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Introduction

It is a historical fact that the 20th century has been revolutionary for Physics. The
fundamental change that took place in the understanding of the physical world has been
slowly prepared in previous centuries. It is then, that one can find the resurgence of
the idea about the atom, initially proposed by the pre-Socratic philosophers, leading
to the foundation and evolution of atomic theory, at the end of the 18th century. This
development, in turn, allowed the expansion of classical mechanics which, until then,
concerned an idealized world, continuous and filled with strict geometric shapes, to the
application of its fundamental axioms into the existing matter itself. The result was the
triumph of the interpretation of thermodynamic phenomena. A set of rules based on
a rigorous foundation but treating samples of matter macroscopically, providing only
empirical relations regarding its response to actions of the environment, now acquires
a profoundly deeper meaning, within the framework of Statistical Mechanics. However,
in the evolution of the theoretical understanding of Nature manifested through its
experimental investigation, paradoxes always arose. These were, almost always, related
to the inability of the concepts emerging from the theoretical understanding to describe
the factum brutum of observations. Thus, for example, the problematic concept of the
action-at-a-distance required a radical revision of the ideas about space and time and
the conflict between the classical notions of wave and particle hid a more complex reality
about the microcosm, finally described by the Quantum Theory.

However, although the two great theories of the 20th century, General Relativity and
the Standard Model of particle physics, have led to an impressive understanding of the
Universe, modern observations suggest that the understanding of its evolution, from its
primordial phase to its present state, requires invoking a new form of matter, generically
called dark matter, accounting for the 85% of its matter content. Also, in order to
describe 95% of the total mass-energy content of the Universe, in addition to dark matter,
appeal must be made to a currently unknown form of energy, generically called dark
energy.

In the present thesis, we focus on the experimental testing of theories beyond the
Standard Model, predicting a specific particle nature for the dark matter and, specifically,
in the effort to directly detect these particles with the use of low background, underground
detectors. Indeed, from a theoretical point of view, one of the most attractive attempts to
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elucidate this profound open question of modern physics emerges through supersymmetry
theory, where particle candidates for dark matter are proposed, under the generic name of
Weakly Interacting Massive Particles (WIMPs). Nevertheless, all relevant experimental
efforts, based on underground detectors, trying to directly detect WIMPs elastically
scattering off the nuclei of the target medium, have only excluded part of the parametric
space of the theory. It seems, then, that the mystery’s answer could be sought in
alternative theories, predicting other dark matter candidates. For instance, it is possible
that dark matter has tree-level interactions with leptons.

In the present thesis, we will examine the possibility of a direct detection of electronic
recoils induced by this kind of dark matter, analyzing the data acquired from the
XENON1T experiment, operated from end of 2016 until 2018, with 2t of total mass inside
its TPC, reaching the lowest electronic recoil background ever achieved in a dark matter
detector.

One method to search for leptonically interacting DM is through the modulation which
is expected to induce in the ER background of the detector, due to the relative motion
between the Earth and the dark matter halo of our Galaxy. In the absence of observation
of WIMP-induced nuclear recoils, an alternative interpretation through a leptophilic dark
matter, which has axial-vector or pseudoscalar couplings to electrons, finds its place as a
natural hypothesis that should be tested, taking advantage of the long-term stability of
the electronic recoil background of the detector, achieved for XENON1T. The present
thesis focus on the application of statistical methods in the investigation of possible
correlations between the electronic recoil event rates with the detector parameters (such
as the liquid level, pressures, and temperatures, electrode’s voltages variations etc.) for
the experiment’s scientific run, in various energy ranges. This procedure is necessary
in order to establish the temporal stability of the detector, as small variations of the
detector parameters may influence signal generation, potentially affecting the acceptances
and the measured event rates. Also a sensitivity analysis for the search for a modulated
signal is presented, based on Monte Carlo simulations, in order to evaluate the asymptotic
distributions of the relevant test statistics and assess the eventual sensitivity of the data
to rate modulations.

Then, we focus on the search of leptonically interacting dark matter particles with
mass in the sub-GeV scale, emerging in the framework of so-called,”hidden sector" theories,
predicting a leptophilic DM with a mass in O(MeV), that could interact with atomic
electrons of the target causing inelastic atomic processes, such as ionization. It happens
that the double-phased TPC of XENON1T, is characterized by an exceptional sensitivity
for the detection of small charge signals, derived from ionization of xenon atoms, down
to the level of one electron. Therefore, the detector is sensitive to the inelastic quantum
processes occurring at the atomic level and, par excellence, to the ionization process of
even a single atom. And yet, it is in this very region of the leptophilic DM expected
signal that a huge and, so far, incomprehensible background arises, driven by the so-called
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single electrons, small charge signals that appear to derive from a multitude of quantum
processes in the atomic level of LXe, for many and yet unknown reasons.

Here, of course, a rich scientific subject emerges in an attempt to explore the nature
of this background and eventually to develop a background model. However, part of
this background, related to the photoionization of impurities in the liquid Xe, by the
scintillation light produced after an main event inside the detector, has already been
studied and it has been proposed that it could be used as a natural calibration source to
characterize the detector. The second chapter of this thesis focus on this very purpose,
using this part of the background of single electrons to infer parameters of the detector,
like the secondary scintillation gain and the extraction efficiency (the probability for an
electron to be extracted to the gaseous phase), and their dependence on the extraction
electric field. A set of parameters that, in addition to their inherent physical importance,
are also key elements for Monte Carlo simulations of the detector. Then, in the final
chapter, using part of the spectrum of single electrons during the scientific run, we develop
the framework with which we could set constrains for sub-GeV dark matter, scattering
off electrons with interactions via the exchange of a heavy mediator or a magnetic dipole
moment coupling, or exchange of a massless or ultra-light mediator.

What can we infer about leptophilic DM without the possibility of background
subtraction due to the incomplete background model? Can we classify the processes
that create the single electron background? How can state-of-the-art machine learning
techniques, like Neural Networks, mitigate such backgrounds, making use of partial
knowledge of them in conjunction with the topological characteristics of the corresponding
events? These are some of the questions, about this exciting topic of direct DM detection,
that we will try to address in this work.

9
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Chapter 1

The Dark Matter problem and
the search for a direct detection

1.1 Indications for a dark matter

A plethora of astronomical observations points towards the existence of a “dark”
matter-as opposed to ordinary, visible matter. We can cite, among others: the dispersion
of velocities in the cluster of galaxies Coma [1, 2] and the analysis of the rotational
curves of galaxies [3, 4, 5]. These observations, combined with data about the Big Bang
nucleosynthesis in the early phases of the universe [6], cosmological constraints from large
scale structures [7], distant supernovae [8] and the Cosmic Microwave Background (CMB)
[9, 10, 11], tend to demonstrate the existence of a non-luminous, non-baryonic matter.
We will briefly present these indications, which extend to different scales and refer to
different physical processes. Then we will expand on the interpretive possibilities through
elementary particle candidates, that are predicted by theories beyond the standard model.
The detection of such particles, through their predicted, extremely rare, interactions with
ordinary matter is the purpose of direct dark matter detection experiments.

1.1.1 Cosmological scale

On a cosmological scale, the Cosmic Microwave Background, accidentally discovered in
1965 [12], offers information about the universe 380,000 years after the Big Bang [13]. The
CMB spectrum is consistent with a black body of temperature T = 2.7255±0.0006 K [14].
The photons that constitute this background are remnants of that cosmic age where the
temperature of the universe fell below 3000 K. It is the, so-called, epoch of recombination
of the free electrons with protons, since the photons no longer had enough energy to ionize
bound atomic states. However, this spectrum presents very small anisotropies, at the level
of 10−5. These are considered to originate from quantum fluctuations, remnants of the
inflationary epoch, and are a source of valuable information about the early universe, as
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they can be used in order to constrain parameters of cosmological models. Experiments
like WMAP and Planck essentially offer high resolution full sky maps of these fluctuations.
These maps are usually analyzed using the quantity:

θ(n) = T (n)−〈T 〉
〈T 〉

(1.1)

which describes the deviation of the temperature of radiation T, from the average
temperature 〈T 〉, in a direction n = (θ,φ) in the sky. Since θ(n) is essentially a function
of a two-dimensional projection of the temperature fluctuations, it can be developed in
spherical harmonic series as:

θ(n) =
l=∞∑
l=0

l∑
m=−l

almYlm(n) (1.2)

with the coefficients alm given from:

alm =
∫
θ(n)Y ∗lm(n)dΩ (1.3)

From this relation we can define the power spectrum of the fluctuations:

〈al′,m′alm〉= δll′δmm
′Cl (1.4)

In (1.4), the averaging is defined, for each multipole, on an ensemble of observations
of the independent modes that accompany it, described by the parameter m. As is known
from mathematical physics, for a spherical harmonic expansion there are a total of 2l+ 1
independent m-modes, for each multipole l, therefore Cl can be written as:

Cl = 1
2l+ 1

l∑
m=−l

〈|alm|2〉 (1.5)

From this relation we observe that the calculation of Cl contains an error, related
to the number of independent m-modes, specifically given by ∆Cl =

√
2/(2l+ 1). This

error inevitably increases for small values of l, as can be also seen from the error bars
of the data points of the power spectrum of Fig. (1.1). This is a manifestation of
the, so called, cosmic variance: Because the temperature fluctuations we observe are
outputs of a random process (and in particular of a Gaussian process), as one covers
an increasingly larger portion of the observable universe (smaller and smaller l), the
number of independent observations, which would allow us to infer a statistical statement
with a desired small uncertainty, decreases. In other words, as we are using the one and
only observable Universe, as a laboratory, to study its own composition and evolution, it
follows that, for increasingly larger scales of observation, we are allowed to make fewer
and fewer independent observations. So for example the sample size from which we
determine the value of Cl is finite and becomes smaller for lower multipoles, as we cover

12



1.1. Indications for a dark matter

ever larger regions of the unique universe, governed by the physical laws under study. In
the expansion (1.2), the term l = 0 corresponds to the average temperature and is zero.
The dipole term l = 1, corresponds to a π rad cover of the sky and there can be seen the
effect of the peculiar motion of the observer (Earth) with respect to the CMB. Thus, for
the part of the sky “approaching” earth the photons of the CMB are blueshifted and
redshifted for the other part of the sky. Thus usually the first two terms of the expansion
are not taken into account and the power spectrum is plotted as l(l+1)Cl/2π for l ≥ 2,
Fig. (1.1). As there is a direct correspondence between multipole moments l and the
angular scale, the maximum value for l is determined by the resolution of the observation.
In general, multipoles for l > 2 encode important information about the early universe
and could be used in order to infer constrains on the cosmological parameters, as they
are manifestations of density perturbations before the decoupling moment. For example,
the angular scale of the first peak of the power spectrum Fig. (1.1) is determined by
the curvature of the Universe, the second and third peaks contain information about the
baryon and dark matter densities.

Figure 1.1 – The temperature power spectrum of the CMB from the 2018 results of the
Planck Collaboration. Also is shown a theoretical best-fit assuming the ΛCDM cosmology.
Also shown are the residuals with respect to the model. Figure from [11].

The so-called ΛCDM (Λ Cold Dark Matter) model [15] gives a theoretical description
of the power spectrum of these fluctuations, treating anisotropies of the CMB as small
perturbations of the Friedmann–Lemaître–Robertson–Walker metric, with its evolution

13
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being described by the General Relativity. This is a six parameter model containing the
baryonic and dark matter density of the universe. Specifically, in this model it is assumed
that the energy and matter density of the universe can be written as the sum:

ρ= ρb+ρc+ρrad+ρΛ (1.6)

In (1.6) ρb is the density of baryonic matter, ρc the density of the, so called, cold
dark matter. This component is hypothesized as consisting of matter other that the
ordinary i.e., of non-baryonic origin, with its velocity being much less than the speed of
light (cold). It is also assumed that it does not interact with ordinary matter via forces
described in the standard model (for example, it does not emit photons), but only through
gravitational interactions and possibly other interactions, in the weak scale, described by
theories beyond the standard model. ρrad is the density due to photons and relativistic
neutrinos and ρΛ, stands for the density of the so-called dark energy, a concept introduced
in the model in order to explain the observed accelerated expansion of the universe.

Extracting information about cosmological parameters from the power spectrum of
Fig. (1.1), is a complicated process that contains degeneracies between parameters. These
can be broken, if constrains of the cosmological parameters are taken into account by other
independent measurements, such as data from supernovae or galactic surveys. The Planck
collaboration [11], has measured with very high precision the anisotropies of the CMB
spectrum from which constrains, with respect to density parameters, can be extracted:

Ωbh
2 = 0.02207±0.00033

Ωch
2 = 0.1196±0.0031

(1.7)

where h is the reduced Hubble constant, defined as the present-day Hubble parameter
divided by 100 km/s/Mpc. The density parameters are related to the observed density
ρ1 as Ω = ρ/ρcritic. Here ρcritic is the critical density for which the Friedman universe
[16], assumed in the ΛCDM model, has a flat geometry. From measurements (1.7) we
notice that the density of dark matter is five times that of baryonic matter. The rest
of the density of the universe is attributed to dark energy, which formally appears in
the Friedman equations as a cosmological constant. This constant compensates the
contraction dynamics, due to the gravitational interactions of both the ordinary and
the dark matter, resulting in the observed accelerated expansion of the Universe and its
geometric flatness.

Another argument, on the cosmological scale, in favour of the existence of non-baryonic
matter, is offered by the large-scale structures observed in the universe. Indeed, in order to
understand the matter distribution, after the recombination epoch, N-body simulations of
dark matter particles have been used [17, 18]. These simulations can be used as evidence
that, large-scale dark matter structures, are necessary to explain the present distribution

1Defined correspondingly for each component of (1.6)
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of matter in galaxies and clusters of galaxies. The same simulations provide indications
as to the distribution, later in the history of the universe, of dark matter itself into the
smaller-scale structures [19].

In particular, if we take into account that the primordial plasma of baryons and
photons can be examined, concerning its dynamic behavior, as a fluid, then the anisotropies
observed today in the CMB imply the existence in matter, at the moment of decoupling,
of an anisotropy of the same order of magnitude δρ/ρ ∼ 10−5. If matter had only the
baryonic component then this anisotropy, at the present time, it would have grown by
zrec = 1100 times and in the present age of the universe, the anisotropy of matter should
be of the order of 10−2, something that is in stark contrast to existing structures. This
observation is consistent with the hypothesis about the presence of a matter component,
of a non-baryonic nature, which interacts only in the weak scale with ordinary matter.
Therefore, this kind of matter is being in thermodynamic equilibrium with baryons, only
in the very early age of the universe. Certainly before the decoupling of ordinary matter
from photons, it has already begun to collapse, under its own gravity, forming accretions
of matter [20]. After the epoch of recombination, ordinary matter begins to fall into these
dark matter concentrations which, in this way, acted as seeds for the later large-scale
structures we observe today [21].

1.1.2 Galactic clusters

On smaller scales, of the order of the galactic clusters, it is possible to use an effect
predicted from General Relativity, the so-called gravitational lensing [22]. A ray of light
is being deflected when it passes through a distribution of mass that locally deforms the
geometry of spacetime. This, results in the image of the background being distorted or
magnified [23]. Conversely, the position and shape of images of luminous background
objects, obtained through this mechanism, can be used to determine the mass distribution
of the "lens". It is obvious that this possibility is a first-class tool for the study of the
distribution of dark matter, through its gravitational interaction.

We can classify different categories of this effect, as a function of its magnitude, as
shown in Fig. (1.2). Its most pronounced form takes place in the so-called strong lensing,
where the space-time around a dense concentration of mass is so curved that light rays,
initially following a completely different path, can be deflected towards the line of sight of
the observer. Thus, the light source can be observed at different positions, corresponding
to different initial view angles. Also, the image of the object emitting the light may
appear distorted, due to the fact that the magnitude of the deflection, through the object
causing the lensing, is a function of the position of emission of the light ray in the surface
of the emitting object, if it is spatially extended, such as a galaxy. Through systematic
surveys, like the Sloan Lens ACS [24], it was possible to detect galaxies whose image is
being distorted by the interposition, in the line of sight, of another galaxy, allowing the
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Figure 1.2 – Schematic depiction of the various magnitudes of the gravitational lensing.
Is shown the general form of the distortion caused in the background image (no lensing)
in the regime of weak and strong lensing, passing from the transitional regime, called
flexion. Image taken from [23].

average fraction of dark matter in the galaxy to be measured and also its density profile
to be inferred.

In most cases, of course, the effect is not so intense as light rays do not pass through
regions dominated by strong gravitational fields so, inevitably, the light deflections are
smaller. In this regime, called weak lensing [25], the final image can be considered
as a two-dimensional linear transformation of the original, that can be analyzed as a
combination of magnification, shear and rotation [26]. Because the effect now is very weak,
the analysis cannot be performed on individual objects. However, we can take advantage
of the fact that, for instance, the intrinsic shape of elliptical galaxies is uncorrelated.
That is, if we look at a large enough ensemble of galaxies, there will be no preferred
direction. However the presence of a foreground object, such as a galaxy cluster, can cause
shear distortion in the background galaxy shapes that can be perceived as an average
shear of an ensemble of galaxies along adjacent lines of sight, that coherently result in an
average elliptical shape over the ensemble [23]. Based on this observable field of shear,
the mass distribution of the object acting as the gravitational lens can be reconstructed.
Observations in more than 300,000 galaxies, have demonstrated the existence of halos of
a total mass 1.4×1012 M�, around galaxies with a total stellar mass of 6×1010M� [27].
With a combination of weak and strong lensing data, the Hubble Space Telescope SLACS
survey, revealed halos of 1.2×1013M� around elliptical galaxies with mass 2.6×1011M�
[28].

A more dense concentration of mass in the foreground object, begins to cause a
curvature in the sheared background image which, in the extreme case of a strong
gravitational field, results in the strong lensing regime we described earlier. But this
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transitional regime, between weak and strong lensing, is known as flexion [29, 30], This
can be considered as the second order effect of the weak lensing, in the sense that, in this
case, the mass distribution of the foreground object is characterized by a spatial gradient
which makes the magnitude of the shear a function of position onto the image of the
background object. Flexing is used to reconstruct the mass distribution, in those regions
of gravitational lenses where the deflection of light rays is very small and at the same
time, the number of background objects, undergoing the lensing, is too small. In this case,
we cannot talk about a strong lensing while, at the same time, a weak lensing analysis,
with the suitable averaging procedure described earlier, cannot be applied. For instance,
regions surrounding galaxy clusters can be analyzed in this flexing regime.

One of the most striking signs of dark matter concerns the case of the merging galaxy
cluster 1E 0657-56, known by the name of Bullet Cluster, which was discovered in 1995
[31]. This object, consists of two colliding clusters of galaxies and we can observe the
manifestly different behaviour of its components during the collision. The clusters contain
galaxies, gas distributed in the intra-cluster space and possibly dark matter. In these
two clusters, that collided relatively recently in cosmic history (just 150 million years
ago), the galaxies of the clusters continued their trajectories almost unaffected by the
collision as, due to their small size, compared to the clusters as a whole, they have a
small collisional cross section. On the contrary, the gas being homogeneously distributed
inside the clusters, has a much larger collisional cross section, resulting in a significant
deceleration. Hot gases can be detected from X-ray telescopes like Chandra, due to their
very intense X-ray emission [32]. The Chandra image also revealed a bow shock, in front
of the bullet-like gas cloud, from which it was possible to determine its velocity, relative
to the main cluster, thus to determine the moment of the collision, with techniques
developed for the use of X-ray data in analyzing merging clusters [33]. On the other
hand, weak lensing reconstruction, revealed that the centers of the mass distributions of
the two clusters is consistent with the location of the galaxies inside the clusters, with a
significance 8σ away of the hot gas peaks. In addition, the total mass of the hot gas is
larger, by a factor of two, than the total mass of the clusters, as determined from X-ray
and optical images, respectively. But the total reconstructed mass, from weak lensing,
is 30-40 times larger than the total visible mass of the clusters, inferred by the galaxies’
stars.

This is consistent with the presence of a non-luminous matter that bypassed the
gas regions, during the collision, because is only weakly interacting and so is not being
decelerated by the collision. From this observation it is also possible to infer an upper
bound, with respect to the self-interaction collisional cross section, per unit mass, of this
non-luminous matter. It is inferred that an upper limit of σ/m< 1.25 cm2g−1 at a 68%
C.L. is needed, in order to explain the observed mass profiles [34].
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Figure 1.3 – Left: Image of the bullet cluster in visible light, from the Magellan telescope,
showing the gravitational contours reconstructed by weak lensing. Their centers are
identical to the geometric centers of the two clusters. Right: The gravitational contours of
the left image, projected on the X-ray image of the bullet cluster, taken by Chandra. We
observe that the intracluster hot gas lag behind the centers of the gravitational contours.
Image taken from [35].

1.1.3 Galaxy rotation curves

On smaller scales, a characteristic indication for the existence of dark matter is
obtained from the dynamics of clusters and galaxies. In fact, historically one of the first
indications about the existence of a non-luminous matter in these objects came from a
study by F. Zwicky on the mass of the Coma Cluster, located at a distance of 99Mpc from
Earth, in the constellation of Coma Berenices. This object, consists mainly of elliptical
galaxies and is almost spherical with a diameter of about 1 Mpc. Considering that galaxy
clusters, like that of Coma, containing about 1000 identified galaxies, are ensembles of
objects that have been gravitationally bounded for billions of years, it is possible to
determine their mass independently of traditional astronomical photometric methods
that are based on the ratio of mass to luminosity and thus by definition measuring only
the mass emitting light. This is done by application of the virial theorem, that offers
the possibility to determine the average kinetic energy of a stable system of components,
bounded by potential forces. Specifically, if we have a system with N parts, described by
position vectors (r1,r2, · · · ,rN ) which, throughout the evolution of the system, cover a
finite region in space, then if the potential held by the bounded system is a homogenous
function U(r1,r2, · · · ,rN ) , it can be shown that the average kinetic energy 〈K〉 of the
system is [36]:

〈K〉= 1
2

N∑
k=1

rk
∂U

∂rk
(1.8)

If the potential U is a homogenous function of degree n then, by Euler’s theorem
on homogeneous functions, (1.8) becomes 2〈K〉 = nU. For example, in the case of
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gravitational attraction n=−1. Therefore we have a relation that connects the average
potential energy with the average kinetic energy and so, if we consider that the mass
distribution in the cluster of galaxies is homogeneous and extends inside the whole
spherical region of the cluster with radius R, then the total mass M is:

M = 5R〈u2〉
3G (1.9)

where here, the average of the velocity is taken over all components of the cluster
and G is the gravitational constant. Zwicky, using Doppler shifts in the galactic spectra,
obtained a lower bound for the velocity dispersion and so, from (1.9), he obtained a lower
bound on the total mass of the cluster. The value inferred was M = 4.5×1013M� which
is, orders of magnitudes, inconsistent with the value obtained if one tries to estimate
the total mass by photometry, on the 1000 galaxies. In this case, a value of the order of
1010M� is inferred, which cannot be explained by any systematic error that may have
occurred in estimating the mass distribution inside the cluster, as the result would differ
by less than an order of magnitude.

In later years it became known that there is about 10% of the total mass of the cluster
which is in the form of intragalactic gas and which does not emit light at the visible
wavelength, a fact that was not known to Zwicky. But even this, cannot remove the
inconsistency between the mass determined by the viral equation and the mass determined
by photometry [37, 1, 2].

At the galactic scale, another striking indication about the existence of non-luminous
matter arises from the study of the rotational curves of galaxies. Here again, there is a
deviation between the observed speed of light-emitting objects, like gas clouds and stars,
with what is expected based on their mass, using Newtonian mechanics. In general, for a
system of stars and gases orbiting their center of mass, we can assume that the velocity of
each object is determined only by the fraction of mass enclosed inside a sphere of radius r,
equal to their distance from the galactic center. This is because only this mass determines
the intensity of the gravitational field g on each object. We can verify this using the
surface integral of g inside a sphere S, of radius r:

∮
S

gdS = 4πGMV (1.10)

derived by the Poisson equation for the Newtonian gravitational field. Here MV is
the mass enclosed within a sphere S. From (1.10) it is understood that, the larger this
mass, the stronger the gravitational field that determines the velocity of the object in its
orbit, as typical of Keplerian orbits (Fig. 1.4), through the relation:

u(r) =

√
GM(r)

r
(1.11)
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where r is the mean distance from the galactic center and M(r) is the total mass
enclosed within a sphere of radius r. It is clear from (1.11) that, if the mass of the
galaxy follows the light distribution i.e., it is concentrated in a region near the center
of the galaxy and, as the distance from the galactic center increases, no significant
mass is added, then u(r) should first increase until reaching a maximum value and then
decrease, as u(r)∼

√
1/r, towards the outer regions of the galaxy. On the contrary, the

observation imposed the fact that the velocity outside the optical disc of galaxies remained
approximately constant. Indeed, the first observation of this discrepancy was made by
K. Freeman and concerned the rotational curve of M33 [38] while, in the following years,
systematic measurements by Vera Rubin, in dozens of isolated galaxies, resulted to the
same conclusion. Because the distances at which the galaxies were located are such that
is impossible to use single stars as tracers of the rotational velocity, clouds of hydrogen
and helium gas surrounding stars were used, instead. Thus, as material on one side of the
galaxy moved away from the observer while, on the other side, approached towards the
observer, the Doppler shift of the spectral lines determine the rotational velocities while
at the same time giving information about the distance of the examined point from the
center of the galaxy.

Given these observations and accepting Newtonian dynamics then, according to (1.10),
the observed stability of the rotational velocity, for an increasing radius, by necessity
implies the existence of a non-luminous matter which allows the system to remain

Figure 1.4 – Left: A typical characteristic of a gravitationally bounded system with minor
objects rotating around a central object containing nearly all the mass of the system, is
that the rotational velocity of the objects is expected to decay as ∼

√
1/r. Here is shown

for illustration the mean orbital velocity of the planets of the solar system compared to the
velocity expected for a circular keplerian orbit. Right: Comparison of the measurements
of velocities of the HI regions of the NGC3198 spiral galaxy situated in the constellation
Ursa Major to the Keplerian rotational curve predicted from the mass inferred from the
light distribution (black dashed line). Image from [39, 40].
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gravitationally bounded. From (1.11), we observe that this stability can be explained if
we consider that the non luminous matter, extends beyond the limits of the luminous
matter and is characterized by a density profile of the form ρ∼ 1/r2 so that the mass
M(r) ∼ r. We see that the study of the rotational curves of galaxies indicate a model
according to which luminous matter is enclosed by a halo of dark matter with a density
profile that can be determined by this non-correlation between luminosity and dynamics.

Recently, N-body simulations, concerning the formation of galactic halos, revealed
that a universal model, which parameterizes the density of dark matter halos and fit well
the observed rotational curves, is provided by the so-called Navarro-Franck-White (NFW)
profile [41]:

ρ(r) = ρs
(r/rs)(1 + r/rs)2 (1.12)

with rs and ρs being parameters determining a scale radius and a scale density. The
former is related to the maximum circular velocity and to the concentration of the halo
while the latter is related to the halo formation time.

As for Milky Way, our Galaxy presents a rotational curve similar to those observed
in many spiral galaxies [42]. In [43] a systematic study of the rotational curve of the
Milky Way was performed using all available data from tracers of the galactic potential,
using spectral lines from interstellar hydrogen and ionised hydrogen gases (Regions HI
and HII), molecular clouds, CO lines, star kinematics and masers mainly concerning the
galactocentric distances of 2-20 kpc [44, 45, 46, 47, 48, 49, 50].

These data show that it is not possible for only the baryonic component of galactic
mass to interpret the rotational curve and that in the case of the Milky Way it is necessary
to consider the existence of a non-luminous and non-baryonic matter which is dispersed
throughout the galaxy, even in the solar neighborhood. The important thing about this
systematic study is that it is not based on any initial hypothesis about the distribution
of dark matter but only on the discrepancy between the observed rotational curve and
what is expected from the baryonic component of the galactic matter. In other words, it
is an independent model of the dark matter mass in the Milky Way, which is statistically
significant at small galactocentric distances and is robust concerning the systematic
uncertainties in the determination of the speed.

1.1.4 Nature of dark matter

The evidences listed in the previous section concern observations relating only to the
gravitational interactions of dark matter; these gravitational interactions, being universal,
do not allow us to identify the microscopic nature of this form of matter. However, the
nature and properties of dark matter have, in return, important cosmological consequences.

If the very problem of the interpretation of dark matter, suggested by these astro-
nomical observations, is considered to belong to the domain of particle physics, then
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we could reasonably assume that the search for a solution to the well-known problems
of the Standard Model becomes, at the same time, itself a search of candidates for the
identity of this dark matter. As a result, the dark matter problem becomes a link between
astrophysics and cosmology with particle physics. Of course, one of the conditions sine
qua non for having a link giving an answer to the dark matter problem, is the requirement
that the macroscopic behaviour of these candidates, resulting from particle physics, are
compatible with astronomical observations, regarding for example, their overall observed
density in the Universe today.

