Physics reach

The ability to identify, measure, and reject background will ultimately define the
sensitivity of direct dark matter searches. DarkSide-20k is designed to perform a
search for high mass (tens of GeV to hundreds of TeV) dark matter particles with
an exposure of 100 t yr. DarkSide-20k will search for WIMPs in a broad energy
range from 30 keV to 200 keV. Fig. 4.4 shows the nuclear recoil energy spectra for
WIMPs interacting with argon nuclei, for various masses between 100 GeV and
10 TeV. The steeply falling rate with increasing recoil energy means that a lower
energy threshold can greatly increases sensitivity for WIMP detection, as long as
the detector still operates with a very low and well understood background. As
will be detailed in this section, the operation of DarkSide-20k in an instrumental
background-free mode is possible thanks to its outstanding rejection power for
β/γ backgrounds using PSD, and rejection of neutron-induced nuclear recoils by
the identification of multiple scatters thanks to the intrinsic spacial resolution of
the LAr TPC and the system of two active vetoes.

DarkSide-20k’s system of nested detectors is designed to efficiently reject the
backgrounds described in Sec. 5.2: nuclear recoils induced by radiogenic and
cosmogenic neutrons, electron recoils from gamma rays and radioactive contami-
nants in the LAr, and backgrounds from radon daughters deposited on detector
surfaces. Detailed simulations projecting that DarkSide-20k will be operated in an
instrumental background-free condition in the WIMP search region at the required
exposure will be discussed in Sec. 4.4.1. These studies have been performed using
G4DS, the Geant4-based Monte Carlo simulation tool developed by the DarkSide
collaboration.
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Fig. 4.4.: WIMP nuclear recoil spectra in argon as a function of the recoil energy in keV
for different WIMP masses.

To provide unbiased results for the dark matter search at the limits of sensitivity
offered by the detector, a blind analysis procedure will be implemented. The blind
analysis employed by DarkSide-20k will build upon the procedure currently being
developed by the DarkSide collaboration for DarkSide-50.

G4DS was designed with a modular architecture and describes the energy and
time responses of each detector. It provides a rich set of particle generators,
detailed geometry descriptions, finely-tuned physical processes, and a full optical
propagation model for the photons produced by scintillation in liquid argon and
liquid scintillator and by electroluminescence in gaseous argon.

For the LAr TPC, the main goal of G4DS is the accurate simulation of light
production, propagation, and detection for background and signal events, in
order to fully reproduce the responses of the detector in S1, S2, and time, the
three primary variables on which the discrimination of β/γ background is based.
This allows tuning of the analysis cuts and estimation of their efficiencies, as well
as prediction of the β/γ and nuclear recoil backgrounds.

The light generation in LAr and GAr is handled using a custom Geant4 physical
process, since details of atomic excitation, ionization, nuclear quenching, and
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Fig. 4.5.: Comparison of measured field-off spectra for the UAr (blue) and AAr (black)
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data (red) and individual components from 85Kr (green) and 39Ar (orange)
extracted from the fit. S1 Late is a modified S1 variable which begins waveform
integration after the first 90 ns, to avoid channel saturation. [358]

electron-ion recombination effects are poorly known in argon, especially in pres-
ence of strong electric fields. A theoretical model based on an effective description
of recombination was developed, which was tuned on calibration data and is able
to accurately describe the light response of DarkSide-50 in both S1 and S2.

Another critical ingredient of G4DS is the tuning of optical properties of the
materials through which light is propagated, and of the surfaces where light
can be absorbed, reflected, or diffused. These parameters were again tuned by
comparisons with selected data samples from the DarkSide-50 LAr TPC.

The DarkSide-50 electronics response was simulated in detail by generating arrival
time and hit channel information for each photoelectron, and then convolving
it with the typical single photo-electron time response and adding the simulated
signals to actual PMT baseline responses to include noise.

The success of G4DS was validated by its ability to reproduce the background
spectra in the latest analysis of the DarkSide-50 UAr data, as well as other specific
distributions measured in the the DarkSide-50 LAr TPC. As one example, a strong
validation of G4DS was made when it first detected the presence of 85Kr in the
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spectrum from the UAr target in DarkSide-50. The G4DS fit to the spectrum,
shown in Fig. 4.5, would not converge in the region of the 39Ar end point under
the initial assumption of no other β component with a similar end point. The
G4DS working group found that only by adding a significant 85Kr component
would the fit converge to the data. This hypothesis was confirmed by measuring
the rate of coincidences due to the 0.43 % branching ratio of 85Kr decaying to
85mRb. Not only did the G4DS analysis identify the missing spectral component,
it also measured the absolute 85Kr activity with great accuracy, as confirmed by
the coincidence measurement. As Fig. 4.5 shows, G4DS is designed to reproduce
with great accuracy the experimental features of the DarkSide-50 spectrum with
a UAr target.

G4DS has been used to calculate the light yield of DarkSide-20k in its final
configuration, obtaining the distribution shown in Fig. 4.6. This calculation used
the optical parameters tuned on the DarkSide-50 data (plus an assumed self-
absorption length of 300 m for the LAr scintillation light), the geometry of the
detector as described in this thesis, and it assumed a 40% overall photon detection
efficiency. G4DS estimates a light yield of 10 PE/keV, larger than that obtained
in DarkSide-50, the result of many technical improvements of the DarkSide-20k
design, larger geometrical coverage and increased photo detection efficiency for
SiPMs, compared to PMTs.
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Fig. 4.6.: Light yield as a function of the vertical coordinate in DarkSide-20k for 39Ar
with an electric field of 200 V/cm, as obtained with the G4DS simulation of
the detector described in this thesis.

4.4 Physics reach 103



Tab. 4.3.: Expected β/γ and nuclear recoil (NR) backgrounds expected during the full
DarkSide-20k exposure, based on current data and Monte Carlo simulations.
The center column gives the total number of single-scatter events within the
energy region of interest (ROI) before the application of the fiducial and
veto cuts and the PSD. The right-most column is the total number of events
surviving the veto cut, fiducial volume cut, and PSD. Internal β/γ background
does not include the 39Ar depletion expected from Aria. External backgrounds
are shown for a stainless steel cryostat.

Background
Events in ROI
[100 t yr]−1

Background
[100 t yr]−1

Internal β/γ’s 1.8× 108 0.06
Internal NRs negligible negligible
e−-νpp scatters (This thesis) 2.0× 104 negligible
External β/γ’s 107 <0.05
External NRs <81 <0.15
Cosmogenic β/γ’s 3× 105 �0.01
Cosmogenic NRs – <0.1
ν-Induced NR(This thesis) 1.33±0.26 1.33±0.26

4.4.1 Simulation of backgrounds in DarkSide-20k

The background sources can be divided into three broad categories: 1) “Internal
background", ionizing events due to radioactive contamination and neutrino
interactions in the active argon itself; 2) “External background", ionizing events
originating from radioactivity in the TPC and cryostat materials (radiogenic
backgrounds from outside the cryostat are negligible due to the shielding provided
by the veto) and 3) “Cosmogenic background", ionizing events originating from
the residual cosmic ray flux in the laboratory.

A full background model of the detector has been built from the G4DS Monte
Carlo simulation and is under continuous refinement. The current state of the
background estimates for the proposed 100 t yr exposure of DarkSide-20k is
summarized in Tab. 4.3 and discussed in detail in this section. Some of these
numbers have been calculated as part of this thesis and their derivation will be
explained in Chap. 5.
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Internal background

39Ar and 85Kr: Recent data from DarkSide-50 running with low-radioactivity
argon shows that the UAr contains 39Ar and 85Kr activity totaling slightly less
than 3 mBq/kg. As stated previously, the DarkSide-50 run with AAr had an
exposure of (1422±67) kg day and accumulated 1.5× 107 39Ar events in the
WIMP energy ROI after all standard analysis cuts except PSD. Every one of these
events was eliminated when the PSD was applied, leaving the experiment free
from this background and producing a lower limit for the reduction factor of 39Ar
of >1.5× 107.

A detector with similar PSD performance and filled with UAr would have to run
for 5.5 t yr to accumulate the same number of 39Ar events, and would also be
expected to be free of 39Ar background after PSD. Because the planned exposure
is a factor 19 larger than this, assuming the DarkSide-50-measured lower limit for
the reduction factor of the 39Ar leads to a case in which the experiment would not
remain background-free. Therefore the real rejection factor that can be expected
must be estimated using alternative methods, such as Monte Carlo simulations
and analytic modeling. This has been done for the case of DarkSide-20kand
results are quoted in Tab. 4.31. Additionally, assuming that two passes of the
UAr through Seruci-II will reduce the 39Ar by a factor of 100, there will be only
about 1.8× 106 residual decays of these isotopes in the DAr itself in the WIMP
ROI during the full exposure of 100 t yr. This would further extend the sensitivity
of DarkSide-20k beyond that which has been estimated when using just the UAr,
and would mark the beginning of the procurement of the target for a much larger
detector, such as Argo.

Production of 39Ar in the UAr by cosmic rays during collection, transportation,
and storage of the UAr before its deployment into the DarkSide-20k detector have
also been considered. Two codes that calculate the production and decay yields
of isotopes from nuclear reactions induced by cosmic rays were used to calculate
the production of 39Ar in the UAr during a realistic altitude and exposure history
covering its extraction and purification, shipment to the Aria site, processing
there, and transportation to the underground laboratory. COSMO [378] and
ACTIVIA [379] predicted 39Ar specific activities of 1.5× 10−8 Bq/(kg day) and
0.54× 10−8 Bq/(kg day), respectively, much too small to be of concern.

1Note that the conservative assumption of the use of UAr with no further depletion of the 39Ar
has been made
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Solar neutrino-induced electron scatters: The dominant solar neutrino interac-
tion rate would be from neutrino-electron scattering by pp neutrinos. These
occur at a rate of 200 events/(t yr) within the DarkSide-20k energy ROI, giving
2.0× 104 events in the 100 t yr exposure. The β/γ rejection power demonstrated
with DarkSide-50 in its AAr run [356] was better than one part in 1.5× 107, more
than sufficient to reject this pp neutrino background in the DarkSide-20k exposure.
This would also hold true for the 1000 t yr exposure planned for Argo.

Neutrino-induced nuclear scatters: As discussed in Sec. 5.2, the coherent scat-
tering of atmospheric neutrinos from argon nuclei is an irreducible physics back-
ground to WIMP searches. About 1.3 events are expected from this source in the
100 t yr exposure.

238U, 232Th, and daughters: The radioactive noble element radon may enter
and diffuse in the LAr after being produced in the 238U and 232Th decay chains.
The most important background contribution comes from β decays of the radon
daughters whose spectra fall partly within the energy ROI. The 222Rn specific
activity in DarkSide-50 was measured and found to be below 2 µBq/kg. With its
much smaller surface-to-volume ratio, the 222Rn concentration in DarkSide-20k is
expected to be much lower than in DarkSide-50, since radon will be coming from
the detector surfaces and not the bulk. However, even if the 222Rn contamination
were at the DarkSide-50 level, only 1000 events/(t yr) from 214Pb β decays
would be expected in the energy ROI, giving 1.0× 105 events in the total 100 t yr
exposure. Once again the β/γ rejection power demonstrated with DarkSide-50
in its AAr run [356], better than one part in 1.5× 107, is more than sufficient to
eliminate this source of background from the WIMP search region at the level
required for a DarkSide-20k result free from instrumental background.

External background

To ensure that external backgrounds are low enough to achieve the experiment
goals, the DarkSide Collaboration will implement a careful program of back-
ground modeling, process and materials development, and materials radiopurity
assay.
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Radiogenic β/γ’s: The energy spectrum resulting from the radioactive β/γ

decays of the detector materials was measured quite precisely in DarkSide-50,
for both the AAr and UAr data sets. The measured spectra were found to match
very well, indicating that the target itself did not contribute to this background
in a significant way, and also showed a sufficient amount of self shielding by the
LAr. With this results in mind, and assuming the same level of activities as in
DarkSide-50, DarkSide-20k will expect to see on the order of 107 electron recoils
events within the WIMP ROI, coming from β/γ decays of the detector materials.
Based on the discrimination power of the PSD technique to distinguish between
electron recoil (ER) and nuclear recoil (NR) events that has been estimated, it is
expected that this background will not cause any leakage events to appear in the
WIMP search region, over the entire exposure of DarkSide-20k.

Radiogenic neutrons: Radiogenic neutrons are a potentially dangerous back-
ground since they cannot be removed by PSD. The very low levels of spontaneous
fission occurring in the materials selected for DarkSide-20k also produce neutrons,
but G4DS simulations with activity levels measured in DarkSide-50 or expected
for DarkSide-20k show that these will be efficiently vetoed by the LSV, given the
fission neutron multiplicity and the coincident fission γ-rays, leaving (α,n) as the
chief background.

Early G4DS studies indicated that the (α,n) reactions in the Teflon (PTFE) reflector
and the cryostat were likely to be the largest sources of neutrons, so further studies
focused on these, testing several different configurations with 4× 106 neutrons
generated for each configuration. The resulting probability for mis-identifying a
radiogenic NR as a WIMP candidate is then normalized to the known 238U and
232Th activities and the (α,n) yields in these materials, calculated with TALYS and
SRIM simulation codes and reported in Tab. 4.4, to give the number of expected
WIMP-like NRs appearing during the full 100 t yr of DarkSide-20k. The neutrons
generated in the PTFE and steel have been simulated using (α,n) spectra from
TALYS. The TMB concentration has been varied from 0 % to 50 % to find the most
efficient LSV composition.

To use the simulation to evaluate LSV performance, a simulation of a typical TPC
analysis, which would require a single, nuclear-recoil-like scatter in a chosen fidu-
cial volume, is performed. These cuts are themselves quite effective in reducing
neutron-induced background. The following is required:
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Tab. 4.4.: Uranium and thorium decay chain (α,n) yields, per equilibrium decay of
the entire chain, used in neutron background estimates. The yields were
calculated with TALYS and SRIM. Equilibrium in the 238U chain is often
broken, and so it is divided in the simulations.

238U Upper 238U Lower 232Th
Steel 1.3× 10−9 5.4× 10−7 1.95× 10−6

Teflon (PTFE) 1.2× 10−5 8.9× 10−5 1.3× 10−4

Tab. 4.5.: Expected neutrons produced before the application of any cuts, fraction
passing TPC cuts, fraction of events passing TPC cuts that also pass LSV cuts,
and surviving neutron background events inside the WIMP search region for
a DarkSide-20k exposure of 100 t yr. Errors are statistical only.

Source
Neutrons produced

in 5 yr
Fraction passing

TPC cuts
Fraction passing

LSV cuts
Surviving n

background in 100 t yr
Teflon reflector panels <1717 0.0072 0.0075 <0.093
Stainless steel cryostat 2384 0.0019 0.0133 0.060
Total <0.153

• The event has a single resolved interaction in the TPC;

• The interaction is nuclear-recoil-like;

• The event is contained in the WIMP energy region;

• The event is inside the fiducial volume chosen, varied in these studies.

The simulations for neutrons originating in the Teflon reflector panels and stainless
steel cryostat give the results shown in Table 4.5 for a TMB concentration of 20 %
and a fiducial cut of 7 cm. Fig. 4.7 shows the surviving neutron background as a
function of both the TMB concentration and the fiducial cut.

Cosmogenic background

Nuclear interactions of cosmic ray muons with the rock surrounding the exper-
imental halls produce neutrons and other particles that potentially give back-
grounds in DarkSide-type detectors. Detailed simulation studies of these back-
grounds were performed by members of the DarkSide Collaboration for Borexino,
for DarkSide-50 with its veto system, and for a 3.3 t LAr TPC with the DarkSide-50
veto system, as described in Refs. [364, 365]. In these simulations, FLUKA was
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Fig. 4.7.: WIMP-like neutron recoils per year from both U and Th induced by (α,n)
reactions in the stainless steel cryostat and in the PTFE panels.

used to predict the particle fluxes produced in the rock and incident on the ex-
periments, starting from measured characteristics of the incident muon flux at
LNGS.

The most dangerous class of background events for the WIMP search are neutron-
induced nuclear recoils in the sensitive LAr volume resulting from events which
deposit little or no energy in the vetoes. To study this category, Ref. [365] singled
out all events for which at least one neutron (but <50 coincident particles)
reached the active LAr region in their 3.3 t LAr TPC. A very conservative criterion
(dELSV > 1 MeV) was defined to select events which should be considered
detectable by the LSV. A portion of the Ref. [365] simulation was repeated for
the proposed geometry using the Geant4-based simulation package. The most
dangerous category of cosmogenic events was again singled out, i.e., cosmogenic
neutrons entering the water tank without accompanying charged particles (all
other events are easily rejected by the WCV). DarkSide-20k is more efficient at
rejecting such external cosmogenic neutrons because of the increased sizes of the
WCV and LSV. The results for an exposure greater than 1000 t yr are compatible
with no cosmogenic neutron reaching the LAr TPC and surviving application of
the veto cuts.

The background estimate described above was based on cosmic ray muon-induced
secondaries which are prompt and thus can be vetoed by the outer detector
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systems. The cosmic ray showers can also produce radioisotopes with lifetimes of
seconds to minutes (i.e., sources of non-prompt background) in the detector and
target materials. Production and decay of these isotopes were also simulated, and
their decay products handed off to a Geant4-based Monte Carlo for simulation.
Events that deposited a significant amount of energy in the veto detectors, inter-
acted at more than one site inside the LAr TPC, or fell outside the energy ROI and
the fiducial volume were removed. On the order of 3× 105 events survive during
a full exposure of 100 t yr all of which were β/γ events. This number is easily
managed by the LAr PSD.

Based on current data and Monte Carlo simulations, the expected numbers of
electron and nuclear recoil background events surviving analysis cuts, for the full
100 t yr exposure, is given in Tab. 4.3. Note that the table gives an estimated
external NR background greater than 0.1 event. This rate is dominated by (α,n)
production in the PTFE reflector panels. Actual measurements of the activity of
the PTFE in DarkSide-50 produced only upper limits. The background estimate
can thus be taken as an indication that more sensitive measurements of the PTFE
must be made, and that the activity will be required to be at least a factor of ∼ 2
below the achieved upper limits.

4.4.2 DarkSide-20k energy acceptance

The success of the experiment depends not only on background suppression, but
also on a high detection efficiency for nuclear recoil events from WIMPs. The
WIMP acceptance region is designed to have a leakage of electron recoils smaller
than 0.005 events/(5-PE bin).

To determine the expected acceptance region for DarkSide-20k, 1.5× 106 nuclear
recoils in the range 1 keV to 200 keV were simulated. The simulation included
the effect of the measured quenching factor for nuclear recoils in argon reported
in Ref. [359], which matches the theoretical predictions. With this quenching
factor, the above nuclear recoil ROI corresponds to the energy interval <1 keVee
to 50 keVee for β’s. Additionally, 3.5× 106 39Ar β-decays were simulated in the
energy range of 7 keVee to 50 keVee. The number of simulated electron recoils
corresponds to 1 % the expected number of 39Ar decays in the WIMP ROI for the
100 t yr exposure using UAr (assuming the 39Ar reduction factor measured in
DarkSide-50). The G4DS simulation was performed using the optical parameters,
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such as the index of refraction and the reflectivity of the different surfaces, that
had been tuned with the DarkSide-50 data. The light yields of β’s and nuclear
recoils were corrected for the position within the LAr TPC, based on a light yield
map obtained with 83mKr G4DS simulations. The average light yield predicted for
DarkSide-20k in this study was 10 PE/keV for β/γ’s at null field, corresponding
to 9 PE/keV at a field of 200 V/cm.

The discrimination between β/γ and nuclear recoils was then determined using
the PSD of LAr. In DarkSide-50, the discrimination parameter f90 was used, but
due to the DarkSide-20k larger size and longer average distance the light has to
travel before reaching the photosensors, f90 might not be the optimal distribution,
thus the PSD performance of DarkSide-20k was simulated using four different
parameters: f90, f120, f150, and f200, defined as the fraction of scintillation light
collected in the first 90 ns, 120 ns, 150 ns, and 200 ns respectively.