Summarizing, from the astronomical observations one can conclude that dark matter
unquestionably does not interact electromagnetically. If any interaction with ordinary
matter this must be in the weak scale or even weaker. Also, as we saw in the case of
the Bullet Cluster, there is a limit to the strength of self-interaction of this dark matter
which cannot be larger than the upper bound extracted from the observation. From the
combination of CMB data with data from the Big Bang Nucleosynthesis it is possible
to determine the baryonic density parameter Ωb and therefore, from the total matter,
to determine the non baryonic DM in the universe today (1.7). A theory of particle
physics attempting to describe the microscopic nature of dark matter, must unmistakably
interpret this value of the cosmological parameter. Also, since dark matter drives the
formation of large scale structures in the later universe, the particles that compose it
must be either stable or otherwise have lifetimes of cosmological time scales. In fact,
it is possible to extract model independent constrains on this lifetime from the low-l
multipoles of the CMB [51].

Regarding the mass of the particles that could constitute this matter, taking into
account this small set of indisputable conclusions, which are indicated by the observational
data, we can distinguish three categories.

Hot Dark Matter (HDM): In this case the particles are relativistic when discon-
nected from the thermal bath of the early universe. Their mass must then be of the
order of O(eV). An example that could constitute this HDM without having to employ a
theory beyond the Standard model, are neutrinos. The problem that emerges from such
an interpretation is that the mean free path λmfp of neutrinos in the early universe is so
large that it would not allow the observed clustering scale of the large scale structures of
the later universe to be reproduced, if all other cosmological parameters maintain their
observed values. This conclusion follows from simulations of the nonlinear growth of
structures in an early universe dominated by neutrinos constituting this hot dark matter
[52]. Also their speed is not consistent with observations constraining the velocity of DM
particles [53].

Warm Dark Matter: In this case the mass of the particles is O(keV). They are
still relativistic at the moment of decoupling but become non-relativistic already at
the radiation dominated epoch. The smallest λmfp allows the correction of the HDM
behaviour, in terms of its ability to interpret the clustering scale of the later large scale
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structures. One particle that could be a candidate for this kind of matter is the sterile
neutrino, a hypothetical neutrino that is right-handed and does not interact with any of
the Standard Model forces but only gravitationally. Now, all structures on scales smaller
than λmfp is predicted to be suppressed. This presents compatibility problems with the
observed structures at scales of 10 Mpc that can be probed from the, so called, "Lyman-α
forest" data i.e., Lyman-α absorption lines produced in the spectra of distant galaxies and
quasars, due to the Lyman-α electron transition of the galactic neutral hydrogen [54, 55].

Cold Dark Matter (CDM): The particles of this matter can be as heavy as TeV
but also new bosons like light axions of axion-like particles with masses below an eV. As
the particles are not relativistic, its equation of state is not characterized by radiation
pressure which could prevent gravitational collapse. This allows potential wells to be
created which will allow ordinary matter after its decoupling from photons to create
the observed large scale structures [56]. Indeed, numerical simulations have shown that
this dark matter model successfully describes the relevant observations and is also more
compatible than the others in terms of the properties of the CMB.

Regarding the candidates for this matter, one idea that was proposed was that it might
be a baryon matter in the form of large condensed non-luminous objects such as very
faint stars, neutron stars, black holes or even planets, generically called Massive Compact
Halo Objects (MACHOs). The EROS-2 collaboration, studied a sample of 7×106 bright
stars from the Large Magellanic clouds searching for microlensing events that could be
created by MACHOs of the Milky Way. These events consist in the apparent change
of the brightness of a star due to its alignment with the observer and a relatively small
object between them, such as a planet or star that will cause gravitational lensing of
much less intensity than the weak lensing [57]. From the visual depth towards the Large
Magellanic Cloud that would be caused by the presence of such objects in the Halo of the
Milky Way, it was determined that they could not constitute more than 8% of the mass
of Halo [58, 59].

Most of the scientific community considers that invoking the existence of non-baryon
matter is inevitable for this category of dark matter as well, and in this case there are
various particles emerging from theories beyond the standard model. One example is
the axion [60, 61] which was proposed in 1977 as a solution to the strong CP problem in
quantum chromodynamics and arises in theory as a result of the spontaneous breaking
of a new global symmetry. This particle is a boson which can play the role of CDM
with a very cold Bose-Einstein condensate filling the universe with an appropriate energy
density, indicated by physical cosmology. It is noteworthy that a recent analysis of the
low-energy electron recoil events of XENON1T, the same dataset with which in chapter
3 we will search for an annual modulation of the event rate, presented an excess over
know backgrounds below 7 keV and in the region of 2-3 keV, where a solar axion model
presents a statistical significance of 3.5 σ. Of course this inference is not a discovery and
other interpretations for the excess are possible such as, for example, that it could be a
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manifestation of β-decays from an extremely small presence of tritium inside the detector,
a case that cannot be ruled out nor confirmed [62].

One of the most interesting answers in the question about the microscopic nature
of dark matter is given by the so-called weakly interacting massive particles (WIMPs).
This is a class of particles that emerges from extensions of the Standard Model such
as supersymmetry, theories about possible extra dimensions [63, 64] or "little Higgs"
models [65]. These particles are expected to interact gravitationally and also with forces
in the weak scale or even weaker, with masses of the order of GeV or even TeV. From
a cosmological point of view, they are predicted to have been thermally produced in
the early universe and, because of their mass and self-interaction cross section, which is
required to be in the weak scale, they produce the DM relic abundance observed today.

Because the WIMP paradigm is one of the most well-established particle candidates
for dark matter and because it is the main object of direct searches through the detection
of nuclear recoils that are expected to be induced by WIMPs in the target medium of a
direct detection detector, in the next subsection, we will go into some theoretical details,
as well as in the subsequent production mechanism of the dark matter relic abundance.

WIMPs emerge naturally in the theory of supersymmetry [66] which was proposed as
a solution of the Hierarchy problem in particle physics, related to the question about the
cause of the huge discrepancy between the weak and the Planck energy scales [67, 68, 69].
This theory is important for particle physics as, in addition to solving the Hierarchy
problem, it also predicts the unification of the three gauge interactions of the SM at the
energy scale of 2×1016 GeV [70, 71]. In the framework of this theory, a symmetry between
bosons and fermions is introduced where each particle of the SM with a half-integer
(integer) spin, has a supersymmetric partner with an integer (half-integer) spin. This
symmetry is able to solve the problem that arises in SM regarding the mass of the Higgs
boson.

In particular we will be interested in supersymmetric partners which do not have
an electric charge. These, in the supersymmetric models, are the two supersymmetric
partners of the two Higgs bosons, which are needed in order to give mass to all the
fermions, and the two supersymmetric partners of the electroweak bosons, the weak
hypercharge boson B and the weak isospin boson W 0. These partners are the Higgsinos
H̃d, H̃u, the bino B̃ and the wino W̃ 0. These fermionic states are distinguished only by
their electroweak quantum number and, after the spontaneous breaking of the electroweak
symmetry, they mix so as to form eigenstates of mass. These eigenstates are called
neutralinos and are symbolized by a series of increasing mass states:

χ= (χ1,χ2,χ3,χ4)

If we admit super-partners as a solution to the hierarchy problem then, by introducing
a new quantum number, the so called R−parity Rp = (−1)3(B−L)+2S – where B,L and S
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are respectively the baryonic number, the leptonic number and the spin – the eigenstate
of the smallest mass of neutralinos does not decay into SM particles and becomes stable.

This eigenstate, χ1 constitutes one of the best studied WIMP candidates because its
cosmological behavior and its density are compatible with the density observations of
dark matter [72]. To show this, we must consider on the one hand the stability of χ1,
and on the other hand the annihilation cross section which determines the evolution of
the relic density. In the primordial universe WIMPs are in a thermodynamic equilibrium
with the SM particles (creation/annihilation). During the expansion, the temperature of
the universe decreases; the numerical density of χ also decreases, according to statistical
mechanics (∝ exp(−mχ/T )). But because at the same time the universe was expanding,
the number density of WIMPs did not tend towards zero, as it would have happened
otherwise. Instead, when neq〈σAu〉 ∼H σA, where neq is the number density of χ in the
state of equilibrium, σA is the annihilation cross section and H the Hubble constant, then,
speaking in terms of statistical mechanics, the degree of freedom of annihilation freezes
and the number density will remain constant. That is, because the annihilation rate will
be, from this point in time and thereafter, greater than the Hubble constant. Differently
stated, one could say that the mean free path (with respect to the annihilation process)
has become greater than the size of the universe. Thus the gas of the WIMPs has become
so diluted that the annihilation rate is extremely small.

This effect is described using the “competition” equation of the process χχ→ ff̄ and
of its inverse ff̄ → χχ :

dn

dt
=−3Hn−〈σAu〉(n2−n2

eq) (1.13)

Where n is the number density of dark matter particles χ. From (1.13) results the
relic density of WIMPs :

ΩX ∼
xfT

3
0

ρcMPl
〈σAu〉−1

Where xf = mχ/Tf with Tf the temperature at the time of freeze-out and T0 the
present temperature of the CMB. The theoretical annihilation cross section for WIMPs
is such that, regarding the relation (1.13), if we wanted to explain the (100%) of dark
matter with this WIMP paradigm then mχ ∼ 100 GeV-1 TeV, while to explain the 10%
we need mχ ∼ 30-300 GeV, which corresponds to the masses of the weak scale. Thus
we observe the remarkable phenomenon that a theory developed to give a solution to
problems intrinsic in particle physics, proposes a stable particle, of mass of the order
of the weak scale, which happen to give a compatible relic density with that deduced
from astrophysical observations. This concordance explains the attraction of WIMPs as a
model of the microscopic nature of dark matter.
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1.1.5 Direct detection

Different models have been proposed for the phase space distribution of dark matter
in the galaxy. One of the usual assumptions is that of a local energy density of the order
of ρDM = 0.4 GeV/(c2cm3) and a Maxwellian distribution of its velocity as well as some
models about the galactic halo and its (space and velocity) substructures, which also
is of importance in the field of direct detection. If we consider as the typical mass of
a WIMP O(GeV/c2) with a speed of the order of magnitude of the speed of our solar
system around the galaxy u∼ 254 km/s [73], then the WIMPs elastically scattering off
the nuclei of the target medium of a detector, give them a recoil energy of the order
of O(keV), which allows them, in principle, to be detected by very sensitive detectors,
placed in an underground laboratory so as to be protected from background originating
from cosmic radiation. The scattering of WIMPs by SM particles can be considered as
spin independent for Lagrangian density terms of the form X̄Xq̄q or by spin dependent
terms under the form of X̄γµγ5Xq̄γµγ

5q. Experiments optimized for the detection by
interactions of these two types made it possible to set upper limits (in the case of results
consistent with a background-only hypothesis) on the corresponding cross sections, as
shown in Fig. (1.5), and thereby to set limits on the parametric space of the theory.

Figure 1.5 – Curent upper limits on the spin-independent nucleon-WIMP interaction
cross section as a function of the mass of WIMP, from a plethora of direct detection
experiments. This combined plot is generated using the SuperCDMS Dark Matter Limit
Plotter https://supercdms.slac.stanford.edu/dark-matter-limit-plotter. The
lower limit in yellow correspond to the Solar neutrino floor with a Xenon target. Details
about the corresponding experimental limits can be found at [74, 75, 76, 77, 78, 79, 80,
81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94].
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We can distinguish two types of direct detection: the non-directional direct direction
and the directional one. The first focuses on the measurement of the energy of nuclear
recoil induced by the scattering of WIMPs and not on obtaining information on the
direction of these recoils. The main purpose of this method is to measure the event rate as
a function of the recoil energy which, for WIMP speeds that exceed the minimum speed
umin required to produce a recoil with energy ER by elastic diffusion, can be described
theoretically by a relation of the type:

dR

dER
= ρDM

2mχµ2
R

[
σSD0 F 2

SD(ER) +σSI0 F 2
SI(ER)

]∫ ∞
umin

f(v)
u

d3u

Where µR is the reduced mass of the WIMP and the nucleus. This relation summarizes
the relationship between astrophysics and particle physics that emerges in the study
of dark matter. The terms σSI0 and σSD0 are the spin-independent and spin-dependent
WIMP-nucleon interaction cross sections, which also contain the dependence on the
distribution of quarks within nucleons; FSI and FSD are the nuclear form factors which
relate to the internal structure of the nucleus and the terms ρ0 and f(v) are respectively
the local halo density and the velocity distribution in the galactic halo, thus providing
the link with astrophysics but also the dependence of the expected event rate on the
model that will be used for the halo. It is obvious that the velocity distribution of dark
matter in the galactic halo is unknown but it can be modeled, for example, with statistical
mechanics, by considering the halo as a gas of dark matter particles, essentially without
collisions, whose distribution, in phase space, follows the Boltzmann equation. Thus, we
can for example propose, based on the rotation curves of galaxies, a particular function
for the density of dark matter, which explains the observation of the plateau in the
rotational velocity of stars as a function of their distance from galactic center. By solving
the Boltzmann equation, using this density, we can prove the following relation [95] :

f(v) = 1√
3πσ2

u

exp(− v2

2σ2
u

)

Where σu is the dispersion of velocities of WIMPs in the galactic halo2. It is this
choice which constitutes the Standard Halo Model (SHM) where the gas of WIMPs is
supposed not to be in rotation around the center of mass of the galaxy with its density
being of the order of ρ = 0.4 GeV/(c2cm3). In order to measure the event rate and to
observe a excess of events with respect to the expected background or to set limits on
the cross sections, it is necessary to discriminate between the electron recoil events from
nuclear recoils. This is the object of direct dark matter detectors striving for reduced
backgrounds, that are due mainly to intrinsic radioactivity from detector components, and
therefore increasing their sensitivity in detecting a possible WIMP signal. For example in

2The parameters of the velocity distribution of dark matter in the galactic halo can be determined
with N-body simulations.
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the case of the XENON experiment, in the present status the dominant contribution in
nuclear recoils background is due to radiogenic neutrons, produced by the materials of
the detector. But even if such background could be strongly suppressed, the coherent
neutrino-nucleus scattering (CNNS) from solar and atmospheric neutrinos, and those
from supernovae, constitutes an irreducible background and imposes a lower limit on
the efficiency of direct non-directional detection. Even if one succeeded in eliminating
all other backgrounds, it will be impossible to discriminate between WIMP events and
neutrino scattering off nuclei, below a cross section of spin-independent WIMP-nucleon
interaction of σSI = 10−49 cm2. In this case the only viable alternative solution is the
search for information on the direction of nuclear recoil i.e., direct directional detection
or the search for an annual modulation of events that is expected due to the rotation of
the earth around the sun.
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1.2 The XENON1T dark matter detector

After briefly describing the historical evolution of the XENON dark matter program,
we will present the detection principle using a dual-phase TPC filled with xenon as well
as specifically the XENON1T detector in order to present its details and to define the
concepts that we will use in the analyses that will be presented in the following chapters
of this work.

1.2.1 The XENON program

Dual-phase Time Projection Chambers (TPC), using liquid xenon (LXe) as their
target medium have demonstrated the ability to achieve exceptional sensitivity in the
direct detection of dark matter, through their ability to achieve low electronic and nuclear
recoil background conditions.

The XENON dark matter project started in 2005 with its first detector, XENON10,
acquiring data between October 6, 2006, and February 14, 2007 using a total mass of
15 kg of LXe, corresponding to a total exposure of 316.4 kg×days. The analysis resulted
in an exclusion limit of 8.8×10−44 cm2 concerning the spin-independent WIMP-nucleon
cross section, for a WIMP mass of 100 GeV/c2 [96]. Also the lower energy threshold from
these data allowed a search for a light dark matter making use only of the secondary
scintillation signal [97, 98]. In chapter 4 we will perform a similar search for light dark
matter with the XENON1T data that will allow us to set limits in the cross section of a
possible dark matter-electron interaction and therefore constrain leptonically interacting
dark matter models.

In the following years, the XENON100 detector led to an improvement of the results
concerning the exclusion limits as the data were still compatible with the background
only hypothesis. With 161 kg total mass an exposure of (48 kg× yr) was acquired
between January 2010 and January 2014. In combination with an ultra-low electron recoil
background achieved, it became possible to set world leading results on spin independent-
nucleon cross section as low as 1.1× 10−45 cm2 for a WIMP of 50 GeV/c2 and and
spin dependent WIMP-neutron (proton) limit of 2.0× 10−40 cm2 (5.2× 10−39 cm2) at
50 GeV/c2 mass [99]. The same data were analysed in order to get results in various physics
channels such as, for example, the investigation of a possible annual modulation of the
electron recoil background [100, 101], that is of particular interest and which we will deal
with in detail in chapter 3 using the XENON1T data. Using low-energy electron recoils
it was also possible to exclude some leptophilic dark matter models as interpretations
of the annual modulation signal detected by the DAMA-LIBRA detector [102] (see also
chapter 3). Also searches were carried out about a magnetic inelastic scattering [103] or
bosonic super-WIMP interactions [104] and exclusion limits on the coupling constants of
WIMP-nucleon effective operators in the framework of a non-relativistic effective field
theory, taking into account all Galilean-invariant operators up to the second order in
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the momentum transfer [105]. It was also possible to study the so-called single electron
background and use it as a physical source for the calibration of the detector and the
determination of some important physical properties, a technique which we will use
extensively in the next chapter for the XENON1T detector [106].

From the end of 2016 until 2018, the XENON1T detector operated with 2t of total
mass inside its TPC and one-tonne year exposure, reaching the lowest electronic recoil
background ever achieved in a dark matter detector. The analysis of the acquired data
resulted once again in the impossibility of excluding the background only hypothesis and,
consequently, the current world leading constraint on the spin-independent WIMP-nucleon
interaction cross section was set with a minimum of 4.1×10−47 cm2 for a WIMP mass of
30 GeV/c2 [94]. A series of other physics channels were also probed as we will present
in more detail in subsection (1.2.7). The following chapters of this thesis will deal with
further analysis of these data for studying the single electron background, the search
for an annual modulation in the low-energy electron recoil background and, finally, for
setting limits on the dark matter-electron interaction cross-section, using the sensitivity
of the detector to small charge signals.

1.2.2 Detection Principle

Production of the Scintillation light

Liquid xenon presents some physical properties that evince its utility as an active
medium for the direct detection of WIMPs via the nuclear recoils that are expected
to induce in it. The most important of these is its response to radiation through the
production of a large number of scintillation photons and ionization electrons for an
interaction depositing a certain amount of energy. Its density offers high stopping power
and thus through proper fiducialization of the detector’s volume it is possible to reduce
the rate of external backgrounds in the fiducial volume. Furthermore, the presence of
many isotopes, the three most abundant of which are 132Xe (26.9%), 129Xe (26.4%) and
131Xe (21.2%) [107, 108], opens the possibility to probe the spin-dependent interactions of
WIMPs with nucleons. From a thermodynamic point of view, its triple point at T = 161.4
K, P = 0.82 bar [109] is at relatively higher temperatures than other rare gases and thus
allows the use of LXe with a reduced degree of difficulty for the process of gas liquefaction.

The process of deposition of energy in liquid xenon and its repartition in various
degrees of freedom, is given by the Platzman equation [110] according to which the
deposited energy E, can be written as:

E =NiEi+NexEx+Niε (1.14)

Where Ni is the number of electron-ion pair created, Nex is the number of exited atoms
with Ei and Ex being the average energy needed for the creation of these electron-ion
pairs and excited atoms, respectively. The last term concerns free electrons, with average
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kinetic energy ε that is lower than the first excited atomic level. Based on (1.14) we can
write the average energy W, required to create an electron-ion pair, as:

W = E/Ni = Ei+Ex(Nex/Ni) +ε (1.15)

The emission of light, after the deposition of energy in LXe, is called scintillation
and is due to the excitation of dimers (excimers) which are created in two ways. Either
with the direct excitation of atoms and the consequent creation of excimers or with the
recombination of ionization electrons, Fig. (1.6).

Figure 1.6 – Depiction of the scintillation mechanism in LXe, described in the text. The
two main mechanisms, direct excitation and recombination, for the excimer production
are shown. The resulting scintillation light has two components related to the singlet and
triplet quantum configurations of the excimeric states. Image taken from [111].

The transition from the excimer state to the ground state is accompanied by the
emission of vacuum ultraviolet (VUV) light, with wavelength 177.6 nm and a width
of 13 nm [112, 113]. The two channels of production of excimers and the subsequent
scintillation light, are presented in detail in the following relations [108]:

Xe?+ 2Xe→Xe?2 +Xe
Xe?2→ 2Xe+hv

(1.16)
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Xe+ +Xe→Xe+
2

Xe+
2 +e−→Xe+

2

Xe∗∗→Xe∗+heat
Xe∗+ 2Xe→Xe∗2 +Xe
Xe∗2→ 2Xe+hv

(1.17)

Precisely because of the intermediate step i.e., the excimers formation, the VUV
light produced from their decay is not absorbed by the Xe atoms and thus the LXe
becomes transparent in the propagation of the scintillation light. If we examine the decay
curves of this scintillation we will find that two components are present [114, 112], a
short decay followed by a longer one. These can be attributed to the singlet and triplet
states of the excimers Xe∗2. For example, for relativistic electrons in LXe embedded in an
electric field of 4 kV/cm, we can observe a characteristic time of about 2 ns from singlet
states de-excitation and 27 ns from triplet states. There is a relationship between the
way energy is deposited and the relative amplitude of each component. For instance, it
has been observed that there is a significant difference in the ratio of intensities of the
two components for heavy particles such as alphas of fission fragments compared with
β-electrons, due to the dependence of this ratio on the deposited energy density. Thus,
the dependence of the scintillation pulse decay shape on the type of particles depositing
energy, could theoretically be used to distinguish electron recoils from nuclear recoils,
a technique called Pulse Shape Discrimination. However, this is practically applicable
only in the case of detectors using liquid argon, as the time difference between the two
components is of the order of O(µs) while in the case of the LXe it is of the order of
O(ns) [115, 114].

Dual-phase TPC with LXe

Using a dual-phase TPC such as that depicted in Fig. (1.7), it is possible to take
advantage of the partition mechanism of the energy deposited in the LXe to obtain
information about the type of particles that interact [116]. Through the process described
in Fig. (1.6) a neutron, β-electron, γ or a WIMP, creates a prompt scintillation light
and ionization electrons. Scintillation light is observed by photomultipliers as a signal,
called S1. The part of the ionization electrons that are not recombined with Xe+

2 and
contributing further to the S1 signal, are drifted by a drift electric field O(100 V/cm)
towards the phase boundary where they are extracted to the gaseous phase through a
stronger extraction electric field O(10 kV/cm), producing a secondary scintillation light,
proportional to the number of extracted electrons [117], called S2. Since, of course, the
speed of light is practically infinite compared to the speed of the ionization electrons
drifting in the liquid, the time difference between the two signals corresponds exactly to
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the time required for the ionization electrons to reach the liquid-gas interface, starting
from the point where they were created. Therefore, knowing the drift velocity, which is a
function of the drift field, we can obtain the information of the depth of the interaction
inside the TPC. The drift field is defined between the negatively biased cathode at the
bottom of the TPC and a grounded gate, inserted just below the surface of the LXe (at
a 2.5 mm depth for the XENON1T TPC). This region is the active volume where an
interaction is in principle possible to produce both signals, S1 and S2. The homogeneity
of the field is ensured by a proper placement of field shaping rings. The extraction electric
field is defined between the grounded gate electrode and the anode, which is located in
the gaseous region of the TPC just above the liquid-gas interface (2.5 mm in XENON1T)
resulting in a (5 mm in XENON1T) space surrounding the phase boundary and containing
both phases.

Figure 1.7 – The working principle of a dual-phase TPC.

The light signals are detected by two arrays of PMTs located above the anode in the
GXe region and below the cathode, inside the LXe, with a suitable geometric arrangement
to maximise the light collection efficiency, as well as, to facilitate the reconstruction of
the interaction position. The (x, y) position of an event, at a plane perpendicular to
the axis of symmetry of the cylindrical TPC is determined by the hit pattern of the
S2 signal on the top PMT array. This, combined with the knowledge of the depth of
the interaction, offers a three-dimensional reconstruction of the interaction site. This
information, then, allows a fiducial volume to be defined inside the active volume as
most events from external background sources are expected in regions close to the TPC
boundary. The discrimination between NR and ER can be achieved using the fact that
the S1/S2 ratio depends on the type of recoil. This is due to the interplay between the
quantity of ionisation and scintillation and the fact that the recombination probability
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that (anti)correlates the two quantities, depends on the type of recoil. For long particle
tracks3 the probability of recombination r can be modelized as [118, 119, 120]:

r =
AdE
dx

1 +B dE
dx

+C, C = 1−A/B (1.18)

Where dE/dx is the stopping power, proportional to the Linear Energy Transfer (LET)
4, A and B are model parameters and C defines the, so called, Onsager recombination [121]
i.e., a constant probability of electrons recombining with the parent xenon ions. Nuclear
recoils (NR) expected from WIMPs interactions with the Xe atoms, are characterized by
a higher LET than electronic recoils (ER) caused by background sources as betas and
gammas. Therefore, for NR a higher probability of recombination is expected and thus
the S1 signal is expected to be higher compared to the S1 from ER. Also the S2 signal is
expected to be smaller for NR due to the anticorrelation of the two signals. So we can use
the S1/S2 ratio as a discrimination parameter, which offers a discrimination between NR
and ER greater than 99.5%, at 50% NR acceptance. In Fig. (1.8) is shown the separation
of ER and NR events in the parametric space of corrected (S2, S1) for XENON1T
(see subsection (1.2.5)). Here the NR are produced from dedicated calibrations using a
DD-fusion neutron generator and the ER are produced from 214Pb β-decays originating
from calibrations using a 220Rn source (see subsection (1.2.3)).

1.2.3 The XENON1T TPC

In Fig. (1.9), is shown an illustration of the XENON1T TPC. The cylindrical TPC
has a diameter of 96 cm and a length of 97 cm, able to contain 2.0 t of LXe. The cylinder
is enclosed by 24 interlocking light-tight PTFE (polytetrafluoroethylene) panels used
as reflectors of the scintillation light in order to reduce the deterioration of the light
collection efficiency resulting from the smaller solid angle coverage of PMTs for large
volumes [123, 124]. At the operating temperature of the detector, −96 ◦C, the length of
PTFE panels is reduced by 1.5%. An interlocking design allows the radial dimension to
remain constant while the vertical length is reduced.

As described above, it is necessary to use field shaping rings in order to ensure the
homogeneity of the drift electric field. For this purpose, the TPC is surrounded by 74 field
shaping rings made from low-radioactivity oxygen-free high thermal conductivity (OFHC)
copper. The drift electric field is defined between the negatively biased cathode (−12 kV
for SR0 and −8 kV for SR1) and the grounded gate, while the extraction field between
the gate and the positively biased anode (4 kV). The electrode settings are completed by
two screening electrodes situated in front of the top and bottom PMT arrays, in order to
minimize the field intensity in front of the photocathodes. The whole electrode settings
where optimized by means of electrostatics simulations employing finite elements and

3In the sense that they are larger than the mean ionization electron-ion thermalization distance.
4LET is the ratio of dE/dx with the density of the material.
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Figure 1.8 – Distribution of events from 220Rn and neutron generator calibrations datasets
showing the distribution of ER(top) and NR (bottom) events respectively. The discrim-
ination parametric space here is (cS1, cS2) where the S1 and S2 signals are corrected
to take into account detector related effects. Models for ER and NR are extracted and
are shown here as 10%−50%−90% (dotted-solid-dotted) contour lines. Grey contours
represent ER and NR energy scales. Figure from [122].

boundary elements methods using software like COMSOL [126] and KEMField [127]. The
liquid-gas interface, between the gate and the anode, is formed using a "diving bell", a
technique also used in the XENON100 TPC [128]. The height of the liquid level which
determines, among others, the gain of the secondary scintillation, is measured using four
capacitive level meters installed inside the bell which, with their perimetric placement,
can also measure a possible tilt of the TPC. The dynamic range of the four, so-called,
short levemeters is 10 mm and have a precision of 30 µm. The LXe level from below
the cathode to above the bell is measured by means of two long level meters of 133 mm
length, with precision of 2 mm. It is worth noting that the use of the diving bell present
the additional advantage that it allows the LXe to rise above the bell, so that there is a
layer of LXe, with a thickness of 5cm, above the top PMTs and in the space between the
TPC and the cryostat walls and of 3 cm, below the bottom PMTs, acting as a passive
shield and offering additional protection from external backgrounds.