The large simulated sample of ER described above is still not sufficient to locate
a PSD cut contour for the full exposure. To design the contour, an analytical
model of the three PSD parameters was fit to the simulated sample and used
to extrapolate to the required background rejection. For all three parameters,
an NR acceptance region was defined by requiring that it contains a leakage of
less than 0.005 events/(5-PE bin) ER events (total ER background then sums
to <0.1 events in the WIMP search region), extrapolating to the full statistics

112 Chapter 4 DarkSide-20k



of 39Ar events expected in DarkSide-20k. Note that in this study, the use of UAr
was assumed, with the depletion factor measured in DarkSide-50 and not the
additional depletion anticipated from Aria, we will relax this condition and its
implication to WIMPs sensitivity in Sec. 5.6.2. The acceptance region was further
bounded from below by the 90% NR detection-efficiency contour. As an example,
the distribution of f200 as a function of S1 for β’s and NRs is shown in Fig. 4.8.
The lines on those plots correspond to the leakage curve for β/γ and to the 90%
acceptance contour for NR.

For each of the four discrimination parameters considered, the NR acceptance
band, as determined with the procedure detailed above, is converted into a
function of energy and shown in Fig. 4.9. The comparison clearly favors f200.
There is no gain in further lengthening the window dedicated to the counting
of the fast photoelectrons beyond the 200 ns of f200. The resulting equivalent
reduction factor for 39Ar decays inside DarkSide-20k is found to be >3× 109,
more than sufficient to maintain background-free operation for more than 200 t
yr.

The acceptance band of Fig. 4.9 will be used to evaluate the sensitivity of
DarkSide-20k to WIMP recoils. The other main ingredients to calculate the
sensitivity are

• the statistical framework to calculate upper limits or discovery limits;

• the prediction for the irreducible coherent neutrino background;

• the impact of ARIA purification process on the background content of 39Ar
and its impact.

All these items will be described in the Chap. 5.
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In this chapter I will present the calculation of the 90% Confidence Level (C.L.)
WIMP-nucleon cross section sensitivity of the DarkSide-20k experiment and of a
future detector capable of achieving an exposure between 1000-3000 tonne year.
The final name and the experimental realization of this kind of detector is, at the
time of writing, yet to be defined.

I have shown in Chap. 4 that DarkSide-20k will be able to contain the number
of instrumental background interactions to < 0.1 events. The only irreducible
background that is left comes from Coherent elastic neutrino-nucleus scattering
(CEnNS) interactions. In this chapter I will present the prediction for the number
of neutrino background events in DarkSide-20k. I will start presenting the statisti-
cal tools used to obtain upper limits on the WIMP-nucleon cross section (see Sec.
3.1.1) as a function of the WIMP mass. I will show that these upper limits and the
discovery potential are drastically affected by the given number of background
events.
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5.1 The background impact on the WIMP sensitivity

Before going into the details of how backgrounds affect sensitivity, it is first
important to make a firm distinction: it is statistically much easier to exclude
a region of parameter space than it is to make a detection. Typical exclusion
relies on a standard of 90 % likelihood, while a positive detection requires a 5σ
standard: this is equivalent to saying that, once a reliable background model for
the experiment has been built, the observed signal has a probability of 3× 10−7

of being an artefact of statistical fluctuations in the background. A signal 3σ
above the null hypothesis has a probability of 10−3, and is generally referred to as
“evidence”, while a 1σ deviation, with a probability of 0.16, is “uninteresting”.

Nowadays, experiments sensitive to weakly interacting dark matter particles are
placing tight constraints on dark matter-nucleon cross sections. The most recent
upper limits rule out a substantial chunk of parameter space for well-motivated
theories (see Sec. 3.6.1). Even more exciting are the plans for future experiments
which have excellent discovery potential. As these experiments get larger and
more expensive, it becomes important for the community to agree on uniform
standards for projecting the sensitivity of future experiments. Projections are
often carried out simply by scaling exposures, defined as the product of fiducial
detector mass M times integrated detector live time T . That is, the projected
improvement in the upper limit (UL) on the cross section is taken to be

σUL

σUL,curr →
1
λ
≡ (MT )curr

MT
. (5.1)

Neglected in these projections is the effect of backgrounds. The purpose of this
chapter is to provide a simple formalism that accounts for the degradation of a
future experiment’s reach due to backgrounds. A given experiment’s projected
constraint on the cross section should be multiplied by the background penalty
factor introduced here to get a baseline estimate of that experiment’s constraining
power. This baseline estimate assumes that any future experiment will have
the same background rate per volume as the current version of the experiment.
Experimentalists could plausibly argue that they expect to reduce their background
rates by some factor (here defined as r) and therefore they project a tighter
constraint than the baseline estimate. The framework introduced here can also
incorporate these arguments by computing the background penalty factor as a
function of r.
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5.1.1 Likelihood for upper limits

Let’s consider a direct detection experiment with fiducial detector mass M oper-
ating for a time T . What is the likelihood that such an experiment will observe
N events? We will assume that there are two sources of events: signal and
background. The expected number of signal events is (see Eq. 3.65)

Ns(Mχ) = M T

∫ Emax

Emin

A(ER) dR
dER

dER = MTa(Mχ)σ (5.2)

where σ is the WIMP-nucleon cross section1 that one wants to constrain and a is

a(Mχ) = ρ0
2µ2

χpMχ
A2F 2

SI(ER)
∫ ∞
vmin

f1(v)
v

dv , (5.3)

in which I have explicitly denoted the dependence on the WIMP mass, Mχ. All
the quantities on the right of the formula have been already introduced in Chap.
3.

The expected number of background events is

Nb = rN curr
b λ (5.4)

where N curr
b denotes the number of background events observed in the current

version of the experiment, λ has been introduced in Sec. 5.1 and r is the expected
background rate normalized to its current value. If r = 1, the future version of
this experiment will have the same background rate per volume as the current
one. If r < 1 then the experiment projects to do better at background rejection
than it is currently doing (even though there may be new sources of background
at lower rates showing up in the new version).

The probability of seeing N events given σ is:

L(N |Ns(σ)) = (Ns +Nb)Ne−[Ns+Nb]

N ! . (5.5)

The Bayesian 90% C.L. upper limit on the cross section, σUL, satisfies

∫ Ns(σUL)

0
dNs L(N |Ns) = 0.90

∫ ∞
0

dNs L(N |Ns). (5.6)

1Note that it was indicated as σpSI in Chap. 3.1.1
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Since one wants to project the constraints for future experiments, the observed
value of N is unknown. In principle, projecting future constraints requires the
following steps:

• Generate a number of events N from the distribution in Eq. 5.5

• Compute the likelihood in Eq. 5.5 using this value of N as a function of Ns

• Use Eq. 5.6 to determine the 90% upper limit on Ns for this realization

• Repeat a large number of times and average all the upper limits

In practice, this is not necessary, since the averaged projected upper limit is within
a few percent of that obtained by simply setting N = Nb (we assume no signal
and project upper limits). In this case, Eq. 5.6 determines Ns(σUL) as a function
of Nb. The lower curve in Fig. 5.1 shows this limit on Ns as a function of the
number of background events in the case we have been considering so far, when
the number of expected background events is known precisely. For example, an
experiment which has zero expected background is projected to rule out Ns > 2.3.
An experiment with one hundred expected background events (and no uncertainty
on this background prediction) is projected to rule out all cross sections which
predict Ns > 17.8.

However in real experiments, typically there will be a given uncertainty on the
number of expected background events, so the probability of observing N events
is actually an integral over the distribution of possible values of Nb. Let’s assume
that Nb follows a Gaussian distribution with mean N̄b and variance σ2

b . Then,
Eq. 5.5 becomes

L(N |σ) ∝
∫ ∞

0
dNb exp

{
−(Nb − N̄b)2

2σ2
b

}

×(Ns +Nb)Ne−[Ns+Nb]

N ! . (5.7)

We can again determine Ns(σUL) from this likelihood function using Eq. 5.6.
So for fixed N̄b and σb, one can obtain a projected upper limit on the number
of signal events. Clearly, this upper limit is a function of N̄b and σb. Let’s call
this function F (N̄b, σb). It monotonically increases as N̄b increases and tends
to 2.3 for small values of N̄b. For large values of N̄b, the uncertainty in the
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Fig. 5.1.: Maximum allowed number of signal events as a function of the number of
background events in the experiment. For example, if there is one expected
background event, then the expected upper limit on the number of signal
events is 3.27. This means that all values of the cross-section which predict
more than 3.27 events in the detector are ruled out. Lower (red) curve shows
this limit when there is no uncertainty in the number of expected background
events. Black-dashed (blue) curve show the effect of a 5% (20%) uncertainty
in the number of background events.

background adds in quadrature with the Poisson uncertainty, so the uncertainty
on the number of events is

√
N̄b + σ2

b . Since the expected number of events is
known within this uncertainty, it is possible to rule out a model which produces
Ns(σUL) ≥ 2

√
N̄b + σ2

b at the 2-sigma level. This behaviour is shown by the
σb = 0.2 N̄b curve (blue) in Fig. 5.1.

As indicated in Fig. 5.1, in the absence of backgrounds I have shown that an
experiment can rule out models which predict Ns > 2.3. Given Eq. 5.2, this
translates into an upper limit on the cross section of

σUL(Mχ) = 2.3
a(Mχ)MT

(Zero Background). (5.8)

In Sec. 5.1 I have defined the ratio of the upper limit in a future experiment to
the current one as: σUL

σcurr
UL

= 1
λ . Fig. 5.1 offers a way to flesh out this projection

accounting for backgrounds. For example, consider an experiment which currently
expects 10 background events, such that it is able to rule out all models which
predict more than 10 events (from now on assuming σb = 0.2 N̄b and reading off
from Fig. 5.1). If the background rate remains the same, then a future version of
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this experiment with ten times the exposure will expect to see 100 background
events. Reading off from Fig. 5.1 at N̄b = 100, we see that Ns(σUL) = 37.6. Thus,
the projected upper limit from the future experiment version is

a10MTσUL = 37.6 (5.9)

Dividing this by the current experiment upper limit with MT ten times smaller:

aMTσcurr
UL = 10 (5.10)

it is possible to see that the upper limit on the cross section projects to be tighter
by a factor of 37.6/(10× 10) = 0.376. So the limit gets better only by a factor of
1/0.376 = 2.65 with a factor of 10 increase in exposure.

5.1.2 Likelihood for discovery

Let’s consider now an experiment where one observes a number of events N ,
assumed to follow a Poisson distribution with an expectation value E[N ] =
Ns(σ) + Nb. Here Ns(σ) represents the mean number of events from a signal
model, which we take to be a known value; Nb is the expected number from back-
ground processes. In a real analysis, the value of Nb may have some uncertainty
and could be itself treated as a nuisance parameter, but in this example we will
take its value to be known. The data thus consist of two measured values: N and
NExp
b , the measured value of the background events. We have one parameter of

interest, σ, and one nuisance parameter, Nb.

An important special case of the counting experiment above mentioned corre-
sponds to the case in which the mean background Nb is known with negligible
uncertainty and can be treated as a constant. If we regard Nb as known, the data
consist only of N and thus the likelihood function can be written as in Eq. 5.5.

The test statistic for discovery q0 can be written as [380, 381]

q0 =


−2 ln L(0)

L(σ̂) σ̂ ≥ 0,

0 σ̂ < 0 .
(5.11)
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For sufficiently large Nb we can use the asymptotic formula for the significance

Z0 = √q0 =


√

2
(
N ln N

Nb
+Nb −N

)
σ̂ ≥ 0,

0 σ̂ < 0.
(5.12)

To approximate the median significance assuming the nominal signal hypothesis
we replace N by the Asimov value Ns +Nb to obtain

med[Z0|1] = √q0,A =
√

2 ((Ns +Nb) ln(1 +Ns/Nb)−Ns) , (5.13)

where Z0 is the discovery significance in units of sigmas.

Expanding the logarithm in Ns/Nb one finds

med[Z0|1] = Ns√
Nb

(1 +O(Ns/Nb)) . (5.14)

Although Z0 ≈ Ns/
√
Nb is widely used for cases where Ns + Nb is large, it is

important to underline that this final approximation is strictly valid only for
Ns � Nb.

Fig. 5.2 shows the number of WIMP-like events that an experiment would need
to observe in order to reject the null hypothesis at 5σ as a function of the number
of expected background events, Nb, when the background model predicts the
background with negligible uncertainty. When the model predicts 0.1 background
events, just 4.3 WIMP-like events are statistically significant to claim a detection
at the 5σ level. However, if an experiment expects to see one background event,
the number of WIMP-like events needed for a discovery increases to 10.6. This
means that a dark matter experiment expecting one background event will need
approximately 2.5 times more WIMP interactions to claim a detection, compared
to an experiment which plans to run background-free. The requirement becomes
increasingly more restrictive if the expected number of background events is
greater than 10.
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Fig. 5.2.: Number of WIMP-like signal events needed to claim a WIMP observation at
the 5σ level, based on the predicted background rate of the experiment for
negligible background uncertainty, in a log-log scale.

5.2 CEnNS background contribution

In previous sections, it has been shown that, for the case of zero background, the
formula to obtain the 90% C.L. for a given WIMP mass is that in Eq. 5.8. Indeed,
this is the procedure used to draw the 90 C.L. in an experiment like DarkSide-
50 for which the background content did not exceed 0.1 in the corresponding
exposure. Instead, for DarkSide-20k, there will be a non negligible background
contribution from CEnNS that has to be taken into account. In this section, I will
show the predictions for such a background in DarkSide-20k.

Coherent scattering of neutrinos on complex nuclei was proposed in 1974 [254,
382] as a prominent probe to study neutral-current (NC) ν-nucleus processes.
Only in 2017 the COHERENT experiment [188] observed at 6.7 σ confidence
level for the first time CEnNS with a small scintillator detector made of sodium-
doped CsI exposed to a low-energy neutrino flux generated in the Spallation
Neutron Source (SNS) at the Oak Ridge National Laboratory. Such a neutrino
detection constitutes an excellent probe to search for a plethora of conventional
neutrino physics applications and new-physics open issues. To this purpose, great
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experimental effort has been put and new experiments have been proposed to
be performed at facilities with stopped-pion neutrino beams, based on promising
nuclear detectors like those of the COHERENT experiment [188, 383] and others
[384] at the SNS, or alternative setups at the Booster Neutrino Beam (BNB) at
Fermilab [385]. The nuclear ν-detectors adopted by the relevant experiments
include liquid noble gases, such as 20Ne, 40Ar, 132Xe as well as 76Ge and CsI[Na]
detection materials [386].

While being conceptually highly interesting and allowing measurements of elec-
troweak observables at low momentum transfer, the process is also of phenomeno-
logical importance for future dark matter direct detection experiments [256],
which is the main focus of this chapter.

5.3 Neutrino-nucleus cross section

As predicted in the SM neutrinos can scatter off coherently with a nucleus through
a neutral current process. The coherence of the process is determined by the
length scale of the interaction which in turn is related to the inverse of the
momentum exchanged between the neutrino and the nucleus. The differential
cross section depends on the neutrino energy Eν , the nucleus mass mN and the
nuclear recoil energy Er

dσ(Eν , Er)
dEr

=
G2
f

4π Q
2
wmN

(
1− mNEr

2E2
ν

)
|F (q2)|2 , (5.15)

where Gf is the Fermi coupling constant, Qw = N − (1− 4 sin2 θw)Z is the weak
hypercharge with N the number of neutrons, Z the atomic number and θw is the
weak mixing angle. The nucleus mass is denoted by mN while |F (q2)|2 is the
nuclear form factor2 as a function of the momentum transfer q, which in turn
is related to the recoil energy through q2 ' 2MEr. From kinematics it can be
shown that the recoil energy of the nucleus Er can be related to cθ ≡ cos θ, where
θ is defined as the scattering angle between the momenta of the initial neutrino
and the final nucleus, such that

Er = 2mNE
2
νc

2
θ

(mN + Eν)2 − E2
νc

2
θ

. (5.16)

2In this section I will use the standard Helm form factor parametrization but I will examine the
limits of this choice in Chap. 7.
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For a given value of Eν , the maximal recoil energy Emax
r is reached at θ = 0:

Emax
r (Eν) = 2E2

ν

mN + 2Eν
. (5.17)

In Tab. 5.1 the maximum neutrino energy, Emax
ν , and maximum recoil energy of

a xenon target, Emax
rXe , and an argon target, Emax

rAr , corresponding to the maximum
neutrino energy are shown for different neutrino components. In the last column
the neutrino flux for each component is shown together with its uncertainty.
The minimum neutrino energy needed to impart a recoil energy Er to the nucleus
is

Emin
ν = 1

2

(
Er +

√
Er(Er + 2mN )

)
'

√
mNEr

2 (5.18)

in which the expression on the right holds in the limit mN � Eν . The integrated
cross section is given by

σ(Eν) =
∫ Emax

r (Eν)

0

dσ(Eν , Er)
dEr

dEr . (5.19)

ν type Emax
ν (MeV) Emax

rXe (keV) Emax
rAr (keV) ν flux

(cm−2 s−1)

pp 0.42341 2.94× 10−3 9.62× 10−3 (5.98± 0.006)× 1010

7Be384.3 0.3843 2.42× 10−3 7.92× 10−3 (4.84± 0.48)× 108

7Be861.3 0.8613 0.0122 0.0398 (4.35± 0.35)× 109

pep 1.440 0.0340 0.1112 (1.44± 0.012)× 108

13N 1.199 0.02355 0.07712 (2.97± 0.14)× 108

15O 1.732 0.04914 0.1610 (2.23± 0.15)× 108

17F 1.740 0.04959 0.16241 (5.52± 0.17)× 106

8B 16.360 4.383 14.346 (5.58± 0.14)× 106

hep 18.784 5.778 18.910 (8.04± 1.30)× 103

DSNB 91.201 136.0 444.0 85.5± 42.7
Atm. 981.748 15.54× 103 49.09× 103 10.5± 2.1

Tab. 5.1.: Total neutrino fluxes with corresponding uncertainties. The maximum neu-
trino energy, Emax

ν , and maximum recoil energy of a xenon target, Emax
rXe

, and
an argon target, Emax

rAr
, are also shown.
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In Fig. 5.3 I show the CEnNS differential cross section in Eq. 5.15 for argon
nuclei for different neutrino energies, while in Fig. 5.4 I show the comparison
between argon and xenon differential cross sections in a log-log scale for a fixed
neutrino energy of Eν=200 MeV. The minimum in the cross section for xenon
near between 90 and 100 keV recoil energy is related to the form factor and it
indicates the diffraction minimum as a consequence of the loose of coherency
(see Fig. 3.1).

In Fig. 5.5 I show the comparison between the integrated cross section in Eq.
5.19 for argon and xenon nuclei as a function of the neutrino energy. Since the
CEnNS cross section is roughly proportional to N2, the cross section for xenon is
bigger than for an argon nuclei.
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Fig. 5.3.: CEnNS differential cross section in Eq. 5.15 for argon nuclei for five different
neutrino energies, (Eν=10, 30, 50, 100 and 500) MeV as a function of the
recoil energy Er in keV.

The important quantity for the final calculation of the number of neutrino back-
ground events for DarkSide-20k or other future Xenon DM experiments like
XENONnT, LZ or Darwin is the neutrino differential rate per unit of exposure and
the final total integrated number. To do this calculation one needs to derive the
total neutrino flux, dN/dEν at Earth. This will be presented in the next section.
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Fig. 5.4.: CEnNS differential cross section in Eq. 5.15 in a log-log scale for argon (solid
blue line) and xenon (dashed red line) nuclei for a fixed neutrino energy
(Eν=200 MeV) as a function of the recoil energy Er in keV.

5.4 Neutrino Fluxes

Direct detection experiments like DarkSide-20k will be sensitive to the flux of solar,
atmospheric, and diffuse supernova neutrinos. In this section I will discuss the
respective neutrino fluxes examining their respective uncertainties. Afterwards, I
will evaluate the neutrino background event rate starting from the description of
the single neutrino flux components.

The main neutrino fluxes at Earth could be divided into three categories: Solar,
atmospheric and diffuse supernovae neutrinos. Solar neutrinos are produced by
the nuclear synthesis reactions inside the Sun such as the proton-proton (pp) or
Carbon-Nitrogen-Oxygen (CNO) chains. They are characterized by energies lower
than ∼ 20 MeV. Another important flux is represented by the Diffuse Supernova
Neutrino Background (DSNB) which derives from all the past supernova explo-
sions in the Universe. DSNB flux covers energies up to about a hundred of MeV.
The last component is constituted by atmospheric neutrinos produced through
cosmic ray collisions in the Earth atmosphere. The energy range of interest is
approximately 10-1000 MeV. In the following, I will examine these components
in more details.
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Fig. 5.5.: Integrated CEnNS cross section in Eq. 5.19 for argon (solid blue line) and
xenon nuclei (dashed red line) as a function of the neutrino energy Eν in MeV.

5.4.1 Solar neutrinos

Direct dark matter detection experiments that are sensitive to neutrino-nucleus
coherent scattering are primarily sensitive to two sources of solar neutrinos,
so called 8B and hep neutrinos. The 8B neutrinos arise from the decay 8B →
7Be∗ + e+ + νe, which occurs in approximately 0.02% of the terminations of the
pp chain. The total flux measured with the neutral current interaction of 8B
solar neutrinos is φNC = 5.58 ± 0.14 × 106 cm−2 s−1 [387]. The hep neutrinos
arise from the reaction 3He + p→4 He + e+ + νe, which occurs in approximately
2× 10−5% of the terminations of the pp chain. At the lowest neutrino energies,
electron capture reaction on 7Be is the second largest neutrino source that leads
to two monoenergetic neutrino lines at 384.3 and 861.3 keV with a branching
ratio of 10% and 90% respectively due to the 7Li excited state. According to the
BS05(OP) solar model, we chose a 7Be neutrino flux of 4.84× 109 cm−2 s−1 with
a theoretical uncertainty of about 10.5% [388]. Dark matter detectors would be
also sensitive to CNO neutrinos. The uncertainty in the solar composition is the
dominant source of uncertainty in the CNO neutrino fluxes.

Through neutrino-electron scattering, dark matter detection experiments are also
sensitive to neutrinos produced directly in the pp chain. As already said, the total
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flux of neutrinos produced in the pp chain is 5.98× 1010 cm−2 s−1. Because the
neutrino-electron scattering cross section is flavour dependent, in this case we
must consider the flavour composition of the neutrino flux that arrives on the
Earth. For the energies that we are sensitive to, the electron neutrino survival
probability is approximately 55% [389]. Following Ref. [388], the pp neutrino
flux has an uncertainty of about 0.1%.
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Fig. 5.6.: Relevant neutrino fluxes which are backgrounds to direct dark matter detection
experiments: Solar, atmospheric, and diffuse supernovae neutrinos [390].

5.4.2 Atmospheric neutrinos

Atmospheric neutrinos are produced through cosmic ray collisions in the Earth’s
atmosphere. The collisions produce pions which then decay to muon and electron
neutrinos and antineutrinos. The atmospheric neutrino flux has been detected
by several experiments: Super-Kamiokande [391], SNO [392], MINOS [393],
and IceCube [394]. In these experiments, the direction of the detected muon is
reconstructed. Modern direct dark matter detectors do not have directional sensi-
tivity and are mainly sensitive to the low component of the atmospheric neutrino
flux, i.e. less than approximately 100 MeV. At these energies, the uncertainty on
the predicted atmospheric neutrino flux is approximately 20% [395]. Due to a
cutoff in the rigidity of cosmic rays induced by the Earth’s geomagnetic field at
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low energies, the atmospheric neutrino flux is larger for detectors that are nearer
to the poles [395].

5.4.3 Diffuse supernova neutrinos

The diffuse supernova neutrino background (DSNB) is the flux from the past his-
tory of all supernova explosions in the Universe. The DSNB flux is a convolution of
the core-collapse supernova rate as a function of redshift with the neutrino spec-
trum per supernova. The core-collapse rate is derived from the star-formation rate
and stellar initial mass function; for a recent review on the predicted DSNB flux
see Beacom [396]. The neutrino spectrum of a core-collapse supernova is believed
to be similar to a Fermi-Dirac spectrum, with temperatures in the range 3-8 MeV.
Following [396], I will consider a systematic uncertainty on the DSNB flux of 50%.

Figure 5.6 presents the relevant neutrino fluxes that will be a background for
dark matter direct detection. Shown are the different contributions from solar,
atmospheric, and diffuse supernova neutrinos. Note that I did not considered
geoneutrinos nor reactor neutrinos in this study. Indeed, as shown in [397], the
contribution of the geoneutrinos to the neutrino-induced recoil energy spectrum
is at least 2 orders of magnitude below the solar neutrino contribution over
the whole energy range. The reactor neutrinos are strongly dependent on the
location of the experiment with respect to the surrounding nuclear reactors and
on the power of these reactors. While this contribution should be estimated
independently for each experiment, I will not consider them in the following and
I will therefore only discuss the case of cosmic neutrinos as shown in Fig. 5.6.

5.5 Event rate for argon and xenon

The neutrino differential rate is given by

dR

dEr
= η ×

∫
Eminν

dN

dEν
× dσ(Eν , Er)

dEr
dEν , (5.20)

where η is the number of nucleus targets per unit of detector active mass and
dN/dEν represents the total neutrino flux that has been described in Sec.5.4. This
CEnNS differential rate is shown in Fig. 5.8 for xenon and in Fig. 5.9 for argon
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as a function of the recoil energy for all neutrino components and for the sum
of them. In the top plot a large recoil energy range is considered while in the
bottom plot only the interesting region for future DM detectors is shown. Most of
the solar neutrinos are at very low recoiling energies (below 0.2 keV), except the
8B and hep neutrinos that will dominate the event rate from 0.2 to 5 (18) keV for
xenon (argon). Above these energies, atmospheric neutrinos will dominate with
a subdominant contribution from the diffuse supernova background neutrinos.
In the top panel of Fig. 5.10 it is shown the comparison between the xenon and
argon differential rate. The two curves show a similar behaviour, which reflects
the neutrino spectrum. However, since the two nuclei masses are quite different,
the maximum recoil energy for argon is bigger than for xenon (see Tab. 5.1),
resulting in a shift between the two curves which increase with the recoil energy.
The second ingredient which change between xenon and argon is the CEnNS
differential cross section in Eq. 5.15. Since the latter depends in a complicated
way mainly on the nuclei mass, the recoil energy, the number of neutrons and
the form factor, it is not trivial to predict which differential cross section is larger
for a given neutrino energy. For example, considering a neutrino energy of 200
MeV the differential cross section for xenon is larger than the argon one for recoil
energies below about 65 keV, as it can be seen in Fig. 5.4. Above that energy
the argon differential cross section remains larger. In Fig. 5.7 the recoil energy
for which the differential cross sections in argon and xenon become the same
is plotted as a function of the neutrino energy. In particular, the orange area
indicates for a given neutrino energy the maximum recoil energy for which the
xenon differential cross section dominates. Conversely, in the blue area the argon
dominates. For large neutrino energies (& 100 MeV) the recoil energy for which
the argon cross section becomes dominant is almost flat (∼ 60 keV). This is due
to the fact that in xenon at these energies the loss of coherency starts to became
important and we are already above the first diffraction minimum.

Until now I have studied in detail the behaviour of the differential rates for
xenon and argon. However, the interesting quantity for a future DM detector is
the integrated number of coherent neutrino background events. The integrated
number of neutrino events reads

Nν(Eth) =
∫ Eup

Eth

dR

dEr
dEr , (5.21)

in which the value of Eup represents the upper limit of the nucleus recoil energy.
In Fig. 5.11 and Fig. 5.12 the integrated number of neutrino events is shown as a
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Fig. 5.7.: Recoil energy in keV for which the differential cross sections in argon and
xenon are equal, as a function of the neutrino energy in MeV. The orange area
indicates for a given neutrino energy the maximum recoil energy for which the
xenon differential cross section dominates. Conversely, in the blue area the
argon differential cross section is larger.

function of the threshold energy for xenon and argon respectively, having fixed
the upper energy to Eup = 400 keV3. For example for Eth = 5 keV in xenon we
will have ∼ 0.04 neutrinos per tonne in a year. This number rapidly increases by
a factor ∼ 100 if one lower the threshold to ∼ 2 keV. This increment is due to
the contribution of boron and hep neutrinos, setting a natural threshold energy
for xenon experiments. For argon instead taking Eth = 30 keV we have ∼ 0.019
neutrinos per tonne in a year which increase by a factor ∼ 100 for Eth ∼ 6 keV.
This is better visible looking at the comparison plot between xenon and argon
event rates shown in Fig. 5.13.

5.5.1 One neutrino isoevent curve for argon and xenon

As we have seen in previous sections, the WIMP sensitivity depends crucially
on the number of background events. In this section, following Ref. [256], an

3Note that this choice is arbitrary since argon and xenon experiments have in general very different
upper energies. However, since most of the events are concentrated at lower energies this choice
doesn’t have a large impact on the integrated number of neutrino events.
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Fig. 5.8.: Upper panel: Differential rate for CEnNS in xenon (Eq. 5.20) as a function of
the recoil energy Er in keV.
Lower panel: The same as the upper panel zoomed in the interesting recoil
energy range for future xenon DM detectors.
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the recoil energy Er in keV.
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Fig. 5.10.: Upper panel: Differential rate for CEnNS in argon (solid blue line) and in
xenon (dashed red line) (see Eq. 5.20) as a function of the recoil energy Er
in keV.
Lower panel: The same as the upper panel zoomed in the interesting recoil
energy range for future DM detectors.

134 Chapter 5 WIMP Sensitivity of DarkSide-20k and future detectors



pp
13

N
7
Be HIL 7

Be HIIL
8
B

15
O

17
F hep

Atm DSNB pep Total

0.001 0.01 0.1 1 10 100
10

-5

0.001

0.1

10

1000

10
5

Eth @keVD

N
u

m
b

e
r

o
f

e
v
e

n
ts

@to
n
-

1
y
e

a
r-

1
D

8
B

hep

Atm

DSNB

Total

1.0 10.05.02.0 3.01.5 7.0
0.001

0.01

0.1

1

10

100

1000

Eth @keVD

N
u

m
b

e
r

o
f

e
v
e

n
ts

@to
n
-

1
y
e

a
r-

1
D

Fig. 5.11.: Upper panel: Integrated number of CEnNS events as defined in Eq. 5.21 for
xenon as a function of the threshold energy Eth in keV for Eup=400 keV.
Lower panel: The same as the upper panel zoomed in the interesting recoil
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Fig. 5.12.: Upper panel: Integrated number of CEnNS events as defined in Eq. 5.21 for
argon as a function of the threshold energy Eth in keV for Eup=400 keV.
Lower panel: The same as the upper panel zoomed in the interesting recoil
energy range for future DM detectors such as DarkSide-20k.
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Fig. 5.13.: Upper panel: Integrated number of CEnNS events as defined in Eq. 5.21
for argon (solid blue line) and xenon (dashed red line) as a function of the
threshold energy Eth in keV for Eup=400 keV.
Lower panel: The same as the upper panel zoomed in the interesting recoil
energy range for future DM detectors.
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alternative and more instructive way to quantify the impact of the neutrino CEnNS
background on the WIMP sensitivity is presented. It is in fact possible to represent
this background as a line in the WIMP-nucleon cross section vs WIMP mass plane
considering an ideal argon or xenon experiment.

Generating a big number of background-free exclusion limits, which are defined
as isovalues of WIMP events (2.3 at 90% C.L.), as a function of the WIMP mass,
with varying thresholds from 0.001 to 400 keV it is possible to adjust each curve’s
exposure such that each experiment expects a neutrino background of one event;
see coloured solid lines in Fig. 5.14 for argon (top) and xenon (bottom).
By taking the lowest cross section from all the limits as a function of the WIMP

mass, one can draw the line in the WIMP-nucleon cross section vs WIMP mass
plane that corresponds to the best background-free sensitivity estimate achievable
at each WIMP mass for a one neutrino event exposure, see dashed black line
in Fig. 5.14. This curve will be referred to as one neutrino isoevent curve.
This follows from the construction of the line, which joins the mass-dependent
threshold/exposure pairs that optimize the background-free sensitivity estimate
at each mass while having a background of one neutrino event. In Fig. 5.15 the
comparison between the one neutrino isoevent curve for argon and xenon as a
function of the WIMP mass is shown. As visible, in case of a background of one
neutrino the sensitivity of an argon experiment is slightly lower than a xenon
one for WIMP masses above about 6 GeV. This is mostly due to the fact that the
integrated number of neutrino events in argon are larger than for xenon above
threshold energies of ∼ 10 keV (see Fig. 5.13). Having fixed the upper energy
to 400 keV clearly the argon suffers more of this background than xenon being
a lighter nuclei (see discussion in Sec. 5.5). This choice of the upper threshold
has been done just for illustrative purposes in order to simplify the comparison
between xenon and argon. However, in order to properly quantify the impact of
neutrino background for real argon and xenon experiments one has to determine
the signal to background ratio in the correct energy range for these experiments.
For example a typical energy range for argon is 30-200 keV, while for xenon is
3-50 keV. Moreover, xenon experiments suffer also of the standard electroweak
neutrino scattering on electrons, having a reduced capability in rejecting the
electron recoil (ER) backgrounds. All these considerations will be explain in more
detail in Sec. 5.7.

Looking in more detail into Fig. 5.15, it is noticeable that between WIMP masses
of 5 to 10 GeV there is a sudden change in the WIMP sensitivity corresponding
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Fig. 5.14.: Upper panel: Set of derived background-free sensitivity curves for exposures
that correspond to one coherent neutrino event, for different thresholds from
0.001 (purple) to 400 keV (red) considering argon as a target. The dashed
black line is constructed by joining the best sensitivity for each WIMP mass,
and represents a one neutrino event contour line in the WIMP-nucleon cross
section vs WIMP mass plane. Lower panel: The same plot for xenon as a
target.
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Fig. 5.15.: Comparison between the one neutrino isoevent curve for argon (blue line)
and xenon (red line) as a function of the WIMP mass in GeV.

to exposures leading to one neutrino event. A Xe(Ar)-based experiment needs
to have a threshold below 4 (13) keV to have sensitivity to WIMPs below ∼6.3
(7.1) GeV. As already mentioned in the previous sections, below 4 (13) keV the 8B
and hep neutrinos start to become important, and their much larger rate implies
that one needs a much lower exposure to obtain one neutrino event. On the
other hand, for WIMP masses above ∼10 GeV, a better WIMP sensitivity can be
achieved by a Xe (Ar)-based experiment by increasing the threshold even further
above 4 (13) keV. In this way the experiment becomes mainly insensitive to the
solar neutrinos and only atmospheric neutrinos remain as the dominant neutrino
background. The much lower neutrino flux implies a much larger exposure to
attain one neutrino event. One can deduce from Fig. 5.15 that aiming at detecting
a light WIMP (below 10 GeV) with a cross section below 10−45 cm2 or a WIMP
heavier than 20 GeV with a cross section below 10−48 cm2 will be very challenging
due to the presence of a consistent neutrino background. Notice that for argon
the abrupt drop around 6 GeV occurs at slightly larger masses (around 7 GeV).
This kinematic effect will be discussed in the next section.
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5.6 Kinematic differences in WIMP and neutrino
reconstruction

We have seen that neutrino can scatter off a nucleus producing a nuclear recoil
almost indistinguishable from a WIMP event. However, due to differences in mass
and energies between neutrinos and WIMP we will have a different kinematic
behaviour between the two. In this section I will analyse these effects in more
detail. In Fig. 5.16 the coloured line indicates the maximum recoil energy (see
Eq. 5.17) generated by a neutrino given a certain neutrino energy (see right
y-axis). The y-axis on the left indicates instead the minimum WIMP mass that
can be inferred interpreting the neutrino scattering as a WIMP event. Indeed,
since in Standard Halo Model a WIMP can have a maximum speed given by
v = vE + vesc = 232 + 544 km/s = 776 km/s (see Sec. 3.3) as seen by a detector
at Earth, the corresponding recoil energy would determine an univocal minimum
WIMP mass that can be detected. For example a 8B neutrino would generate a
maximum recoil energy of ∼ 14.4 (4.4) keV in argon (xenon), see top (bottom)
plot of Fig. 5.16. In turn, this recoil energy would be produced by a WIMP with
mass equal or greater than 7.6 (6.7) GeV. On the other hand, an atmospheric
neutrino with energy ∼ 70 MeV would generate a maximum recoil energy of
∼ 262 (80) keV in argon (xenon) that would be produced by a WIMP with mass
equal or greater than 98 (35) GeV. So, from masses above 98 (35) GeV, the
sensitivity to WIMP is determined mostly by the atmospheric neutrino flux (see
Fig. 5.15).

It is interesting to investigate how a neutrino false positive WIMP detection signal
could be interpreted analysing the data under the WIMP only hypothesis. For
these purposes, I introduce the WIMP only likelihood function defined as follows
[398, 347]:

L (Mχ, σ) =
NN
χ

N! e
−Nχ

N∏
i=1

fχ(Eri), (5.22)

where fχ is the unit normalized energy distribution for WIMP-induced nuclear
recoils and Nχ is the expected number of WIMP events for a given WIMP mass
and WIMP-nucleon cross section (σ) defined as:

Nχ =
∫ Eup

Eth

dR

dEr
dEr, (5.23)
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Fig. 5.16.: Upper panel: The coloured line indicates the maximum recoil energy (see
Eq. 5.17) generated by a neutrino of a given energy (see right y-axis) in argon.
The y-axis on the left indicates instead the minimum WIMP mass that can be
inferred interpreting the neutrino scattering as a WIMP event.
Lower panel: The same as the upper panel for xenon.
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where Eth is the nuclear recoil energy threshold and Eup is the upper limit which
is taken to be equal to 400 keV.
In order to study how a neutrino signal could be interpreted as a potential WIMP
signal, I computed the maximum likelihood distribution of several Monte Carlo
pseudo-experiments that only contain neutrino-induced nuclear recoils. Also, I
have varied the total exposure such that the expected number of neutrino events
for each threshold energy is about 500 events, which is roughly the number of
neutrino events which define the so-called “neutrino floor”4.

The resulting distributions for various energy thresholds are presented in Fig. 5.17
for a xenon target (top and middle panels) and argon target (lower panel) where
the different symbols and colours correspond to the various energy thresholds
considered: 1 eV, 10 eV, 100 eV, 1 keV, 2.5 keV, 5 keV, 7.5 keV, and 10 keV (30
keV for argon only). From the different distributions, one can deduce that for
energy thresholds of the order of 1 keV and below, the reconstructed WIMP mass
from neutrino background only data should lie within the range of 3 to 30 GeV
in the case of Xe-based experiments, while for Ar-based this results in a range
of 2-20 GeV. The general tendency when increasing the energy threshold is that
the reconstructed WIMP mass gets higher and the cross section lower. The first
effect is easily explained by the fact that when the energy threshold increases,
the experiment is less sensitive to the lower-energy (but higher flux) neutrinos,
and thus the higher-energy neutrinos have a more dominant role, inducing a
larger fraction of higher recoil energies which mimics higher WIMP masses. The
reduction of the reconstructed cross section comes from the fact that the CEnNS
background is composed of several components that have different end point
energies, inducing significant reductions of the event rate when increasing the
energy threshold. As a matter of fact, as the reconstructed WIMP mass and cross
section drastically depend on the energy threshold, this suggests that the total
CEnNS spectrum is not well fitted by a WIMP only hypothesis on the whole energy
range from 1 eV to 400 keV.

In Fig. 5.18 the comparison between argon and xenon distributions of the maxi-
mum likelihood of the CEnNS background under the WIMP only hypothesis for
a set of different experimentally interesting thresholds (1 keV, 5 keV, 10 keV)
is shown. For 1 keV threshold a neutrino in xenon would be reconstructed as
a WIMP mass between 5.5-9 GeV and a WIMP-nucleon cross section between

4The concept of “neutrino floor” will be introduced later. For the purpose of this section it is just
necessary to know that it corresponds to a background of 500 neutrino events.
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Fig. 5.17.: Upper panel: Distributions of the maximum likelihood of the CEnNS back-
ground under the WIMP only hypothesis for a xenon target. The different
symbols and colours correspond to the energy threshold considered: 1 eV, 10
eV, 100 eV, 1 keV, 2.5 keV, 5 keV, 7.5 keV, and 10 keV. These distributions
have been computed by adjusting the experiment exposure such that there
is a total of about 500 expected neutrino events for each different energy
threshold.
Middle panel: Zoom of the upper panel in the high WIMP mass (>100 GeV)
region.
Lower panel: Same as upper panel for an argon target. Note that an addi-
tional energy threshold of 30 keV has been considered.
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Fig. 5.18.: Comparison between argon (blue) and xenon (green) distributions of the
maximum likelihood in Fig.5.17 of the CEnNS background under the WIMP
only hypothesis for energy thresholds of 1 keV (upper panel), 5 keV (middle
panel), and 10 keV (lower panel).
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1-7×10−45 cm2. In argon this would correspond instead to a WIMP mass between
6.2-8 GeV and a WIMP-nucleon cross section between 3.8-5.5×10−45 cm2. Using
the mean reconstructed values of Mχ and σ from the aforementioned distributions
to derive the spectrum of a given WIMP model and comparing it with the total
CEnNS-induced nuclear recoil energy spectrum we obtain the distributions in
Fig. 5.19. This comparison allows to assess how well the CEnNS spectrum is fitted
by a WIMP only hypothesis. As it is possible to see, the WIMP only hypothesis fits
the total CEnNS background reasonably well. It is easy to understand that the
neutrino background could only mimic very well a WIMP detection in the case
where the energy threshold is high enough such that there is only one very domi-
nant contribution or a smooth superposition of different neutrino components,
such as 8B and hep neutrinos or atmospheric and diffuse supernova neutrinos.
Thus, one could vary the energy threshold of the experiment to get a consistency
check of the WIMP hypothesis.