The active volume of the TPC is observed by a total of 248 Hamamatsu R11410-21
PMTs of 76.2 mm diameter [129, 130], divided in two arrays. The top array contains 127
PMTs that are radially installed so as to optimize the reconstruction of the position of
events in the x-y plane. The bottom array contains 121 PMTs, arranged in a hexagonal
close-packed lattice, in order to optimize the light collection efficiency. The PMT are
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Figure 1.9 – The various parts of the XENON1T TPC. Figure from [125].

designed to operate stably at cryogenic temperature and are characterized by a quantum
efficiency of 34.5% at the wavelength of the Xe scintillation light of 178 nm.

All PMTs were screened for their intrinsic radioactivity levels [131] and tested at room
temperature and under gaseous nitrogen atmosphere at −100 ◦C. Then an installation
option was made according to their quantum efficiency where, those with the highest
efficiency, were placed towards the center of the bottom PMT array in order to maximize
the light collection efficiency. Each PMT is held in place by a PTFE plate while PTFE
also covers the areas between the PMT windows. The arrays themselves consist of a
OFHC copper support plate with cut-outs for each PMT. The 12 dynodes of each PMT
are connected to a high-voltage divider with parameters chosen in such a way as to achieve
linear operation in the 2.25 V of dynamic range, corresponding to the energy region of
interest i.e., below 1.5 MeV. Also, low-pass filters were included on the high-voltage and
return line in order to reduce the electronic noise. All cables transmitting the signal are
routed through the cryogenic pipe which connects the cryostat with the nearby service
building.

The TPC is installed inside a double-walled, cylindrical stainless-steel cryostat made
of low-radioactivity material [132]. The inner vessel has a length of 196 cm and a diameter
of 110 cm, with its surface being in direct contact with the LXe. The surface was
electropolished so as to reduce radon emanation. The outer vessel has a length of 249 cm
and a diameter of 162 cm, and is designed large enough in order to integrate the detector
of the immediate upgrade stage XENONnT. The cryostat contains the TPC is installed
in the center of the water tank and a cryogenic pipe is used to connect the inside of the

36



1.2. The XENON1T dark matter detector

TPC with the service building hosting all connections to the cryogenic system concerning
cooling, purification, the pressurization of the bell, emergency recovery of the Xe and
also the cabling of the PMTs. This cryostat is also attached to a 10m high stainless-steel
support frame, (made also by materials chosen for their low intrinsic radioactivity), that
is erected inside the water tank. The cryostat is freely suspended from this frame in order
that the title of the LXe level with respect to the electrodes can be controlled with a
corresponding variation of the length of the three M20 threaded rods that are used to
attach it to the frame.

Figure 1.10 – The cryostat hosting the TPC, freely suspended from a support frame
inside the water tank. The water tank is equipped with 84 PMTs and is functioning as a
Cherenkov detector for cosmic muons. The connection of the interior of the TPC with
the service building is done by means of a double-walled vacuum-insulated cryogenic pipe
that carries GXe/LXe pipes and all cabling, expect the high voltage cable of the TPC
cathode carried by a single-walled pipe (yellow). Blue and red rods represent movable
collimators were are installed external sources used for calibration of the detector. Figure
from [125].

Every subsystem of the experiment (concerning TPC, Cryogenics, Purification, Recov-
ery and Storage, Muon Veto, Distillation, DAQ, Calibration or Water Tank) is controlled,
monitored and recorded by a Slow Control system (SCs). The SCs is based on a hierar-
chical structure which, given the very large number of parameters is different from the
case of the XENON100 monitoring system [133]. This structure is based on a Supervisory
Control and Data Acquisition (SCADA) paradigm that is being widely used in industrial
instrumentation [134]. The recording of SC data will serve in the present thesis in order
to perform a statistical analysis of a possible correlation of their time evolution with the

37



Chapter 1. The Dark Matter problem and the search for a direct detection

electronic recoil event rates of the detector, in order to determine the time stability of its
operation. The SC system is presented in detail in [135].

Calibration of the Detector

A series of calibration procedures have been designed and performed regularly during
the experiment to test the detector response. We will now present the calibration systems
used to monitor the gains of the PMTs (LED calibration), to apply corrections for the
spatial dependency of the signals (calibration with 83mKr), monitor the electron lifetime
and to infer the response of the detector to ER and NR. To model the former a calibration
source of 220Rn is used, while for the latter a neutron generator or a 214AmBe calibration
sources is used.

PMT gains calibration The gains are calibrated by stimulating the emission of
single photoelectrons from the photocathode by means of low-level light pulses from a blue
LED. Four LEDs, installed in the counting room for easy accessibility, are simultaneously
controlled by a 4-channel pulse generator. The light is guided into the cryostat via optical
fibers. In order to have a uniform illumination of all PMTs, each of the fibers is split into
six thin plastic fibers (with a 250 µm core) that transfer the light into the TPC at various
angular positions and heights around the field cage. Then, an external signal triggers
the pulser and the data acquisition system. The gains were measured on a weakly basis
during the experiment with the LEDs producing signals of few photoelectrons (PE).

Usually such calibrations imply a fit of the response of the PMT, using analytical
approximations about the single photoelectron (SPE) distribution, for instance, a Gaussian
distribution [136] or even models trying to describe the cascade of electrons [137, 138].
However recently a model independent approach has been developed that were used for
the XENON1T PMTs calibration, which does not involve any a priori assumption about
the SPE distribution. This method reduce the bias related to the inability of a particular
model to completely describe the SPE distribution [139]. In Fig. (1.11) is shown the gain
evolution for three stable PMTs. These are typical cases of the majority of PMTs except
specific cases of PMTs that were excluded from the subsequent analyses due to vacuum
leaks and light emission causing a decreased performance.

83mKr calibration Due to the large volume of the TPC and the self-shielding
properties of LXe it is impossible to calibrate its central region using external sources like
137Cs. The XENON1T experiment made use of 83mKr as a calibration source, delivering
two monoenergetic low-energy single scatters of ER type, with energies 32.1 keV and
9.4 keV, Fig. (1.12). This isotope is very useful because as a noble gas, it can diffuse
uniformly throughout the volume of the TPC. Therefore we have a spatially uniform
calibration of the detector in low energy, appropriate for the energy region of interest.
On the other hand, its half-life is only 1.8 h i.e., within a few hours from the end of a
calibration, its levels have returned to zero and thus does not affect data taking [140].
83mKr originates from the electron capture decay of 83Rb. A source of 83Rb is installed
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Figure 1.11 – Gain evolution for three PMTs for SR0 and SR1, measured in LED
calibrations. Also shown are two PMTs which presented a decreasing performance with
time due to vacuum leaks. The coloured bands represent the periods of the various
calibrations inserted between the regular background data taking (white regions). Figure
from [122].

in the purification system in order for the daughter isotope to be released into the TPC.
Normally the long lived 83Rb is not emitted inside the TPC [141]. However, during SR1
it was found that there was a contamination of 83mKr events in background datasets,
possibly originating from an introduction of an amount of 83Rb at some point during
SR0, due to an improperly sealed source valve. In (3.2.1) we will present a specific cut
that was developed in order to address this contamination at the level of the analysis.

220Rn calibration Another intrinsic calibration source used is again a noble gas,
220Rn with a half-life of 56 s. A source of 228Th is used, which efficiently emanates 220Rn
[143]. This isotope is then flushed into the TPC through the stream of GXe. Then, in
the 220Rn decay chain Fig. (1.13), α, β and γ radiation is produced that can be used for
calibrations in various energy regions, as was also done in the XENON100 detector [144].
For example, the beta decay of 212Pb is used for low-energy ER calibration. The half-life
of this process is 10.6 h thus the corresponding activity is completely reduced in 2-3 days
after each calibration. Also the α-decays from 220Rn and 216Po, because of their high
energy, can be used to derive a correction map for the light collection efficiency across
the TPC [145], due to the fact that the response of the PMTs is non linear for such high
energy events. This correction is necessary for searches of rare events, as the neutrinoless
double-beta decay, in the high energy spectrum. Finally, another possibility provided by
this source is that the delayed coincidence between the 220Rn and the 216Po decays can
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Figure 1.12 – Decay modes of 83Rb to the metastable state 83mKr and its subsequent
decay via emission of two conversion electrons with energies 32.1 keV and 9.4 keV used
for the low energy ER calibration of the detector. Figure from [142].

be used to evaluate the atomic velocity as a function of the position, thus obtaining a
map of the fluid dynamics of LXe inside the TPC [144].

Figure 1.13 – The decay chain of 220Rn. Also shown are the decay modes and their
correspondent half-lifes. Figure from [146].

Neutron calibration
The detector response to nuclear recoils is calibrated in two principal ways: First with

the use of an 241AmBe source, deployed using the belts shown in Fig. (1.14), allowing
also the vertical movement of the source in two angular positions. Also a belt surrounds
the cryostat from the bottom. The tungsten collimators, in which the calibration sources
are situated, are placed out of the water during normal (background-only) runs. They
allow the particles to exit into a cone with 40◦ opening. This allows the reaching of the
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central volume when the collimator is located at half height of the TPC. Second, use is
made of a Deuterium-Deuterium (DD) fusion neutron generator, producing neutrons with
energies at O(MeV) [147]. This generator consists of a chamber that is filled with 2D.
The necessary voltage to start a discharge, between an anode and a cathode inside the
chamber, is reached by reduction of the pressure of the deuterium gas. The gas becomes
ionized and once in the field cage of the cathode the ions are confined by a strong electric
field. When the Coulomb barrier between ions is overcome, the fusion reaction take place:

2D+2 D→3 He (0.82 MeV) +n (2.45 MeV) (1.19)

The final energy spectrum of the neutrons is, however, not a single peak centered at
2.45 MeV, but two peaks, at 2.2 MeV and 2.7 MeV. That is because, for the two-body
process (1.19), the cross section is dependent on the angle between the momentum of
the emitted neutron relative to the momentum of the incident deuteron, resulting in a
spectrum, in the lab frame, having two peaks which corresponds to the extreme cases of
emission angles π and 0.

Because such a neutron generator can produce a neutron flux of 107 n/s it is necessary
to be modified in order to reduce this flux to 10 n/s as, for our application of calibration
of the response to nuclear recoils, we want to achieve a reduced rate of pile-up events.
The generator can also be placed in three locations around the cryostat so as to achieve a
uniform illumination of the active volume.

Figure 1.14 – Representation of the system of external calibrations around the cryostat.
Blue belts allows a vertical movement of sources placed inside a W-collimator (tungsten
alloy (95% W)) for calibrations in two angular positions, while the red belt can also
reach the bottom part of the detector. Also shown is the DD-fusion neutron generator
positioned vertically near the cryostat.
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1.2.4 From LXe microphysics to the observable signals

We will now present how observable signals relate to the microphysics of the intrinsic
response of LXe, as well as, the detector reconstruction effects that we must take into
account in the analyses that will follow.

The response of LXe to an interacting particle depositing a quantity of energy is
described following the model of the Noble Element Simulation Technique (NEST)
[148, 149]. Equation (1.14) with the three main ways of energy repartition, ionization,
excitation and thermalization, is modified as the latter is undetectable in the XENON1T
detector. The deposited energy E can be reconstructed only using the observable quanta,
number of excitons and ion-electron pairs, Nex and Ni respectively. We can write the
energy deposited in a single interaction as

E =W (Nex +Ni) (1.20)

Where W is defined to be a mean work function for the production of one quantum,
either exciton or electron-ion pair which, for LXe is found to be (13.7± 0.2) eV [148].
Normally we would have to define two different W-values for the two distinct processes
(exciton formations and electron-ion pair creation) but these would be difficult to determine
experimentally. Instead, an average value describing both can be shown to be sufficient for
the interpretation of the experimental results [150, 151]. The energy calculated by (1.20)
has advantages over an attempt to calculate it only through scintillation, as in such a case
a calibration that would depend on the drift electric field would be required. There would
also be non-linearities resulting from the energy dependence of the recombination part
of the exciton formation (see Fig. 1.6). Now the difference in the energy scale between
electron recoil and nuclear recoil can be described just by the, so-called, Lindhard factor
L (see below) [152].

The energy loss due to thermalization of the recoiling particle can be described as a
binomial fluctuation of the total number of observable quanta Nex +Ni:

Nq ∼ Binom(E/W,L) (1.21)

In this relation, L is a factor expressing the fraction of energy loss in thermalization.
In the case of electron recoils this loss is negligible because of the very small electron mass
compared to the mass of the Xe nucleus, but in the case of nuclear recoils, a non-negligible
amount of the kinetic energy in transferred, via elastic scattering, to Xe atoms resulting
in an L of 0.1-0.2. This parameter is described by Lindhard’s theory [153, 154] as:

L= kg(ε)
1 +kg(ε)

With k a constant and g(ε) a function of the energy and is proportional to the ratio
of the electronic to the nuclear stopping power [155]. Also ε is a dimensionless quantity
which, for a nucleus with atomic number Z, is given by [149]:
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ε= 11.5(E/keV)Z−7/3

As Nq =Nex+Ni and Nq are given by (1.21), the binomial fluctuations of Ni depend
on the mean ratio of excitons to ions 〈Nex/Ni〉:

Ni ∼ Binom
(
Nq,

1
1 + 〈Nex/Ni〉

)
and also Nex =Nq−NI . In order to calculate the final number of scintillation photons

Nγ and ionisation electrons Ne that will eventually generate the signals S1 and S2, we
must take into account the recombination process, through the recombination fraction r,
which essentially describes the probability of ion-electron recombination and its further
contribution to the scintillation light. If we write as (1− r) the probability that an
ionisation electron will escape recombination then:

Ne ∼ Binom(Ni,1− r)
Nγ =Ni−Ne+Nex

(1.22)

In (1.18) we have described the recombination probability as a function of the linear
energy transfer for long tracks. However when the particle tracks are smaller than the
thermalization distance of the ionization electrons, then the length of the track is of no
relevance and the theory behind equation (1.18) (Onsager Theory) break down. In that
regime the so called Thomas-Imel box model is used instead as an alternative and more
accurate description of the ionisation process [156]. In that model the mean recombination
fraction, which is dependent on the deposited energy and the drift electric field F, is
described as:

〈r〉= 1− ln(1 +Niς/4)
Niς/4

(1.23)

And here ς describes the dependence of the recombination on the electric field and
is parameterised by a power-law ς = γF−δ with the parameters γ and δ being extracted
from a fit of the detector response model on actual data. One must also take into account
the fact that the recombination fraction fluctuates intrinsically [157] and also due to
detector effects, such as field non-uniformity (for example near the cathode). If ∆r is the
recombination fluctuation then one can model r as:

r ∼Gauss(〈r〉,∆r)

This fluctuation around 〈r〉 is parameterised with an empirical formula containing two
free parameters q2 and q3, ∆r = q2(1−e−E/q3). This, takes into account the observation
that a constant recombination fluctuation results for energy deposits larger than 2 keV,
together with the implicit assumption that ∆r→ 0 as E→ 0.
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For NR, this modelling is found to be consistent with the data and also that ∆r can
be set to zero in the detector response model as is much smaller than the fluctuation due
to Ne (1.22) [158].

For ER, measurements have shown that, for energies below 3 keV and above 10 keV
the process of recombination is still not fully captured by the Thomas-Imel box model.
For that reason an empirical modification was introduced to account for these deviations,
where the equation (1.23) and ς are modified for ER as:

〈r〉er = 1
1 +e−(E−q0)/q1

(
1− ln(1 +Niςer/4)

Niςer/4

)
ςer = γere

−E/ωerF−δer
(1.24)

where again the parameters q0, q1,γer,ωer and δer are determined matching the model
with actual data obtained from the detector.

Now the mean photon and charge yields can be defined:

〈Nγ/E〉= 1
W

〈r〉+ 〈Nex/Ni〉
1 + 〈Nex/Ni〉

〈Ne〉/E = 1
W

1−〈r〉
1 + 〈Nex/Ni〉

(1.25)

using for ER and NR the corresponding quantities from the previous equations. In Fig.
(1.15) is shown the mean photon and charge yields for NR and ER for the XENON1T
data fit, and comparison from various other measurements.

1.2.5 Reconstruction of the S1 and S2 signals

Let’s examine how the physical signals are reconstructed by the detector. Signals at the
PMTs exceeding a certain threshold above the baseline are digitized by the data acquisition
system [169]. We refer to them as pulses of the corresponding PMT channel. An event
builder is used online to group these pulses into events, triggering on S1 or S2 candidates
and storing a waveform window of 1 ms around each trigger. These grouped pulses are
subsequently segmented into smaller intervals called hits, by separating individual signals,
which may have been grouped into the same pulse waveform. This segmentation is done
offline by the data processor PAX [170] developed by the collaboration. Afterwards the
hits coming from different channels are grouped into clusters in time, forming structures
called peaks corresponding to the ionization or scintillation signals. The properties of
the peaks (their area, various measures of width5, their amplitude in the gain-corrected
sum waveform), are computed by the data processor. A peak is classified as an S1 if
its waveform is rising sufficiently fast and has at least three contributing PMT channels.

5That is, the duration containing various percentages of the total area.
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Figure 1.15 – The mean photon and charge yields for NR (upper panel) and ER (lower
panel) measured in XENON1T. The blue solid line and region are the median and
15%-85% credible interval. Also the dashed lines and arrows indicate the energy region
where the detection efficiency of XENON1T drops to less than 10%. Also shown are the
corresponding measurements in XENON100 [158]. The black solid line is the best fit from
NEST v2.0 [159] along which are shown various other measurements from [160, 161, 157]
for ER and [162, 163, 164, 165, 166, 167, 168] for NR.

An S2 is characterized by a slower waveform rising and is classified as such if it has at
least four PMTs contributing Fig. (1.16). For S1s, only hits with maxima within a 100
ns window centered on the maximum of the sum-waveform for all channels are counted
for the latter requirement. Then pairings of events, called interactions, are formed by
searching each event for a valid S1-S2 pairing. The pairing search starts by the largest
S1 and S2 of the waveform. For each pair the 3-dimensional position of the event is
calculated by the reconstructed lateral (x-y) position of its S2 and the time difference
between the maxima of the S1 and the S2 (the drift time). The lateral x-y position of
the S2 is computed based on a likelihood maximizer that compares the observed top
PMTs hitpatterns with corresponding hitpatterns generated from optical Monte Carlo
simulations. The radial resolution achieved was shown to be < 2 cm. Also, the electron
drift velocity is measured by the drift time distribution and the known length of the TPC.

45



Chapter 1. The Dark Matter problem and the search for a direct detection

Figure 1.16 – An event, recorded in XENON1T. In the middle panel we see a 2 ms
waveform of the event. A peak at 382 µs was identified as an S1 due to its sharp rise as
we can see in a zoom presented in the first plot of the top panel. Its area, of 76 PE, was
calculated by the data processor. The PMTs contributing in this peak can be seen in the
red dots of the lower panel, while their distribution in the bottom PMTs array can be
seen in the third plot of the upper panel. Then at a time of 1004 µs a peak was identified
as an S2. We can see a zoom of it in the second plot of the upper panel. Its area was
evaluated at 2120 PE and the PMT channels contributing are seen in the lower panel. In
the last plot of the upper panel is shown the top hitpattern or the S2, used to reconstruct
the position of the event.

Further computation of higher level data concerning signal corrections that we will
describe below, are done with the custom software package HAX [171].

The performance of the data processor is evaluated using simulated PMT signals
from a waveform simulator. This simulator employs data-driven models of XENON1T
detector concerning the specific properties like the scintillation light pulse shape, the
spatial dependence of the light collection efficiency, the diffusion of electrons during drift,
PMT afterpulses, the single electrons generated by photo-ionization of impurities and their
time profile (2), and the electronic noise. The simulations are validated by comparison to
83mKr and neutron calibration data.

1.2.6 Corrections for the reconstruction effects

We have described the generation of the observable signals from the LXe microphysics,
after an energy deposition inside the active target of the detector, and the reconstruction
of events from the data processor. We must now take into account the reconstruction
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effects related to the detector parameters. For example, the position dependence of the S1
and S2 signals due to the spatial dependence of the light collection efficiency, the loss of
ionisation electrons due to their attachment to electronegative impurities in LXe, during
their drift towards the phase boundary, the effects of single and double photoelectron
emission at the photocathode of the PMTs [172, 173].

Between the photons produced by scintillation and their detection as an S1, a series
of efficiencies are inserted, associated with the light collection efficiency εL, the average
quantum efficiency and the average photocathode collection efficiency of the PMTs, εQE
and εCE respectively. Concerning the S2 signal, this is formed by the amplification of
the ionisation electron cloud, drifted towards the phase boundary. This amplification is
described by the gas gain G i.e., the number of photoelectrons per electron extracted in
the GXe, which is dependent of the x-y position of extraction. Also there is a probability
of extraction for each electron reaching the phase boundary, the extraction efficiency E
which also has a spatial dependence. The extraction efficiency will be studied in detail
in Section (2.10). Now, if pdpe is the probability for the photocathode of the PMT to
emit two photoelectrons when absorbing a photon, then we can define the energy scale
parameter g′1(x,y,z) as the average number of photoelectrons produced per primary
scintillation photon and the amplification of the charge signal g′2(x,y):

g′1(x,y,z) = (1 +pdpe)εLεQEεCE
g′2(x,y) = E(x,y)G(x,y)

(1.26)

What is used in the various analyses is the average over the active volume of (1.26),
denoted g1 and g2. These average values will be used also in Section (3.2.1) to define a
combined energy scale. If we denote as Nhit the number of hits detected and Npe the
number of photoelectrons generated from the photocathode of the PMTs, then these
could be described by the following binomial processes:

Nhit ∼ Binom(Ngamma,εLεQEεCE)
Npe−Nhit ∼ Binom(Nhit,pdpe)

(1.27)

However (1.26) does not capture the dependence of the S2 signal on the depth of the
events. This dependence arise from the fact that the ionisation electrons, drifting towards
the phase boundary can be attached to electronegative elements such as oxide, carbide
and nitride impurities existing in ppb concentrations (in the O2-equivalent level) within
the LXe of the detector and derived by outgassing from the detector’s materials. This
attachment of impurities S with drifting electrons e, consists in a formation of a negative
ion:

e+S→ S−
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a process which subsequently weaken the ionisation signal. For a certain ionisation
signal, the concentration of such impurities [S] and the concentration of the ionisation
electrons [e] can be described by a relation of the form:

d[e]
dt

=−ks[e][S] (1.28)

Where ks describes the attachment rate. Solving (1.28) for a constant [S] we get the
temporal variation of [e]:

[e(t)] = e(0)e−ks[S]t

from which we can define a characteristic time τe = (ks[S])−1 for the process of the
electron attachment. In that context, this will be referred to as the electron lifetime.
The ratio of this characteristic time to the maximum drift time, determine the maximum
charge loss during the drift. To keep the concentration of these impurities in the ppb
level, the Xe gas must be continuously purified. This is achieved by a purification loop,
where a rare gas purifier (getter) removes the impurities via the formation of chemical
bonds with the getter material (zirconium).

Finally the number of electrons survived the drift and the extraction Next can be
described by:

Next ∼ Binom(Ne,e
−z/(τeud)E)

where ud is the drift velocity. The secondary scintillation light produced can be
approximated as:

Nprop ∼Gauss(NextG,
√
Next∆G)

with ∆G being the spread of the gas gain, determined with the method presented in
Chapter (2). There we will also present an alternative model for the secondary scintillation
light which best describes the light produced for the case only a few electrons are being
extracted.

The S1 and S2 signals are then constructed from Npe and Nprop by the digitizer and
the clustering and classification software. We account for the biases and the fluctuations
inserted in this process, writing S1 and S2 as:

S1/Npe−1∼Gauss(δs1,∆δs1)
S2/Nprop−1∼Gauss(δs2,∆δs2)

(1.29)

where δ and ∆δ for S1 and S2 are parameters accounting for the bias and spread of
the reconstruction, respectively. These biases are estimated from the waveform simulator.

48
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Finally the two signals are corrected for their spatial dependence. Assuming that the
reconstruction fluctuations in the x and y axes are identical, we can write the reconstructed
position xr = (xr,yr) as:

xr ∼Gauss(x,σp)

with σp the position resolution. The corrected S1 and S2, denoted cS1 and cS2, are
written as:

cS1 = S1 g1
g′1(xr,yr,zr)

cS2 = S2 g2
g′2(xr,yr)ez/(〈τe〉ud)

(1.30)

with 〈τe〉 the average electron lifetime measured. This is evaluated in intervals of 2-3
weeks using the 41.5 keV line from 83mKr calibrations, fitting the S2 signal as a function
of the drift time. The same quantity can be evaluated using any other monoenergetic line,
for example α-decays of 222Rn and 218Po observed in background data. It was observed
that these two methods present an offset of 10% of unknown origin, Fig. (1.17). It was
hypothesised that the discrepancy originates from small inhomogeneities of the drift field,
as the charge yield of α-decays has a larger dependence on the electric field, compared to
NR and ER. Due to the fact that the line of 83mKr source is closer to the energy region of
interest for dark matter searches, it was decided to use the τe measured from the 83mKr
line for the S2 signal correction.

Figure 1.17 – Evolution of the electron lifetime, during SR0 and SR1. Here are shown
measurements of the electron lifetime from 83mKr, 222Rn and 218Po decays. The sudden
decreases corresponds to changes in the detector parameters accompanied by releases of
impurities which are then removed through the purification process.
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1.2.7 Some scientific results of the XENON1T experiment

We will now present some scientific results from the analyses of the data of SR0
and SR1. The analyses presented in Chapter 3 and 4 will be two additional results
that will be added to those of this section. In Fig. (1.18) is shown the evolution of the
livetime acquired during the two scientific runs accumulating the data that will be used
in subsequent analyses.

Figure 1.18 – Evolution of the live time accumulated during SR0 and SR1, as a function
of the date. The blue line is the accumulated dark matter exposure versus real time,
corrected for time periods removed due to DAQ dead-time, muon veto triggers or down-
time, photomultiplier malfunctions, or brief periods of increased detector activity, following
high energy background events. The final dataset is based on 32.1 (SR0) plus 246.7 (SR1)
days of exposure, creating a combined data set of 278.9 days, equivalent to one ton-year
using the estimated 1.3 ton fiducial volume. Also shown, with colored bands, are the
calibration intervals with the sources presented previously in this Chapter.

WIMP-nucleon spin-independent interaction

The data collected from 278.9 days, corresponding to an exposure of 1.0 t×yr, were
blinded in the energy region of interest, [1.4,10.6] keVee prior to fixing event reconstruction
and selection criteria. No significant excess over the background was found and a profile
likelihood analysis parameterized in spatial and energy dimensions excluded new parameter
space for the WIMP-nucleon spin-independent elastic scattering cross-section for WIMP
masses above 6 GeV/c2, with a minimum of 4.1× 10−47 cm2 at 30 GeV/c2 and 90%
confidence level.

An imminent detector upgrade, XENONnT, will increase the target mass to 5.9 t.
The sensitivity will improve upon this result by more than one order of magnitude.
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Figure 1.19 – 90% confidence level upper limit of the WIMP-nucleon σSI with the 1σ
(green) and 2σ (yellow) sensitivity bands [94].

WIMP-pion coupling

Other physics channels were explored using the same data, for example scalar couplings
of WIMPs to virtual pions exchanged between the nucleons in a nucleus. This interaction
is generated when the WIMP couples to a virtual pion exchanged between the nucleons. In
contrast to most nonrelativistic operators, these pion-exchange currents can be coherently
enhanced by the total number of nucleons and therefore may dominate in scenarios
where spin-independent WIMP-nucleon interactions are suppressed. Also this process
is the dominant of SD interactions. Again no significant excess was observed over the
background and upper limits were set for the wimp-pion coupling.

WIMP-nucleon spin-dependent interaction

Moving down to the hierarchy of the expected nuclear response to WIMPs we have
also studied the spin dependent interaction, the axial vector part of which couples with
the nuclear spin. For zero momentum transfer the structure factor in the calculation of
the differential cross section explicitly depends on the expected values of the nuclear spin
operator:

SA(0) = (2J + 1)(J + 1)
4πJ |(a0 +a′1)〈Sp〉+ (a0−a′1)〈Sn〉|2 (1.31)

where J is the initial ground-state angular momentum of the nucleus, a0 and a1
the isoscalar and isovector WIMP-nucleon coupling respectively, 〈Sp〉 and 〈Sn〉 are the
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Figure 1.20 – 90% confidence level upper limit of the WIMP-pion coupling as a function
of the WIMP mass for the 1 t yr exposure of XENON1T data with the 1σ (green) and
2σ (yellow) sensitivity bands [174].

expectation values of the total proton and neutron spin operators in the nucleus, and
a′1 contains a correction to the isovector coupling a1 due to chiral two-body currents
involving the exchange of a pion. Here we study the two special cases a0 = a1 = 1 ("proton
only") and a0 =−a1 = 1 ("neutron only"). Xenon has two naturally occurring isotopes
with nonzero nuclear spin, 129Xe (spin 1/2) and 131Xe (spin 3/2), and as they have an
odd number of neutrons we are more sensitive to the neutron only analysis but also for
the proton only case a limit can be set, because the total proton spin operator have a
non zero expectation value. This limit is, indeed, more than an order of magnitude less
restrictive with respect to the neutron only case [175].