By looking at the distributions for 5 keV and 10 keV energy thresholds (middle
and bottom panel of Fig. 5.19, respectively) one can notice that there is a large
separation between the WIMP reconstructed physics parameters in argon and
xenon. The combination of the results of argon and xenon experiments (or in
general different nuclei) can thus be exploited to disentangle the neutrino events
from a genuine WIMP signal [399].

From all these studies one can conclude that the solar neutrinos tend to be re-
constructed at low WIMP masses with high cross sections while the DSNB and
atmospheric neutrinos are at much higher WIMP masses and much lower cross
sections. One can easily deduce that the neutrino background will start to become
important when an experiment will start to reach sensitivities down to 10−45 cm2

(10−48 cm2) for the light (heavy) WIMP range.

Until now, I have discussed different scenarios for argon and xenon experiments
considering a wide range for the energy thresholds. This has been done for
illustrative purposes, since most of the energy thresholds considered are beyond
the current and also near future possibilities for xenon and argon experiments.
In the following, I will concentrate on argon and I will restrict the energy range
to that of interest for DarkSide-20k. As seen in 4.4.2 the NR acceptance for
DarkSide-20k is in the range 20-200 keV and so it will be sensitive to diffuse
supernova and atmospheric neutrinos. In Fig. 5.20 I show the comparison for
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Fig. 5.19.: Comparison between the nuclear recoil event rate as a function of energy from
the CEnNS background (dashed black line) and the best fit WIMP models for
an energy thresholds of 1 keV deduced from the upper panel of Fig. 5.18, in
the case of an argon (upper panel) and xenon (lower panel) target.

argon between the differential rate as a function of the recoil energy for a 200 GeV
(top panel) and 1 TeV (bottom panel) WIMP signal and the CEnNS background
differential rate. The WIMP-nucleon cross sections have been chosen such that
the total number of WIMP events in the integration range 20-200 keV matches
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the total number of neutrino background events in the same energy range, which
is about 1.87 events/(100 tonne year). As visible, the two distributions slightly
differ. In particular, having made the assumption to have the same number of
WIMP and neutrino events5 it is possible to see that the two curves have different
slopes and they intercept around 70 keV. This implies that one could expect a
small gain in sensitivity when using a complete likelihood analysis including the
spectral information. Moreover, restricting the integration range up to ∼70 keV,
at least in this example, should maximize the signal to background ratio.

5Note that this represents the worst scenario. In reality in order to exclude at 90% C.L. the
background hypothesis, with such a level of background, one needs at least about 4 WIMP
events, see Sec. 5.1.1.
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Fig. 5.20.: Comparison for an argon target between the differential event rate as a
function of the nuclear recoil energy for the CEnNS background (dashed
black line) and for a 200 GeV (top panel) and 1 TeV (bottom panel) WIMP
signal (dashed red line). The different values of the WIMP-nucleon cross
section have been chosen such that they give the same number of neutrino
and WIMP events when integrating between 20 and 200 keV recoil energies.
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5.6.1 DarkSide-20k and Argo/GADMC detector sensitivity

Until now I have discussed the general implications of the CEnNS background
for an argon detector capable of collecting O(100) tonne year exposure, without
including the nuclear recoil energy acceptance (see Sec. 4.4.2 and Fig. 4.9) which
characterize a particular experiment. In this section I will, first of all, derive
the number of CEnNS background including the experimental acceptance for
DarkSide-20k and its nominal exposures. Secondly, given this number, I will draw
the 90% WIMP-nucleon cross-section sensitivity limits following the statistical
discussion made in Sec. 5.1.
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Fig. 5.21.: Differential rate as a function of the recoil energy convoluted by the DarkSide-
20k nuclear recoil acceptance for CEnNS (dashed black line) and for WIMPs
with different masses and WIMP-nucleon cross-sections: red line (Mχ =100
GeV and σ = 1× 10−48 cm2), blue line (Mχ =1 TeV and σ = 4× 10−48 cm2),
green line (Mχ =1 TeV and σ = 2× 10−48 cm2) and orange line (Mχ =1 TeV
and σ = 1.2× 10−47 cm2).

In Fig. 5.21 it is possible to judge the effect of the acceptance looking at the
acceptance corrected WIMP and CEnNS spectra for different WIMP masses and
cross sections. As visible, the curves change significantly modifying the assump-
tions and they cross the CEnNS spectrum at different values of the recoil energy.
This is suggesting that there will be an optimal energy upper limit for which
we maximize the WIMP signal to neutrino background ratio. Before to show
the effect of the energy upper limit, Eup, on the sensitivity let us calculate the
total number of CEnNS background as a function of it. To do that one needs
to integrate the CEnNS differential spectra corrected by the DarkSide-20k ac-
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Fig. 5.22.: Total number of CEnNS background events in DarkSide-20k as a function of
the upper energy limit, Eup, in keV.

ceptance for different values of Eup. The result of this is shown in Fig. 5.22.
Considering Eup=200 keV, the number of coherent neutrino background events
expected is 1.33±0.26 (100 tonne year)−1, which halves at around Eup=86
keV. The uncertainty on the number of coherent neutrino background events
can be determined considering that after applying the NR acceptance, the only
neutrino sources that contribute are the atmospheric and the diffuse supernova
neutrinos. Namely, their contribution is 1.31±0.26 (100 tonne year)−1 and
0.016±0.008 (100 tonne year)−1, respectively, where the uncertainty has been
determined propagating the uncertainty on the corresponding fluxes.

With this information in mind we can calculate the final DarkSide-20k sensitivity.
This can be done following the discussion in Sec. 5.1.1 for the case of a non zero
background with 20% uncertainty. The WIMP-nucleon cross-section sensitivity at
90% C.L. as a function of the WIMP mass for DarkSide-20k for a total exposure of
100 tonne year is shown in Fig. 5.23 for different upper energy limits. The curves
do not vary significantly considering 80 < Eup[keV] < 300, however there is a
slight improvement when considering Eup = 150-200 keV.

For this reason I decided to take Eup = 200 keV for the final determination of
the DarkSide-20k sensitivity curves for the two exposures of 100 and 200 tonne
year. In addition to this, I have estimated the sensitivity curves for a future argon

5.6 Kinematic differences in WIMP and neutrino reconstruction 151



DS-20k H100 t yL Eup=300 keV

DS-20k H100 t yL Eup=200 keV

DS-20k H100 t yL Eup=150 keV

DS-20k H100 t yL Eup=100 keV

DS-20k H100 t yL Eup=80 keV

50 100 500 1000 5000 1µ10
4

2µ10
-48

5µ10
-48

1µ10
-47

2µ10
-47

5µ10
-47

1µ10
-46

WIMP mass Mc @GeVD

S
I
W

IM
P
-

n
u

c
le

o
n

c
ro

s
s

s
e

c
ti
o

n
@c

m
2
D

Fig. 5.23.: WIMP-nucleon cross-section sensitivity at 90% C.L. for DarkSide-20k for a
total exposure of 100 tonne year for different upper energy limits.

detector, that is usually referred to as Argo or GADMC6 capable of collecting an
exposure of 2000 tonne year or even 3000 tonne year free of backgrounds other
than CEnNS. Moreover, I have considered that at the time of operation of this
detector the uncertainty on the number of neutrino events will be reduced to
about 5%. Indeed, some recent works show the feasibility of improving already
now the uncertainty on the muon-neutrino flux related to the primary cosmic
rays of (5–15)%, depending on energy, which is about a factor of two smaller
than the previously determined uncertainty [400]. These curves are shown in Fig.
5.24. Future DarkSide-20k experiment with an exposure of 100 tonne year will be
able to exclude cross sections down to 2.8× 10−48 cm2 for a WIMP mass of ∼100
GeV. Future GADMC for 3000 tonne year exposure will be able to exclude cross
sections down to 3 × 10−49 cm2 for the same WIMP mass. Instead, for a WIMP
mass of about 1 TeV, DarkSide-20k experiment with an exposure of 100 tonne
year will be able to exclude cross sections down to 1.2× 10−47 cm2, whereas the
same number for future GADMC for 3000 tonne year exposure is 1.5× 10−48 cm2.
Note that the cross section does not scale as 1/MT because of the presence of
the neutrino irreducible backgrounds, that in the last case is of the order of 40
events. This saturation effect is usually indicated using the so-called neutrino
floor. In particular, in Fig. 5.24 the neutrino floor for a xenon target has been
superimposed. The latter represents a discovery limit defined such that if the true
WIMP model lies above this limit, then a given experiment has a 90% probability

6Note that the details of this far future detectors are not defined yet.
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to get at least a 3σ WIMP detection and it has been calculated assuming two
particular low energy thresholds, 3 eV and 4 keV, such that a fixed number of
500 neutrino events from coherent neutrino scattering on nuclei are expected.
Note that the concept of neutrino floor can be misleading. Indeed, it represents a
discovery limit @3σ for xenon and we are comparing it to 90% exclusion curves
for argon. Despite these two share some common assumptions, they vehiculate
different information. However, even if the neutrino floor is derived using some
arbitrary assumptions, in the dark matter community it is often used to represent
a hard limit for the WIMP-nucleon cross sections that can be reached by future
experiments due to the presence of neutrino background. I have included it in
Fig. 5.24 just for “historical reasons”, since the sensitivity curves that I previously
discussed already include the proper saturation effect due to such a background.
A proper way to compare sensitivities for xenon and argon taking into account
the CEnNS background has been already presented in Sec. 5.5.1.

Discovery limit ü3s: neutrino floor on Xenon
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Fig. 5.24.: WIMP-nucleon cross-section sensitivity at 90% C.L. for DarkSide-20k for a
total exposure of 100 tonne year (dashed blue line), and 200 tonne year
considering a total 20% of background uncertainty. Sensitivity of a future
300-tonne GADMC detector for 2000 tonne year (dashed dot green line)
and 3000 tonne year (solid black line) considering a total 5% of background
uncertainty are also shown, superimposed with the neutrino floor for a xenon
target (dashed orange line), which represents the discovery limit @3σ [256].
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5.6.2 ARIA impact on sensitivity curves

The sensitivity curves that I have just discussed have been derived considering a
NR acceptance that has a low threshold at around 30 keV due to the presence of
39Ar combined with the excellent electron recoil rejection capabilities of argon.
However, they do not exploit yet a possible depletion factor of 39Ar coming from
the ARIA project (see Sec. 4.3). The NR acceptance derived considering a realistic
depletion factor of 100, that will maintain the ER background to a level of 0.1
events for the total exposure of 100 tonne year, is shown in Fig. 5.25. For
comparison, the standard DarkSide-20k acceptance is also shown. Using this new
NR acceptance we obtain the sensitivity curve for DarkSide-20k, with the usage
of ARIA, shown in Fig. 5.26. As visible from Fig. 5.27, with the inclusion of ARIA,
we gain a factor 5 in sensitivity at low WIMP masses which decrease to a factor
20% for high WIMP masses.
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Fig. 5.25.: Nuclear recoil (NR) acceptance for DarkSide-20k, with the condition to have
less than 0.1 electron recoil (ER) events from 39Ar. From right to left NR
acceptance for the baseline condition which correspond to have <0.1 ER
events in the total 100 tonne year exposure without including the possible
reduction from ARIA (red line) and NR acceptance including a depletion
factor of 100 which maintains a total of less than 0.1 ER events (red line).
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Fig. 5.26.: WIMP-nucleon cross-section sensitivity at 90% C.L. for DarkSide-20k without
considering the depletion factor of ARIA (red solid line) and considering a
ER 39Ar depletion factor of 100 (dashed blue line) for a total exposure of 100
tonne year.
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Fig. 5.27.: Ratio between WIMP-nucleon cross-section sensitivity at 90% C.L. for
DarkSide-20k with the inclusion of ARIA and without it.
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5.7 Argon-xenon comparison in view of standard
electroweak interactions on electrons

In this section I want to compare the potentialities of future dark matter detectors
for a possible WIMP discover or, in the worst scenario, in exploring and excluding
lower and lower WIMP-nucleon cross sections. Since the light WIMP range (below
10 GeV) will be explored by LHC and the neutrino background will stronger
limit the sensitivity already at the order of cross sections near 10−45 cm2 (see
Fig. 5.15), I will consider only the heavier mass range (above 20 GeV) for which
the exploration of cross sections down to 10−48 cm2 is still feasible (see Fig. 5.24).
In this mass range the leading technology is represented by large dual-phase
liquid noble TPCs at ton-scale, in particular those that use xenon and argon. From
the discussion of Sec.5.5.1, it seems that xenon and argon behave very similarly
regarding the one neutrino isoevent sensitivity curve. However in that section
other kinds of backgrounds have been neglected. I have also demonstrated that
the argon technology as used by DarkSide-20k will be able to reach a level for
which all other kinds of background apart form CEnNS will be reduced to a
negligible amount. This is possible especially thanks to the extraordinary ER
rejection power of argon that is able to remove, for example, the electron recoil
contribution due to solar neutrino scattering. Here, I will examine this fact in
more detail for both argon and xenon, showing that the latter could suffer from
this kind of ER backgrounds.

If an experiment does not reach sufficiently high power in electronic recoil
background rejection, such background processes should be accounted for in
the estimation of WIMP sensitivity or of the discovery reach of it. In the following,
I will discuss the main neutrino-electron scattering processes that are relevant for
neutrino energies below 1-10 MeV [401] which is the standard neutrino electron
electroweak interaction. As the pp neutrinos provide the dominant contribution to
the solar neutrino flux and the maximum recoil energy induced by these neutrinos
is about 260 keV, we can safely neglect the other neutrino components to the total
neutrino-induced electronic recoil background. Also, in the following calculations,
I will neglect atomic effects and consider the electrons from the atomic cloud as
being free [401, 402].
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Standard neutrino-electron electroweak interaction

At tree level, the neutrino-electron electroweak interaction proceeds through the
exchange of a Z boson (neutral current) and the exchange of a W boson (charged
current) which is only possible in the case of an incoming electron neutrino. The
resulting expression of the cross section is as follows [401, 403]:

dσ(Eν , Er)
dEr

=
G2
fme

2π
[
(gv + ga)2

+(gv − ga)2
(

1− Er
Eν

)2
+ (g2

a − g2
v)
meEr
E2
ν

]
, (5.24)

where me is the electron mass, gv and ga are the vectorial and axial coupling
respectively and are defined such that:

gv = 2 sin2 θw −
1
2 ga = 1

2 . (5.25)

In the particular case νe+e→ νe+e, the interference due to the additional charged
current contribution implies a shift in the vectorial and axial coupling constants
such that gv,a → gv,a + 1. One can easily derive that the νe + e → νe + e cross
section is about one order of magnitude larger than in the case of νl + e→ νl + e

(where l = µ, τ). In this case one has to take into account neutrino oscillation from
the solar core to the Earth-based detector when computing this neutrino-electron
background. In first approximation the survival probability of νe below 1 MeV
is constant in energy and equal to about 0.55 [389]. The remaining component
is distributed between νµ and ντ which have the same expression of the cross
section. In Fig. 5.28 the total neutrino electron cross section σν−e− as a function
of the neutrino energy, is shown.

In Fig. 5.29 the differential rate for ν+ e− → ν+ e− contribution in xenon (upper
panel) and argon (lower panel) is shown by the solid red line superimposed to
the already shown CEnNS contributions. Differently from the CEnNS background
this contribution can be somehow distinguished from a possible NR induced by a
WIMP. However, the capability in rejecting this background varies significantly
between xenon and argon technologies. Indeed, the pulse shape discrimination
(PSD) tool in argon allows to reach an ER rejection of 6.7× 10−8 (see Sec. 4.1.2).
Taking into account this already experimentally proved ER rejection factor the
ν+e− → ν+e− contribution from solar neutrinos in argon is significantly reduced
and it is depicted in Fig. 5.29 (lower panel) by a dashed red line. It is clear
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Fig. 5.28.: Neutrino-electron electroweak cross section for νe − e− (solid blue line) and
νµτ − e− (dashed red line) as a function of the neutrino energy in MeV.

that in argon this background is completely negligible since it is almost three
orders of magnitude smaller than the CEnNS from atmospheric neutrinos. On
the other hand, xenon does not have a PSD tool, relying on the ratio between S1
and S2 to distinguish NR from ER. Unfortunately this method is less powerful
than the PSD one, allowing an ER rejection efficiency in the range 99.5-99.9%
for a NR acceptance that varies from 50% to 30%, respectively, as stated in the
XENON1T physics reach paper [312]. The other xenon competitor experiment,
LZ, in its technical proposal considers a background rejection of 99.5% for a
signal acceptance of 50% for all WIMP masses, but the collaboration claims a
discrimination between electron and nuclear recoil events which is potentially
able to reach the value of 99.99% [313]. Finally the ambitious DARWIN project,
aiming to explore cross sections at the neutrino floor as DarkSide-20k will do,
assumes an ER rejection level of 99.98% at 30% nuclear recoil acceptance using
an S2/S1-based rejection of ERs. This corresponds to a rejection factor of 2×10−4.
For comparing the level of neutrino induced ER between argon and xenon I
assumed this latter rejection factor even if it is very optimistic. In Fig. 5.29 (upper
panel) this contribution is shown with a solid (dashed) red line before (after)
the ER rejection factor. As you can see for xenon this background component
is comparable to the CEnNS background from atmospheric neutrinos. Solar
neutrinos will thus become a relevant background source at WIMP-nucleon cross
sections of the order of 10−48cm2.
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Fig. 5.29.: Upper panel: Differential rate for CEnNS in xenon as Fig. 5.11. Solid and
dashed red lines correspond to the νx − e− weak interaction rate before
and that after the consideration of an electron recoil (ER) rejection factor at
2.2× 10−4 (99.98 %).
Lower panel: Differential rate for CEnNS in argon as Fig. 5.12. Solid and
dashed red lines correspond to the νx − e− weak interaction rate before
and that after the consideration of an electron recoil (ER) rejection factor at
6.7× 10−8.
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To quantify the impact of this background, in Fig. 5.30 I show the event rate of
CEnNS, neutrino-induced electron scattering (ES) recoils and a WIMP of 1 TeV
mass and for a cross section of 6 × 10−48 cm2 in (tonne year keV)−1 for xenon
(upper panel) and argon (lower panel). In this case, for the ER rejection in xenon
I considered the more realistic value as in LZ of 99.5% with a signal acceptance
of 50%. For argon instead I applied the experimentally measured ER rejection
and 90% signal acceptance. As clearly visible in argon the WIMP signal lies above
the CEnNS background while in xenon the ν − e− ER background overwhelms
the signal. In xenon, integrating in the 6-30 keV nuclear recoil energy range
(which corresponds to 1.5-6.5 keV electron recoil energy), the integrated number
of CEnNS neutrinos is 0.017 events/(tonne year) and 0.083 events/(tonne year)
from ES for a total of 0.1 events/(tonne year) to be compared to 0.05 WIMP
events/(tonne year) for the chosen parameters. So there is almost a factor of two
more background than signal. In argon, integrating in the range 30-200 keV we
have 0.015 events/(tonne year) from CEnNS, a negligible contribution from ES
neutrinos and 0.02 WIMP events/(tonne year) and so in this case the WIMP signal
is greater than the background. Note that in this section I am not even considering
further sources of background that affect xenon only, like the contribution of the
neutrino double beta decay of 136Xe, the 222Rd and the presence of krypton. All
these contributions sum up to a final event rate of the same order of the CEnNS
contribution.

To conclude, in this chapter the DarkSide-20k sensitivity has been calculated
for different exposures. It has been shown that the main source of background
is represented by the coherent elastic neutrino nucleus scattering and that this
background is basically irreducible using only the recoil energy information. In
the next chapter, I will explore a new possibility to discriminate such a background
using the recoil direction information. Up to now none of the current detectors at
ton scale exploits this information but it will be essential for future searchers.
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Fig. 5.30.: Upper panel: Neutrino backgrounds and signals in xenon. The grey dashed
region shows the expected energy ROI for dark matter search, and the dashed
dotted green line shows the expected signal from a 1 TeV WIMP with a SI
cross-section per nucleon of 6×10−48cm2. Xenon backgrounds are dominated
by electron recoils from elastic scattering of pp neutrinos on electrons. Lower
panel: Same as the upper panel for argon. The electron recoil backgrounds
are negligible due to the very strong pulse-shape discrimination; limiting
backgrounds are from coherent scattering of atmospheric neutrinos.
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As explained in Chap. 5 the near future DM experiments such as DarkSide-20k,
XENONnT and LZ will be sensitive to the irreducible background from CEnNS that
will limit the sensitivity or the discovery potential to WIMPs. This background
will be even more problematic for future argon detectors like Argo (or GADMC),
capable of collecting O(1000) tonne year exposure, or xenon detectors, like
DARWIN for 200 tonne year scale, because the number of neutrino background
events will be of the order of tens of events. Since, the WIMP and neutrino spectra
are quite similar (see Figs. 5.19 and 5.20) the use of the likelihood test statistic
would help just a bit in discriminating the WIMP signal from the background.
However, for even large exposures the discovery of DM will be a difficult task in
the presence of this background. A way to improve WIMP sensitivity is to reduce
the energy threshold, however, the presence of the 8B neutrinos will determine a
natural limit. For example, moving from 35 keV (approximatively the DarkSide-
20k energy threshold) to 10 keV, the number of neutrino background increases
by a factor 100 for argon. The same factor will be achieved in a xenon detector
moving from 6.5 keV to 3 keV. Roughly speaking, this implies that going under 10
keV (3 keV) for future argon (xenon) detector will be prohibitive as the number
of neutrino background will saturate the sensitivity. In order to discriminate
this background from a WIMP signal one needs to exploit a different feature.
This feature is the incoming direction of the WIMP or the neutrino and, in this
chapter, I will examine the potential of a DM detector capable to discriminate the
recoil nucleus direction. In the following, such a detector will be referred to as
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directional detector. I will show that the expected event rate varies by a large
factor (4− 8) when considering nuclear recoil directions going from the zenith
to the horizon and, at fixed angular direction, it varies by about the same factor
with a sidereal-day1 period considering a possible directional detector located at
INFN Laboratori Nazionali del Gran Sasso (LNGS). In Sec. 6.5 I will show that
the angular resolution of the detector will imply important consequences on the
experimental sensitivity to such a rate variation. I will prove that the event-rate
variations as a function of the sidereal time and as a function of the polar angle
are very robust and are largely independent on details of the WIMP interaction
and of the WIMP velocity distribution. They are direct consequences of the solar
system motion through the Galaxy and of the Earth motion around the Sun.

6.1 Directional detectors and columnar
recombination

A possibility for non-directional detectors to verify if a signal is a genuine WIMP
signal is to exploit the knowledge that the latter is expected to modulate over the
year [404, 204] (see Sec. 3.3.1). However, this seasonal modulation is expected
to be smaller than 10% and background sources exist that have similar seasonal
modulations. For instance the DAMA collaboration [405] reported an observation
of such a modulation, but it is controversial due to the difficulties in excluding
that this effect could come from possible sources of background.

A large mass detector with sensitivity to the direction of the recoiling nuclei would
constitute a considerable breakthrough in the search for DM, as I will show in
this chapter. A directional detector would allow to prove that the detected new
particle is indeed a dark matter candidate. For the sake of concreteness, a detector
located at the latitude2 of the LNGS, where the DarkSide-20k experiment [3] will
be located, is considered.

Isotropic backgrounds (e.g.: Diffuse supernovae and atmospheric neutrinos),
backgrounds from sources within the solar system (e.g.: solar neutrinos), or
backgrounds with the periodicity of local day (e.g.: backgrounds that depend on

1The sidereal day is about four minutes shorter than the solar day. It correspond to 23h 56m

4.0916s.
2The LNGS coordinates are 42° 28’ N 13° 33’ E.
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the temperature or the atmospheric density) can be considerably reduced using
the angular and time information provided by a directional detector.

Several prototypes of directional detectors exist [406, 407], generally based on
the attempt to perform an imaging of the nuclear recoil trajectory. These detectors
aim at achieving high spatial resolutions and are usually limited in mass, thus
being capable to collect limited exposures. On the other hand, non-directional
DM detectors have already reached exposures greater than 104 kg-day, [361,
408] excluding spin independent WIMP-nucleon cross sections greater than about
10−46cm2.

As argued in [409], a promising technique for a very large-mass detector with
directional DM capability would be to exploit the phenomenon called Columnar
Recombination (CR) in a noble liquid Time Projection Chamber. An argon-based
detector sensitive to the effect of CR, would combine directional sensitivity with
the ability to collect exposures of several hundreds of tonnes year [3]. In noble
liquid TPCs the recoiling nucleus produces both scintillation and ionization. CR
models [274] predict that the amount of signal due to ionization that can be
collected in the presence of an electric field E should depend on the angle θr
between E and the track (the average direction of the straggling nucleus). The
ionization signal is expected to be maximal when θr = 90◦, since electrons drift
in a direction perpendicular to the region around the recoil track where ions are
present, minimizing recombination. On the contrary, it should be minimal when
θr = 0◦, since electrons drift along the region where ions are present, with high
probability of recombination. The ionization signal from the collected electrons
would be a function of the component of the electric field perpendicular to the
track, E⊥ = E sin θr, and, therefore would carry, together with the scintillation
signal, information on the average direction of the recoiling nucleus (see the
schematic representation in Fig. 6.1).

Columnar recombination in a LAr TPC would thus provide signatures for the
orientation of the ionizing tracks relative to the direction of the electric field.
Evidence for this effect has been collected for α particles and protons [410, 411].
The SCENE experiment [412, 359], a small two-phase LAr TPC designed for cali-
bration of nuclear-recoil responses, gave a hint for the same directional signature
in the scintillation response of nuclear recoils of about 57 keV, approximately
the energy at which, following the argument in [409], one might expect the ion
range to be sufficient to form a track with a definite direction. However, the
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Fig. 6.1.: Schematic representation of the columnar recombination effect on the primary
scintillation light, S1, after the recombination between electrons and argon
dimers for the case of a recoil ionization track almost parallel to the TPC
electric field E (left) or perpendicular to it (right). The survived electrons are
accelerated by the electric field and produce the secondary electroluminescence
light, S2, in the gas pocket.

corresponding ionization response measured in SCENE did not show the same
hint for a directional effect [359].

In order to better investigate the CR effect, in a recent work [4] we derived a new
model describing the recombination of electron-ion pairs in ionizing tracks in the
presence of a drift field. The physical distributions characterizing the electron-
ion cloud after thermalization, from which the recombination takes place, are
largely unknown, and the recombination angular dependence is strongly affected
by this initial condition. In this work, we introduced a novel model for the
description of electron-ion recombination process in LAr TPCs which takes into
account the dependence on the electron-ion pairs distribution obtained after
thermalization. Indeed, the two classical models in use to date, the columnar
[274] and box models [413], both fail to reproduce the accurate data reported
by the ArgoNeuT experiment for proton tracks [414]. This new model describes
the initial distribution of the electron ion cloud as that of an elongated ellipsoid,
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with a single adimensional parameter, R, accounting for the aforementioned
elongation. By proper tuning of the parameter, this model is brought to coincide
with the box model in the limit for R = 1, and with the columnar model in
the limit R → ∞. By solving the equations describing the evolution of the
electron-ion cloud, we determined that the dependence of the recombination
fraction upon the angle between track and drift field is described by the function
f(θr, R) =

√
sin2 θr + cos2 θr/R2. The model successfully reproduces the proton

ArgoNeuT data [414] for a specific choice of the parameter R, which is extracted
from a fit to the aforementioned data. Although the portability of this study
for neutrons- or WIMPs-induced nuclear recoils is quite hard, it is expected that
specialized experiments can clarify the situation. Therefore, a small prototype
has been proposed with the aim to improve the SCENE measurement, as part
of the DarkSide-20k proposal. Its name is RED (REcoil Directionality) and the
experimental details can be found in Ref. [3].

General aspects of DM directional detection have been discussed in a number of
works [415, 416, 417, 418, 419]. In the following, an active mass of 100 tonne
(which in terms of number of WIMP events is equivalent to a 20 tonne active
mass detector running for 5 years) is considered, with a detector at LNGS as in
the DarkSide-20k experiment [3].

6.2 Cross section and differential rates

In a given reference frame, let’s assume vi is the velocity of the incoming WIMP
of mass Mχ, u is the velocity of the recoiling nucleus of mass mN , q = mNu is
the nucleus momentum and Er = q2/(2mN ) is the corresponding energy. The
azimuthal and zenith angles of the recoiling nucleus are φr and θr, while ϑ is
the angle between the incoming WIMP direction and the recoiling nucleus, as
shown in Fig. 6.2. In general, recoil rates are convolutions of the scattering cross
section and the incoming velocity distribution. A point-like cross section in the
center of mass is constant and can be parametrized by the total WIMP-nucleus
cross section σχ−N . For a spin-independent interaction with equal couplings for
neutrons and protons, σχ−N can be expressed in terms of the WIMP-nucleon cross
section σn as σχ−N/µ2

N = A2σn/µ
2
p, where A is the atomic mass and µN and µp

are the WIMP-nucleus and the WIMP-nucleon reduced masses, respectively. The
finite size of the nucleus is taken into account by introducing the Helm nuclear
form factor, see Sec. 3.1.4.
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Fig. 6.2.: Schematic view of a WIMP-nucleus scattering. The incoming WIMP with
velocity vi hits the nucleus that recoils in the direction of the momentum
q = mNu whose azimuthal and zenith angles are φr and θr. The angle
between u and vi is ϑ.

In the frame where the target nucleus is at rest, the double-differential cross
section depends on the cosine of the angle between the incoming WIMP and the
recoiling nucleus v̂i · q̂ = cosϑ as

d2σ(q, v̂i · q̂)
dq2 dΩ

= d2σ(q, cosϑ)
2mN dEr2π d cosϑ (6.1)

= σχ−N
8πµ2

Nvi
F 2 (q) δ

(
vi · q̂ −

q

2µN

)
.

Given a velocity distribution for the incoming WIMP f(vi), normalized so that∫
f(v)dv = 1, and a WIMP mass density ρ, the double-differential recoil rate per

unit mass, i.e. the rate per target nucleus divided by the nucleus mass mN , as a
function of the nuclear recoil energy, Er, and of the recoil direction q̂ is

d2R(Er, q̂)
dEr dΩr

= 2ρ
Mχ

∫
v

d2σ(q, v̂ · q̂)
dq2 dΩ f (v) dv (6.2)

= ρ σχ−NF
2(q)

Mχ4π µ2
N

∫
δ

(
v · q̂ − q

2µN

)
f (v) dv

= ρ

Mχ

σχ−NF
2(q)

4πµ2
N

f̂ (vmin, q̂) ,

where vmin = q/(2µN ) =
√

2mNEr/(2µN ) is the minimal WIMP velocity that can
give momentum q or energy Er to the recoiling nucleus and f̂ (vmin, q̂) is the
3-dimensional Radon transform [420] of the velocity distribution f(v).
As done in Sec. 3.3 I assume the Standard Halo Model (SHM), i.e. an isotropic
Maxwell-Boltzmann WIMP velocity distribution of width σv in a reference frame

168 Chapter 6 Directional dark matter detection



at rest with respect to the Galactic center. In a reference frame with velocity V
relative to the Galactic center, the velocity distribution is

f(v) = 1√
(2πσ2

v)
3

exp
[
−1

2

(v + V
σv

)2
]

(6.3)

and the corresponding Radon transform is

f̂ (vmin, q̂) = 1√
2πσ2

v

exp
[
−1

2

(
vmin + q̂ ·V

σv

)2
]
. (6.4)

Therefore, if recoils are measured in a frame at rest with respect to the center of the
Galaxy, V = 0 and the rate is isotropic. Similarly, when measured in a frame at rest
with respect to the Sun, V is the Sun velocity relative to the galactic center VSG,
which points towards the galactic coordinates [421] (`c=90°, bc=0°), roughly the
direction of the Cygnus constellation, and has magnitude VSG ≈ v0 = 220 km/s,
where v0 is the Galactic orbital speed at the Sun position. For an Earthbound
laboratory, the velocity V can be decomposed as V = VSG + VES , where VES is
the Earth velocity relative to the Sun, which has magnitude VES ≈ 30 km/s, about
ten times smaller than v0. The laboratory velocity relative to the Earth center has
been neglected, since it is almost two orders of magnitude smaller than VES .

If a detector collects events of energy Eth < Er < Eup, the direction-dependent
recoil rate per unit mass, obtained by substituting the Radon transform from
Eq. (6.4) in Eq. (6.3) and integrating over the energy range, becomes

dR(Eth, Eup, q̂)
dΩr

=
Eup∫
Eth

dEr
d2R(Er, q̂)

dEr dΩr
. (6.5)

The study presented in this thesis focuses on the use of polar detectors i.e. de-
tectors that give only information on the angle θr between the recoil track and a
fixed axis. If the fixed axis is the vertical direction, the relevant recoil rate is

dR(Eth, Eup, cos θr)
d cos θr

=
2π∫
0

dφr
Eup∫
Eth

dEr
d2R(Er, q̂)

dEr dΩr
, (6.6)

which, after integrating out φr, depends on cos θr. In addition, if a detector cannot
distinguish signals from recoil tracks differing by 180◦, events that differ by 180◦
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are summed together. The relevant rate is the so-called “folded” angular recoil
rate [422]:

dRF (| cos θr|)
d| cos θr|

≡ dR
d cos θr

(cos θr) + dR
d cos θr

(− cos θr) , (6.7)

which depends only on | cos θr|. Dependences of the recoil rates on other variables
are not shown.

Unless explicitly stated, in this chapter I will show results for a LAr detector
using the reference values Mχ = 200 GeV, mN = 0.923A, where A is the argon
atomic mass, ρ = 0.3 GeV cm−3, and σv = v0/

√
2. Rates are given for a reference

cross section σn = 10−46 cm2, which is of the order of the last limits set by the
LUX, XENON1T and PandaX-II collaborations [361, 275, 269], for recoil energies
from Eth = 50 keV to Eup = 200 keV, and for an active mass of 100 tonne3.
Note that the anisotropy of all rates in Eqs. (6.5), (6.6), and (6.7) depends only
on the velocity V. In a given frame, which fixes V, one can choose different
angular coordinate systems. If the angular coordinate system is time dependent,
e.g. a coordinate system fixed to the rotating Earth, the direction of V in that
system becomes time dependent. In a frame at rest with respect to the Earth
and using Galactic coordinates, VSG is constant and only VES rotates with the
annual periodicity of the Earth revolution. Since VES is an order of magnitude
smaller than VSG, the WIMP apparent direction −V = −(VSG + VES) rotates
with annual periodicity around the fixed VSG direction with an opening angle
of about one tenth of radiant. In this frame the peaked angular distribution
is the main signature of the signal and allows for background reduction. In
the laboratory coordinate system, the coordinates and, therefore, the apparent
direction of V makes an additional rotation with the periodicity of a sidereal day
and an amplitude that depends on the latitude. This specific periodicity is also a
characteristic signature and provides more background suppression.

6.2.1 Recoil rate in Galactic angular coordinates

Figures 6.3 and 6.4 show results in a reference frame at rest with respect to
the Sun in Galactic coordinates to demonstrate the potentialities of a directional
detector independently of the location, as it has been extensively done in the past,
and to discuss the influence of the threshold energy Eth. All other results in this

3This choice for the threshold energy is motivated by hints from the SCENE experiment [359] for
directional dependence in the scintillation signal at energy of 57.3 keV.
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Fig. 6.3.: Recoil rate in argon, Eq (6.5), on a Mollweide equal area projection map
of the celestial sphere in galactic coordinates. The horizontal axis is the
galactic longitude 0◦ < ` < 360◦ and the vertical axis is the galactic latitude
−90◦ < b < 90◦. The WIMP mass is 200 GeV, the WIMP-nucleon cross section
is 10−46cm2 and the energy interval considered is (50 keV ≤ Er ≤ 200 keV).
The colour scale represents units of events/(100 tonne · day · sr).

chapter will be given for a detector located at the latitude of LNGS in the local
coordinate system with the polar axis pointing in the vertical direction. Indeed,
the potentialities of a directional detector and, more specifically, the signature
in the angular recoil rate of the detector motion through the WIMP halo are
best illustrated in Galactic coordinates in a frame at rest with the Sun. In this
coordinate system, x̂ points from the Sun towards the Galactic center, ŷ in the
direction of the Solar motion and ẑ towards the Galactic north pole; therefore,
V = v0ŷ. In Fig. 6.3 we show the angular recoil rate of Eq. (6.5) for argon on a
Mollweide equal area projection map. The horizontal axis is the galactic longitude
0◦ < ` < 360◦ (the counterclockwise angle from the x̂ axis) and the vertical axis
is the galactic latitude −90◦ < b < 90◦ (90◦ − b is the angle from the ẑ axis).
To obtain the total number of events that are expected for an exposure of 100
tonne year (five years of DarkSide-20k), one has to integrate over the solid angle
and multiply for 365 days. This results in a number of WIMPs above 50 keV of
about 74. With the same assumption on the WIMP mass and the WIMP-nucleon
cross section, the total number of WIMP events expected from DarkSide-20k for 5
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Fig. 6.4.: Recoil rate in arbitrary units for argon as a function of the galactic longitude `
in degrees. The WIMP mass is assumed to be 200 GeV and the recoil energy
is integrated between Eth and 200 keV, where Eth = 20, 40, 50 and 80 keV.
With respect to the curve for Eth = 50 keV the other curves have been rescaled
to have the same maximum. As shown in the legend the rescaling factors are:
0.41, 0.74, 2.50, respectively.

years of data taking including the NR acceptance, is about 100 since it includes
events below 50 keV, which I conservatively did not include when considering a
directional detector.

The recoil rate is clearly anisotropic [416] and points at coordinates (` = 270◦, b =
0◦) opposite to the direction of the Sun motion throughout the Galaxy. Since the
expected signal in the SHM is rotationally symmetric around the Sun direction,
the width of the forward peak is better shown on a one dimensional plot as a
function of the galactic longitude `, obtained integrating over the galactic latitude
b (Fig. 6.4). The units on the y-axis are events/(100 tonne day 180/π), such
that after integration one obtain about 0.2 events/(100 tonne day). In Fig. 6.4
the effect of different energy thresholds is considered. Indeed, it shows that the
width of the peak is slightly reduced for higher recoil energies, thus increasing
the correlation between the recoil direction and the apparent WIMP arrival
direction, even if the width of the peak is dominated by the WIMP transverse
velocity distribution. Indeed, in a liquid the straggling of the recoiling nucleus
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will broaden further the peak. A higher threshold, in addition, lowers the total
rate as it can be quantitatively seen from the normalization factors.

6.3 Recoil directional signals at LNGS

In this section I will consider WIMP scattering in a reference frame at rest relative
to a detector situated at LNGS with the ẑ axis along the vertical. In this frame,
the angle between the recoiling nucleus and the vertical axis is called θr. In
particular I will study the expected rates, Eqs. (6.5) and (6.7), as a function of
cos θr and of the time of the day. The effect of a finite angular resolution will be
also considered.
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Fig. 6.5.: Altitude (angle from the horizon) of the Cygnus constellation as seen at LNGS
as a function of the time in the summer solstice. The horizontal line at 0
corresponds to the horizon.