Two-neutrino double electron capture

Another physics channel analysed concerns the double electron capture (DEC) of
124Xe, an extremely rare SM process, with an expected -life of the order of ∼ 1022 yr.
In the two-neutrino case (2νECEC), two protons in the nucleus simultaneously convert
into neutrons by the absorption of two electrons, mostly from the K atomic shell, with
the emission of two electron neutrinos (νe). The nuclear binding energy Q released in
the process (O(MeV)) is mostly carried away by the two neutrinos but the filling of the
vacancies results in a detectable cascade of X-rays and Auger electrons which should
produce an observable signal in the detector expected around the energy of E0 = 64.3 keV.
The data collected was blinded around this energy region of interest and unblinded after
data quality criteria, fiducial volume, and background model had been fixed. In this
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Figure 1.21 – XENON1T 90% C.L. up-
per limit on the spin-dependent WIMP-
neutron cross section from a 1 ton year
exposure.
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Figure 1.22 – XENON1T 90% C.L. up-
per limit on the spin-dependent WIMP-
proton cross section from a 1 ton year
exposure.

energy range the dominant background is 125I coming from neutron activation of 124Xe
that occurs after neutron calibrations or interactions with environmental thermal neutrons.
The neutron activated Xe decays to 125I via electron capture and 125I decays to an excited
state of 125Te that subsequently de-excite producing a mono-energetic peak at 67.3 keV,
i.e. close to E0 with the energy resolution of the detector at E0 being 2.6 keV. The 125I
is removed from the detector with a time constant of 9.1 days due to the continuous
purification of the detector’s xenon inventory by circulation over hot zirconium getters.

After unblinding of the signal region, a clear peak at E0 was identified. The energy and
signal width obtained from the spectral fit to the unblinded data are E0 = (64.2±0.5) keV
and σ = (2.6±0.3) keV. Converting the fit to a total event count yields N125I = (9±7)
events from the decay of 125I and N2νECEC = (126±29) events from 2νECEC. Compared
to the null hypothesis, the

√
∆χ2 of the best fit is 4.4 σ. The corresponding half-life for

the K-shell double electron capture of 124Xe is T2νECEC = (1.8±0.5 stat±0.1 sys)×1022 y.
This is the longest half-life ever measured directly.
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Figure 1.23 – The energy region of interest for the 2νECEC of 124Xe with the best fit
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and is clearly incompatible with the data [176].
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Chapter 2

The Single Electron background
of the XENON1T detector

2.1 Introduction

The events as defined in Chapter 1 are triggered by an S1 or an S2 signal, corresponding
to a production of scintillation and ionization. The S2 signal that can trigger the recording
of an event corresponds, as we saw, to the proportional scintillation of many electrons
that are extracted in the GXe. However, observing the waveform of triggered events we
also see that the detector is sensitive to S2 peaks of much lower intensity. This can be
seen, for example, from the presence of small peaks that follows (or even precede) the
main S2 signal in Fig. (1.16). The total area of these peaks is in the region below 150 PE
and therefore cannot be attributed to a deposition of energy by a particle interacting in
the active target. The width of these S2s is consistent with just one, or few, electrons
being extracted and producing secondary scintillation. These single electrons (SE) are
of particular interest because their presence dominates the small S2 spectrum of the
detector.

Such small charge signals have also been observed in the TPC of ZEPLIN [177, 178]
and were the subject of a dedicated study in the XENON100 experiment [179, 106]. There
are various mechanisms to which the creation of SE inside the TPC can be attributed. A
well known mechanism consists in the photoionization of metal surfaces and impurities
from the light of a main S2. Other mechanisms that have been proposed incude effects such
as electrons trapped in the liquid-gas interface and their subsequent delayed extraction, a
possible existence of long-lived excited states of Xe or of its impurities and the Malter
effect i.e., the variation with time of the cathode’s local working function resulting in
electron emission [180].

In recent years, there has been a growing interest in the study of these mechanisms as
well as in finding ways to minimize the presence of SEs, exactly because the sensitivity
of the detector, in such small charge signals, can be used for the search of a light and



Chapter 2. The Single Electron background of the XENON1T detector

leptonically interacting dark matter. Indeed in the case of a dark matter interacting
with electrons, as suggested by theories beyond the WIMP paradigm predicting a light
dark matter particle with mass in the sub-GeV scale, such a particle could scatter off an
electron of the Xe atom resulting in its ionization and the eventual production of one or
few single electrons that could be extracted and producing proportional scintillation. In
Chapter 4 we will calculate the rate of events expected from such a theory and use the
small S2 spectrum in order to set limits in the DM-e− scattering cross section. In such a
search, the single electron production mechanisms listed above constitute a background
which today is not even fully understood. The consequence is that this search is made
without the possibility of a background subtraction and therefore without the possibility
to claim an excess over a know background, as can be done with NR of ER. Thus, the
study of single electrons is twofold. First it aims in a characterization of as many SE
sources as possible and, at the same time, aims to find ways to limit these backgrounds in
order to search in the low energy region of the S2 spectrum for a leptonically interacting
dark matter.

2.2 Use of Single electrons as a calibration source

Among the various sources of the single electrons background there is one that can
be used to study the detector’s response, to model its low-energy spectrum, but also
to be used as a natural source for calibrating and finding key features related to the
physics processes, taking place inside the detector. This category concerns single electrons
induced from the photoionization of impurities inside the liquid phase. In particular, the
space inside the active volume of the TPC, is dominated by ionization electrons which
are drifted towards the liquid/gas interface, following the drift electric field. The presence
of oxygen molecules, in very small percentages inside the LXe, results in the capture of
some of the drifting electrons by these molecules and the formation of bound anionic
states of oxygen, with a small binding energy of about 0.45 eV. These anions can be easily
dissociate via interaction with the VUV photons of the S2 scintillation light resulting in
the release of the extra electron, Fig. (2.1). This population presents a number of distinct
features which we will study below. We can see the presence of this population if we focus
on the very low-intensity S2 peaks, found in the waveform of each triggered event of any
run, with or without a calibration source. Because, since this background is related to
the response of parts of the detector to the two main signals, it is always present. Thus it
can be detected in large populations even in dark matter search datasets. In fact, it is
exactly this background that constitutes an ultimate limit in the search for dark matter
of small masses, as we will see in the last chapter of this work.
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Figure 2.1 – Schematic representation of the main mechanism of production of the single
electron background.

2.3 Single electrons from photoionization

In this section we will study the population of small S2s that follows a main S2.
Observing the waveform of an event, Fig. (2.2), we see the characteristics of this
population by looking at the small peaks recorded immediately after the detection of a
main S2, in the time axis but also in their distribution in the PMTs arrays.

We see that, for a certain period of time, a population of peaks is dominant and
that these are distributed homogeneously, at first sight, to the PMT arrays. This time
period seems to be around 700 µs and corresponds, approximately, to the time required
for electrons produced in the lower part of the TPC to reach the liquid/gas interface, to
be extracted and to produce the S2 light.

Fig. (2.3), shows the distribution of S2 light in the region S2 < 150 PE, which
corresponds, as we will see below, to the simultaneous extraction to the gaseous phase
of up to 5 electrons. This spectrum has been created by summing up the S2 signals of
all PMTs, from a calibration run with a 83mKr source. For illustrative purposes we have
also applied a set of quality cuts before their justification, that will be done in detail in
Section (2.5).

We observe a sharp peak around the region of 30 PE that corresponds, approximately,
to the average light produced by an electron, as it moves in the gaseous phase of Xe (GXe)
under the the strong electric field between the gate and the anode. On a logarithmic scale,
we observe a secondary peak around the double value of photoelectrons ≈ 60 PE. As we will
see below, this corresponds to the case where two single electrons coincide in time, in the
gas gap, and the light produced is detected by the peak finding algorithm as a single peak
with an area (corresponding to the intensity of this scintillation light) equal to the sum of
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Figure 2.2 – Waveform of a recorded event. A main S1 and main S2 are identified. The
main S2 is followed by a population of small peaks, identified as S2 type.

the two signals. The light emitted by electrons, through the proportional scintillation
in the gas, is observed both by the top array of PMTs (mainly by the ones closer to the
electrons extraction point) and by the bottom array (relatively homogeneously, due to
the diffusion of the light into the LXe phase). The S2 signal has been summed over all
PMTs channels, the peak finder algorithm is activated to search for a set of simultaneous
hits, and the peak has been identified as unique.

2.4 Modelization of the single electrons spectrum

Taking into account the physics of the production of the secondary scintillation light,
we can see that the low-energy spectrum can only correspond to light produced by a
single electron, in its acceleration in the gaseous phase, while the tail following this S2
distribution, is probably due to accidental coincidences of two or more electrons, according
to the previous description. As a first approach, this leads us to formulate a model that
could describe the spectrum of Fig. (2.3). The distribution of light produced by a single
electron could be described by a Gaussian function centered around a certain mean value,
corresponding to the average number of photoelectrons observed per extracted electron,
with a specific standard deviation. This is because, through the process of scintillation
of the GXe by an electron accelerating into the gas gap, a specific number of photons
will be produced, following a Poisson distribution. These photons will be detected by the
PMTs, if they can overcome the electronic noise threshold, and then they will be found
by the peak-finding algorithm. Let’s assume that, on average λ photons are produced

58



2.4. Modelization of the single electrons spectrum

Figure 2.3 – Raw spectrum of the area of small S2 peaks detected during a calibration
with a 83mKr source. A series of data quality cuts have been applied before present them
in detail.

per extracted electron. Then, the number n of photons produced per electron could be
described by a Poisson distribution:

P (n|λ) = λn

n! exp(−λ) (2.1)

It will therefore be a distribution with a mean value λ and a standard deviation
√
λ,

while the pileup of two electrons, simultaneously crossing the gas gap, and the scintillation
produced by each of them being described by the relation (2.1), will produce n photons
which will be distributed according to the distribution P (n,2λ). With the same reasoning
we can generalize the model for all orders of pileups. So, a first thought to describe the
spectrum of Fig. (2.3) would be a sum of Poisson’s distributions that would describe the
S2 distribution of single electrons and their pileups as a sum of Poisson distributions with
an average value of integer multiples of λ and standard deviations of

√
i-multiples of

√
λ,

with i= 1,2, . . . ,5, to include up to 5 extracted electrons.
Of course, in Fig. (2.3), what we see is not the photons created by the electrons, but,

from those photons that were finally observed by the PMTs, we see the signal produced
at the anode of the PMTs, normalized to photoelectrons i.e., the average induced voltage
on the output of the PMT by the cascade of electrons after an incident photon. This
stochastic process, which depends on the gain of the PMTs, is introduced on top on the
physical process (2.1) and is essentially what we see in Fig. (2.3). For relatively large
values of λ, the conversion of the number of photons into photoelectrons can be perceived
as a continuity correction and, thus, we can approach the distribution of photoelectrons
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as a normal distribution, with an average value of µ, and standard deviation σ (with σ
quite close to

√
(µ)). As for the pileups of single electrons, they can be described with

the sum of multiple normal distributions, with mean value iµ and standard deviation
√
iσ

for i= 1,2 · · ·Np, to include up to Np pileups. The model parameters will be determined
by a fit on the data.

If we try to fit this model to the spectrum of Fig. (2.3), we will find that it does not
describe well the data. This is mainly because, it is clear that, for very small values of
S2, the data does not appear to be well described by a normal distribution. It seems
that there is a threshold effect, which was already known to the XENON100 detector,
due to a combination of effects. One reason may be that, for low-intensity S2s, there is
a suppression of the signals due to a drop in the efficiency with which the peak-finder
algorithm can detect small S2 signals. Another reason is the fact that there is a sagging
and a residual tilt of the TPC, an effect which we will consider in the next section,
which implies an dependence of the extraction electric field on the x-y position. This
fact introduces in (2.1), a dependence of the rate λ with the horizontal position of the
extracted electron. The fact that the spectrum of Fig. (2.3) results from the sum of the
S2 light from electrons extracted from many different horizontal positions, not necessarily
homogeneously distributed, definitely influences the lower part of the distribution of
photoelectrons coming from single electrons. In this section, we will try to take this effect
into account by introducing, in the model we developed above, a continuous threshold
function, such as a Fermi-Dirac function, which will play the role of a kind of detection
efficiency connecting the area of low S2 with the normal distribution for larger S2. In
short, our model for single electrons and their Np pileups, can be written as:

f(S2) = 1
exp(−S2−sthr

∆s ) + 1

Np∑
i=1

Ak exp
(
− (S2− iµ)2

2iσ2

)
(2.2)

In this model we have a total of 4+Np free parameters which will be determined by
the fit on the data. Specifically we have Np amplitudes Ai that represent the frequency
of each population, the parameters µ and σ that represent the secondary scintillation
gain and the standard deviation in units of PE per extracted electron, as well as two
additional parameters sthr and ∆s, with which we will try to describe the apparent drop
in detection efficiency for small S2 signals and the consequent deviation from the normal
distribution. In this section we will study the range of energies [0,150] PE, corresponding
to up to about 5 extracted electrons, so here we should have Np = 5 and therefore 9 free
parameters. However we will make use of two supplementary peaks as the lower tail of
Gaussian describing pileups of 6 of 7 electrons can enter the region [0,150] PE, thus their
inclusion can contribute to the improvement of the fit near the upper bound of 150 PE.
So here we will rather have Np = 7 and 11 free parameters.
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2.4.1 The Fit Method

To fit the model (2.2) to the data of the spectrum of Fig. (2.3) we will use a Bayesian
Markov Chain Monte Carlo (MCMC) method [181, 182]. Specifically, we will form the
likelihood function of the model.

This function refers to the likelihood of finding (d1,d2, · · · ,dNbins) counts in each, not
empty, bin of the histogram, given the parameters of the model (x) = (µ,σ,sthr,∆s,h1,h2, . . . ,h7).

L(x|S2) =
Nbins∏
i=1

exp
(
−1

2
(di−f(S2i|x)

σ̂i

)2)
= exp

−1
2

Nbins∑
i=1

(di−f(S2i|x)
σ̂i

)2
 (2.3)

Where di is the content of each bin and σ̂i the statistical error associated which here
we will consider equal to

√
di for i= 1,2, · · · ,Nbins.

Then, given the data and this likelihood, the probability p(x) is:

p(x) = 1
Z
L(x|S2)Prior(x) (2.4)

where Prior(x) is a prior estimation on the values of the parameters x and Z is a
normalization constant which is independent of the parameters.

A useful method to identify the optimal parameters and their statistical error as well as
the corresponding covariance matrix, is to generate a sample of values xt from the posterior
distribution p(x). The goal of the MCMC algorithms is to make a sampling of values xt
from the relation (2.4). This is done with a procedure capable of generating a Markov
chain X(t) = xt in the multidimensional space of the parameters x (lets call it P), that
after a certain time of random walk in P collects a representative set from the distribution.
An algorithm that encodes this process is the Metropolis-Hastings Algorithm [183], which
is an iterative procedure: Let a point X(t) ∈P . A certain transition distribution Q (often,
a multivariate Gaussian distribution centered on X(t)) randomly selects a new point
Y ∈ P , according to the PDF Q(Y |X(t)). This new point is accepted in the sample, (i.e.,
X(t+ 1) = Y ) with a probability:

min
(
1, p(Y |S2)
p(X(t)|S2)

Q(X(t)|Y )
Q(Y |X(t))

)
Otherwise, X(t+ 1) = X(t). It can be proved that, as t→∞, this algorithm con-

verges to a stationary set of samples from the posterior distribution p(x|S2). Then, the
expectation values of the parameters can be approximated with the marginalization of
the sampled histogram Xt i.e., a function of the model parameter xt has an expectation
value:

〈f(x)〉=
∫
p(x|S2)f(x)dx≈ 1

N

N∑
t=1

f(xt)
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In this analysis we will select, as the starting point X(t) ∈ P , the maximum likelihood
estimation of the model (2.2). Then making use in (2.4) of a flat uninformative prior,
regarding the prior PDF of the parameters, we will start a set of 500 walkers who will
start to perform a random walk in the space P. When they reach a state of equilibrium
we will select these stationary sets, that correspond to samples of the posterior probability
distribution and we will determine the errors around the mean value of each parameter,
as well as the covariance matrix, by making all possible 2D projections of the sampled
posterior probability distributions.

Figure 2.4 – Fit (statistical errors only) of the single electron model to the data obtained
from runs where a calibration source has been used. The various components of the model
are shown separately.

In Fig. (2.4) we present the result of the fit in blue. Also shown are the contributions of
each normal distribution that describes the single electron pileups as well as the detection
efficiency as determined by the Fermi Dirac function. Due to the very large number of
single electrons, the error bars on this linear plot plot are indistinguishable, while also
the error of the parameters is very small. In Fig. (2.5), we can see the stationary sets
sampled from the Markov chains, where it seems that, after a very short expansion period,
they have stabilized in a specific region of the parametric space, around the maximum
likelihood point.

In Fig. (2.6) we can see the covariance matrix of parameters. We observe strong
correlations concerning mainly the parameters µ and σ as well as their relation to the
parameters of the threshold function.

We see for example an anti-correlation between the parameters µ and σ so that in
case of an upward fluctuation of the value of the secondary scintillation gain this is
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Figure 2.5 – Stationary sets sampled from the Markov chains with 104 steps. As we
can see, starting from an initial value of the parameters corresponding to the maximum
likelihood of the model, very soon, an equilibrium state has been reached. The errors on
the parameters can be determined from these sampled distributions.

mitigated on the fit by a decrease of the standard deviation σ. We also observe a strong
anti-correlation between the value of the secondary scintillation gain with the parameters
of threshold function as, for lower values of µ, it seems that the deviation from the normal
distribution is larger for the first peak, therefore it is necessary to increase the parameter
sthr, as well as step ∆s. Ideally if this threshold function was a Heaviside step function θ,
which would be 0, for S2 = 0, and 1, for S2> 0, or even displaced by an amount of S2,
below which the detection efficiency would be 0 and, above which, would be 1, the two
parameters would increase or decrease together and inversely to the parameter µ.

Because of these corrections and also because of the data-driven approach, on deter-
mining the detection efficiency we will not use the model (2.2). We will rather use an
alternative model that we present in detail in the next two sections.

2.4.2 Simulation of the peakfinder efficiency

As we have seen, a major problem with the model (2.2) is the data-driven description of
the detection efficiency, via the Fermi-Dirac function. This option was well motivated for
the XENON100 detector but the XENON1T clustering and hit-finding algorithm is much
more efficient. In fact, using the waveform simulator developed by the Collaboration, we
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Figure 2.6 – Covariance matrix of the parameters of model (2.2) obtained from two
dimensional projections of the posterior probability distribution (2.4). In the "main
diagonal" of the matrix are also shown the one dimensional projections of the posterior
probability distribution together with the initial values of the fit which correspond to the
maximum likelihood estimation of the model (2.2).

did a systematic simulation of the peak-finding process and determined the peak-finding
efficiency as a function of the S2 area.

Specifically with the waveform simulator we created 30k events with one single electron
each, in random positions inside the TPC. Then the waveforms are processed with PAX
and the result is compared with the "truth" file of the simulator. Specifically, each peak
detected by PAX in the period between the time of emission of the first and the last
scintillation photons, ∆t, produced by the single electron, is examined and compared to
the "truth" information of the simulation. The following considerations emerge in such a
comparison:

• found: A unique peak of type S2 was found inside ∆t.
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• chopped: The peak is split into many fragments but exactly one is of type S2.

• split and misidentified: The peak is split and at least one fragment is of type S1.

• split and unclassified: The peak is split and all fragments are unclassified.

• missed: There is no peak found by PAX inside ∆t.

• unclassified: the peak is found but is not classified.

• misidentified as S1: The peak is found but it was identified as S1.

In Fig. (2.7), we can see the fraction of peaks corresponding to these cases, as a
function of the S2 area.

Figure 2.7 – The fraction of peaks generated by the simulator, corresponding to the cases
listed in the text. We note that nearly all peaks are detected and the drop of efficiency
happens below 10 PE mostly due to wrong classification as S1s.

We note that the main reason for the drop in efficiency in the region below 10 PE is
that PAX fails to classify these peaks as of S2-type. On the other hand, the probability
of a peak to be lost is negligible. We also notice that, for S2 > 10 PE, more than 96%
of the peaks have been found as unique peaks inside the period ∆t. But there is still
a percentage of peaks, found as the only fragment, of S2-type, coming from a larger
peak that it was split by PAX. Because, in this case, the peak of S2-type found was
unique, (while all other fragments in the larger peak where unclassified) we can consider
that practically the true peak has been found by PAX and add this percentage to the
percentage of peaks found as unique. Thus, we can define the detection efficiency of single
electrons as the sum of "found" and “chopped” peaks of Fig. (2.7).

In Fig. (2.8) we see that this efficiency is practically 100% for S2s greater than 10
PE, in contrast to the data driven efficiency curve of Fig. (2.4). The two additional
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Figure 2.8 – The sum of "found" and "chopped" fractions of the simulated peaks of Fig.
(2.7) that constitutes actually the efficiency of detecting an S2.

free parameters Str and ∆s of model (2.2) do not seem to really describe the peak-
finding efficiency but rather the deviation of the SE area distribution from the Gaussian
distribution due to e.g. the dependence of the secondary scintillation gain on the x-y
position, or on other factors that may slightly affect it even within a single run, such as
small changes in liquid level or in the GXe pressure at the gas gap.

2.4.3 Alternative single electron spectrum model

Taking now into account the knowledge gained by the previous simulation of the
peakfinder efficiency by the data processor we see that we have to look elsewhere for the
description of the deviation from the Gaussian behaviour in the region of the first peak
of the single electron spectrum. A more effective model would be to try a smearing of
the underlying Poisson distribution (2.1), that describes the actual physical process of
scintillation, with a Gaussian distribution that would describe the smearing around an
average value µ, with a standard deviation σ. For example, for n photons this would be:

f(n|µ,σ) =
∫

Poisson(n|λ)Normal(λ|µ,σ)dλ (2.5)

Here, the parameter µ will be the estimate of the secondary scintillation gain, as it
will be centered around the average value of the number of produced photons, while σ
will be an estimate of the standard deviation associated with µ as in the model (2.2) but,
this time, it will also incorporate the dependency on the position and the other factors
that may affect the secondary scintillation gain. If we want to expand the model so that
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we can also include the N-order time pileups of single electrons, we can sum up again as
in (2.2):

f(n|µ,σ) =
N∑
k=1

∫
Poisson(n|λ)Normal(λ|kµ,

√
kσ)dλ (2.6)

In addition, we can directly include in this model the area of the S2 peaks, if we
consider again that the transition from the number of hits to the area, through the gain
of PMTs, is a continuity correction in the Poisson distribution of the relation (2.6). In
this case, we can replace in the relation (2.6), the Poisson distribution with the so-called
continuous Poisson distribution [184] and write the distribution of the S2 area as:

f(x|µ,σ) =
N∑
k=1

∫
λx exp(−x)

Γ(x+ 1) Normal(λ|kµ,
√
kσ)dλ (2.7)

In Fig. (2.9) we present a fit of the SE spectrum based on model (2.2) and on model
(2.7). We see that, with two parameters less, the fit is just as good so this model is
more robust. More importantly, in Table (2.1), we observe that the best fit value of µ is
systematically higher for the model (2.7) than for the model (2.2).

The correlation of the sthr parameter of the model (2.2) with µ led to an underesti-
mation of µ. That is to say, the Fermi Dirac curve, while essentially not describing the
peak-finder efficiency, was driven by the data to correct the non-Gaussian form mainly
of the first peak, as a result of which it introduced a bias in the determination of µ.
For this reason, from now on, we will use this model, both to determine the secondary

Figure 2.9 – Comparison of the fit to the single electron spectrum, between the multi-
Gaussian model (2.2) and the alternative model using a sum of Poisson distributions
convoluted by a Gaussian (2.7). We can observe from the distribution of residuals that
a model with two free parameters less can describe the data equally well (see also Tab.
2.1), in adittion of being motivated from a physical viewpoint (see text).
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Model comparison
Parameter multi-Gaussian multi-Poisson

value
µ [PE/e−] 25.9±0.28 27.96±0.06
σ [PE/e−] 7.83±0.1 4.81±0.06
h1 [Counts] 1559±41 2182±30
h2 [Counts] 164±4 244±6
h3 [Counts] 46±2 66±3
h4 [Counts] 16±2 22±3
h5 [Counts] 7±2 11±4
sthr [PE/e−] 15.9±0.7 -
∆s [PE/e−] 3.82±0.25 -
χ2/n.d.f. 1.18 1.28

Table 2.1 – Comparison of best fit parameters for the multi-Gaussian and multi-Poisson
models. The quality of the fits is also shown, as quantified by the ratio χ2/n.d.f..

scintillation gain and, later on, for the leptophilic dark matter analysis using the single
electron background data.

2.5 Data selections and quality cuts

Here we will present the cuts we applied to the raw spectrum of the small S2s (2.10)
we collected from the events of several runs, in order to obtain the spectrum of Fig. (2.3)
which allows us to fit the physical model (2.7) and extract with an unbiased way the
secondary scintillation gain.

1. From all identified S2 signals of an event we select those, whose intensity is less
than 150 PE that correspond, as we have already commented, to about 5 extracted
electrons.

2. In addition, in each event, we select those small S2 signals that follow the main
S2 of the event, that is, we select exactly those small S2s that are caused via
photoionisation of impurities and that constitute a specific and large population
that offers abundant statistics and characteristic features which we can easily study
as we will see in the next two sections, and which we can use for the next set of
cuts that we will develop in this section.

3. From all the events, we choose those that have a main S2 area of at least 10k
PE. This is because, as we will see in the next section, there is a linear relation
between the light intensity of the main S2 and the rate of single electron that follow
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Figure 2.10 – Raw spectrum of raw S2, obtained by the collection of all small S2 peaks of
every event in a run

immediately after. Therefore, by selecting a lower threshold for the intensity of the
main S2 we increase the rate of single electrons and, a fortiori, the rate of their
multiple pileups, which consequently leads to an increase in the amplitude of the
secondary peaks of the spectrum (2.3) and therefore to a more robust fit of the
model (2.7)

4. In (2.10) we can observe a sharp increase in the number of S2s for very small signals,
less than 10 PE. This is mainly due to misidentified S1 or PMTs afterpulses and
usually the corresponding light is observed by only one or two PMTs. We can get
rid of part of this population by setting a threshold on the minimum number of
top PMTs that contributes to the observed S2. In this analysis we required this
threshold to be 4 PMTs.

5. Taking advantage of the large number of single electrons that follow a main S2 we
can perform a study of the secondary scintillation gain as this is determined by the
fit of the spectrum of the Fig. (2.3) as a function of the time distance of single
electrons from the main S2. This time interval corresponds to the depth z on which
the single electrons are produced. For this purpose we can divide the time after
a main S2 into bins of 10 µs so that there is enough single electrons to perform
the fit of the model (2.7). In Fig. (2.11) we present the evolution of the parameter
µ as a function of the time distance from the main S2. We observe an increase
in the parameter µ with the time, which reach a plateau at about 70 µs after the
main S2. This is an effect that has been observed also in the XENON100 detector
and is related to the fact that after an event with a very intense S2 light, the base
current of the PMTs that has observed it, needs some time of the order of µs to
return at true zero level, an effect called baseline shift [185]. So, this discharge time
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of the PMT circuit cannot be ignored, for the small S2 signals found during this
time period, which due to the fact that the baseline is not at its true zero level
they will appear biased, resulting in an equally biased estimation of the secondary
scintillation gain, as shown in Fig. (2.11). This leads us to the conclusion that, in
order to avoid this bias, we must choose only those small S2s that are at least 70 µs
away from the main S2.

Figure 2.11 – Effect of the proximity to the main S2 peak, in the determination of the
parameter µ

6. The requirement of cut 4 is not enough to remove the noisy small S2s at the lower
part of the spectrum (2.3). This is because sparks from the electrodes of the cathode
can also create such noisy small signals that could be misidentified as S2s. We can
get rid of them with a cut on the maximum time that corresponds to one drift of
an electron from the bottom of the TPC, ie about 720 µs.