Figure 6.5 shows the Cygnus constellation altitude at the LNGS location as a
function of the time from the midnight of the Summer Solstice (SS), providing a
clear picture of the daily dependence of the expected recoil average direction. As
already discussed, the correlation between the Cygnus direction and the WIMP
wind changes by at most a tenth of a radiant during the year because of the
Earth revolution around the Sun. As the cross section in Eq. (6.2) peaks in
the forward direction, when Cygnus is close to the zenith, nuclei recoil mainly
towards the nadir, and when Cygnus is close to the horizon, nuclei recoil mainly
in the horizontal plane, as depicted in Fig. 6.6. The most important qualitative
feature in Fig. 6.5 is that Cygnus spans the whole range of polar directions from
zenith to horizon during the day at the LNGS latitude, thus allowing a strong

6.3 Recoil directional signals at LNGS 173



𝜗

t=04:00 h

t=08:00 h

t=12:00 h

t=16:00 h

WIMP 
wind

Scattered 
WIMP

Recoils

Recoils

Cygnus

WIMP 
wind

Scattered 
WIMP

90°

75°

60°

45°

30°

15°

0°

-15°

𝜃𝑟

𝑧 II 𝜀 𝑧 II 𝜀
𝜃𝑟

Fig. 6.6.: Altitude of the Cygnus constellation in the sky as seen by an observer at LNGS
as a function of the time of the summer solstice. The WIMP apparent wind at
04:00 h (16:00 h) will induce nuclear recoils mostly parallel (perpendicular)
to the electric TPC field, E.

correlation between time and polar angle of the recoils. Thus, the angle between
the expected average WIMP direction with the vertical electric field in the LAr
TPC spans the entire range between 0° and 90° during the day. Since the Cygnus
polar angle period is the sidereal day, this correlation is lost during the year if
local solar time is used.

6.3.1 Differential rates as functions of the polar angle

Figure 6.7 shows the differential recoil rate, Eq. (6.6), as a function of cos θr for
the SS day (solid black line). This rate is more than twice as high for negative
values of cos θr than for positive values, since Cygnus is most of the time above
the horizon. Freezing the position of the Cygnus in the sky at a given time of
the SS day for the whole day, one obtains the different dashed lines in Fig. 6.7.
One clearly sees that there is a strong dependence on the time of the day. Indeed,
the asymmetry in cos θr (the angle between the recoil direction and the z axis) is
larger when Cygnus is high in the sky, e.g., at hour 4, while it is smaller when it is
close to the horizon, e.g., at hour 16.
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Fig. 6.7.: Differential recoil rate as a function of the cosine of the polar angle θr (the
angle between the recoil direction and the z axis) at the latitude of LNGS for
the SS day (solid black line). The six dashed curves show the differential recoil
rate obtained freezing the position of the Cygnus in the sky at a given time
(four-hour apart from each other) of the SS day for the whole day.

Figure 6.8 shows the “folded” differential recoil rate introduced in Eq. (6.7),
which is the relevant rate for a polar detector. The angular and time dependences
of the rate remain quite strong even without the information on which side of the
track the head is. When Cygnus is close to the zenith (horizon) the rate is peaked
at | cos θr| ∼ 1 (| cos θr| ∼ 0).

6.3.2 Vertical and horizontal event categories

A simple and robust analysis of the time and angular dependency of the event
rate of WIMP collisions is achieved by separating the candidate event sample
into two categories that require only a minimal amount of angular information.
Events can be categorized as horizontal events (HOR), defined by | cos θr| < 0.5
or 60◦ < θr < 120◦, and vertical events (VER), defined by | cos θr| > 0.5 (see Fig.
6.9).
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Fig. 6.8.: Same as figure 6.7 for the “folded” rate in Eq. (6.7).

Figure 6.10 shows horizontal and vertical WIMP event rates as a function of the
time of the day. At the latitude of LNGS, the time signature of an anisotropic
WIMP wind is evident in spite of the very crude angular classification. In the same
figure we also show the ratio R = HOR/VER of horizontal to vertical events. For
the given choice of parameters, R changes during the day by a factor of ∼ 4.

6.4 Seasonal effects

As already discussed in Section 6.2, the Earth velocity within the Galaxy and,
therefore, the velocity relative to the average WIMP velocity V = VSG + VES

changes during the year due to the annual rotation of orbital velocity VES . Since
|VSG| ≈ 220 km/s and |VES | ≈ 30 km/s with an angle of about 60◦ between
VSG and the ecliptic, the module |V| changes by about ±15/220 ≈ ±7% during
the year causing a similar change of the WIMP flux, while the annual change
of direction is about a tenth of radiant (see Fig. 3.7). In Fig. 6.11 the WIMP
differential rate as a function of the nuclear recoil energy is shown for the SS day
and half an year later. A small differences are visible among the two curves. The
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Fig. 6.9.: Schematic view of the two categories in which events are divided, namely
horizontal (HOR) and vertical (VER=UP+DOWN) events for two different
Cygnus altitudes in the sky.

feature that the recoil spectra cross at about 20 keV is better visible plotting the
so-called modulation amplitude, defined as

A1(Er) ≈
1
2

[
dR

dEr
(Er, Day1)− dR

dEr
(Er, Day2)

]
, (6.8)

as shown in Fig. 6.12 for Day1 = SS and Day2 half an year later. As visible, the
amplitude of the modulation is small relative to the average rate. Moreover, the
modulation changes sign at low recoil energies (small vmin), in this case at about
21.5 keV. Incidentally, this phase reversal can be used to constrain the WIMP mass.

The annual change of the average WIMP speed produces a corresponding change
of the total rate, which reaches its maximum around the end of May and its
minimum around the end of November, as clearly visible in Fig. 6.13 (upper
panel). This has been obtained by integrating the differential recoil rate in Fig.
6.11 in the range 50-200 keV for each day of the year. In addition to the time-
varying motion of a detector due to the orbit of the Earth about the Sun, there is
a time-varying motion due to the rotation of the Earth about its axis, leading to a
daily (diurnal) modulation in the recoil rate. This daily modulation is shown in
the insert of Fig. 6.13 for the month of August for reference. Since the rotational
velocity (at most 0.5 km/s near the equator) is significantly smaller than the
orbital velocity (30 km/s), the daily modulation signal is much smaller than
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Fig. 6.10.: Horizontal (HOR), corresponding to | cos θr| < 0.5 or 60◦ < θr < 120◦ (long
dashes) and vertical (VER), corresponding to | cos θr| > 0.5 (short dashes)
event rates as a function of time in events per 100 tonne per hour (left scale).
The solid line shows the ratio R = HOR/VER (right scale). Curves are
drawn for the summer solstice day.

the annual modulation signal and, unfortunately, much more difficult to detect.
For this reason, the daily modulation in the recoil rate is typically ignored in
modulation searches. Note that this daily modulation is related but different
from the daily modulation in the recoil direction, which is a much larger effect as
already shown in Fig. 6.10.
Coming back to the annual modulation, in Fig. 6.13 (lower panel) I show the effect
of three different threshold energies Eth = 40, 50, and 60 keV to the percentage
annual variation. As expected [423, 424] the larger the energy threshold the
larger the percentage annual modulation.

Figure 6.14 (upper panel) shows the daily variation of the ratio R at four times of
the year; the signal time structure changes during the year as function of the local
time. The Cygnus, i.e. the WIMP direction, returns exactly in the same position in
the sky after a sidereal day, which is about four minutes shorter than the solar
day. This annual drift of the angular signal as a function of the solar time can
be used to characterize the WIMP signal with respect to other effects that also
produce daily variations but with solar-day periodicity [425].
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Fig. 6.11.: Upper panel: WIMP differential rate as a function of the recoil energy for
the summer solstice (SS) (solid blue line) and half a year later (dashed red
line).
Lower panel: Same as upper plot in the energy range of interest (50-200
keV) in logarithmic scale.
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Fig. 6.12.: Modulation amplitude as a function of the recoil energy as defined in Eq. 6.8
for Day1 = SS and Day2 half an year later.

If the sidereal time is used to time-stamp events, the annual drift is eliminated
and it is possible to compare and average events rates taken at different days,
see Fig. 6.14 (lower panel). Note that part of the seasonal variation of HOR and
VER cancels out in their ratio R. Figure 6.15 shows the HOR and VER daily event
rates taken at four times of the year and the annual rates of HOR and VER events
computed by summing the contributions at each sidereal day.

The much larger time variation of the directional signal relative to the seasonal
variation of the non-directional signal is evident by comparing Fig. 6.13 to Fig.
6.14 (lower panel), or also in Fig. 6.14 (upper panel) or Fig. 6.15. However one
should use the combination of seasonal and directional modulations to better
characterize the nature of the signal.

6.5 Statistical analysis for a directional signal

A path through the discovery process of DM searches may proceed initially through
the observation of a number of candidates that significantly exceed the small
expected background level. However, after rejecting the background-only hy-
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Fig. 6.13.: Upper panel: Annual WIMP modulation for Eth = 50 keV at LNGS as a
function of the number of the days after the summer solstice (SS). The
minimum event rate is found at 154 days after SS, while the maximum is for
337 days after the SS (∼24th May). The insert shows the daily modulation
rate in August. Lower panel: Percentage annual variation of the event rate
as a function of the number of days from the SS for three different recoil
energy thresholds. The solid line corresponds to Eth = 50 keV, the dotted line
corresponds to Eth = 40 keV, and the dashed line corresponds to Eth = 60
keV. The corresponding average daily rates are about 0.21, 0.27, and 0.15
events per day for a 100 tonne active mass.
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Fig. 6.14.: Upper panel: Ratio R of expected number of events along the horizontal
and the vertical direction in an argon detector located at LNGS as function
of the time of the day at four different solar days of the year. R is defined
in Fig. 6.10 and in the text referring to it. Lower panel: Ratio of HOR and
VER R = HOR/VER at each hour of a sidereal day for four different sidereal
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Fig. 6.15.: Solid red and blue lines (left y-scale): annual sum of HOR ≡ | cos θr| < 0.5)
and vertical (VER ≡ | cos θr| > 0.5) events expected at each hour of a sidereal
day, respectively. Dashed red and blue lines(right y-scale): events at each
hour of a given sidereal day, namely the day of the SS, and 91, 182, 273 days
after it.

pothesis, the study of angular properties of the observed nuclear recoils can
corroborate the belief that the observed signal can be attributed to DM inter-
actions. In Sec. 6.3 I have discussed semi-quantitatively the power of angular
discrimination by using a crude classification in horizontal and vertical events.
Here, I want to quantitatively discuss the number of events necessary to discrimi-
nate the hypothesis of a DM signal with preferential incoming direction from the
Cygnus constellation against the alternative hypothesis of an isotropic signal. I
am considering only the isotropic hypothesis for the background since the major
background contribution for a possible DM detector with threshold energy above
50 keV is represented by atmospheric neutrinos. Indeed, I have already shown
that atmospheric neutrinos due to cosmic ray collisions are responsible for the
neutrino floor for WIMP masses above 100 GeV and will limit the discovery of SI
cross sections below approximately 10−48 cm2, see Sec. 5.5.1. The atmospheric
neutrino flux peaks near the horizon, at nadir angle cos Θ ' 0, and it is expected
to be up-down symmetric at Gran Sasso latitude (see Fig. 35b of [426]). At high
energies, the flux is very nearly symmetric about cos Θ ' 0, while it is practically
flat with respect to the azimuthal angle. However, this preferential direction of
the neutrino flux is almost lost in the recoil spectrum, which depends only weakly
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on it (compared with other neutrino components and particularly WIMP recoils).
I will instead briefly discuss the case of the solar neutrino background later.

Being justified the hypothesis of a mainly isotropic background, one needs to
derive the number of candidate events necessary to prove at a certain confidence
level that they come from a preferential direction. To do so, the negative logarithm
of the likelihood ratio is taken as test statistic t to discriminate between the
hypotheses of a directional signal from the Cygnus constellation (Cyg) against
an isotropic signal (iso) (V as in Section 6.2 or V = 0, respectively). Such test
statistic can also be extended in order to take into account the effect of systematic
uncertainties for realistic applications [427]. The test statistic is defined as

t(x(1), · · · ,x(N)) = − ln LCyg(x(i))
Liso(x(i))

, (6.9)

where LCyg,iso(x(i)) are the likelihood functions corresponding to the two hy-
potheses. Given a sample of N independent WIMP like events, the two likelihood
functions are given by the products of the probability density function (PDF)
values fCyg,iso(x(i)) corresponding to each WIMP interaction candidate:

LCyg,iso(x(1), · · · ,x(N)) =
N∏
i=1

fCyg,iso(x(i)) , (6.10)

where the vector x(i) contains the variables used to characterize the event (i).
Here, I use the two variables θrec, the recoil polar angle in the laboratory, and
θCyg, the polar angle of the Cygnus constellation at the time of the event in the
laboratory: x(i) ≡ (θ(i)

rec, θ
(i)
Cyg). Additional variables such as the recoil energy or

the time of the year could provide additional information and, in principle, better
discrimination between the two hypotheses, our conclusions are conservative in
this respect. The same method can be used to study alternative models for WIMP
distribution or backgrounds.

The PDFs fCyg,iso(x(i)) have been sampled generating 1010 simulated interaction
recoils for each hypothesis and binning the allowed kinematic range of each
variable θ

(i)
rec and θ

(i)
Cyg with 100 bins. In the simulation the energy has been

smeared by 10 keV in order to account for the energy resolution and an energy
threshold of 50 keV has been used. In addition I compared the case of perfect
resolution of the recoil angle in the laboratory frame to a resolution smeared by
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a Gaussian distribution with a 400 mrad width, which is enough to distinguish
between horizontal and vertical events.

Given an assumed number N of WIMP like interaction candidate events, 107

pseudo-samples of N events each were generated for each of the four cases,
namely events from Cygnus direction or isotropic and with the two angular resolu-
tions. The test statistic, t, of Eq. (6.9) has been evaluated for each pseudo-sample
and stored into histograms with a fine binning. Just as an example, Fig. 6.16
shows the distribution of the test statistic t defined in Eq. (6.9) for the case of ideal
(top panel) and 400 mrad resolution (bottom panel) with N = 50. The directional
(isotropic) distribution is peaked at negative (positive) values. The expected
p-value is computed from the distribution of the test statistic tiso corresponding to
the null (isotropic) hypothesis by considering the percentage of pseudo-sample
with t below tCyg,0, where tCyg,0 is the median of the distribution of the test
statistic tCyg corresponding to Cygnus direction hypothesis. The corresponding
one- or two-standard-deviation excursions are calculated by considering instead
of tCyg,0 the boundaries of the one- or two-standard-deviation interval for the test
statistic tCyg.

The expected p-values as a function of the observed number of DM interaction
candidate events are shown in Fig. 6.17 for ideal angular resolution (top) and for
a 400 mrad resolution (bottom). In the case of an ideal resolution, a 3σ evidence
of a directional signal is expected to be achieved with about 100 candidate events.
For an angular resolution of 400 mrad, a 3σ evidence can be achieved with about
250 events.
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Fig. 6.16.: Distribution of the likelihood-ratio test statistic t for ideal resolution (top) and
for a resolution of 400 mrad (bottom) for N = 50 observed DM candidates.
The blue (red) curves that peak at negative (positive) values of t correspond
to the hypothesis of incoming particles from the Cygnus direction (of isotropic
signal).
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Fig. 6.17.: Expected p-value (blue line) of the null hypothesis (isotropic signal) as a
function of the observed number of DM interaction candidate events for ideal
resolution (top) and for a resolution of 400 mrad (bottom). The green and
yellow bands show the excursion range at one and two standard deviations.
The horizontal lines show from top to bottom the 90% and 95% CL exclusion
and the 2σ and 3σ significance levels.
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6.6 Conclusions

To conclude, in this chapter I have examined the sensitivity of a large scale dark
matter liquid argon experiment to the directionality of the dark matter signal,
under the assumption that it is possible, above a certain threshold, to measure
the direction of the recoiling nucleus. This may indeed be possible with double
phase liquid argon detectors, if the suggested dependence of columnar recombi-
nation on the alignment of the recoil momentum with the electric field can be
experimentally demonstrated.

With a likelihood-ratio based statistical approach I showed that, using the angular
information alone, 100 events are sufficient to reject the hypothesis of an isotropic
background at 3 sigma level. This is in the ballpark of the number of events that
can be observed by DarkSide-20k for a 100 tonne year exposure assuming a WIMP-
nucleon cross-section of 10−46 cm2 at 200 GeV WIMP mass. Larger exposures
would probe directionality at smaller cross sections. Note that this result is rather
conservative because it is telling us that, when a directional experiment such
that described in this chapter is capable of collecting 100 (250) events for ideal
(realistic) angular resolution, one is able to confirm if those events come from
the preferential direction of Cygnus. This would mean that it is likely that they
are dark matter candidates if one assumes the SHM. This result clearly helps in
disentangling the background and WIMP hypotheses even in the worst case of
an isotropic neutrino background. Recall that we are using only the directional
information as a discrimination tool. Adding more information, like the arrival
time, the energy spectra distribution and the estimation of the total number
of predicted background events one can expect that a lower number of WIMP
candidates are needed to claim an observation.

In Sec. 5.6 I have shown that lowering the energy threshold, experiments are
sensitive to lower WIMP masses (in the range of about 1-10 GeV). However, this
is the region in which the 8B neutrinos saturate the sensitivity. In this case the
directionality would help a lot in disentangling the signal from the background
hypothesis since the latter is not even isotropic but it has a precise direction,
namely the Sun. Indeed, the path in the sky for the Cygnus as view from the
LNGS and the Sun is very different as showed in Fig. 6.18. In figure it is shown
the position in the sky of the Sun and of the Cygnus as observed from the LNGS
laboratory. If one observes the position of the Sun at the same time from a fixed
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position over the course of the year, it results in a characteristic 8-shaped diagram,
called analemma. The orange points show those analemmas for observations
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Fig. 6.18.: The orange points show the position of the sun analemmas every two hours,
while the blue points show the path in the sky followed by two of the stars
(Albireo and Deneb) of the Cygnus constellation as observed at the LNGS
laboratory. The red points indicate the Cygnus position at about 9h and 12h
of the 2017 SS to better understand the path of the blue points. The solid
horizontal line is the horizon. As demonstrated here, the Sun’s position does
not coincide with that of Cygnus at any time.

made every two hours starting from the left at midnight. The highlighted orange
circles indicate the sun position at 2017 SS. The blue small points indicate instead
the path in the sky followed by two of the stars (Albireo and Deneb) of the Cygnus
constellation during the year. To better understand such a path on the right it is
possible to see the entire Cygnus constellation at different time of the day with
red points. The path followed by the Cygnus constellation is the same every day,
but due to the shift between sidereal and solar time its position is not the same
at the same time of different days. In the figure the time stamps in blue and
purple correspond to the position of Albireo and Deneb respectively. As visible,
taking as an example the midday the sun is high in the sky while Albireo and
Deneb are close to the horizon. In general for different time and days a similar
separation remains. This fact suggests that a directional experiment should in
principle be able to disentangle the WIMP from the Solar neutrino contributions
in the observed data.

In view of the evidence presented in this chapter, and in consideration of the
strong exclusion bounds already achieved by null observations performed by non-
directional dark matter detectors, it is of utmost importance the development of

6.6 Conclusions 189



experimental technologies able to couple directional sensitivity with large fiducial
masses (many tonnes) and the ability to collect large exposures free of background
from β/γ events and neutron-induced nuclear recoils. One possible avenue would
be offered by the presence of the signature of columnar recombination in nuclear
recoils in a liquid argon time projection chamber, where this effect has already
been observed for α particles and protons. Dedicated experiments performed on
monochromatic, pulsed neutron beams will allow to explore the possible presence
of this signature.
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In the previous chapters I have shown how the neutrino background coming
from coherent elastic neutrino nucleus scattering plays a crucial role in the
determination of the sensitivity to WIMPs of future dark matter detectors like
DarkSide-20k. The calculation of the number of neutrino background events and
the related “neutrino floor” [256] have been carried out using the standard Helm
form factor (FF) with the Lewin-Smith (LS) prescription which parametrizes the
nuclear part of the scattering cross section. As already said in Sec. 3.1.4, the use of
the Helm form factor within the dark matter community is established for reasons
of simplicity and uniformity in confronting different experimental exclusion curves.
The Helm form factor however represents the distribution of protons and not the
distribution of all the nucleons in the nucleus, since it has been obtained through
the electron scattering data in Fricke et al. compilation [428] which probe only
the charged distribution. However, in the most simple model which assumes
equal coupling between WIMP and protons and WIMP and neutrons, fP = fN ,
the approximation that the form factor of the neutron distribution equals that
of the protons FN ≈ FP = F leads to a small correction (less then few percent)
of the WIMP rate prediction, which is not critical when determining exclusion
limits in the case of a negative WIMP observation. Moreover, this correction in
the WIMP rate prediction is negligible with respect to other assumptions that are
made like that on the velocity distribution, which is assumed to be Maxwellian
while the N-body simulation in the case of the Milky Way tell us that the deviation

191



from that model is large. However, when searching for a new phenomena the
aim is to exclude or confirm a model, starting from the simplest one, within a
certain confidence level. For this reason the dark matter community has so far
widely tested mainly the simplest model of WIMP interaction. In literature, also
the CEnNS differential cross-section is usually parametrized using a single Helm
form factor with the LS parametrization. However in this case this prescription
is not suitable because the neutrino coupling is weighted by the Q2

w factor (see
Eq. 5.15), thus the contribution of ν-proton scattering is lower than ν-neutron
one because of the presence of the factor (1− 4 sin2 θw) ' 0.0454. For this reason
neutrinos probe mostly the distribution of the neutrons inside the nucleus, and the
coherency is determined by the rms neutron radius which is a very poorly known
quantity for most of the nuclei. The CEnNS reaction has been introduced in 1974
[254, 429] but it has been observed only in 2017 by the COHERENT collaboration
[188] mainly due to the challenging task to reach energy thresholds of the order
of ∼ 5 keV. The COHERENT experiment observed this process at 6.7σ confidence
level for the first time using a 14.6 kg sodium-doped CsI scintillator exposed to a
low-energy neutrino flux generated in the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory. The collaboration observed 134 ± 22 CEnNS
candidates instead of 173 ± 48 events predicted by the Standard Model, which is
77 ± 16 per cent of the SM value. This deficit of events have been explained in
terms of Non Standard neutrino Interactions (NSI) by some authors [430, 431]
resulting in limits on NSI parameter space for a vector mediator lighter than 50
MeV or for NS coupling between neutrinos and up and down quarks. However, in
these works and also in the COHERENT paper the SM prediction has been written
in terms of a unique nuclear form factor.

A better understanding of CEnNS has implications in many fields and it includes
the possibility to search for sterile neutrinos, a neutrino magnetic moment [432,
433, 434], non-standard interactions mediated by new particles [435, 436],
improved constraints on the value of the weak nuclear charge [437] and on
the process occurring during stellar collapse [438, 439]. In this chapter, I will
present a method to obtain valuable information about the neutron distribution
of nuclei using CEnNS as a probe. The deficit and also the spectral distribution
of the COHERENT events can be well fitted assuming that the rms radius of the
neutron distribution is bigger than the corresponding proton radius. This implies
that the reduction of events due to loss of coherence is more pronounced and it
is potentially able to explain the deficit without implying the use of NSI or the
reduction due to oscillation of standard neutrinos into sterile ones [440]. This
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results in the first experimental constraint of the CEnNS phenomenology and
would provide a better understanding of the neutrino background for future direct
dark matter experiments.

In the following I will explain the method to obtain the first measurement [1]
of the average CsI neutron density radius fitting the COHERENT data and how
this information can be used to obtain a more reliable constraint on the neutrino
background for DarkSide-20k.

7.1 The COHERENT experiment

In this section I will briefly describe the COHERENT experiment, the method to
extract information on the neutron distribution and all the relevant formulas.

The Spallation Neutron Source (SNS) at Oak Ridge National Laboratory generates
the most intense pulsed neutron beams in the world, produced by the interactions
of accelerator-driven high-energy (' 1 GeV) protons striking a mercury target.
Spallation sources give a significant yield of neutrinos, generated when pions,
which are created as a consequence of proton interactions in the target, decay at
rest. The resulting low neutrino energies are appropriate for CEnNS detection
[441]. Three neutrino flavors are produced (prompt muon neutrinos νµ, delayed
electron neutrinos νe, and delayed muon antineutrinos ν̄µ), each with characteris-
tic energy and time distributions (see Fig. 7.1), and all having a similar CEnNS
cross section for a given energy. During beam operation, approximately 5× 1020

protons-on-target (POT) are delivered per day, each proton returning ' 0.08
isotropically-emitted neutrinos per flavor.

Prompt neutrons escaping the iron and steel shielding monolith surrounding the
mercury target would swamp a CEnNS detector sited at the SNS instrument bay.
Neutron-induced nuclear recoils would largely dominate over neutrino-induced
recoils, making experimentation impossible. The CsI detector has been for this
reason located in a basement corridor, called the “neutrino alley” which offers
more than 12 m of additional void free neutron-moderating materials in the
line-of-sight to the SNS target monolith. An overburden of 8 meters of water
equivalent (m.w.e.) provides an additional reduction in backgrounds associated
with cosmic rays. The CsI[Na] CEnNS detector and shielding were installed in
the corridor location nearest to the SNS target (see Fig. 7.3).
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Fig. 7.1.: Simulation of the energy distribution (upper panel) and arrival time (lower
panel) of SNS neutrinos to the COHERENT detector. Neutrinos above the
endpoint of the Michel spectrum (' 52.8 MeV) arise from decay-in-flight and
muon capture, giving a negligible signal rate (< 1%) signal rate. Delayed
neutrinos follow the 2.2 µs time constant characteristic of muon decay. Figure
from [188], my reproduction of the neutrino flux at SNS is in Fig. 7.2.

The advantages of sodium-doped CsI as a CEnNS detection material is that
heavy caesium and iodine nuclei provide large cross-sections, and nearly-identical
response to CEnNS while generating sufficient scintillation for the detection of
nuclear recoil energies down to a few keV.

In Fig. 7.4 is represented the main result obtained by the COHERENT collabo-
ration, derived from fifteen months of accumulated live-time. When comparing
CsI[Na] signals occurring before POT triggers, and those taking place immediately
after, the collaboration observes a high-significance excess in the second group of
signals, visible in both the energy spectrum and the distribution of signal-arrival
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Fig. 7.2.: Neutrino flux at SNS from stopped pion decays, π+ → µ+ + νµ, and
two delayed components of ν̄µ and νe from the subsequent muon decays,
µ+ → e+ + ν̄µ + νe (see Eq. 7.16). Here I have neglected neutrinos from
decay-in-flight and muon capture which is a negligible contribution.

times. This excess appears only during times of neutrino production (“Beam ON”
in the figure). The excess follows the expected CEnNS signature very closely,
containing only a minimal contamination from beam-associated backgrounds.
Neutrino-induced neutrons (NINs) have a negligible contribution, even smaller
than that from prompt neutrons, which is shown in the figure. The formation
of the excess is strongly correlated to the instantaneous power on target. All
neutrino flavors emitted by the SNS contribute to reconstructing the excess, as
expected from a neutral current process. Stacked histograms in Fig. 7.4 display
the Standard Model CEnNS predictions for prompt νµ and delayed νe and ν̄µ,
emissions. Consistency with the Standard Model is observed at the one-sigma
level (134 ± 22 events observed, 173 ± 48 predicted).

The CEnNS predictions used by the collaboration were generated by convolving
the simulated neutrino flux (Fig. 7.1) at the CsI[Na] detector position with
the CEnNS differential cross-section described in [442]. In its prediction, the
collaboration uses a unique nuclear form factor for neutrons and protons (one
for Cs and one for I) as described in [443], that for simplicity I will refer to as
Klein FF. The Klein FF (see Fig. 7.5) is an approximation of the the Woods-Saxon

7.1 The COHERENT experiment 195



Fig. 7.3.: Schematic view of the COHERENT detectors populating the “neutrino alley”
at the SNS. Locations in this basement corridor profit from more than 19 m of
continuous shielding against beam-related neutrons, and a modest 8 meter of
water equivalent overburden able to reduce cosmic-ray induced backgrounds.
The CsI[Na] detector is located at a distance of 19.3 m from the intense
neutrino source.

distribution as a hard sphere, with radius RA, convoluted with a Yukawa potential
with range r = 0.7 fm. The Fourier transform of this convolution is the product of
the two individual transforms:

F (q2) = 4πρ0
Aq3

[
sin(qRa)− qRa cos(qRA)

] [ 1
1 + a2q2

]
. (7.1)

The use of a unique nuclear form factor in the CEnNS cross section formula
introduces a big approximation which is that the distributions of neutrons and
protons are equal. I will relax this hypothesis introducing two distinct form factors,
one for protons and a separate one for neutrons. Exploiting the fact that proton
form factors are relatively well known it is possible to measure the for the first
time the average rms radius of CsI neutron distribution, fitting the COHERENT
data. The idea is that the deficit registered can be explained with the help of
the neutron form factor and a rms neutron radius bigger than the corresponding
proton one. In the next section I will present the main formulas and the fitting
method.
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Fig. 7.4.: Observation of coherent elastic neutrino nucleus Scattering. Residual dif-
ferences (data points) between CsI[Na] signals in the 12 µs following POT
triggers, and those in a 12-µs window before, as a function of their (A) energy
(number of photoelectrons detected), and of (B) event arrival time (onset of
scintillation). These residuals are shown for 153.5 live-days of SNS inactivity
(“Beam OFF”) and 308.1 live-days of neutrino production (“Beam ON”), over
which 7.48 GWhr of energy (' 1.76×1023) was delivered to the mercury target.
Approximately 1.17 photoelectrons are expected per keV of cesium or iodine
nuclear recoil energy. Characteristic excesses closely following the Standard
Model CEnNS prediction with a unique form factor as implemented by the
collaboration (histograms) are observed for periods of neutrino production
only, with a rate correlated to instantaneous beam power. Figure from [188].

7.2 CEnNS cross section with the inclusion of the
neutron form factor

The differential cross section for coherent elastic scattering of a neutrino with a
nucleus N with Z protons and N neutrons with the inclusion of the neutron form
factor can be written1 as [444, 445]

dσν-N
dEr

(E,Er) '
G2

fmN
4π

(
1− mNEr

2E2

)
×
[
NFN (q2)− εZFZ(q2)

]2
, (7.2)

where Gf is the Fermi constant, mN is the nuclear mass, FN (q2) and FZ(q2) are,
respectively, the nuclear neutron and proton form factors, and ε = 1− 4 sin2 ϑw =
0.0454 ± 0.0003, using the low-energy PDG value of the weak mixing angle ϑW

1For a simple derivation see App. A.
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Fig. 7.5.: Comparison between the nuclear Klein form factor (red dashed line) used in
[188] and the proton Symmetrized Fermi form factor (blue solid line) described
in Eq. 7.7.

[446]. This choice is motivated by the fact that the momentum transfer in the
CEnNS reaction is small. Because of the small value of ε, the neutron contribution
is dominant. Hence, measurements of the process give information on the nuclear
neutron form factor, which is more difficult to obtain than the information on
the proton nuclear form factor, that can be obtained with elastic electron-nucleus
scattering and other electromagnetic processes (see Refs. [187, 447]). Knowledge
of these form factors is important, because form factors are the Fourier transform
of the corresponding charge distribution. Electromagnetic processes probe the
nuclear proton distribution, whereas neutral-current weak interaction processes
are mainly sensitive to the nuclear neutron distribution. Also hadron scattering
experiments give information on the nuclear neutron distribution, but their
interpretation depends on the model used to describe non-perturbative strong
interactions (see Refs. [448, 449, 450, 451]). Before the COHERENT experiment,
the only measurement of the nuclear neutron distribution with neutral-current
weak interactions was done with parity-violating asymmetry, APV , in the electron
scattering on 208Pb in the PREX experiment [213]. Before going into the details
of the method used to extract the neutron radius using CEnNS is instructive to
review the first measurement of Rn using APV .
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7.2.1 The PREX measurement and its implications

Due to the fact that the weak charge of the neutron is much larger than that of
the proton [452], the Z0 boson, that carries the weak force, couples primarily
to neutrons. Thus, a measurement of parity violation in electron scattering
provides a model-independent probe of neutron densities that is free from most
strong-interaction uncertainties.

One system of particular interest is the doubly-magic nucleus 208Pb, which has
44 more neutrons than protons; some of these extra neutrons are expected to be
found in the surface, where they form a neutron-rich skin. The thickness of this
skin is sensitive to nuclear dynamics and provides fundamental nuclear structure
information. A number of mean-field-theory models [453, 454, 455, 456, 457]
predicts values consistent with a radius of the point-neutron distribution Rn

between 0.0 – 0.4 fm, larger than that of the point-proton distribution Rp. The
value of the neutron radius of 208Pb has important implications for models of
nuclear structure and their application in atomic physics and astrophysics. There
is a strong correlation between Rn of 208Pb and the pressure of neutron matter,
in particular measuring Rn one can constrain the equation of state (EOS), the
pressure as a function of density, of neutron matter. There is also a correlation
between Rn and the radius of a neutron star rNS [458, 459]. In general, a larger
Rn implies a stiffer EOS and a larger rNS .

In the Born approximation, the parity violating cross-section asymmetry for
longitudinally polarized electrons elastically scattered from an unpolarized nu-
cleus, APV , is proportional to the weak form factor FW (Q2). This is the Fourier
transform of the weak charge density, which is closely related to the neutron
density, and therefore the neutron density can be extracted from an electro-weak
measurement [452] of

APV = σR − σL
σR + σL

≈ GfQ
2

4πα
√

2
FW (Q2)
Fch(Q2) , (7.3)

where σR(L) is the differential cross section for elastic scattering of right and
left handed longitudinally polarized electrons, α the fine structure constant and
Fch(Q2) is the Fourier transform of the known charge density.

The PREX collaboration reported the first measurement of the parity-violating
asymmetry APV in the elastic scattering of polarized electrons from 208Pb. The
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result APV = 0.656± 0.060 (stat)± 0.014 (syst) ppm corresponds to a difference
between the radii of the neutron and proton distributions Rn−Rp = 0.33+0.16

−0.18 fm
and provides the first electroweak observation of the neutron skin which is
expected in a heavy, neutron-rich nucleus.

7.3 Parametrization of the neutron and proton form
factors

In the case of the COHERENT experiment, the coherent elastic scattering is
measured on 133Cs and 127I, which contribute incoherently, leading to the total
cross section

dσν-CsI

dEr
= dσν-Cs

dEr
+ dσν-I

dEr
, (7.4)

with NCs = 78, ZCs = 55, NI = 74, and ZI = 53. I neglect the small axial
contribution due to the unpaired valence proton [442].

The proton and neutron form factors are the Fourier transform of the nuclear
proton and neutron densities. The proton structures of 133Cs and 127I have been
studied with muonic atom spectroscopy [187] and the data were fitted with Fermi
density distributions of the form

ρF(r) = ρ0
1 + e(r−c)/a , (7.5)

where ρ0 is a normalization factor and a is a parameter which quantifies the
surface thickness t = 4a ln 3, which was fixed at 2.30 fm. The fit of the data
yielded cCs = 5.6710± 0.0001 fm and cI = 5.5931± 0.0001 fm, which correspond
to the proton rms radii RCs

p = 〈r2
p〉

1/2
Cs = 4.804 fm and RI

p = 〈r2
p〉

1/2
I = 4.749 fm,

respectively. Hence, the proton structures of 133Cs and 127I are similar. Since it is
expected that also their neutron structures are similar and the current uncertain-
ties of the COHERENT data do not allow to distinguish between them, I consider
in Eq. (7.4) the approximation

FN,Cs(q2) ' FN,I(q2) ' FN (q2). (7.6)

I fitted the COHERENT data under this approximation assuming proton form
factors FZ(q2) for 133Cs and 127I given by the Fourier transform of a symmetrized
Fermi (SF) distribution ρSF(r) = ρF(r) + ρF(−r) − 1, which is practically equiv-
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alent to a Fermi distribution and gives an analytic expression for the form fac-
tor [460]:

F SF
Z (q2) = 3

qc [(qc)2 + (πqa)2]

[
πqa

sinh(πqa)

]
×
[
πqa sin(qc)
tanh(πqa) − qc cos(qc)

]
. (7.7)

In order to get information on the neutron distribution of 133Cs and 127I in the
approximation in Eq. (7.6), I considered the following parametrizations of the
neutron form factor FN (q2):

1. A symmetrized Fermi form factor F SF
N (q2) analogous to that in Eq. (7.7). In

this case, the neutron rms radius is given by

R2
n = 3

5 c
2 + 7

5 (πa)2. (7.8)

Since the COHERENT data are not sensitive to the surface thickness, I con-
sider the same value of t = 2.30 fm as for the proton form factor. I verified
that the results of the fit are practically independent of small variations of
the value of the surface thickness.

2. The Helm form factor [185]

FHelm
N (q2) = 3 j1(qR0)

qR0
e−q

2s2/2, (7.9)

where j1(x) = sin(x)/x2− cos(x)/x is the spherical Bessel function of order
one and R0 is the box (or diffraction) radius. In this case, the neutron rms
radius is given by

R2
n = 3

5 R
2
0 + 3s2. (7.10)

The parameter s quantifies the surface thickness. In this case I consider
the value s = 0.9 fm which was determined for the proton form factor of
similar nuclei [461]. Also in this case, I verified that the results of the fit
are practically independent of small variations of the value of the surface
thickness.

In Fig. 7.6 I have shown the comparison between the integrated CEnNS cross
section (Eq. 5.19) for Cesium obtained by the COHERENT collaboration with the
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inclusion of the neutron form factor as in Eq. 7.2. The cross section used in [188]
considered only a global nuclear form factor while my implementation make
use of the SF form factor for protons (with the experimental value cCs ' 5.67 fm
and RCs

p = 〈r2
p〉

1/2
Cs ' 4.8 fm), and the Helm form factor for neutrons (with

RCs
n ' 4.8 fm, and s = 0.9 fm). In this case I have chosen a value for the neutron

rms radius which is identical to the proton one, just for comparison. As it is
possible to see, with the inclusion of the neutron form factor the cross section for
Cs, even in the case of equal values of the neutron and proton radius, deviates
from the implementation of the COHERENT collaboration [188]. In the next
section, I will describe the fitting procedure used in order to obtain information
about the neutron distribution.

ΣCs usign the Helm neutron

form factor and Rn=4.8 fm, s=0.9 fm

ΣCs extracted from Akimov et al.
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Fig. 7.6.: Integrated CEnNS cross section (see Eq. 5.19) for Cs obtained by the COHER-
ENT collaboration [188] (dashed blue line), and the implementation described
in this thesis with the inclusion of the neutron form factor (see Eq. 7.2) (solid
red line) as a function of the neutrino energy in MeV. The COHERENT measure-
ment involves neutrino energies in the range ∼16-53 MeV, the lower bound
defined by the lowest nuclear recoil energy measured, the upper bound by SNS
neutrino emissions.
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7.4 Fitting procedure of the COHERENT data

In order to extract a value for Rn I fitted the COHERENT data in Fig. 3A of
Ref. [188] (see panel A right of Fig. 7.4) with the least-squares function

χ2 =
15∑
i=4

(
N exp
i − (1 + α)N th

i − (1 + β)Bi
σi

)2

+
(
α

σα

)2
+
(
β

σβ

)2

. (7.11)

For each energy bin i, N exp
i and N th

i are, respectively, the experimental and
theoretical number of events, Bi is the estimated number of background events
extracted from Fig. S13 of Ref. [188], and σi is the statistical uncertainty. The
parameters α and β are nuisance parameters which quantify, respectively, the
systematic uncertainty of the signal rate and the systematic uncertainty of the
background rate. The corresponding standard deviations are σα = 0.28 and
σβ = 0.25 [188]. I did not considered the first three energy bins in Fig. 3A of
Ref. [188], which do not give any information on neutrino-nucleus scattering
because they correspond to the detection of less than 6 photoelectrons, for which
the acceptance function in Fig. S9 of Ref. [188] vanishes. My reproduction of the
acceptance function is provided in figure 7.7.
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Fig. 7.7.: Acceptance function of COHERENT search data. The acceptance points have
been extracted from fig. S9 [188] and then fitted to obtain this acceptance
curve.

I considered only the 12 energy bins from i = 4 to i = 15 for which the COHERENT
collaboration fitted the quenching factor in Fig. S10 of Ref. [188] and obtained
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the linear relation between the observed number of photoelectrons NPE and the
nuclear kinetic recoil energy Er given by

NPE = 1.17
(
Er
keV

)
. (7.12)

The theoretical number of coherent elastic scattering events N th
i in each energy

bin i depends on the nuclear neutron form factor and it is given by

N th
i = NCsI

∫ Ei+1
r

Eir

dEr

∫
Emin

dE A(Er)
dNν

dE

dσν-CsI

dEr
. (7.13)

where NCsI is the number of CsI in the detector (given by NAMdet/MCsI, where NA

is the Avogadro number, Mdet = 14.6 kg, is the detector mass, and MCsI = 259.8
is the molar mass of CsI), Emin =

√
mNEr/2, A(Er) is the acceptance function

given in Fig. S9 of Ref. [188] and dNν/dE is the neutrino flux integrated over
the experiment lifetime. As anticipated, neutrinos at the SNS consist of a prompt
component of monochromatic νµ from stopped pion decays, π+ → µ+ + νµ,
and two delayed components of ν̄µ and νe from the subsequent muon decays,
µ+ → e+ + ν̄µ + νe. The total flux dNν/dE is the sum of

dNνµ

dE
= η δ

(
E −

m2
π −m2

µ

2mπ

)
, (7.14)

dNνµ̄

dE
= η

64E2

m3
µ

(
3
4 −

E

mµ

)
, (7.15)

dNνe

dE
= η

192E2

m3
µ

(
1
2 −

E

mµ

)
, (7.16)

for E ≤ mµ/2 ' 52.8 MeV, with the normalization factor η = rNPOT/4πL2, where
r = 0.08 is the number of neutrinos per flavor that are produced for each proton
on target, NPOT = 1.76× 1023 is the number of proton on target and L = 19.3 m
is the distance between the source and the COHERENT CsI detector [188]. Each
of the components of the total flux is shown in Fig. 7.2.