7. It is obvious that, if an event in the waveform has more than one, large S2, then it
is necessary, for a period of one maximum drift time, after the main S2, that there
is no other S2 greater than 150 PE, otherwise all the problems described in point 4
would appear. We therefore in addition, we require that, for each event, the second
largest S2 detected in the waveform by the peak finding algorithm, to be less than
150 PE, in other words, the event must have only one S2 greater than 150 PE.
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2.6 Relation with the intensity of the S2 light of the main
event

An indication of the fact that single electrons observed immediately after the main S2
of an event are due to the photoionisation of impurities can be obtained from an analysis
of the number of small S2s that follow the main S2 of an event, over a period of one drift
time, (i.e., throughout the liquid volume of the detector which is exposed to the S2 light),
as a function of the intensity of the main S2. In Fig. (2.12) we present the corresponding
plot of this analysis.

We make use of calibrations runs with 83mKr. A vessel containing a 83Rb source is
connected to the recirculation system, emanating 83mKr within the TPC. This isotope is
in a metastable state that decays to the ground state by emission of conversion electrons
subsequently producing a number of ionization electrons that will create S2 signals
ranging in the region around 20000 PE (uncorrected). Using many such calibration runs
we partition the S2 region in which we have most of the S2s into 7 bin of 2000 PE, and
we measure the number of single electrons that follow the main S2 of each event within a
time delay corresponding to one maximum drift time. With a linear fit in the data, we see
that the relation between the two quantities is clearly linear, with a proportionality factor
that is (4.51±0.1)×10−4 small S2s per photoelectron of the main S2. Also noteworthy
is the fact that the line intersects the y-axis at a point equal to b = 1.78± 0.11 small
S2s. Obviously this corresponds to a population of SEs that are not related to the
photoionisation of impurities by the main S2 but are rather produced by some other
mechanism. For example, they could be single electrons created by the photoionisation of
impurities (or by photoionization of the electrode surfaces) by the main S1 light of the
event. The single electrons that are created between S1 and S2 are a distinct population
that will be studied in a next section and also offers an opportunity to infer important
parameters of the detector. Also this population may also be contaminated by SEs that
may have been created even before the main S1. These are, for example, SEs created by
the S2 light of a previous event that is relatively close to the event under study. There
may also be SEs that undergo a delayed extraction as (see in section (2.12)), there is a
part of SEs that is trapped on the surface between the liquid and the gaseous phase, and
can escape from it stochastically, even up to several ms after the S2 that created them. In
this case, these can come from many events before the event under study and, of course,
can occur at any time in this event. In fact, these events form an irreducible background
of the search for leptonically interacting dark matter, as we will see in the last Chapter.

2.7 Rate of Single electrons and their pileups

The time characteristics of the SEs that are observed immediately after a main S2
give us another indication in favour of the hypothesis that these come indeed from the

71



Chapter 2. The Single Electron background of the XENON1T detector

Figure 2.12 – The number of small (below 150 PE) S2s after a main S2 as a function of
the intensity of the main S2. A linear relation is revealed. Also the fit shows that the
number of small S2s is not zero in the absence of a main S2.

photoionisation of impurities. In this section we will study the rate of SE and their
pileups, as a function of their time distance from the main S2 of the event. In Fig. (2.13)
we present the rate of the populations of Single electrons as well as the rate of 2 and
3-fold pileups as a function of their time distance from the main S2.

The cuts used are those of section (2.5) and we selected the corresponding populations
based solely on the intensity of their S2 signal. We select each population based on
those S2s areas that are listed in the figure corresponding to a purity of 95%, in terms
of the contamination of each population by the neighbouring ones. We observe that
the populations of single electrons and their 2 and 3-fold pileups present a rate that
decreases exponentially with time for a period of 720µs corresponding to the maximum
drift time for an electron in the TPC, but with a characteristic time that differs for each
population. In fact, from a fit of an exponential function in the three populations (solid
line in Fig. (2.13)) Ri exp(−t/τi), i= 1,2,3, we deduce an interesting relationship between
the constants τi. Specifically we find that:

τ1/τ2 = 2.0±0.1

τ1/τ3 = 3.3±0.1

This result can be explained by the following model. Assuming the rate of single
electrons is described by a relation of form R1(t) = R1(0)exp(−t/τ1). These single
electrons are produced uniformly within the TPC active volume and if they are very
close to each other in time, then they will be perceived, as we explained earlier as a
single signal. Let’s assume that ∆t is the time period during which two SEs remain
unresolved by the peak-finding algorithm. In this case the number of single electrons
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Figure 2.13 – Rate of events from the first peak of the single electron spectrum (blue),
from the second peak (orange) and from the third peak (green) as a function of their
time difference from the main S2. Also is show an exponential fit ti the rate from which
characteristic times τ1, τ2, τ3 are extracted. The relation between them reveals that the
events in the second and third peak are indeed temporal pilepus of single electrons.

found during this time is N(t) =R1(t)∆t. Thus the rate of the 2-fold pileup will equal
R2(0) =N(t)R1(t) =R1(t)2∆t=R2(0)exp(−2t/τ1). So we see that the 2-fold pileups are
characterised by an exponential decrease with characteristic time τ2 = τ1/2. With the
same argument, we can easily see that a similar relation should apply to 3-fold pileups.

2.8 Sagging and residual tilt of the anode

Another effect that we can study with the help of single electrons concerns the sagging
of the anode’s wires. This sagging is due to mechanical and electrostatic effects. On the
one hand, even if the mechanical tension is close to the breaking limit, a wire with a
length of the order of one meter will be subject to a deformation from the straight line,
due to its weight. On the other hand, the extraction electric field between the anode and
the gate, will create a force of electrostatic nature on the anode that will tend to deform
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it in the same direction as the force due to its weight [186]. In addition, this electrostatic
effect is therefore also a function of the applied voltage between the anode and the gate,
as we will see in this section. One way to see this deformation of the anode geometry is
to study the distribution of the so-called width of the single electron small peaks, that
is, the time range in the waveform containing the 50% of the total peak area for each
small S2.This width depends directly on the electric field which extracts and accelerates
the electrons that produces the corresponding scintillation light. At the same time, the
position of the extracted single electrons can be determined from the pattern of the top
PMT arrays and thus a study can be made of the width as a function of the position, a
relationship that will indirectly reveal the variation of the electric field as a function of
the position and therefore the variation of the distance of the anode wires from the phase
boundary i.e., the deformation of the anode.

Figure 2.14 – The S2 width of single electrons as a function of their reconstructed position
for anode voltage of Va = 4 kV. This 2D histogram is calculated as described in the text.

In Fig. (2.14), we present such a plot for single electrons that are produced in several
calibration runs utilising a source of 83mKr where the potential between the anode and
the gate is set to +4 kV. This plot is a projection of a three-dimensional histogram of
the position x-y and the width of each peak into a two-dimensional histogram of the x-y
position where the colour code corresponds to the average width of the positions contained
in each bin, accompanied by the corresponding standard deviation. It should be noted
that in this case it was necessary to choose exclusively single electrons without including
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their time pileups, as these would introduce a different absolute value of the width (they
consist of signals summed over all channels) but also the reconstructed position may
not even have a physical significance in the sense that it is possible for two electrons to
cross the gas gap simultaneously at two different x-y points of the horizontal projection
of the TPC. In this case the position reconstruction algorithm fails because it is based
on MC simulations of clusters of electrons produced in the same interaction and so a
fortiori derived from the same x-y point. So, in this particular case, the reconstructed
position would be a kind of a center of gravity between the clusters of PMTs that would be
activated in the neighbourhood of each extracted electron and thus would lack a physical
significance for studying the sagging of the anode.

Figure 2.15 – Choice of single electrons without contamination by their pileups, in order
to be used for determining the sagging of the anode via the relation between their S2
width with the position of the extraction.

For this, we can select exclusively single electrons using the plot of Fig. (2.15), where
we see that single electrons can be distinguished from their pileups due to their smaller
width. The plot of Fig. (2.14) was made by selecting the signals inside the square of the
Fig. (2.15).

Observing Fig. (2.14) we see that this does not have a radial symmetry, as one would
expect from the geometry of the detector. We observe instead that the radial symmetry
is broken by what seems to be a residual tilt with respect to the horizontal level of the
phase boundary, such that introduces an asymmetry in the S2 width between the 1st and
3rd quadrant of Fig. (2.14), with the former having a larger S2 width (meaning larger gas
gap) and the latter having a smaller average width. We will try to fit the x-y distribution
of S2 widths using functions that could describe this sagging and tilt. We will make use
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of three different possible functional forms for the sagging, shown in Tab. (2.2), which
will be added to a function of a plane that will describe the tilt:

f(x,y) = p0 +p1x+p2y

Among the functional forms of Tab. (2.2) we found that the elliptic catenary best
describes the data. In Fig. (2.16) we present the result of the fit on the data for this
function.

Figure 2.16 – Left: The width of the S2 signal of single electrons as a function of their
reconstructed position, for Va = 4 kV. Right: Fit of the elliptic catenary function on the
data of the left Figure, which is found to best describe the data compared with the other
functional forms of Tab. (2.2).

Functions used to fit the S2 width
Name Function Free Parameters
Parabola (x2 +y2− r2

max)/2p3 p3
Catenary p3 cosh(

√
x2 +y2/p3)− cosh(rmax/p3) p3

Elliptic Catenary p4 cosh(
√
p3x2 +y2/p4)− cosh(rmax/p4) p3,p4

Table 2.2 – Three functional forms tested for the description of the sagging of the anode
as inferred from the distribution of the S2 width of single electrons.
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2.9 Determination of the secondary scintillation gain

The modelling of the spectrum of small S2s derived from single electrons, provide
the tools for a systematic study of the secondary scintillation gain of the detector. In
the gaseous region of the detector, where the extracted electrons are accelerated, the
mechanism of electroluminescence is the result of two competing microscopic processes.
The excitation of the Xe atoms takes place through inelastic collisions with electrons,
although the kinetic energy of electrons is obtained between two inelastic collisions, where
successive elastic collisions with Xe atoms take place. These elastic collisions represent the
vast majority of collisions [187]. However, because the mass of the electron is negligible
compared to that of Xe atom, the energy loss from these collisions is negligible. But we
can imagine that if the gas pressure increases, the number of intermediary elastic collisions
will increase significantly, resulting in energy losses that will not be negligible. Then
the electrons will reach a kind of limit velocity and will never be able to acquire enough
kinetic energy to excite the Xe atoms. The microscopic mechanism of scintillation in Xe
gas has been studied experimentally, (see [188]) and is related to radiative de-excitation
of the excited dimers Xe∗2. In terms of the wavelength of the light produced, this is also
related to the gas pressure. It has been experimentally observed that, for low pressures,
the emission spectrum of the gas is continuous and is characterised by a peak called the
first continuum, centered around 147 nm. In quantum mechanical terms, a continuum
feature in the emission spectrum of a gas is a typical sign of a transition from an excited
state to a so-called repulsive state i.e., an electronic configuration of a molecule where
the potential energy lacks a minimum [189]. The quantum state of the system is not a
bound state, as the potential energy decreases with increasing interatomic distance, so
the atoms repel each other and the vibrational energy levels degenerate into a continuum.
Therefore, if a dimer is characterised by a repulsive ground state, the transition to this
ground state from an excited molecular state will appear as a continuous feature in the
emission spectrum. Indeed, the ground state of the Xe2 dimer is a repulsive state, while
its excited states are Rydberg states with the expectation values of the position of an
electron in the molecular orbit being much larger than the interatomic distance Xe-Xe.
This first continuum is therefore created by transitions from the higher vibrational levels
1Σ+

u of Xe∗∗2 to the repulsive ground state via the process Xe∗∗2 → 2Xe+hv with Xe∗∗2
created in the gas through processes like:

Xe∗+ 2Xe→Xe∗∗2 +Xe (2.8)

As the gas pressure increases even more, the products of the three-body collision (2.8)
begin to collide with each other, resulting in secondary processes like:

Xe∗∗2 +Xe→Xe∗2 +Xe (2.9)
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As a result, the lowest vibrational molecular states of Xe∗2, 1Σ+
u and 3Σ+

u , de-excite to
the repulsive ground state resulting in a second peak in the continuous emission spectrum
centred on wavelengths around 172 nm. For pressures greater than 400 mbar, the process
(2.9) dominate over (2.8) resulting in an emission spectrum consisting only of the peak
centered at 172 nm, with a FWHM of 10 nm.

In this pressure region, a linear relationship has been observed, per unit pressure,
between the electroluminescence yield, defined as the number of secondary scintillation
photons produced per extracted electron and per unit length during its drift into the gas
gap, with the electric field i.e., a relation of form:

Y

phg
= a

Eg
p

+ b (2.10)

Where p is the pressure of the gas inside a the gas gap of total width hg, in which
the electrons accelerate under an electric field Eg. The two parameters, a and b, can be
determined by measuring Y, for different values of the electric field. These two parameters
are very important for understanding the detector’s performance but also for simulating
the secondary scintillation process.

2.9.1 Variation with the anode voltage

In this section we will try to determine the parameters a and b of the relation (2.10)
through a direct measurement of the electroluminescence yield. For this purpose we will
use a series of dedicated calibration runs with a source of 83mKr taken at 5 different
values of the anode potential: [3, 3.2, 3.4, 3.6, 3.8, 4] kV. These runs were taken on the
week of June 18-23, 2018 in order to be used both in the present analysis and also in the
evaluation of the variation of the extraction efficiency as a function of the electric field of
extraction, that we will present in section (2.10). The 83mKr radioactive source offers a
very high rate of triggered events, compared to simple background runs, resulting in many
registered events during the run with a consequently high total number of single electrons
that will provide statistical abundance in our analysis. It should be noted that what we
call the secondary scintillation yield of the detector is a fraction of the electroluminescence
yield of the relation (2.10) as, after the physical process of production of the scintillation
light, a series of efficiencies related to the observation process are obviously inserted and
should be taken into account, as for example the light collection efficiency , the quantum
efficiencies of the PMTs and their photocathode collection efficiency. If we call η̄ the
product of the last two and β̄ the average light collection efficiency for photons emitted
inside the gas gap, then the secondary scintillation yield Ỹ is:

Ỹ = Y β̄η̄ = (aEg
P

+ b)hgP β̄η̄ (2.11)

For the purposes of this analysis, we will calculate the electric field Eg of the gas gap
using the parallel plate approximation, although this approach is incorrect because, on
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the one hand it leads to a systematic overestimation of the electric field, on the other
hand it does not take into account the sagging and tilt of the anode, as we saw in the
previous section. So, if d is the distance between the anode and the gate, (about 5 mm)
and hg is the width of the gas gap (about 2.5 mm for SR1) then, because the radius of
the cylinder of the TPC is much larger than d, we can approach the electrostatic problem
as two parallel plate capacitors connected in series. A capacitor formed between the gate
and the isopotential surface of the phase boundary, that is filled with LXe which, from
an electrostatic point of view, is a dielectric with a relative permittivity εl = 1.96, and a
second capacitor, connected in series with the first, formed between the phase boundary
and the anode, filled with GXe with εg ≈ 1. In this context, we can approximate the
electric field of the gas gap with the relation:

Eg = εlVa
εlhg +d−hg

(2.12)

Where Va is the potential of the anode with respect to the gate.

Figure 2.17 – The secondary scintillation gain for the six values of the anode voltage as
a function of the electric field of GXe calculated with the parallel plate approximation.
Also is show a linear fit which determines the two parameters a and b of (2.11).

Now, the secondary scintillation gain G can be determined by the mean µ of the
model (2.7). Using all the available calibration datasets, for the six different values of
the anode voltage, we extracted the corresponding spectra of small S2 signals, with an
intensity of less than 150 PE appearing after the main S2 of each event, applying also all
the data quality cuts described in section (2.5). The average light collection efficiencies,
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provided by simulation, is 37.5%, the average collection efficiency from the photocathode
to the first dynode is 90% and also the average quantum efficiency of the PMTs is 35%
[190]. The values of the parameters a and b, extracted from the fit are:

a= 111.69±1.97

b=−126.98±14.35 (2.13)

These values are in agreement with other measurements of the corresponding parame-
ters in xenon gas at cryogenic temperatures [191].

2.9.2 Position dependence of the SSG

In Fig. (2.18) we present a two-dimensional histogram of the TPC surface where each
bin is represented by a colour code proportional to its average secondary scintillation
yield. This histogram can be done in two ways.

Figure 2.18 – Spatial dependence of the secondary scintillation gain of single electrons
calculated as described in the text. The colour of each bin in this 2D histogramm
corresponds in the colour scale to the average secondary scintillation gain of single
electrons whose x-y position is reconstructed inside the bin.

Either by repeating the study of section (2.4.3) for each bin or, simply, by selecting from
the plot of Fig. (2.15) those peaks that correspond only to the single electrons, through
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their width and calculating their average area for each bin. In this case the calculated
average value is a less accurate estimate of secondary scintillation yield. However, in this
section, we used this approach because it is enough to show us the general picture that
emerges in relation to its x-y dependence. We observe that it is not homogeneous, nor is
it characterised by a radial symmetry, as one might expect at first sight from the analysis
of the section (2.8). On the contrary, it seems to follow exactly, not the sagging of the
anode but only the residual tilt. This is to be expected if we look carefully at the relation
(2.11) using, even the simple approach of the electric field of the gas gap of the relation
(2.12). On light of the values of parameters a and b that we inferred in the previous
section, and inserting (2.12) in (2.11) we have:

Y = ahg
εlVa

εlhg +d−hg
+ bhgP

where we see that the factor bhgP is 5 times smaller than the factor ahgεlVa for
Va = 4kV . This, results in:

Y ≈ a εlVa
εl+dl/dg

(2.14)

Where dl is the liquid level i.e., distance of the gate from the phase boundary. From
(2.14) we see that Y (and therefore G) depends more on the ratio dl/dg and not so directly
on dg so the variation of G is expected to follow more the residual tilt of the TPC than
the sagging of the anode.

2.9.3 Time stability and influence from the calibration source

In order to determine the time stability of the secondary scintillation yield we repeated
the study of section (2.4.3) using runs with different calibration source, for a period of
time that extends over a period of one year, specifically from 02/2017-02/2018. In this
analysis we used runs with calibration sources of 220Rn, Am-Be and 83mKr as well as
background runs. From these runs we extracted again the spectrum of the small S2 that
follows the main S2 of an event, where we again used the quality cuts of the corresponding
analysis. Although, due to the abundance of single electrons, we could even use a single
run and therefore do a monitoring with a high time resolution, here we chose to use time
bins of one day to have statistical errors as small as possible. Of course, we do not expect
any dependence of the value of the fit parameters and especially the value of µ from
the source of calibration, because as we have already explained, the single electrons we
use in this analysis are a background that is related to the detector’s response to the
scintillation light of a main S2 regardless of the source that produces this main S2, and
this is related as we have seen exclusively to the physical parameters of the detector such
as the anode voltage, the GXe pressure and width of the gas gap. Therefore any changes
are not expected to be related to the source of calibration but rather to the time stability
of these parameters. Indeed, in Fig. (2.19) we present the result of this analysis where
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we actually see that the secondary scintillation yield is the same within the statistical
error range, for each calibration source. We also notice that the value of µ is statistically
constant in time, which reflects the high stability of the detector parameters on which it
directly depends.

Figure 2.19 – Time evolution of the secondary scintillation gain for various calibration
sources and for background runs. The color code correspond to quality of the fit determined
from the corresponding p-value.

2.10 Determination of the extraction efficiency

A very important analysis that can be done using the background of single electrons
is related to the study of the probability of extractions of an electron from LXe, as
a function of the extraction electric field, or otherwise, the extraction efficiency. It is
possible to perform an indirect measurement of the extraction efficiency by comparing
the number of electrons expected to be generated by a known energy deposition with the
number of electrons eventually observed, this last information being essentially derived
from the amount of light produced per extracted electron. In this case it is necessary to
use a calibration source so that the population of the main S2 of the events created by a
known energy deposition is being selected. In this analysis we will use the calibration runs
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used also in the previous section as they contain the isomeric 83mKr that is continuously
generated from the decay of the 83Rb decay. The produced 83mKr is in a level 41.5 keV
above its ground state in which decays in two steps, via emission of a 32.1 keV conversion
electron, process of a half-life of 1.83 h and subsequently to the ground state via emission
of a 9.4 keV conversion electron with a half-life of 154 ns. Due to the time proximity of
the two decays in most cases the detector will detect the light and the ionization electrons
that will be produced by the two conversion electrons as if they came from the same
event, so the two processes will be perceived as a single 41.5 keV energy deposit in the
detector. Under given conditions of drift electric field and charge losses during drift due
to captures by electronegative impurities, the number of electrons that will reach the
separation surface is known and can be compared with the number of electrons that will
be measured through the main S2 light corresponding to this radiation decay and the
information of the secondary scintillation gain. In this case we must estimate the so-called
S2 gain associated to the radiative decay of 83mKr normalised to the energy of 41.5 keV
in such a way as to take also into account the effect of charge loss during the drift of the
main electron cloud i.e., an extrapolation of the S2 light for drift times corresponding to
small depths.

One point that presents the advantage of using 83mKr as a source of calibration is
that the characteristic energy peak is of relatively low energy. One of the problems that
would arise if we used a radioactive source of a higher energy deposit, as was the case
in the corresponding analysis of the XENON100 detector, was that we would have to
pay attention to the fact that the S2 signal would be so intense that it would lead to
saturation the PMTs of the top array which observe the larger part of it, that is a loss
of the output linearity with respect to the incident light intensity. We distinguish two
types of such saturation: 1) The ADC saturation when the output of a PMT is larger
that the dynamic range of 2.25 V of the ADC resulting in a truncated waveform and
so to an underestimation of the area of a peak. 2) The Base saturation where here, a
very strong signal on the photocathode of the PMT will cause several initial electrons
which, being multiplied at the dynodes, will result in a weaknesses of the last dynodes
to continue the proportional growth of the signal because there will just not be enough
electrons available. This problem is usually mitigated by including suitably a certain
number of capacitors to the circuit.

In order to avoid this and therefore any bias in measuring the total light intensity of
S2 it would be preferable then to use only that part of the scintillation light observed by
the bottom array. This would raise the issue that, in order to be able to compare this part
of the S2 gain with the secondary scintillation light we would also have to, a priori, repeat
analysis of section (2.4.3) using only that part of the light observed from the bottom
array. However, as the anode voltage decreases, so does the secondary scintillation gain,
with the result that the spectrum of small S2s in Fig. (2.3) is increasingly pushed to the
left. This would make the single electrons and their pileups increasingly indistinguishable,
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and the corresponding fit of the model (2.7) would become more unstable. The solution
used in the XENON100 analysis was to perform an analysis of the light distribution of
the small S2s between the two arrays of PMTs, taking advantage of the fact that for these
very small light intensities we are far away from the saturation region.

Figure 2.20 – The S2 light repartition between the top and bottom PMT array.

For example, in Fig. (2.20) we present, for single electrons corresponding to a dataset
of calibration runs (with 132Cs as source) where the potential of the anode was set to
2.5KV, the light intensity S2 observed by the top array as a function of the corresponding
amount on the bottom array. In Fig. (2.21) we present, for the data corresponding to
the single electrons of Fig. (2.20), the percentage of light observed by the bottom array.
In this distribution we adjust a Gaussian whose average value describes the percentage
of total light observed by the bottom array when there is no saturation. Thus, in such
an analysis, if we only wanted to use the part of S2 that is observed from the bottom
PMT array, we would compare it with the secondary scintillation light multiplied by the
average value of the Gaussian of Fig. (2.21).

However, in the XENON1T detector, saturation due to ADC begins to occur for
S2> 105 PE and base saturation for S2> 106 PE, so in our case where the main S2 of
83mKr is in the range of 2×104 PE we are still in the linear response region of the PMTs.

In order to take into account only the reconstructed signal corresponding to the peak
of 41.5 keV from the two conversion electrons, we apply a cut to the events that have
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Figure 2.21 – Fraction of the S2 light observed by the bottom PMT array, and fit with a
Gaussian function.

second large S1 except from the main S1 i.e., we keep only events where the primary
scintillation signal from the two conversion electrons is unresolved.

2.10.1 Position dependence of the extraction efficiency

The extraction efficiency depends on the extraction electric field which becomes a
function of the position (x, y) due to the sagging of the anode. We can illustrate this
variation if we simply divide the distribution in the x-y plane of the S2 light from the
83mKr main events corrected for the losses due to drift with the corresponding distribution
of secondary scintillation gain. The S2 light corresponding to the ionization electrons of
the 83mKr events depends on the extraction efficiency while the secondary scintillation
gain does not as an electron either is extracted to the gaseous phase or not. Therefore the
ratio of the two will be directly proportional to the extraction efficiency. In Fig. (2.22)
we present the distribution of this ratio at the x-y plane for 4kV anode voltage. This
distribution has been scaled to 1 where we can see that the distribution follows the electric
field of the gas gap which in turn follows more the sagging and less the residual tilt.

The measurement of the extraction efficiency that we will perform is relative, in the
following sense: For the 4kV dataset we will choose the interior of a small circle of radius
5cm around the point (x,y) = (0,0) where, according to the Fig. (2.14) we expect the
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Figure 2.22 – x-y distribution of the ratio of thw S2 gain to the secondary scintillation
gain. The result is directly proportional to the extraction efficiency.

smallest width of the gas gap and therefore the higher electric field. There, the extraction
electric field just above the phase boundary will be higher than average extraction field
at other regions of the surface. We will assume that the number of electrons, per keV,
produced by 83mKr, in a cylinder of the same diameter in the active volume of the detector
is extracted with a 100% efficiency through this cycle due to the very high electric field.
We will then compare this number with the number of electrons per keV extracted in the
R > 10 region where we are away from the center of the parabola of the sagged anode
and where the gas gap width can be considered compatible with the difference between
the 5mm distance between the anode and grounded gate and the width of the liquid
level measured by the level-meters. If we consider that 1) N [e−/keV ] is the number of
electrons per keV that are extracted for R<5 cm and 2) this number is the 100% of the

86



2.10. Determination of the extraction efficiency

electrons produced per keV in a cylinder of radius R<5cm within the active volume, then
the extraction efficiency is given by the relation

E = GS2[PE/keV ]
µ[PE/e−]N [e−/keV ] (2.15)

Where GS2[PE/keV ] is the S2 gain and µ[PE/e− the secondary scintillation gain.
N [e−/keV ] is given from:

N [e−/keV ] = GS2,R<=5[PE/keV ]
µR<=5[PE/e−] (2.16)

Where GS2,R<=5[PE/keV ] is the S2 gain and µR<=5[PE/e−] is the secondary scintil-
lation gain for the electrons extracted in the region R< 5cm.

Figure 2.23 – The S2 gain as a function of drift time and the fit with an exponential for
electrons extracted in the region R< 5cm were the extraction efficiency is considered to
be 1. The fit is used in order to extrapolate the S2 gain to zero drift times in order to
remove bias from the charge loss during drifting.

In Fig. (2.23) we present S2 as a function of drift time for the events in the region
R< 5cm as well as the fit of the exponential function with which we will determine the
S2 gain extrapolating to zero drift times. The values of GS2,R≤5[PE/keV ], µR≤5[PE/e−]
and N [e−/keV ] are given in Table (2.3).

S2 gain and SSG for R≤ 5cm
Parameter Fit Value
GS2,R≤5[PE/keV ] 525±8.1
µR≤5[PE/e−] 28.4±0.14
N [e−/keV ] 18.48±0.3

Table 2.3 – Values of the S2-gain, the secondary scintillation gain and of the value
N [e−/keV ] for the region R< 5 cm, where we assume that the extraction efficiency is 1.
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2.10.2 Variation of the extraction efficiency with the anode voltage

We can now calculate the E from relation (2.15) for the datasets of the 6 different
values of the voltage of the anode. In Fig (2.15) we present the graph of E as a function
of the electric field. The same figure shows the corresponding measurements made in the
XENON100 experiment [106]. In the present analysis, the electric field was calculated
from relation (2.12) i.e., using the parallel plate approximation, and corresponds to an
average value of the electric field in the gaseous region, without taking into account the
sagging. In other words, it can give an estimate of the electric field, to the extent that
the approximation of the two parallel plane capacitors applies and to the extent that the
width of the gas gap is determined by the liquid level and the anode-gate distance i.e., if
we are relatively far from the center of the catenary of Fig. (2.16).

Figure 2.24 – The extraction yield evaluated in this work versus the extraction yield for
XENON100 from [106] as a function of the extraction electric field in GXe, calculated
with the parallel plate approximation. The dashed line corresponds to the value of the
electric field during SR1. With only the variation of the anode voltage we are in the
region of electric fields were the extraction efficiency is only increasing.