Figure 7.8 shows the COHERENT data as a function of the nuclear kinetic recoil
energy Er. I first compared the data with the predictions in the case of full
coherence, i.e. all nuclear form factors equal to unity. Figure 7.8 shows that the
corresponding histogram does not fit the data. Hence, albeit the COHERENT data
represent the first measurement of coherent elastic neutrino-nucleus scattering,
the scattering is not fully coherent and the data give information on the nuclear
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structure. Indeed, as already said, the COHERENT collaboration [188] explained
the data using the form factor in Ref. [443] with fixed value of the parameters,
i.e. assuming the value of the nuclear rms radius.
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Fig. 7.8.: COHERENT data [188] versus the nuclear kinetic recoil energy Er. The
histograms represent the theoretical prediction in the case of full coherence
(cyan dash-dotted) and the best fits obtained using the symmetrized Fermi
(SF) distribution (blue solid) and Helm (red dashed) form factors.

I fitted the COHERENT data in order to get information on the value of the neutron
rms radius Rn, which is determined by the minimization of the χ2 in Eq. (7.11)
using the symmetrized Fermi and Helm form factors. In both cases I obtained a
minimum χ2 which is smaller than the χ2 corresponding to full coherence by 5.5.
Hence, the hypothesis of full coherence has a p-value of 1.9% and there is a 2.3σ
evidence of the nuclear structure suppression of the coherence.

Figure 7.8 shows the best-fit results that I obtained using the symmetrized Fermi
and Helm form factors. Figure 7.9 shows the corresponding marginal values
of the χ2 as a function of Rn. One can see from both figures that the two
parameterizations of the neutron form factor fit equally well the data and give
practically the same result:

Rn = 5.5+0.9
−1.1 fm. (7.17)

This is the first determination of the neutron rms radius of a nucleus obtained
with neutrino-nucleus scattering data. Note also that it is practically model-
independent, because it coincides for the symmetrized Fermi and Helm form
factors which correspond to reasonable descriptions of the nuclear density. As a
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Fig. 7.9.: ∆χ2 = χ2 − χ2
min as a function of the neutron rms radius Rn obtained from

the fit of the data of the COHERENT experiment [188] using the symmetrized
Fermi (SF) and Helm form factors.

qualitatively example I show in Fig 7.12 the average CsI neutron density (Eq. 7.7
and Eq. 3.40) as a function of the neutron radius corresponding to the SF and
Helm form factors obtained using the central value of Rn presented in Eq. 7.17.

As already stated above, the neutron rms radius was determined before only for
208Pb from the parity-violating measurements of the PREX experiment [213]. The
authors of Ref. [462] found Rn(208Pb) = 5.75± 0.18 fm. Our best-fit value of Rn
for 127I and 133Cs, obtained assuming that the two nuclei have similar structures,
is correctly smaller than that of the heavier 208Pb nucleus.

Table 7.1 shows the theoretical values of the proton and neutron rms radii of
133Cs and 127I obtained with nuclear mean field models. All the models predict
values of Rp which are in approximate agreement with the experimental ones in
Eqs. (7.3) and (7.3). Due to the large uncertainty, the average CsI value of Rn
that we obtained in Eq. (7.17) is compatible with all the model calculations. It
tends to favour values of Rn that are larger than all the model calculations in
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133Cs 127I CsI
Model Rp Rn ∆Rnp Rp Rn ∆Rnp Rp Rn ∆Rnp
SHF SkM* [463] 4.76 4.90 0.13 4.71 4.84 0.13 4.73 4.86 0.13
SHF SkP [464] 4.79 4.91 0.12 4.72 4.84 0.12 4.75 4.87 0.12
SHF SkI4 [465] 4.73 4.88 0.15 4.67 4.81 0.14 4.70 4.83 0.14
SHF Sly4 [456] 4.78 4.90 0.13 4.71 4.84 0.13 4.73 4.87 0.13
SHF UNEDF1 [466] 4.76 4.90 0.15 4.68 4.83 0.15 4.71 4.87 0.15
RMF NL-SH [467] 4.74 4.93 0.19 4.68 4.86 0.19 4.71 4.89 0.18
RMF NL3 [453] 4.75 4.95 0.21 4.69 4.89 0.20 4.72 4.92 0.20
RMF NL-Z2 [468] 4.79 5.01 0.22 4.73 4.94 0.21 4.76 4.97 0.21

Tab. 7.1.: Theoretical values in units of fermi of the proton and neutron rms radii
of 133Cs and 127I and the CsI average obtained with nonrelativistic Skyrme-
Hartree-Fock (SHF) and relativistic mean field (RMF) nuclear models.

Table 7.1, but more precise measurements are needed in order to truly test the
models.

Another quantity of interest is the difference between the neutron and proton rms
radii Rn −Rp, which is usually referred to as “neutron skin” [469]. The values
of Rp for 127I and 133Cs determined in Ref. [187] are around 4.78 fm, with a
difference of about 0.05 fm. Hence, for the neutron skin, I obtain

∆Rnp ≡ Rn −Rp ' 0.7+0.9
−1.1 fm. (7.18)

Unfortunately, the uncertainty is large and it does not allow to claim a determi-
nation of the neutron skin. One can only note that the best-fit value indicates
the possibility of a value that is larger than the model-predicted values obtained
in Ref. [469], which are between about 0.1 and 0.3 fm. Indeed, some models
predicts for Cs ∆Rnp = 0.158(37) fm [470], ∆Rnp = 0.23 fm (see Fig. 10 of
[471]). However, also in the case of 208Pb the theoretical models predicted a
value of the neutron skin lower than the experimental value of 0.33+0.16

−0.18 fm found
in [460]. In Fig. 7.10 the predictions for the neutron skin of different nuclei
are reported as a function of the predicted values of ∆R208

np [472]. Taking into
account that the experimental value of ∆R208

np lies outside the predicted range in
this figure, according to this model values as large as 0.3 fm can be feasible for
Cs.
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Fig. 7.10.: Variation of the neutron skin in Cs isotope chains for the two effective field
theory models considered in [472] (Left) and the correlation between the
neutron skin of Cs and that of Pb (Right). Figure form [472].

7.4.1 Future sensitivity of Rn

Future data of the COHERENT experiment may lead to a better determination of
the neutron rms radius Rn. Figure 7.11 shows an estimation of the sensitivity of
the COHERENT experiment as a function of the number of protons on target with
the current systematic uncertainties, with half the current systematic uncertainties,
and with one quarter of the current systematic uncertainties. The effect of the
beam-off background, extracted from the statistical uncertainties of Fig. 3A of
Ref. [188], has been included. From Fig. 7.11 one can see that the current
sensitivity gives a relative uncertainty ∆Rn/Rn ' 17%, which is in approximate
agreement with the uncertainty of the determination of Rn in Eq. (7.17). With the
current systematic uncertainties and ten times the current number of protons on
target, the data of the COHERENT experiment will allow to determine Rn within
about 0.5 fm. If the systematic uncertainties are reduced by half or one quarter, Rn
can be determined within about 0.4 or 0.3 fm, respectively. Such a measurement
would also decrease the uncertainty on the value of the neutron skin allowing a
more meaningful comparison with the model predictions in Table 7.1.

Since Rp is relatively well known, a measurement of Rn allows to determine
the neutron skin ∆Rnp. Information on this quantity is eagerly awaited because
∆Rnp is correlated with several properties characterizing neutron-rich matter (see
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Fig. 7.11.: Projected relative uncertainty of the possible determination of the neutron
rms radius Rn with the data of the COHERENT experiment as a function
of the number NPOT of protons on target in units of the current number
(1.76× 1023) for the current systematic uncertainties (solid green curve), half
the current systematic uncertainties (dashed red curve), and one quarter of
the current systematic uncertainties (dotted blue curve).

Refs. [473, 474, 475, 476, 477]). A larger neutron skin would suggest a stiffer EOS
and imply a larger neutron star radius RNS. Since the neutron star binding energy
is inversely proportional to RNS, a larger RNS implies a smaller gravitational
binding energy, which can be tested by observing the intense neutrino burst of a
core collapse supernova.

The neutron skin is also correlated with several other nuclear quantities, e.g. with
the slope of bulk symmetry energy, with the slope of binding energy of neutron
matter, and with the symmetry correction to the incompressibility (see Ref. [478]
for a review).

On August 17, 2017 the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral [163].
From this observation the collaboration was able to infer not only the component
masses of the binary but also the tidal deformability parameter, which is related
to the neutron star EOS and to the neutron skin [479, 459].
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Fig. 7.12.: Average CsI neutron density as a function of the neutron radius in fm cor-
responding to SF (solid blue line) and Helm (dashed red line) form factors
obtained using the central value of Rn presented in Eq. 7.17.

7.5 Implications of COHERENT results for dark
matter searches

In this section I will analyse the implications of the results described in the
previous sections for dark matter searches and in particular the impact on the
irreducible CEnNS background. As we have seen, the COHERENT data suggest
that, in order to obtain a better fit, we need to distinguish between the proton
and the neutron form factor. The fact that the neutron distribution radius is
quite different from that of the proton has been already suggested by the PREX
measurement. COHERENT data confirms this observation hinting an even larger
difference. In Fig. 7.13 I show the comparison between the SF proton form
factor and the neutron one evaluated with the experimental constraint inputs
coming from the electron scattering data from [187] and the COHERENT data
as I explained in the sections before, respectively. It is possible to see that there
is a sizeable difference among the two in the ROI of the COHERENT energy
range. One can evaluate how this difference impacts the number of CEnNS
neutrino background expected for future DM detectors. Since caesium and iodine
have similar atomic and mass numbers to that of xenon, it is possible to make a
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Fig. 7.13.: Comparison between the Cs SF proton form factor and the neutron one with
the experimental constraints coming from [187] and the COHERENT data
([1] and this thesis) respectively, as a function of the recoil energy. The grey
band highlights the COHERENT data fit region, while the orange band shows
the difference between the two form factors.

preliminary study for experiments like DARWIN, XENONnT and LZ that use such
a noble element as a target. In Fig. 7.14 I show the ratio between the differential
cross-section including the neutron form factor in Eq. 7.2 and that with a unique
Helm nuclear form factor using the LS parametrization in Eq. 5.15, for the energy
ROI of xenon experiments. The ratio varies between approximately one and two
in the region where most of the events are expected but it grows up to five at
large energies ∼ 50 keV. This implies that the total number of CEnNS background
events would be smaller than previously estimated.

For DarkSide-20k I cannot quantitatively calculate the impact of the neutron form
factor since argon has a quite different atomic and mass number than caesium and
iodine. However, the COHERENT data-taking continues, with neutrino production
expected to increase soon by up to 30%, compared to the average delivered during
the initial period. In addition to CsI[Na], the COHERENT collaboration presently
operates also a 28 kg single-phase liquid argon (LAr) detector, that would give
precious information about the argon response to CEnNS. Moreover, presently
planned expansion includes an almost one ton LAr detector with nuclear/electron
recoil discrimination capability. This would represent a unique opportunity to
experimentally constrain the physics parameters related to CEnNS, in particular

7.5 Implications of COHERENT results for dark matter searches 211



0 10 20 30 40 50

1

2

3

4

5

Recoil energy Er HKeVL

C
ro

s
s

s
e
c
ti
o
n

ra
ti
o

Fig. 7.14.: Ratio between the differential cross-section including the neutron form factor
in Eq. 7.2 and that with a unique Helm nuclear form factor using the LS
parametrization in Eq. 5.15, for the energy ROI of xenon experiments.

the argon neutron distribution. In this way I will be capable to precisely determine
the expected number of neutrino background events which represents the most
insidious background of future DM experiments. This will have a large impact on
the final WIMP sensitivity that can be reached, as explained in Chap. 5.
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8Conclusions

In this thesis, the 90% confidence level (C.L.) WIMP-nucleon sensitivity curve
for DarkSide-20k, a dual-phase liquid argon time projection chamber (TPC)
of 20 tonne active mass to be built at LNGS, has been derived for the first
time. The sensitivity curve depends crucially on the background content of the
experiment. As shown in the third chapter, thanks to its extraordinary capability
in distinguishing nuclear from electron recoils, DarkSide-20k will be able to keep
the instrumental background content to less than 0.1 events for a total exposure of
100 tonne year. However, it will be affected by Coherent Elastic neutrino-Nucleus
Scattering (CEnNS), that induces nuclear recoils almost indistinguishable from
those potentially induced by WIMPs. The detailed calculation of the expected
number of CEnNS in the DarkSide-20k exposure and the study of the spectral
distribution of those events has been carried out for the first time in this thesis.
It has been demonstrated that this background will be the dominant one for
DarkSide-20k, despite the fact that it was neglected until this work. All these
studies have been described in the fourth chapter, followed by a discussion on the
impact of CEnNS background for future xenon and argon DM detectors clarifying
the concept of the so-called “neutrino floor”.

It has been found that, in the nuclear recoil energy range needed to achieve the
excellent electron recoil background rejection in liquid argon, only atmospheric
and diffuse supernova neutrinos are energetic enough to produce nuclear recoils
in the WIMP region of interest. In particular, the number of CEnNS candidates has
been estimated to be 1.33±0.26, considering an exposure of 100 tonne year and
after the inclusion of the experimental DarkSide-20k nuclear recoil acceptance. It
has been understood that the atmospheric neutrino contribution is the dominant
one, being the diffuse supernova neutrino contribution negligible. The reported
uncertainty on the predicted CEnNS candidates is dominated by the uncertainty
on the atmospheric neutrino fluxes.
Taking into account the impact of this background, the WIMP-nucleon sensitivity
at 90% C.L. has been determined. DarkSide-20k will be able to exclude WIMP-
nucleon cross section down to 2.8 × 10−48 cm2 (1.2 × 10−47 cm2) for a WIMP
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mass of 100 GeV (1 TeV). Moreover, the impact of ARIA purification process
and the possible gain in sensitivity due to the reduction of the 39Ar background
content has been discussed. Similarly, a preliminary sensitivity curve for a yet to
be defined far future liquid argon experiment capable of collecting an exposure
between 1000-3000 tonne year has been determined. This study suggests that
cross sections down to 10−48 cm2 could be explored at 1 TeV WIMP mass, reaching
the “ultimate limit” of dark matter searches and becoming the most sensitive DM
experiment ever proposed.

At these exposures, the sensitivity will be strongly affected by the irreducible
CEnNS background. In these optics, it is of utmost importance to find a way to
distinguish a neutrino from a WIMP interaction. One possible avenue would be
offered by the presence of the signature of columnar recombination in nuclear
recoils using a liquid argon TPC. The latter can provide information on the
incident direction of the incoming particle. Since WIMPs are expected to come
preferentially from the Cygnus constellation, this technique would greatly help in
disentangling WIMP signal from background.
In chapter six, the potentiality of a directional tonne-scale DM detector located
at LNGS has been illustrated. In particular, it has been derived that the expected
event rate varies by a large factor (4−8) when considering nuclear recoil directions
going from the zenith to the horizon and, at fixed angular direction, it varies
by about the same factor with a sidereal-day periodicity. With a likelihood-ratio
based statistical approach it has been shown that, using the angular information
alone, 100 (250) events are sufficient to reject the hypothesis of an isotropic
background at 3σ level considering an ideal (realistic) angular resolution. All
these studies corroborated the motivation for the construction of a small prototype
dual-phase TPC called RED, which is part of the DarkSide program and currently
in his commissioning phase, that aims to prove the directional sensitivity using
a beam of neutrons. This study confirms that the development of experimental
technologies able to couple directional sensitivity with large fiducial masses (many
tonnes) and the ability to collect large exposures free of background from β/γ

events and neutron-induced nuclear recoils is a priority for future dark matter
detectors.

While waiting for a technique able to remove the irreducible CEnNS background,
it is essential to constrain more precisely the expected number of CEnNS, since
the WIMP sensitivity depends crucially on it. The uncertainty on the prediction of
the CEnNS scattering cross section affects significantly the number of expected

214 Chapter 8 Conclusions



CEnNS events and it is dominated by the nuclear form factor parametrization.
Since neutrinos couple preferentially with neutrons, the lack of knowledge of
the neutron distribution, or better of the neutron distribution radius, plays a
fundamental role. In this contest, the first experimental observation made in
2017 by the COHERENT Collaboration of a CEnNS process, provides a valuable
occasion to experimentally constrain for the first time the CEnNS phenomenology.
Analysing the COHERENT data, the first determination of the average neutron
radius of 133Cs and 127I has been obtained, as explained in the seventh chapter.
The practically model-independent value of Rn = 5.5+0.9

−1.1 fm has been derived.
Moreover, the COHERENT data show a 2.3σ evidence of the nuclear structure
suppression of the full coherence. The difference between the neutron and
proton rms radii, known as the “neutron skin”, has also been derived, giving
Rn −Rp ' 0.7+0.9

−1.1 fm. Even if the uncertainty is considerable, the best-fit value
indicates the possibility of a neutron skin larger than the model-predicted values
which lie between about 0.1 and 0.3 fm. This study has many consequences
for nuclear physics models and implications for the equation of state of neutron
stars.

To conclude, all the studies carried out in this thesis project have significant
impact for the development and the understanding of future argon dark matter
detectors. The outcome of these studies represents a fundamental part of the
DarkSide-20k proposal and it is of remarkable importance also for fields outside
the dark matter one.
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ADerivation of the SM coherent
ν-nucleus cross sections

The CEnNS reactions (Fig. A.1) that take place in nuclei are represented by

να(ν̃α) + (A,Z)→ να(ν̃α) + (A,Z) , (A.1)

where α = e, µ, τ .

The effective (quark-level) SM ν-nucleus interaction Lagrangian, LSM, at low and
intermediate neutrino energies can be written as [445]

LSM = −2
√

2Gf
∑
f=u,d
α=e,µ,τ

gfP [ν̄αγρLνα]
[
f̄γρPf

]
, (A.2)

where guL = 1
2 −

2
3 sin2 θw and guR = −2

3 sin2 θw are the left- and right-handed
couplings of the u-quark to the Z-boson and gdL = −1

2 + 1
3 sin2 θw, gdR = 1

3 sin2 θw

are the corresponding couplings of the d-quark and θw is the Weinberg mixing
angle [480].

For coherent ν-nucleus scattering, the SM angle-differential cross section reads

dσSM,να

d cos θ =
G2
f

2π E
2
ν (1 + cos θ)

∣∣∣〈gs||M̂0(q)||gs〉
∣∣∣2 . (A.3)

The operator M̂0 in the nuclear matrix element of the latter equation is the
Coulomb operator which is equal to the product of the zero-order spherical Bessel
function times the zero-order spherical harmonic [481, 480]. This matrix element
can be cast in the form [482]∣∣∣MSM

V,να

∣∣∣2 ≡ ∣∣∣〈gs||M̂0(q)||gs〉
∣∣∣2 =

[
gpV ZFZ(q2) + gnVNFN (q2)

]2
, (A.4)

where, the polar-vector couplings of protons gpV and neutrons gnV with the Z
boson are written as gpV = 2(guL + guR) + (gdL + gdR) = 1

2 − 2 sin2 θw and gnV =
(guL + guR) + 2(gdL + gdR) = −1

2 , respectively. As it can be easily seen, the vector
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Fig. A.1.: Effective Feynman diagram contributing to coherent neutrino-nucleus scatter-
ing within the SM.

contribution of all protons is very small (gpV ∼ 0.04), hence the coherence in
Eq. A.4 essentially refers to all neutrons only of the studied nucleus. After
some straightforward elaboration the differential cross section with respect to the
nuclear recoil energy, Er, takes the form

dσSM,να

dEr
=
G2
f mN

π

(
1− mN Er

2E2
ν

) ∣∣∣〈gs||M̂0(q)||gs〉
∣∣∣2 . (A.5)
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