In [106] the electric field of the relation (2.12) was corrected through a two-dimensional
simulation of the electrostatic problem of the extraction region. It was found that the
electric field in the gas gap just above the liquid level, as determined by the simulation, is
about 11% lower than the one calculated with the parallel plate approximation. However,
in the figure, the XENON100 data does not contain this correction, so they are determined
by the relation (2.12) as well as the present analysis. A three-dimensional simulation of
the electric field in the extraction region, done by the collaboration, showed that, in the
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case of the 4kV anode voltage, the extraction field is 24% smaller than the one calculated
by the relation (2.12). In the next section we will see that, in fact, the relation (2.12) is
an overestimation of the electric field and that even with a analytical two-dimensional
approximation of the electrostatic problem we can obtain an order of magnitude of this
overestimation.

We observe an agreement with the measurement of [106] and also that, for the 6 values
of the anode voltage that we used, we are situated in the region where the extraction
efficiency increases in order to reach its maximum value. Unfortunately, we cannot
determine the existence of a plateau, due to the lack of data for higher values of the
electric field, as in the case of XENON100. Such a measurement would be possible if,
in combination with the variation in the value of the anode voltage, we also variated
the value of the liquid level. This would result in measuring the extraction efficiency for
values of the electric field much smaller than that corresponding to Va = 3 kV and much
higher than that corresponding to Va = 4 kV voltage, as shown in Fig. (2.25). However,
a change in the liquid level was not possible due to various limitations imposed by the
main experimental task during the Science Runs.

2.11 The extraction electric field

In this section, we will limit ourselves to a demonstration of the reason why, the simple
parallel plate approximation, overestimates the extraction field and we will also show
that it is possible to calculate analytically an order of magnitude of this overestimation.
We will make a slightly more realistic representation of the electric field of the gas gap
by inserting a second dimension. Specifically, we will assume that the anode is not a
plane but consists of parallel wires, which are also parallel to the direction y, in Cartesian
coordinates, they are infinite in number and infinite in length and have a specific diameter
rw (Fig. (2.26)). Along the x axis, they are placed at a distance s, from each other (pitch),
and every wire is situated at a distance z = d from the plane z = 0, which defines the
phase boundary. We will continue to consider the grounded gate as a conducting surface
located at zero potential, and placed at the plane z =−d, under the boundary surface.
This electrostatic problem can be solved analytically and is formulated as follows [192]:

εg∇E = 0,z > 0 (2.17)

εl∇E = 0,z < 0 (2.18)

And the solution must satisfy the boundary conditions:

lim
z→0+

(Ex,εgEz) = lim
z→0−

(Ex,εlEz) (2.19)
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Figure 2.25 – The electric field in GXe as a function of the liquid level for the parallel
plate approximation. The XENON1T data points of Fig. (2.24) corresponds to the liquid
level indicated by the black points. For this liquid level the variation of the voltage of the
anode result in an electric field with intensity in the region were the extraction efficiency
is strictly increasing so we cannot observe the saturation region. This could be possible
with a modification of the liquid level as proposed (blue points). Eventually this was not
possible due to strict conditions concerning the stability of the detector during normal
data taking.

Because ∇×E = 0 everywhere, this two-dimensional problem can be solved with the
help of the complex potential of an infinite charged line with charge per unit length equal
to λ. The field of such a line, placed parallel to the y axis and at a point ρ0 = x0 + iz0,
situated opposite to a grounded surface at z =−d, is given at a point ρ= x+ iz by the
complex potential [186]:

φ(x,z) =− λ

2πεg
ln x−x0 + i(z−d−z′)
x−x0 + i(z−d+z0)

We can easily take into account the two different dielectrics, considering that at a
point P of the gaseous region (Fig. 2.26) the potential now will be due to the line passing
through the point ρ0 = x0 + iz0, plus a potential due to the image of this distribution of
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Figure 2.26 – Illustration of the 2D geometry of the electrostatic problem. Here the
reference system in centered at the phase boundary surface, the x axis lies on the surface
and the z axis is normal to the surface. LXe and GXe are dielectrics with dielectric
constants el and eg. The field is calculated at a point P(x,z) inside the space between
the gate and the anode, solving the Poisson equation with the appropriate boundary
conditions at the surfaces of the two electrodes.

charges, which is also a charged line, with charge per unit length λim, that passes through
the (symmetric with respect to the z = 0) point ρ′ = x0− iz0. That is:

φgas(x,z) =− λ

2πεg
ln x−x0 + i(z+d−z0)
x−x0 + i(z+d+z0) + λim

2πεg
ln x−x0− i(z−d+z0)
x−x0− i(z−d−z0)

The real part <(φgas(x,z)) is the solution of the Poisson equation in the region z > 0
and also satisfies the boundary condition at the grounded gate <(φgas(x,−d)) = 0. If,
now, we have an infinite number of parallel charged lines, extending to the right and
left of the previous line, placed with a pitch s i.e., lines passing through the points
ρ′k = x0 +ks+ iz0 = ρ0 +ks with k = . . .−2,−1,0,1,2, . . . then, the complex potential at a
point P = (x,z) of the region z > 0, is given by the relation:

φgas(x,z) =− λ

2πεg

∞∑
k=−∞

ln x−x0−ks+ i(z+d−z0)
x−x0−ks+ i(z+d+z0) + λim

2πεg

∞∑
k=−∞

ln x−x0−ks− i(z−d+z0)
x−x0−ks− i(z−d−z0)

(2.20)
The infinite series of (2.20) can be evaluated and gives as a result a function, the real

part of witch, is the solution in the region z > 0:

Vgas(x,z)≡<(φgas(x,z)) =− λ

2πεg
ln
(sin(πs (x−x0))2 + sinh(πs (z+d−z0))2

sin(πs (x−x0))2 + sinh(πs (z+d+z0))2

)
+
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+ λim
2πεg

ln
(sin(πs (x−x0))2 + sinh(πs (z−d+z0))2

sin(πs (x−x0))2 + sinh(πs (z−d−z0))2

)
(2.21)

Then, the solution in the region z < 0, is the potential due to the lines in z > 0,
as perceived inside the dielectric with εl, that is, the potential of the same geometry
of charged lines situated in the place of the real ones but with a different charge per
unit length, λ′, that will be determined by the necessity that the potential should be
continuous at the phase boundary:

Vliquid(x,z) =− λ′

2πεl
ln
(sin(πs (x−x0))2 + sinh(πs (z+d−z0))2

sin(πs (x−x0))2 + sinh(πs (z+d+z0))2

)
(2.22)

Now, the constants λ, λim and λ′ will be determined by the two boundary conditions
(2.19) together with a third boundary condition on the surface of the anode’s wires. There
we should have:

φgas(xw,zw) = Va (2.23)

For every xw and zw on the surface of the wires of radius rw

(xw−x0)2 + (zw−z0)2 = r2
w (2.24)

Fig. (2.27), shows the solution (2.21) for the boundary conditions (2.23), (2.24), as
a function of x, for z = 0.1 mm above the phase boundary, where we used the values
s = 3.5 mm, rw = 89 µm, d = 2.5 mm and Va = 4 kV, that is the actual values of the
corresponding parameters of the detector [125]. We can first notice that the field, as a
function of x, has an undulatory form due to the segmentation of the anode and the fact
that the pitch is greater than the distance of the anode from the phase boundary, but that
the mean value is, indeed, less than that calculated by the parallel plate approximation
and, in particular, a relation of form Eanalytic = 0.84Eparallel−plate holds.

For example, for a potential Va = 4 kV, the value of the field calculated by the parallel
plate approximation is 10.67 kV/cm, while the analytical solution (2.21) gives the value
8.95 kV/cm. It is worth noting that the three-dimensional simulation of the extraction
field, made by the collaboration, calculates the value 8.13 kV/cm. It is obvious that, the
more realistic description of the anode and the gate as hexagonal etched meshes, as well
as, the introduction of the third dimension that further restricts the infinite mesh of Fig
(2.26) of this analytic approximation, will result in a further reduction of the estimation
of the electric field but it will not be so large, because the field inside the LXe is twice as
weak as the field in the GXe, due to the fact that εl = 2εg, and also because the radius of
the anode is much larger than the gas gap, so Fig (2.26) is actually not very far from
reality, regarding the average extraction field just above the liquid level. Of course, both
this analytic calculation and the 3d simulation, do not take into account the wrapping of
the anode.
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(a) a

(b) b

Figure 2.27 – 2D analytic solution compared to the parallel plate approximation. Here,
the values used for s, rw, d and Va, are the actual values of the corresponding parameters
of the detector. [a]: Field profile (2.21), as a function of x, for z = 0.1 mm above the
phase boundary. [b]: Same field profile as a function of z for x= 0.
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In Fig. (2.27) we present the solution (2.21) as a function of z for x = 0. We see
the discontinuity of the field across the boundary (corresponding to a surface charge
density induced in the boundary) as well as the behavior ∼ 1/(z−d) as z→ d, that is
characteristic of a field created by a wire, because for z→ d we can actually resolve the
contribution of the individual wire of the mesh.

It is also worth noting that from (2.21) and (2.22) we can recover the parallel plate
approximation. Indeed, if in Fig. (2.26) we consider that the diameter rw and the pitch
s tend to 0 at the same time, then the anode of Fig. (2.26) tends to a plane, in the
mathematical sense. Also this plane is at a voltage Va. Then the solution (2.21) and
(2.22) must tend to the field (2.12) of the parallel plate approximation as (s,rw)→ 0.
Indeed we can observe this reduction in Fig. (2.28).

Figure 2.28 – Illustration of the reduction of the 2D analytic solution of this section to
the parallel plate approximation as (s,rw)→ 0.

2.12 Comparison with a theoretical model of the extraction
efficiency

Of particular interest is an attempt to theoretically interpret the dependence of the
electron extraction efficiency on the electric field [193]. At first glance, the microscopic
process that governs the extraction is the fact that the external electric field accelerates
the electrons but also reduces the potential barrier that is created by the mere presence
of this ionization electron which approaches, from the LXe side, the dielectric boundary
that separates the liquid from the gaseous phase. Indeed, from an electrostatic point
of view, we have a charge situated at a position, say z0 < 0, within a dielectric (LXe),
trying to enter into another dielectric (GXe), with a smaller dielectric constant. In this
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case, the Poisson equation can be solved satisfying the necessary boundary condition at
the dielectric boundary, if we consider that, within the other dielectric (GXe) exists an
imaginary “image” charge qim, symmetrically positioned to the real one, with respect to
the dielectric boundary i.e., at the point z′im =−z0 > 0. From elementary electrostatics
qim is then given from:

qim = e
εg−εl
εg +εl

The potential that the electron perceives because of this image charge is:

φim(z) =− e

8πεlz
εl−εg
εg +εl

(2.25)

And its potential energy is:

Wim =−eVim = e2

8πεlz
εl−εg
εg +εl

(2.26)

We see from relations (2.25) and (2.26) that if εl > εg, this potential is repulsive and
the LXe tends to prevent the electron from crossing its surface and entering into the
medium with the smaller dielectric constant.

Of course, the concept of the boundary surface between the two mediums, in elec-
trostatics, is purely geometric and this is directly related to the fact one immediately
notices, that the potential energy (2.25) tends to infinity as z→ 0. In this case we have a
breaking down of classical electrostatics as the equation we solve, ∇×E = 0, is actually a
suitable averaging over microscopically small regions in order to describe the electrostatics
of macroscopic media [192]. Physically, the boundary surface is defined in the atomic
level by atoms ranged within a certain mean distance between them. If, for example, we
consider that the lattice constant of solid xenon is of the order of 10−10 m then, from
(2.25), the maximum potential energy due to the image potential i.e., the potential barrier
is not infinite but rather of the order of φim = 10−1 eV. Of course, the fact that there
is an external electric field E, in addition to accelerating the ionization electrons, also
contributes to the reduction of this potential barrier, because the total potential in witch
the electron moves is:

Wtot =Wim+Wfield = e2

8πεlz
εl−εg
εg +εl

−Ez

The potential barrier of ≈ 10−1 eV, has been reduced by:

∆φ= e
( Ee(εl−εg)

2πεl(εl+εg)
)1/2

And in fact the potential now has also a minimum, just below the surface (Fig.
2.29). Concerning the energy distribution, f(ε), of the cluster of ionisation electrons that
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Figure 2.29 – The potential energy due to the electrostatic image of the charge (black
solid line) and the potential energy due to the extraction field (black dashed line). Also
is show the total energy (red solid line) as a function of the distance from the phase
boundary. The extraction field cause a reduction of the potential barrier and the thickness
of the surface is effectively defined by the order of magnitude of the interatomic distance.

are accelerated by the extraction field, this can be calculated from the solution of the
corresponding Boltzmann equation [194]. Given f(ε), we can then theoretically define
the extraction efficiency as [193]:

E =
∫ ∞
φim−∆φ

ε1/2f0(ε)dε
/∫ ∞

0
ε1/2f0(ε)dε (2.27)

That is, the percentage of electrons that have just enough kinetic energy to overcome
the reduced potential barrier φim−∆φ.

A subtle point about the relation 2.27 is that it can be considered that indeed it
does describe the probability of extraction, if the width of the liquid/gas interface is less
than the order of magnitude of the electron mean free path, in the gas phase. Because,
one could imagine that, for high enough pressures of the GXe, the gaseous phase could
influence the emission probability. However, if we consider that the phase boundary has
a width of the order of the interatomic distance of 10−10 m and that the electron mean
free path in GXe near the triple point is ∼ 10−6 cm then we see that such influence of
the gaseous phase could occur above a pressure of 30 bar.
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In [195] the so-called n-th chance model for describing the extraction efficiency is
suggested: Electrons are scattered multiple times during their drift into the LXe. The
fact that there is a minimum in the potential leads us to the idea that an electron can
try multiple times to cross the surface or, eventually, thermalise at the minimum of the
potential. Therefore the equation (2.27) must be seen rather as a single attempt of the
electron to cross the surface, which may be repeated many times. So what would best
describe the extraction, would be a cumulative process, where the probability κn of the
electron being finally extracted after n trials, would be given by:

κn = 1− (1−κ)n (2.28)

We will try to use the results we found in the previous section, on the extraction
efficiency of XENON1T, along with those of XENON100 (Fig. 2.24), to fit the model
(2.28). For f(ε) we will use the solution of the Boltzmann equation for electrons moving
in a steady electric field in gases, liquids and solids, as described in [194].

In that kinetic theory of hot electrons, f(ε) is given from the relation:

f(ε) =
( ε

kT
+ b
)b

exp(−ε/kT )

Where b is given from:

b= 1
3(eEΛ0)(eEΛ1)/(2m/M)(kT )2

In [194] two distinct mean free paths are defined, Λ0 and Λ1, as here, kinetic theory
generalises the concept of mean free path in a perfect gas, taking into account that, in
liquids and solids, there are phenomena related to some kind of structure and this, in
the framework of kinetic theory, appears as a difference between the rates of energy and
momentum transfer, which must then be described by two different mean free paths.
Specifically Λ0 is independent of the structure of liquids or solids and is related to
the average energy gained by the electrons from the electric field between collisions,
and Λ1 describes the gain of momentum of the electrons due to the drift and this is
structure-dependent. For LXe, Λ0 = 3.6×10−9 m [196] and Λ1 is parameterized as:

Λ1 =
√

2×10−7

1 + (0.91E×10−4)2/3

We compare the model (2.27) with the data points of Fig (2.24), for the parameters
φb and n inside the range φb ∈ [0.25,0.45] eV and n ∈ [1,50]. The contour plot of the χ2 is
presented in Fig. 2.30, where we can see that there is a global minimum.

The corresponding best fit point and its associated 90% CI is φb = 0.341±0.006 and
n= 16±1. In Fig 2.31 we present the best fit over the data together with the 90% CI.
This result is consistent with the value 0.38 eV calculated for φb if we set z at (2.25)
equal, for example, to the lattice constant of solid xenon z = 6.2×10−10 m [197]. It is
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Figure 2.30 – Contour plot of the χ2 between the data of the extraction yield of Fig.
(2.24) and the theoretical model 2.28

also consistent with the result of [195], where this analysis is done using the data of the
absolute measurement of the electron extraction yield from [193].

Figure 2.31 – Best fit and 90% C.I. for the "n-th chance" model 2.28. The extraction field
here corresponds to the that just below the liquid/gas interface.
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Chapter 3

Search for an annual modulation
of the electronic recoil background

3.1 Introduction

In addition to the basic experimental approach of direct dark matter detection, which
constitutes the main result of the XENON1T experiment [198, 94] i.e., the identification
and reduction of any potential background and the statistical inference about the WIMP-
nucleon cross section, based on counting observed events in the signal region, there is an
alternative direct detection possibility. It is based on the idea of an annual modulation
of the expected dark matter event rate, in the energy region of interest. Indeed, such
annual modulation is expected due to the movement of the earth around the Sun, as is
expected, although much weaker, even a diurnal modulation, due to the rotation of the
Earth around its axis.

In Fig. (3.1) we can see a schematic and simplified representation of the above
description. Due to the rotation of the galactic disk, the solar system is in relative motion
with respect to Milky Way’s non-rotating halo of dark matter, a fact which of course,
in the first place, opens the possibility to detect dark matter directly. But this same
WIMP "wind", due to the additional relative motion of the earth around the Sun, will be
perceived by an earth-based detector with an annually modulated strength . The velocity
of the dark matter particles, relative to Earth frame, will reach its maximum in June and
its minimum in December.
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Figure 3.1 – Simplified depiction of the relative motion of the earch in the galactic halo.
Figure from [199].

We can calculate the distribution of these relative velocities, as well as their evolution
during the solar year, if we use the velocity distribution function of the dark matter
particles of the Halo, which is, evidently, always accompanied by specific astrophysical
assumptions and corresponding uncertainties. Here we will consider, as is customary in
the field of direct dark matter detection experiments, that the dark matter halo, in the
region of the solar system, is described by the Standard Halo Model [199, 200], that is,
an isothermal sphere. In this case the velocity distribution is Maxwellian and can be
described by the following relation:

f(v) =

 1
N

(
3

2πσ2

)3/2[
exp(−3v2/2σ2)− exp(−3v2

esc/2σ2)
]

, for |v|< uesc

0, for |v|> uesc
(3.1)

This Maxwellian is truncated at v = uesc, in order to take into account the fact that
the particles with a velocity greater than the escape velocity of the Galaxy gravitational
potential wall, will be able to escape the Galactic Halo. This velocity, for the solar
neighborhood, is estimated at 498 km/s < vesc < 608 km/s (at 90% C.I.), with a median
likelihood of 544 km/s [201]. Also, N is a normalization constant calculated from the
requirement

∫ Vesc
0 du3f(v) = 1.

It should be noted that (3.1) is defined in a reference system in which there is no
bulk motion of the dark matter (in the sense that, in this reference system, we have∫
d3uvf(v) = 0). This reference system, in the case of the Standard Halo Model, is

identical to the galactic rest frame. If we want to calculate the velocity distribution of
dark matter particles as they are perceived by an Earth-based observer moving, relative
to the Sun, with the velocity of the earth V⊕, then a Galilean transformation must be
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applied to (3.1). Specifically, if f⊕(v, t) is the dark matter velocity distribution, in the
terrestrial reference system at time t, then its relation to (3.1) is:

f⊕(v, t) = f(v�+V⊕+v) (3.2)

Here v� is the velocity of the Sun, with respect to the galactic rest frame. This
velocity is analyzed as the sum of:

• the velocity vLSR of the, so-called, Local Standard of Rest, with respect to the
galactic rest frame, (i.e. the average velocity of the stars of Milky Way in the local
solar neighborhood)1 and,

• the peculiar velocity of the Sun, v�,pec, in the Local Standard of Rest. This emerges
from the fact that the Sun’s orbit around the galactic center is not exactly circular,
so the Sun moves relative to the Local Standard of Rest.

If we use galactic coordinates2, then vLSR = (0,235,0) km/s [203] and v�,pec = (11,12,7)
km/s [202, 204].

In (3.2), the velocity V⊕ is a function of the solar year:

V⊕(t) = V⊕[ε1 cosω(t− t1) +ε2 sinω(t− t1)] (3.3)

Here the Earth’s velocity, with respect to the Sun, was analyzed in the system of
galactic coordinates, with ω = 2π/yr,V⊕ = 29.8 km/s. ε1 and ε2 is the direction of the
velocity at the instants t= t1 and t= t1 + yr

4 respectively [155]. For example, if we choose
t1 as being the Spring equinox then [205]:

ε1 = (0.9931,0.1170,−0.01032), ε2 = (−0.0670,0.4927,−0.8676) (3.4)

It should be noted that, in (3.3), the time is not measured from the beginning of the
solar year but, rather, from the, so called, J2000 i.e., from the noon of Dec 31st 1999
[155]. If time was measured from the beginning of each solar year then this would lead to
a systematic annual horizontal shift of the velocity phase by 0.27 days/year, since 2000.
Relation (3.3) is a more accurate version of the relation commonly used in astronomy to
describe the motion of the earth:

ve(t) = ve[−sinα(t),cosα(t)sinγ,−cosα(t)cosγ] (3.5)
1More precisely the Local Standard of Rest is the rest frame at the local solar neighborhood of a

body that would be on a circular orbit in the effective gravitational potential obtained after azimuthally
averaging non-axisymmetric features of the actual Galactic potential [202].

2The galactic coordinates are Cartesian coordinates where the x-axis point to the direction of the
galactic center, the y-axis point to the direction of the rotation of the galactic disc and the z-axis is
orthogonal to the galactic plane.
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Where α(t) = 2π(t− t0)/T , T = 1 yr, t0 = 153 days and γ is the angle between the
galactic plane and the axis of the ecliptic. Relation (3.5) assumes that the motion of the
earth is circular and that the ecliptic lies in the Y-Z plane in galactic coordinates, the
motion of the Sun being uniform. This can lead to large errors in calculating the actual
velocity of the earth in terms of its X and Z components, although relation (3.3) still
ignores the non-uniformity of the motion of the earth but only the non uniformity of the
Sun’s motion in right ascension.

If we wanted to be even more precise, we had to add to the Galilean transformation
(3.2) the velocity that an Earth-based observer has because of the rotation of the earth
around its own axis. However, this speed (0.5 km/s) is much lower than the rotational
velocity of the earth around the Sun V⊕ therefore the effect it will have on the final event
rate modulation will be subdominant, being even extremely difficult to detect, so we can
ignore it3.

Now, the dark matter event rates show their dependence on velocity (3.3) through
the so-called mean-inverse speed:

η(umin, t) =
∫
u>umin

f(v)
u

d3u (3.6)

Where umin is the minimum speed for which the dark matter particle has enough
kinetic energy to create an observable signal. Specifically, the rate of dark matter events
is strictly proportional to (3.6). For example, for the rates of events of nuclear recoils in a
dark matter detector:

dR

dE
= 1

2mχµ2σ(q)ρχη(umin(E,t) (3.7)

Substituting (3.2) in (3.6) for the standard halo model (3.1) we can calculate η(umin, t)
for the two extreme values of velocity that appear on June 1st and December 1st, as a
function of umin. In Fig. (3.2) we can see these distributions as well as the corresponding
distributions f(v, t) for these two dates.

3 However, it could create a measurable signal in the modulation of the direction of recoils, that could
possibly be detected by directional dark matter experiments [206].
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Figure 3.2 – Upper: Velocity distribution of the isothermal sphere representing the
galactic halo in the SHM fow three different dates in the solar year. Lower: Same for the
mean-inverse speed (3.6) as a function of the minimum velocity umin.

As for (3.7), being a periodic function, with a fixed period of one year, it can be
developed in trigonometric Fourier series:

dR

dE
(umin, t) = a0 +

∞∑
n=1

an cosnωt+
∞∑
n=1

bn sinnωt (3.8)

We can simplify this relation if we make a time translation t→ t− t0 of this function.
If time t0 is properly chosen so that it coincides with the time of the solar year in which
the earth’s velocity, with respect to the galactic halo, is maximized, then (3.8) is an
even function of time, so if it is developed in Fourier series, the sine factors, bn, will be
zero. Furthermore, if we consider that (3.6) is a smooth and slowly variating function
of time, due to the isotropic halo and to the fact that u� � V⊕, then the theory of
Fourier analysis shows that its Fourier coefficients an should have a rapid decay at infinity.
Actually they tend to zero faster than any polynomial at |1/n| [207]. Thus in (3.8) we will
have a0� a1� an≥2 and if we want to capture the time variation of the event rate, for
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experimental purposes it suffices to consider only the first cosine term. For the standard
halo model and for every practical purposes, (3.8) can then be written as:

dR

dE
(umin, t) = S0 +Sm cosω(t− t0) (3.9)

Where the term S0 corresponds to a time-averaged rate and the term Sm is the
modulation amplitude. Here ω = 2π/1yr and the phase of the modulation is t0. Thus,
a direct detection experiment could attempt to detect a modulation Sm on top of its
time constant background rate. Usually, since the rate (3.9) is a function of the energy
deposited in the detector, such an experiment, will look for a modulation within an energy
region [E1,E2], and in this case:

〈Sm〉= 1
E2−E1

∫ E2

E1
Sm(E)dE (3.10)

In Fig. (3.3) we can see the expected event rates for an elastic scattering of a WIMP
of 50 GeV/c2 off a nucleon of Xe for the two dates, June 1st and December 1st, as a
function of the nuclear recoil energy.

Figure 3.3 – The two dates for which the NR event rate for a WIMP of 50MeV/c2 reach
its extreme spectrums.

We observe that the amplitude of the modulation is relatively small compared to the
average expected rate. We will see in a next section that in the case of electronic recoils
this modulation fraction can become significantly larger. We also notice a change in the
sign of the modulation for small recoil energies, which is consistent with the variation of
η(umin, t) in Fig. (3.2), where we see that for small values of umin (low recoil energies),
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when the velocity of the earth with respect to the galactic halo is minimal, we actually
expect a higher rate of events. If we define the amplitude of the modulation as:

Sm(E) = 1
2
(dR
dE

∣∣∣
June
− dR
dE

∣∣∣
December

)
(3.11)

then we see, from Fig. (3.4), that this amplitude depends on the mass of the WIMP,
because this parameter determines the deposited energy and therefore the energy below
which there will be a sign change in amplitude. In the direct detection of dark matter such
a diagram of the modulation amplitude as a function of the recoil energy can therefore be
used to constrain the mass of the WIMP.

Figure 3.4 – Modulation amplitude Sm as a function of the NR energy Enr for two
different masses of WIMP. We can observe here the effect of sign reversal, mentioned in
the text, and its dependence on the WIMP mass.

Such an effort becomes more difficult the larger is the background of the detector
compared to the amplitude of the modulation, but also to the extent that the detector
background is not time constant.

Also, relation (3.9) is based on the simple SHM model, i.e. an isothermal sphere
with a Maxwelian velocity distribution with a cut off in the high-velocity tail. In a more
realistic situation, the dark matter halo also consists of an unvirialized substructure, for
example streams and debris flows. Streams consists of material that did not had the time
to reach spatial homogeneity, resulting in a distribution with a small velocity dispersion.
An example is the Sagittarius stream where it was observed that in this satellite galaxy
located on the opposite side of the galactic center relative to the Sun, there is a stream
of luminous matter that is pulled by tidal forces and there is evidence that the tail of
this stellar material passes, in the form of stream, just a few few kpc away from the solar
neighborhood [208]. If the dark matter part of that stream actually passes through the
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earth then it can affect the modulation signature, making it very different from the simple
form 3.9. Debris flows are structures that are spatially homogeneous, but in momentum
space they consist of substructures of velocities created by subhalos that are falling into
the Milky Way. In a cosmological simulation of dark matter like Via Lactea [209] it is
predicted that for the dark matter of the solar neighborhood, the part of the velocity
distribution in the earth’s reference system, with vobs > 450 km/s consists of such kind of
debris flows, with a proportion higher than 50%. Therefore, such flows should be expected
for the search for light dark matter where the threshold for a detectable deposited energy
may result from the high velocity tail of the velocity distribution. The modulation signal
in this region will probably be significantly different from the simple form 3.9. Nonetheless,
the SHM can describe well the virialized part of the dark matter halo as well as provide a
very useful insight on the modulation signal expected from the earth’s motion within it.

3.1.1 The DAMA/NAI and DAMA/LIBRA experiments

For almost a decade, the DAMA experiment measured an annual modulation of the
event rate that could potentially be compatible with a WIMP interaction. This experiment
was the first to announce the observation of an anomaly in the temporal evolution of the
background rate, which was later confirmed by the upgraded phase of the experiment,
DAMA / LIBRA. The DAMA detector uses NaI crystals to measure the scintillation
light produced by particles that deposit energy in the active volume causing nuclear or
electron recoils. Like the XENON1T detector, it is located on the LNGS and initially
consisted of 100 kg NaI [210] and was later upgraded to 250 kg [211]. On either side
of the crystal, two PMTs detect the scintillation light. The detector is placed inside a
low-radioactive copper box in the center of a low-radioactive shield of high-purity copper,
lead, and polyethylene and also a 1m of concrete acting as a further neutron moderator.

Data acquisition covers an exposure of 1.04 tons × yr and 1.13 tons × yr for phase
I and II respectively and the analysis indicates an annual modulation of the event rate
in the energy region (2-6) keVee at C.L. of 12.9σ. The amplitude of the modulation is
Sm = (0.0103± 0.0008) counts/day/kg/keVee and corresponds to approximately 1% of
the total net rate in this energy region. Also the phase of 145±5 days is in the expected
region for a dark matter signal according to section (3.1).
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Figure 3.5 – Event rate detected, as a function of time, for the two phases of the DAMA
experiment. Solid curve is the fit of a sinusoidal model with parameters constrained to
represent WIMP dark matter signal. Image from [212].

The distribution of the modulation amplitude as a function of the deposited energy is
shown in Fig. (3.6). There we can clearly see a modulation in the range 2-6 keVee. It
should be noted that in this diagram the energy is given in an electron-equivalent energy
scale that is related to the energy of the nuclear recoils through a multiplicative factor,
the so-called quenching factor.

Figure 3.6 – The modulation amplitude observed by the DAMA experiment with two
possible masses for a WIMP signal as an interpretation of this apparent modulation. The
discrimination between them would be possible with a lower energy threshold were the
sign reversal could be verified, see text. Image from [213].

The electron-equivalent of a certain deposited energy is the energy of an electron
recoil that would produce the same amount of scintillation or ionization as the amount
observed regardless of the actual nature of the event. For example, in the DAMA detector
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a recoil event may be due to a Na recoil, an I recoil or an electron recoil, and the detector
measuring only the scintillation produced by these recoils cannot distinguish between
the three events. And in fact, the two possible nuclear recoils are even characterized by
different quenching factors. Therefore the event rates measured by the detector, as well as
the modulation amplitude, necessarily contain contributions of all these types of recoils.

Thus in terms of a possible theoretical interpretation of the modulation amplitude of
Fig. (3.6), it could be attributed to two different WIMP masses (the signal of which we see
in Fig. (3.6) in units keVee). A WIMP of mass 11 GeV/c2 in the energy region dominated
by sodium-induced nuclear recoils or a WIMP of mass 76 GeV/c2 that would induce
iodine nuclear recoils. Regarding the cross-section for spin-independent WIMP-nucleon
scattering, the best fit gives σSI = 2×10−4 pb and σSI = 1.5×10−5 pb for the two cases
respectively.

We see in Fig. (3.6) that these two possible interpretations can be distinguished
from the different sign reversal which however occurs in very small energies, in which
the detector is not sensitive and in which there was therefore no experimental data. A
lower threshold could lead to a distinction between these two interpretations based on the
data. Indeed, in phase II of the experiment, the results of which were announced in 2018,
the upgraded PMTs of the experiment allowed the reduction of the detection threshold,
from 2 to 1 keVee [212]. This fact demonstrated the incompatibility of both of the above
interpretations with the data, however new interpretations are possible as the data now
favors models with spin dependent interactions and candidate masses of 10 and 45 GeV
[214].

Both the fits of Fig. (3.6) and the new interpretations of phase II of the experiment
are in sharp contrast with the null results from other direct detection experiments like
XENON100 and XENON1T that rule out a WIMP-nucleon cross section corresponding
to the signals of all these interpretations of DAMA by many orders of magnitude.

Another possibility of interpretation is based on the idea that this modulation is
due to electron recoils caused by dark matter candidates interacting with the atomic
electrons of the target atoms. As explained above, DAMA cannot distinguish the type
of recoils in the detector, and in the case of electron recoils the null results from the
other direct detection experiments are no longer applicable. With regard to the specific
signal detected by DAMA, in the analysis of the XENON100 electron recoil data [102], its
interpretations are rejected as due to a leptophilic dark matter with axial-vector coupling
to electrons, a kinematically mixed mirror dark dark matter or a luminous dark matter,
because the DAMA signal, if interpreted through these models, would produce a signal
on the XENON100 detector that could be detected.

However, apart from the results of DAMA, the electron recoil background of detectors
like those of the XENON program, although in the context of their main physics search
of the WIMP dark matter is perceived as an unwanted background, is also interesting
as it could be studied for the search of a possible annual modulation. Precisely because
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many well-motivated theoretical models of leptophilic dark matter provide features of
electron recoil signatures that, in fact, as we will show in the next section, could lead to
larger relative modulation fractions. The rest of this chapter will focus on the study of
the electron recoil background of the XENON1T detector and the search for a possible
annual modulation.

3.2 Data selection for a modulation search with the XENON1T
exposure

In this section we will describe the selection of low energy electron recoil events that
will be used in the annual modulation analysis, the various data quality cuts that were
used as well as the evaluation of their acceptance as a function of time. The purpose
of this analysis, as became apparent from the previous sections, is to collect signals
from the energy deposited in the detector in the form of electron recoils. This could
be considered as the reverse process of a WIMP search, where the dark matter signal
is expected to induce low energy nuclear recoils and thus electron recoils are perceived
as an unwanted background. However, in order for this background to be excluded and
statistically discriminated, in the parametric space of the experimental observables, from
the nuclear recoils that are the candidates of the main nucleophilic search, it is already
necessary to well understand and identify the origin of the electron recoils. In the present
analysis we therefore use this knowledge of the electron recoil background in order to
identify the events that will constitute the population in which we will search for an
annual modulation that is not compatible with time stability or even the specific time
variation (which, as we will see, exists) of the known ER backgrounds.

In Table (3.1) we present the total number of datasets we have collected and the total
lifetime of the events that we will use in our analysis. We will use the background runs of
the two scientific runs of XENON1T, (SR0 and SR1) consisting of 7284 datasets each of
which has a duration of about one hour with a total lifetime of 300.7 days. Some of the
cuts that will be presented in this section affect the data lifetime. After applying all of
them, the total lifetime will be reduced at 281.6 days.

Runs and Livetime
Science Run Number of datasets Livetime
SR0 901 32.705 days
SR1 6383 248.851 days
SR0 and SR1 7284 281.556 days

Table 3.1 – Number of datasets used for each Scientific Run of the XENON1T experiment
and the corresponding livetime, after applying all cuts.
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In this section, after detailing the data selection cuts, we will present the distribution
of the selected events in a series of parametric regions of the experiment for two energy
ranges [1-10] keV and [10-20] keV, as well as the calculation of the time evolution of the
event rates. This set of data, as well as the rate of events that will be calculated, will be
the input data of section (3.4) where a necessary statistical analysis of the stability of the
detector will be performed, considering the physical parameters that could affect the signal
generation. The hypothesis of the correlation of the time evolution of these electron recoil
event rates with the temporal evolution of such a parameters will be investigated in order
to exclude the hypothesis that the temporal evolution of the former can be influenced by
possible unstable experimental conditions, which could undermine the statistical inference
about a time modulation based only on the understanding the physical background.

3.2.1 The combined energy scale and its resolution

The energy deposited in the detector in the form of an electron recoil is almost
completely transformed into primary scintillation photons nph and ionization electrons
ne. From the corresponding signals S1 and S2 that will be generated we can calculate the
energy Ed of the interaction, through the relation:

Ed = (nph+ne)W =
(cS1
g1

+ cS2b
g2

)
W (3.12)

Where cS1 and cS2b are the signals S1 and S2b corrected for light collection efficiency
and drift time and other position effects concerning the extraction efficiency such as those
we analysed in chapter (2), W = 13.7±0.2 eV is the average energy that is required to be
deposited in the LXe in order to produce a scintillation photon or an ionization electron
[148]. The parameter g1 is the average number of photoelectrons produced per primary
scintillation photon while the parameter g2 corresponds to the secondary scintillation
gain of chapter (2) but only in terms of the number of photoelectrons detected by the
bottom PMT array per extracted electron. Here again, only the part of the secondary
scintillation light that is observed by the bottom array is used in order to avoid saturation
effects from the PMTs of the top array. The parameters g1 and g2 can be determined
and therefore a combined energy scale can be defined via relation (3.12) if a number of
monoenergetic sources, of known energy, are used in several calibration runs outside the
detector or injected into the target volume. So for example in Fig. (3.7) we see such a fit
using the 41.5 keV line from 83mKr, the 129mXe and 131mXe metastable isotopes activated
during a calibration using a neutron generator outside the TPC, or even γ rays from 40K
or 60Co from material radioactivity using the outer region of the active target. The peaks
produced by those lines are selected with 3 sigma 2D gaussian fits. The amplitudes are
divided by the corresponding energies, obtaining the Light Yield (LY = S1/E) and the
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Charge Yield (QY = S2/E). This results in the points of Fig. (3.7) and then a linear fit
determines the parameter values:

g1 = 0.1426±0.0001 (stat)±0.0017 (syst) PE/ph
g2 = 11.55±0.01 (stat)±0.24 (syst) PE/e

(3.13)

Here the systematic errors are dominated by variations in the volume used for the
evaluation inside the TPC.

Figure 3.7 – Diagram of the light yield vs the charge yield for various monoenergetic lines
used in order to calibrate the detector’s responce to different energies. With a linear fit
with the function (3.12) a so-called combined energy scale can be defined covering an
energy range of three orders of magnitude wide.

The energy resolution is measured by the width σE of a monoenergetic peak divided
by its mean value E. Its energy dependency can be parameterized as:

σE
E

= a√
E

+ b (3.14)

Fig. (3.8) shows the fit of the model (3.14) on the data points corresponding to the
single energy lines of 83mKr (41.5 keV), 131mXe (136.9 keV), 125Xe (221.6 keV), 129mXe
(236.1 keV), 125Xe (276.6 keV), 214Pb (351.9 keV), 208Tl (510.8keV), 214Bi (609.3 keV),
228Ac (968.0 keV), 214Bi (1120.3 keV), 60Co (1173.2 and 1332.5 keV), 40K (1460.8 keV),
214Bi (1764.5 and 2204.1 keV), 208Tl (2614.5 keV).
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Figure 3.8 – The width of the peaks from energy deposits by various monoenergetic lines
can be used in order to derive the energy resolution of the detector as a function of
the deposited energy. Here the black points for XENON1T correspond to the isotopes
listed in the text, while also shown are the energy resolutions for EXO Phase II, PandaX,
XENON100 and LUX with the corresponding drift fields stated.

The following values for the parameters of (3.14) are obtained from this fit:

a= 30.98±0.43
√
keV

b= 0.37±0.03

From Fig. (3.7) we observe a linearity that covers the energy region of keV up to the
region of MeV which, based on (3.12) define an energy scale which we can use in order to
determine the energy deposition of electron recoils, with the resolution of Fig. (3.8).

The list of the analysis selection cuts

In order to select that set of events that correspond most likely to actual deposits of
energy through electron recoils, our understanding of the nature of the events observed in
the detector leads us to the following data selection:

1) Fiducial Volume The fiducial volume is a cylinder defined as:

−92.9 cm< z <−9 cm√
x2 +y2 <Rcut

(3.15)

Regarding the depth, the 9 cm cut is chosen in order to exclude events that are
expected near the liquid surface due to the intrinsic radioactivity of PMTs and the other
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materials. The lower z cut also aims to eliminate events that originate from the anode
where, due to the fringe electric field, there may be a partial charge loss or a different
recombination rate which would cause an alteration of the distribution of the ER in the
(cs1, cs2) space. Rcut determines the distance of the surface of the fiducial cylinder (3.15)
from the boundary of the TPC and can be selected based on the understanding of the
number of events induced from the material radioactivity and in the WIMP search is
selected so as to minimize this number as determined by MC simulations in combination
with the need to maximize the mass that ensures a greater exposure. Fig. (3.9) shows the
MC simulation of the background ER rate in the energy range 1-12 keV, as a function
of the fiducial mass (and therefore of the Rcut radius) where we see that the component
due to material radioactivity is the one that is dominant for large radii and for fiducial
volumes approaching the TPC boundary.

Figure 3.9 – Monte Carlo simulation of the total electronic recoil background as a function
of the fiducial mass together with the various contributions in the energy range 1-12 keV.
Figure from [190].

Also events generated very close to the TPC wall tend to produce ionization signals
which are not fully collected as many ionization electrons are absorbed by the wall charging
it. This again results in the deformation of the ER event band in the parametric space of
the observables. In SR0 and SR1 two Rcut options were made which are well understood
in terms of the ER background inside the FV they define: Rcut = 36.94 cm and 41.26 cm
offering an FV of 1 ton and 1.3 ton respectively. In the present analysis we will choose
the 1.3 ton FV which, for the livetime of SR1, corresponds to an exposure of 1 tonne ×
yr. The exact calculation of the mass contained within this fiducial volume can be done
in two different ways. First by taking into account the density of the LXe and calculating
the mass contained in the FV and, second, by using 83mKr events from corresponding
calibration runs, which are expected to be uniformly distributed inside the target mass of
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the TPC. By calculating the ratio of the number of events located within the FV on the
total number of events, and multiplying with the total mass inside the TPC, we have an
alternative estimate of the mass contained within it. The average of these two values,
with their difference as a systematic error gives the value of 1.3±0.01 t.

2) S1 and S2 selection. In the waveform of the selected events the S1 and S2 peak
of the main event must have the highest intensity of all the S1 and S2 peaks recorded in
the waveform.

3) Width of main S2 The width of the S2 signal is related to the depth of the
interaction because of the diffusion of the electrons cloud drifting towards the top of the
TPC. This relation can be used to remove events whose width is much larger than we can
expect from their drift time, such as S2s coming from events in the GXe or accidental
coincidences events. Indeed, following [215], the width of a single S2 signal coming from
a nuclear or electron recoil (i.e. not a single electron like those small S2 signals we dealt
with specifically in chapter (2)), can be expressed as:

σS2 =
√
σ2
t +σ2

0 (3.16)

Where σt is the width of the ionisation electron cloud after a drift time t, and σ0 is
the width that will result from the secondary scintillation of each electron of the cloud
that will be extracted into the GXe. σt, expressed in units of time and corresponding
to that time period ∆t containing 50% of the area of the S2 peak, is related to the
spatial longitudinal width σz of the electron cloud through σt = σz/vd where vd is the drift
velocity4. If we consider the initial distribution of n0 electrons in the cloud as point-like,
after a time t the distribution can be written as [216]:

n= n0√
4πDLt

exp(−(z−vdt)2

4DLt
) (3.17)

Where DL is the diffusion constant, 25.26 cm2/s for SR1. We can then derive σz as
the second central moment of n(z, t) over z.:

σz =
√

1
n0

∫ ∞
−∞

n(z)z2dz =
√

2DLt (3.18)

Based on this model we can make a fit on the data of S2-width as a function of the
drift time, using a relation of the form σS2 =

√
P0 +P1t.

4vd is related to the electric field by the relation vd = µE where µ is the electron mobility.
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Figure 3.10 – Width of the main S2 signal over drift length (related to drift time by z= vdt)
using neutrons induced by AmBe calibrations performed during SR1. The equation used
for the fit uses the relation σS2 =

√
P0 +P1t constituting the model presented in the text.

The result of this fit, for SR1, is shown in Fig. (3.10), compared to data from several
AmBe calibration runs. Then the cut that will exclude those events whose S2-width is
not compatible with the diffusion model, is tuned based on a 2σ band of the ratio of the
observed S2-width of calibration datasets over the expected S2-width from the diffusion
model. In fig (3.11) we present the cuts boundary on AmBe calibration data.
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Figure 3.11 – Boundaries of the cut based on the S2-width model. The parameter space
here is the ratio of the observed S2-width on the width expected by the drift time of the
event versus the S2 area. Data shown are from AmBe calibration.

4) Fraction of light observed by top PMTs Another way to remove gas events
is through the percentage of light observed by the top PMT, a parameter called Area
Fraction Top (AFT). Gaseous events are characterized by an unusually high percentage of
AFT as compared to events that come from a real energy deposit. Using 220Rn calibration
datasets we can tune a cut that selects those events that belong to the [5,95]% quantiles of
AFT distribution as a function of S2. Since no cut can be considered absolutely efficient,
cuts 3 and 4 are complementary to the process of removing gaseous events.

5) Double scattering rejection The signal we are looking for consists of a unique
true interaction inside the detector, of an electron recoil nature, which will be characterized
by a unique pair of S1 and S2, as it is statistically unlikely that a dark matter particle
will interact twice during its passage through the active volume of the detector. For this
purpose we must make sure that:

• The event was a single scatter i.e., the S2-signal in the waveform is unique. A particle
that deposits energy through multiple scatterings inside the detector, such as a
neutron, produce events that are characterised by one S1, as the primary scintillation
light is observed simultaneously by the PMTs, while in waveform multiple S2s of
similar intensity are present, corresponding to different ionization electron clouds
produced by several diffusion points of a particle. One way to exclude these events
is to require that the second largest S2 signal in the waveform of an event should
lie in the region of single electrons i.e., any other S2 detected should be attributed
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to the mechanisms described in the previous chapter and not to the deposition of
energy of a particle in the active volume.

• For the same reason we must reject those events that might be caused by two
particles interacting on the same time window. The way in which the data processor
software detects the possible interactions that took place in an event is through
pairing the S2s with the S1s that are detected starting with the S1 that has the
largest number of coincident channels that are contributing to its sum waveform5,
and the largest S2. Then the search for other possible interactions continues with
the pairing of this S2 and the S1 with the next largest number of coincident channel,
and so on. Therefore any event that have a second S1, which could be combined
with the main S2 and constitute a true interaction should be removed. Such a
cut can be made if, in the waveform of each event, we search for the existence
of other S1s besides the main one that have been detected by the peak finding
algorithm, in the way we described the pairing of S1 and S2 peak above. If such an
alternative interaction has been detected by the data processor, then we retrieve
the information of the z coordinate of that alternative S1. Then we calculate, as we
did in cut 4, the S2-width predicted by the diffusion model based on the depth of
this candidate interaction. If this lies within the bounds of the cut of Fig. (3.11),
then the event should be excluded, as we cannot be sure about which of the two
S1s should be combined with the main S2, therefore we cannot be sure about the
uniqueness of the interaction.

6) Expected shape of S1 and S2 peaks Another way to exclude double scatter events
as well as poorly reconstructed events, complementary to cut 5, is to evaluate a goodness
of fit of the reconstructed position, based on the goodness of fit of the top hitpattern
compared to an expected hitpattern from a MC simulation of the top array hitpatterns,
using a per-PMT map of the light collection efficiency. The test statistic based on this
goodness of fit is a poisson likelihood chi-square and could be used for the test of a null
hypothesis of the kind: single scatter with one cluster of hits in the top hit pattern array.
Such a cut is defined by the 98% percentile of the 2 dimensional distribution of this test
statistics (S2 pattern likelihood) with the S2 area of an event. However, this approach
does not take into account the energy dependence of this cut due to PMT saturation
effects at higher energies but also, for the low energies involved in this study, it was
observed that this cut leads to a gradual drop of acceptance with time through SR1 as
is shown by an evaluation of this acceptance on electron recoils from 220Rn calibration
runs in Fig. (3.12). This effect can be attributed to an increasing afterpulse rate of some
PMTs of the top array during SR1 due to degradation of these photomultipliers over time.

5 specifically, with the larger number of PMTs contributing within a temporal window of 50 ns centered
on its sum waveform maximum
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Figure 3.12 – The boundary of the cut removing poorly reconstructed S2s based on
the S2-pattern likelihood test statistic (see text) as a function of time during SR1. Is
clearly seen a time dependence extended throughout SR1 that is found to be due to the
degradation of the performance of some PMTs over time.

One of the causes of these PMT afterpulses is attributed to the residual gas molecules
in the vacuum of the PMT. A photoelectron accelerated from the photocathode to the
first dynode could ionize one of these molecules, whose ion can then accelerate towards the
photocathode and create an afterpulse. From the measured afterpulse time, which depends
on the ion’s mass to charge ratio, ions such as H+, He+, CH+

4 , N+
2 etc. have been identified

as some of the causes of afterpulses for the Hamamatsu R11410-21 photomultipliers used
in the XENON1T TPC [217].

It was therefore necessary, for the purposes of the present analysis, to redesign this
specific cut so as to remove from the calculation of the top pattern likelihood test statistic
those PMTs that show an increasing rate of afterpulses during SR1. Indeed this redefinition
of the test statistic allowed the reduction of the acceptance’s dependence on time.

A similar cut can be defined also for the S1 signals where a likelihood can be constructed
based on the observed hitpattern and the one expected through a MC simulation using a
S1 relative light collection efficiency, per-PMT, map. A cut based on this test statistic
can exclude a portion of ERs that are not placed inside the ER band in the parameter
space of Fig (3.15), for example events due to accidental coincidences of lone S1 and
lone S2 signals that are incorrectly perceived by the data processor as a real interaction.
Again the optimization and evaluation of the acceptance of such a cut, is done using
single scatter events in the ER-band for 220Rn data.
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7) Area of the most contributing PMT It has been observed that events may
have a specific PMT that is contributing in a very large proportion to the overall S1
signal. During SR0 and SR1 a cut was developed which examines the area of the most
contributing channel. This cut was tuned and its acceptance was evaluated on 220Rn
calibration data in order to reject this kind of events. This cut works in addition to the
cut 6 as such events usually come from accidental coincidences that can be created by
light emission, after-pulses or scintillation in the photocathode of a PMT.

8) During SR0 and SR1 a contamination by 83mKr events was observed, resulting
presumably from an amount of 83Rb leaked inside the detector, after a calibration during
SR0. We can observe this contamination from the unexpected presence of a strong peak
in the energy region of 41.5 keV. Making an elliptical fit of this peak in the parametric
space (cS1, cS2) we can measure the number of events that are found inside a 3σ selection.
In Fig. (3.13) we present this event count, for a time bin of 3 days, that covers the whole
SR1, with a selection of those datasets that are at least one day away from the end of each
83mKr calibration period, in order to take into account only those events that actually
come from the 83mKr that is the product of the quantity of 83Rb that contaminated the
interior of the TPC. If we fit the data with an exponential model we infer a half-life of
86.42+2.1

−1.9 days, value that is consistent with the 83Rb half-life of 86.2 days [218].

Figure 3.13 – Evolution of the rate of events found in the region of 41.5 keV in background
datasets, during SR1. Here this rate is not corrected with the acceptance of the selection
cuts used to obtain them, because what is of interest here is the fact that an exponential
fit gives a characteristic time consistent with the half-life of 83Rb. This points toward an
interpretation of the presence of these events in background datasets as a contamination
of the TPC during a certain krypton calibration, probably situated in SR0.
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A specific problem arises for our analysis due to this type of contamination. In Fig.
(3.14, blue histogram) we present the 83mKr spectrum in the combined energy scale (CES)
using 20 83mKr calibration datasets of the SR1, in which we have applied all the cuts we
presented in this section up to this point, except those that exclude S1 and S2 multiple
scatters. We notice the appearance of four peaks. We commented on the two peaks that
are centered at a CES of 32 and 42 keV (250 and 350 PE) in chapter (2). However, of
interest here are the two peaks appearing in the energy region of [9, 20] keV. Although,
a priori, the energy region of interest for the annual modulation is [1-6] keV, as for a
dark matter particle of mass O(10 GeV), this is the region in which we expect the largest
modulation amplitude, as we saw in the previous section, however we want to use the
energy region of [10-20] keV as a control region for our analysis, so the presence of this
additional background, which is also variable in time (due to the decay of the parent
83Rb isotope), can be considered problematic.

Figure 3.14 – Distribution of events in the CES for 20 83mKr calibration datasets of the
SR1. Blue: All cuts applied except the single scatter cuts. Orange: All cuts applied
including the single scatter cuts. A large portion of events remains in the region of ∼ 18
keV. Green: Application of the KrMisIdS1 cut (see text) removes this population.

The peak around 9 keV in Fig (3.14) is composed of events where the two S1 signals,
corresponding to the consecutive electron captures of 83mKr, are merged (i.e. perceived
by the data processor as one) but they are also misclassified as being an S2. Then, the
main S2 of the event is probably paired with an PMT afterpulse, being identified as the
main S1 of this spurious interaction.

The peak centered around 18 keV is composed of a population of events where the
two S1s, of the 83mKr decays, are not merged, and the S1 corresponding to the transition
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of 32 keV is misclassified as an S2, while the other S1, of the 9 keV transition, is correctly
classified as an S1 being paired with the main S2 of the event.

Concerning the population of the first peak, it is obvious that, since the merged S1s
are misclassified as an S2, the event will have in its waveform a second S2, beside the
main one, of the order of 350 PE, so it could be excluded by the single scatter cut which
we mentioned above. Indeed if we apply this cut we see that this population disappears
(orange histogram of Fig. (3.14)). However, in the second peak, the largest other S2,
beside the main one, is the misclassified S1 of 32 keV transition which corresponds to
approximately 250 PE. This area is quite small and the single scatter cut will not be
efficient enough to completely eliminate this population. As can be seen in Fig. (3.14) a
large fraction of this population will pass the single scatter cut. Therefore, an alternative
cut has been developed to deal with this population of misclassified S1s from krypton
events which can pass the single scatter cut, taking advantage of the fact that, in the case
of this population, the misclassified S1 of the 32 keV transition will appear as an S2 that
will precede the main S1 (corresponding to the transition of the 9 keV which is correctly
classified). Therefore, the cut that in Fig. (3.14) we call KrMisIdS1 requires the exclusion
of events that have a second larger S2, after the main S2, with an area larger than 100
PE and at a time distance of up to 3µs before the main S1. Indeed, in Fig. (3.14, green
histogram) we observe the elimination of the rest of the population of the second peak.

The selection of the data is completed through the rejection of those events that, in the
parametric space (cS1, cS2b), are distributed outside the 3σ band of the electron recoils
(ER) as in Fig. (3.15), in order to exclude any event that may result from the radioactive
contaminants of the materials and which may be characterised by a partial charge loss, as
we explained above, resulting in electron recoil events that are systematically distributed
lower than the ER band. This band is determined by the detector response to electron
recoils that is modelled with a MCMC fit to β-decays of 212Pb selected from 220Rn
calibration data [122]. Using the ER model template that result from this fit, we select
those events that are distributed within the 99.7 percentile of the band.
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Figure 3.15 – ER 3σ band fit from template models that have been used in SR0 and SR1.

Finally Figures (3.16) and (3.17) In the following figures we present the distribution
of the selected ER events, in various parametric spaces, as well as the evaluated electron
recoil event rates, in time bins of 7, 15 and 21 days, in the energy range of [1-10] keV of
the CES and for a fiducial volume selection of 1.3 tons.

The selected data and evaluated event rates will be used in section (3.4) to study
possible correlations with slow control parameters in various energy ranges and choices of
fiducial volume.
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Figure 3.16 – Selected events in the energy region of 1-6 keV, inside the 1.3 tonnes fiducial
volume, for SR1. Upper figure: Distribution of the selected events in the parametric space
cS2b vs cS1, inside the 3σ ER band. Lower left: distribution of events in the x-y space
where the various fiducial volumes are shown. Lower right, same distribution in the space
z vs R2

TPC with the regions of the same fiducial volumes shown.

Figure 3.17 – Event rates for the events selected in (3.16). Upper: Event rates as a
function of the deposited energy. Lower: Time evolution of the event rates for time bins
of 7 days. Also shown is the period of the various calibrations during SR1.
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Evaluation of the cut acceptances

In order to have a accurate evaluation of the event rates, as they are evaluated in the
binned plots of Fig. (3.17), but mainly for the final statistical inference about a possible
modulation of the background rate, we must also estimate the overall acceptance of the
cuts we used to select the ER events. The acceptance of these cuts, for the selection of
signal like electron recoil events, has been also studied in the context of other analyses,
but for our purposes it is necessary to estimate the evolution of the acceptance of each
cut used, as a function of time and as a function of the combined energy scale, and then
the combined acceptance of all cuts in time and energy. The ideal case would be to
make such an estimate using simulation, however it is extremely difficult and certainly
accompanied by large uncertainties, an attempt to estimate exactly how the parameters
of the simulation would evolve with time. Thus here, as well as in analyses independent of
time, we resort to a data driven method. One approach, that is widely used, is the so-called
“N-1” method. Specifically, we can consider that the cuts presented above constitutes a
series of selections in the parametric space of the observables, which converges on the
determination of a "good" sample of events, in the sense that these are signal like (i.e.
single scatter electronic recoils energy deposition inside the fiducial volume). If we use
220Rn calibration datasets to look at the selection of ER that are induced from the 212Pb
β-decay, in the decay chain of 220Rn, then we can make an estimate of the acceptance of a
specific cut, from a list of cuts, if we consider that the application of all other cuts except
the one under consideration, has already led to a signal like sample of events. If we, then,
apply the cut under consideration to this set of events, the further exclusion of some
events can be considered as an acceptance loss due to this particular cut. Specifically, the
following constitutes the logic of this “N-1” method. Let Ei be the whole set of available
events. Then, for a specific data selection cut C, let A and B be the following sets:

A= {Ei|event i passes all cuts other than C}
B =A∩{Ei|event i passes C}

Then this method defines the acceptance of the cut C as the ratio:

accC = # of events in B
# of events in A (3.19)

Of course, there are some cuts among the ones we presented above, whose acceptance
cannot be calculated with this method, such as the selection of the fiducial volume as this
can be considered exactly 1, as expected by all cuts that affect the exposure only. That
is because, if an event outside the fiducial volume is genuinely "bad" then by definition
it’s excluded but if it is a ”good" event, its exclusion is accompanied by a corresponding
reduction of the exposure.
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In the following figures (3.18) we present the cumulative acceptance of the cuts we
described in this section as a function of energy in the energy range [1, 20] keV, for 1T
fiducial volume, for SR0 and SR1 respectively.

(a) a

(b) b

Figure 3.18 – Cumulative acceptance of the cuts used as a function of the energy for SR0
(up) and SR1 (down). Also is shown a linear fit and the 1σ band.

Fig. (3.19) shows the cumulative acceptance as a function of time, for SR1 calculated
in 9 time bins. The corresponding plot for SR0 is not presented, as its lifetime of 32.7
days will be considered as an additional point in Fig (3.19), in the combined final analysis
of SR0 and SR1.
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Figure 3.19 – Cumulative acceptance of the cuts used as a function of time for SR1,
together with a linear fit and a 1σ band.

The errors of each acceptance point is calculated assuming that the whole process is
binomial, since it can be modelled as a process with n draws with a success probability p
of passing. However, here we cannot use the normal approximation to calculate confidence
intervals as this is invalid for extreme values of the probability p (close to zero or one).
Here we can make use of the so-called Wilson score interval [219] that constitutes an
improvement of the normal approximation, with good coverage properties even for a
small number of samples, or in the case of extreme values of p. This confidence interval is
defined as:

nS + z2

2
n+z2 ±

z

n+z2

√
nSnF
n

+ z2

4 (3.20)

Where nS and nF are respectively the number of successes and fails in n trials and z
is the 1− α

2 quantile of the standard normal distribution i.e the quantile corresponding to
an error rate α. We can parameterize the evolution of the acceptance as a function of
energy and time with a linear fit on the data points (dashed line in Figures (3.18, 3.19)).
For the cumulative acceptance there is a decreasing trend with the increase of the energy
of the electron recoils while, as a function of time, the linear fit indicates a rather constant
acceptance within the limits of the statistical error.

3.3 Relevant Backgrounds for a modulation search

For the search of a leptophilic dark matter, our main background would be the
electronic recoil events produced inside the detector by various mechanisms. And in fact,
unlike the nuclear recoil background of the WIMP search, the electronic recoils are so
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frequent that it becomes possible to statistically investigate the case of a time modulation
of that background in the search for a possible signal of a lepton interacting dark matter.
In Fig. (3.9) we have already shown a MC simulation of the various contributions to this
background as a function of the fiducial volume of the detector. In Fig. (3.20) we present
these contributions as a function of the energy of the electron recoils.

Regarding the minimisation of this background we can divide the various contributions
into two parts. On the one hand we see, from Fig. (3.9), that the contribution from
the intrinsic radioactivity of the construction materials of the TPC, can be limited with
appropriate fiducialization, as it consists in γ rays with energies of O(MeV) that can
cause electronic recoils in the O(keV) energy region, through Compton scattering. But
for LXe, the total attenuation of γ radiation of O(MeV) is such that an 1/e of its initial
intensity is reached after a length of ∼ 3 cm.

Figure 3.20 – Energy spectrum of the ER background and the various contributions to it
in the 1 tonne fiducial volume. Figure from [190].

On the other hand, there are backgrounds, dominant in our region of interest, that
are due to beta decays of isotopes whose presence is homogeneous within the detector,
such as 222Rn and 85Kr. Here, the choice of fiducial volume is indifferent and a mitigation
can be achieved through a dedicated distillation procedure. For the needs of the present
analysis it is necessary to examine the time evolution of these contributions to the total
background and, in this section, we will briefly present each of them in order of their
relative importance, as well as the way we can determine their contribution among the
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observed background.

214Pb: As 222Rn is being constantly emanating from the detector materials, where
due to its chemical inertness and its relatively long half-life of 3.8 days [218], it becomes
homogeneously distributed inside the active volume of LXe. The subsequent decay chain
of 222Rn can be seen in Fig. (3.21). In that chain, the daughter that is of relevant
importance to our low background experiment concerns the β-decay 214Pb β−→ 214Bi.

Figure 3.21 – Decay chain of primordial 238U of which 222Rn is transient.

In this case, the low energy tail of this β-spectrum, can produce a single scatter
electron recoil in the low energy region of interest. This decay is expected to produce the
highest background in the experiment, as can be seen in the simulation (3.20).

In addition to the use of materials selected for low radon emanation, a method that
was tested for a short period of time during the experiment in order to further reduce the
level of this background was the technique of cryogenic distillation. The working principle
here makes use of the fact that in a static equilibrium of LXe with its gaseous phase, at a
temperature of T = 178 K, radon is a factor of 10 times less volatile than Xe. That is,
the ratio of their vapour pressures is PRn/PXe ≈ 0.1. Using a distillation column, where a
counterflow is created between the evaporated xenon gas and the liquid xenon, due to
the difference in partial pressures the radon accumulates in the liquid phase while the
purified gaseous xenon returns to the detector. The highly contaminated liquid xenon,
then, remains trapped in the reboiler’s liquid reservoir until radon disintegration, resulting
in a process without loss of xenon during the online operation. Distillation over a period
of a few days at the end of SR0 resulted in a 20% reduction in the 222Rn rate. The rate of
214Pb cannot be measured directly but an upper bound can be determined by measuring
the rate of 222Rn and 218Po. The measurement of the rate of these isotopes is done via
the detection of their alpha decays, Fig. (3.21), that produce large monoenergetic signals
that can be measured in the high energy region of the spectrum and thus, indirectly,
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offering a monitoring of the presence of the daughter isotope 214Pb. In order to make
such an analysis it is necessary to develop specific cuts and corrections in the LCE maps
as they are not optimized for those high energy signals. The measurement of the events
corresponding to these signals for a specific exposure is then done, with a peak fitting of
the corresponding spectrum of the corrected S1 [220].

In Fig. (3.22) are presented the rates of 218Po during SR0 and SR1 which will be used
in our analysis as the upper bound of the 214Pb background rate. We can observe that
the data indicate a rather stable background over time and therefore, in our analysis,
we will exclude the period of radon distillation. From a linear fit in the data results an
average rate of (1.96±0.08) ·10−4 events/kg ·day ·keV.

85Kr: Commercially available xenon is contaminated by natural krypton in the level
of part per billion. 85Kr beta decays a 99.57% of times into 85Rb with a half life of ∼ 10.8
years and a maximum decay energy of 687 keV. In the natural presence of this isotope
in the atmosphere (0.09 PBq) [221] due to its natural production in small quantities by
the interaction of cosmic radiation with 84Kr, anthropogenic activity is added mainly by
its production in large quantities in nuclear fission, where it appears as one of its main
products which is subsequently released into the atmosphere. Its average atmospheric
concentration is estimated at 1.3 Bq/m3 with geographic variations following its major
anthropogenic contribution i.e with an increasing concentration near nuclear reprocessing
facilities, and a higher mean concentration in the northern hemisphere [222, 223]. As
in the case of 222Rn, the 85Kr presence inside the detector can be limited by cryogenic
distillation. But here, unlike 222Rn, 85Kr is the high volatile component with a 10.8 times
larger vapour pressure than Xe at T = 177 K. So the distillation column working inversely
than the case of radon distillation6 will lead krypton at the top and the purified xenon
will be collected at the bottom. To achieve this goal, a dedicated distillation column was
created by the collaboration [224] and the efficiency of the separation can be monitored
using the 83mKr isotope as a tracer. Using this distillation column, the concentration
of 85Kr was reduced by a factor of 103 from its initial value, reaching a minimum of
0.36± 0.06 ppt. What allows us to include the temporal evolution of the background
due to this isotope is the regular monitoring done during SR1 through measurements
of the natKr/Xe concentration with a rare gas mass spectrometer (RGMS) [225]. The
measurements are presented in the data points of Fig. (3.23). RGMS allows us to monitor
the evolution of this concentration during and after krypton distillation, where we see a
decreasing by about three orders of magnitude followed by a slight increase during SR1,
due to emanation from the detector walls. We can model the temporal evolution of this
background in order to use it for the annual modulation analysis through a system of
coupled differential equations:

6In fact, this is the right operating direction and before, in the case of the 222Rn removal, the column
was working in reverse mode.
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Figure 3.22 – Event rates of 218Po during SR1 for a time bin of 3 days. This rate
constitutes an upper bound for the 214Pb background, relevant in our annual modulation
of ER, analysis.

Figure 3.23 – Time evolution of the 83mKr background during SR0 and SR1. Is also
shown a fit on the data taken from RGMS and a fit of the model described by equations
(3.21) and (3.23).
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If NL(t) is the concentration of krypton in the liquid phase and NW (t) is its concen-
tration in the wall of the detector, due to the absorption by its materials, then a state of
equilibrium between the two quantities can be described by the system of equations:

dNW (t)
dt

= λaNL(t)−λeNW (t) (3.21)

d

dt

(
NL(t) +NW (t)

)
= 0 (3.22)

Where the coefficients λa, λe, control the rate of adsorption and of emanation,
respectively. The distillation process intervenes in this closed system by introducing losses
in the total krypton concentration, via the second equation of equilibrium with a factor
λd that determines the distillation rate. In that case the second equation, (3.22), can be
written as:

d

dt

(
NL(t) +NW (t)

)
=−λdNL(t) (3.23)

We can fit the model described by the system of equations (3.21) and (3.23) on the
data of Fig. (3.23). Then we obtain the solid curve which will be used as the background
model for the time evolution of 85Kr during SR0 and SR1.

Solar neutrinos: Another background that we must consider, although it accounts
only for 3% of the total ER background, is the elastic scattering of solar neutrinos off the
electrons of the xenon atom [226]. Most of this background (92%) is due to neutrinos
produced by the following nuclear fusion reactions:

p+p→ d+e+ +νe. (3.24)

7% is due to electron capture processes of 7Be (product of fusion of 3He and 4He in
the Sun):

7Be+e−→7 Li+νe (3.25)

While the most energetic neutrinos are produced by the reaction p+e−+p→ d+νe
however its flux contribution is suppressed by the fact that this reaction is 400 times less
frequent than the pp reaction above, although it has been directly detected in Borexino
[227]. Regarding the temporal evolution of this background, it is expected to present an
annual modulation due to the eccentricity of the earth’s orbit around the Sun. Indeed
such a modulation of the 7Be neutrino interaction rate was observed by Borexino with a
period, amplitude, and phase that are consistent with a solar origin [228], that is, a 6.7%
amplitude modulation with its maximum at the perihelion. In the energy range of [1, 12]
keV a rate of about (6.0×10−6) events/kg ·day ·keV is expected. For this background we
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will use a cosine function with these modulation features, Fig (3.24).

Material radiactivity: Although, as we explained at the beginning of this section,
material radioactivity, mainly due to Compton diffusion, can be reduced with appropriate
fiducialization, from Fig. (3.9) we see that, within a fiducial volume that includes, for
example 1.3 tonnes, the rate of events from this background is expected to be 2 ·10−5

events/kg ·day ·keV. It would be useful to analyze its temporal evolution, as the 61% of this
background originates from 60Co contamination of the shells and flanges of the cryostat.
We can model the temporal evolution through an exponential decay with the 60Co half
life of 5.3 yr, which is of the order of magnitude of the time period covered by SR0 and SR1.

Figure 3.24 – Combined plot of all relevant ER backgrounds, to be used as a background
model in the sensitivity analysis and the final statistical inference of the present analysis.
Added to the 214Pb (as determined from 218Po a-decay) and 85Kr backgrounds are the
contributions from the materials (blue solid line) and the solar neutrinos (green line).

Fig. (3.24) shows these four backround contributions, which are the most important in
term of their rate and their time variation, such as 214Pb for which we can have an upper
limit but also find that it is rather stable over time, as well as secondary backgrounds
which however present time variations and therefore it would be useful to take them into
account for the final statistical inference of a modulation of the background that should
be consisted with a dark matter interpretation.

Finally, there are a number of additional backgrounds that can be ignored in an
annual modulation analysis as they are subdominant and also flat in time. For example
the ERs caused by the 2νββ decay of 136Xe with a Q-value of ∼ 2.5 MeV [229]. The tail
of the spectrum can induce events in our low energy region of interest but the rate is
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expected to be less than the background rate due to solar neutrinos and also the half-life
is 2.17×1021 yr i.e., this background is constant in time.

Another background that can be ignored is the one due to accidental coincidences, i.e.
the pairings, by the data processor, of lone-S1 and lone-S2 events which are incorrectly
considered as the main signals of a true interaction. This background can be modelled by
randomly matching lone-S1 and lone-S2 detected events. From such background model
we find that this is of importance mainly in the region of the parametric space of the
observables that corresponds to the NRs while for the ER band, in which our events are
collected, this background is insignificant and also constant with time7.

Lastly, a spurious background that we took into account was the 212Pb in the 220Rn
chain. Due to the very short half-life (56 s) of 220Rn it does not have the time to diffuse into
the active volume of the TPC. Through the monitoring of 212BiPo delayed coincidences
of β followed by an α decay (which follows 212Pb β decay in the 220Rn chain) a lower
limit can be inferred about the rate of 212Pb. During the SR1 it was found that this is of
the order of 1% compared to the background rate due to 214Pb. However, some datasets
were identified in which that 212BiPo amount increased up to 20 times. It was found that
these background datasets followed immediately after periods of 220Rn calibrations. They
can be attributed to the fact that, in some cases, after a regular 220Rn calibration, the
background data taking was not delayed enough, so as to allow the detector to reach
again the normal background level. In total, 31 datasets were removed, corresponding to
a livetime loss of 1.3 days.

7As a consequence of the observed time stability of rates of the lone-S1 and lone-S2 events.
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3.4 Detector stability analysis

We will now proceed to an investigation of the possible correlations of ER event rates,
as calculated in the previous section, with the physical parameters of the detector such
as pressures and temperatures in different parts of the TPC, the xenon cooling power
and the recirculation flow rate to the purification system, the measurements of the liquid
level, the voltages of the anode and cathode and in general a set of parameters that will
hereinafter be called by the generic name slow control (SC) parameters, since they are
regularly monitored by a Slow Control SCADA system. Although the final estimate of a
possible annual modulation of the background will be based on an unbinned likelihood
analysis, a verification is necessary to precede, by checking a possible correlation of the
event rate over time with all SC parameters, because implicit in the final inference is the
assumption that the time stability of the detector is such that possible changes in the
signal generation mechanism, through possible instabilities of the experimental conditions,
can not affect a statistical inference based only on the observed events and the background
model. Otherwise one should take into account such a correlation with slow control
parameters.

This section summarises the results from all studies about the possible correlations
between the Electronic Recoil (ER) rate, calculated based on the data selection specified
above, and SC parameters associated to important detector performance conditions during
SR0 and SR1 data taking. Here, thus, for illustration purposes we will show only the
methodology we followed, applied in the case of SR1 and the energy range of 1-6 keV for
a FV selection of 1T and a time bin choice of 7 days. This analysis was repeated for the
energy ranges of 1-10 keV and 10-20 keV, for fiducial volumes of 1T and 1.3T as well as
for time bin choices of 15 and 21 days. Similar analysis was performed for the SR0 data
in these three energy regions and for a time bin of 7 days.

We begin by introducing a summary of the different detector parameters that were
studied. Then, we present the methodology used to perform the statistical correlation
analysis between ER rates and SC parameters. Thus the ER rates for SR0 and SR1
are compared with the mean of all SC parameters considered, and this is repeated for
different time-binning conditions and energy ranges. Their statistical correlations are
studied by citing point estimates like the Pearson and Spearman’s correlation coefficients
and the p-values of their corresponding correlation tests. In addition, we also present
the attempts to construct confidence intervals for the correlation coefficients and test the
hypothesis that their correlation coefficient is different from zero in a different way i.e.
using general resampling techniques such as bootstrapping and permutation tests.

For all the background runs selected for the annual modulation analysis, we collected
the values of the SC parameters listed in Tab. (3.2):

The following is a summary of the full analysis focused on a subset of these parameters
that are highlighted in Tab. (3.2) and may affect the event rate more directly, such as e.g.
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List of Slow Control parameters
Parameter
Name

Unit Description

PT101 bar Detector pressure (cryostat)
PT102 bar Detector pressure (porcupine)
PT103 bar Detector pressure (cryogenic system)
PT104 bar Detector pressure, relative (cryogenic system)
TE101 ◦C Cryostat bottom temperature (LXe)
TE102 ◦C Cryostat bottom PMT array temperature (LXe)
TE103 ◦C Cryostat middle temperature (LXe)
TE104 ◦C Cryostat below bell temperature (LXe)
TE105 ◦C Reservoir temperature (LXe)
TE106 ◦C Inside bell temperature (GXe)
TE107 ◦C Cryostat top temperature (GXe)
PI110_PT113 mbar Vacuum insulation pressure (cryogenic system)
FCV101 SLPM GXe circulation porcupine mass flow
FCV102 SLPM GXe circulation cryostat mass flow
FCV103 SLPM GXe circulation cooling towers mass flow
FCV104 SLPM GXe bell pressurization mass flow
FC201 SLPM GXe mass flow through QDrive 201
FC202 SLPM GXe mass flow through QDrive 202
SLM1 mm Short level meter 1 reading
SLM2 mm Short level meter 2 reading
SLM3 mm Short level meter 3 reading
SLM4 mm Short level meter 4 reading
LLM2 mm Long level meter 2 reading
R121 W PTR-102 tower heater power
Vanode V Anode voltage
Vcathode kV Cathode voltage (negative)
TILTMETERA rad Tilt meter A reading
TILTMETERB rad Tilt meter B reading

Table 3.2 – List of slow control parameters examined for a possible correlation with the
ER event rates in this section. The parameters that are highlighted will be used as a
subset for the presentation of the method and also because they may affect the event rate
more directly (see text).
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the cryostat top temperature in the gas volume above the bell, as a general increasing
should facilitate the outgassing, or the liquid level and pressure that are affecting the
secondary scintillation gain. In Fig. (3.25) is shown a view of the positions of the
temperature, pressure sensors and the four level-meters.

(a) a (b) b

Figure 3.25 – a. Positions of the four level-meters measuring the liquid level in the gas
gap. b: Top view of the seven temperature sensors of the detector

Fig. (3.26) show the time evolution of the 6 selected SC parameters, for all SR1
datasets used for the annual modulation analysis. The black dashed lines correspond to
the average values of the parameters while the two red dashed lines represent the ±1σ
deviation.
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Figure 3.26 – Evolution, during SR1, of the SC parameters used in the illustration of the
analysis method in this section. The black lines indicate the mean value and the red lines
the 1σ interval

When considering a particular science run, we split the total time of data taken into
temporal bins of n days. For these bins, we examined the ER rate within a certain
energy range. We examined the correlation of these ER rates with the SC variables for a
certain choice of the FV. In Fig. (3.27), we present the correlation plots for the list of SC
parameters specified in Tab. (3.2) with the event rates for SR1, for a time binning of 7
days in the energy region of [1, 6] keV. Here, every point corresponds to a particular time
bin. The colour code corresponds to the temporal placement of each point during the
corresponding SR, such that we can have a visual depiction of the temporal structure of
the correlation.

We will proceed by studying some test statistics that quantify the correlations between
the pairs variables we are interested in, namely the ER event rates and each of the variables
listed in the table (3.2). It is useful to use the so-called Pearson correlation coefficient,
which measures the linear correlation between two variables, as well as Spearman’s rank
correlation coefficient, which expresses whether the two variables can be described by a
monotonic function not necessarily linear. For a set of variables S = {(x1,y1), . . . ,(xn,yn)}
the Pearson correlation coefficient for the sample is:

rp =
∑n
i=1(xi− x̄)(yi− ȳ)√∑n

i=1(xi− x̄)2
√∑n

i=1(yi− ȳ)2 (3.26)
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Figure 3.27 – Correlation plots of SC parameters of Fig. (3.26) vs the ER rate in [1, 6]
keV range. Each point correspond to a 7 days time-bin.

Where n is the sample size and (x̄, ȳ) is the sample mean. It is essentially the ratio
of the covariance of the two variables with the product of their standard deviations.
The Spearman’s rank correlation coefficient rs, on the other hand, expands the range of
possibilities for the correlation mode by focusing more generally on a kind of direction of
the correlation between the two variables. In particular, this coefficient is functionally
the same as the Pearson coefficient except that the numerical values of the variables are
replaced by their rank. If rgX and rgY are the ranks of the random variables X and Y,
and σrgX and σrgY are the standard deviations of the rank variables, then:

rs = cov(rgX ,rgY )
σrgXσrgY

(3.27)

What we are interested in, however, is not so much the values of these coefficients for
the samples we have observed, but the corresponding values for the statistical population,
i.e. whether from these samples we can infer an estimate for the correlation of these
variables in the population from which we obtain the samples, that is, to infer the
properties of the statistical distribution governing them. A common way to attack such
problems is to consider a normal distribution approximation, for the population, and try
to infer conclusions about the values of the population’s parameters based on the statistics
calculated from the sample of the observed data. However in our case there is no guarantee
that the bivariate distribution of the ER event rates and each one of the SC parameters
can be described by a normal distribution. One way to overcome this difficulty is through
a non-parametric method involving the use of resampling techniques. Specifically, these
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techniques are based on the idea that, in the absence of a model capable of describing the
population, we could model the relationship between the sample and the population with
the relationship between a randomly selected subsample and the sample itself. In fact, in
terms of constructing confidence intervals about parameters of the population, it can be
shown that these data-driven methods are asymptotically more accurate than the intervals
obtained using sample variance and assumptions of normality [230]. In this analysis we
will therefore use two methods from this category. Specifically using bootstrapping [230]
we will try to construct a confidence interval regarding the correlation coefficient of event
rate with each of the SC parameters and then using permutation tests [231] we will try
to test the hypothesis H0 that the correlation coefficient of the population is zero, that is,
we will try to see whether or not the hypothesis of the non-correlation of the two variables
can be rejected.

3.4.1 Non-parametric bootstrap

For the observed sample S of n pairs (xi,yi) another sample of n pairs is generated by
sampling with replacement from S and the Spearman correlation coefficient is calculated
for the new sample. We repeat this process for a large number of times and we derive
an empirical distribution which is an approximation of the sampling distribution of the
statistic r, Fig. (3.28). We then construct a 95% confidence interval for the population
correlation coefficient ρ by taking the interval spanning from the 2.5th to the 97.5th
percentile of the resampled r values [232].

Figure 3.28 – Example of the empirical distribution of rs constructed with Bootstrapping
for the sample of TE107 in SR1 for 7 days time bin.

In Fig.(3.29) we present a Box Whisker Chart plot with the box-and-whisker summary
of the bootstrap distribution for the correlation coefficient for each SC parameter with
the ER rate data, for the one of the different time-bin options we studied. The fences are
indicating the 90% CI and the box is covering the 50% around the median. The color
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code is also used indicating the p-value of the permutation test (see text below) applied
for each sample correlation.

Figure 3.29 – 90% C.I. and p-values for the correlation coefficient between SC parameters
and ER rate. SR1, [1,6] keV with 7 days binning.

3.4.2 Permutation tests

In order to test the hypothesis of no correlation in the population (H0 : ρ = 0) we
will make use of a resampling technique which we will briefly describe theoretically.
For this purpose, let J(x,y) be a continuous PDF describing the joint distribution of a
random variable X corresponding to the ER event rates, and of a random variable Y
corresponding to one of the parameters of slow control. Also let E(x) =

∫
y J(x,y)dy and

S(y) =
∫
xJ(x,y)dx be the marginal distributions. In this case case H0 can be written as:

H0 : J(x,y) = E(x)S(y),∀(x,y) (3.28)

Then if we have n observed pairs of data (x1,y1), · · ·(xn,yn)≡ (x,y) , the likelihood
function of H0, given these data, is:

L0(H0|x,y) =
n∏
i=1

J(xi,yi) (3.29)
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Let’s now consider, without loss of generality, an alternative hypothesis, HA, where (x,
y) is distributed under a bivariate normal distribution f(x,y), with correlation coefficient
ρ 6= 0:

f(x,y) = 1
(2πσXσY

√
1−ρ2)n

exp
(
− 1

2(1−ρ2)

n∑
i=1

[
(x−µX)2

σ2
X

+ (y−µY )2

σ2
Y

− 2ρ(x−µX)(y−µY )
σXσY

])
(3.30)

In that case, if we have n observed pairs of data, the likelihood function of HA, given
these data, is:

L(HA|x,y) =
n∏
i=1

f(xi,yi)

= 1
(2πσXσY

√
1−ρ2)n

exp
(
− 1

2(1−ρ2)

n∑
i=1

[
(xi−µX)2

σ2
X

+ (yi−µY )2

σ2
Y

− 2ρ(xi−µX)(yi−µY )
σXσY

])

= 1
(2πσXσY

√
1−ρ2)n

exp
(
− n

2(1−ρ2)

[
(x̄−µX)2

σ2
X

+ (ȳ−µY )2

σ2
Y

− 2ρ(x̄−µX)(ȳ−µY )
σXσY

+
(
s2
x

σ2
x

− 2ρrsxsy
σxσy

+
s2
y

σ2
y

)])
(3.31)

Where x̄, ȳ, sx, sy are respectively the observed mean and variance, while r is the
observed (or sample) correlation coefficient (3.26). The test of H0, with HA as the
alternative, can be formulated rigorously as the construction of a critical region Ω in the
sample space (x, y) such as to minimize the probability β of an error of the second kind
(non rejecting the null hypothesis when it is false), i.e. to maximize the so-called power
of the test:

1−β =
∫

Ω
L(HA|x,y)dxdy (3.32)

Subject to a condition that provides a desired level of probability α for errors of the
first kind (rejecting H0 when it is true):

α=
∫

Ω
L(H0|x,y)dxdy (3.33)

According to the Neyman-Pearson lemma [233], such an Ω can be constructed from
that part of the sample space for which the ratio Λ =L(HA|x,y)/L(H0|x,y) is maximized,
and this happens, if and only if, Ω is exactly that fraction α of the sample space that
contains the highest values of the ratio Λ, because (3.32) can be written as:

1−β =
∫

Ω

L(HA|x,y)
L(H0|x,y)L(H0|x,y)dxdy (3.34)
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The problem in our case is that we want to maintain the generality and to not limit
ourselves to a specific parametric model of J(x,y) since, for instance, we have no reason
to assume that for H0 the joint distribution of event rates with the SC data is a bivariate
normal.

The idea of the permutation test is based on the fact that, if H0 is true, then each of the
(n!)2 pairs, that we can construct with permutations of the (x,y), data are equiprobable
under J(x,y). If we are only interested in the relationship of x with y, then we can limit
ourselves to examining only the distinct pairings, which are n!, and can be obtained fixing
x and permuting y.

Thus, if we want to construct a test for H0 against HA, we can overcome the problem
that we do not have a parametric form for H0 and, simply assuming that it is a continuous
PDF, we can make use of the Neyman-Pearson lemma and choose as a critical region of
rejection of H0, with level of significance α, the fraction α of the sample space containing
the permutation pairs that maximize (3.34), because (3.29) is invariant under permutations
and so is unchanged in the ratio Λ appearing in the integrand of (3.34), while for (3.31)
the permutation leaves unchanged x̄, ȳ, sx, sy but affects r. We could then reject H0
against an HA with ρ > 0, if r is larger than a certain threshold, and against an HA

with ρ < 0, if r is smaller than a certain threshold. The critical value of the threshold
can be determined from the permutation distribution over the n! distinct and, under H0,
equiprobable pairs of values, subject to our specification about the desired significance
level α.

Looking more closely at the permutation distribution, we can try to approximate it
by calculating its moments. Without loss of generality for the argument we want to make
here, in the case of (x̄, ȳ) = (0,0), it can be shown [234] that the first 4 moments of this
distribution are:

E(r) = 0, E(r2) = 1
n−1 ,

E(r3) = n−2
n(n−1)2Skew(x)Skew(y),

E(r4) = 3
n2−1

(
1 + (n−2)(n−3)

3n(n−1)2 Kurt(x)Kurt(y)
) (3.35)

Where Kurt and Skew stand for the kurtosis and the skewness respectively. It appears
that the asymptotic behavior of (3.35) in the limit n→∞ is identical with the moments of
the distribution of the sample correlation coefficient from a bivariate normal distribution
with ρ= 0:

f(r) = 1
B(n−2

2 , 1
2)

(1− r2)
n−4

2 (3.36)
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Where B is the beta function. Therefore even for a small number of data, one can
approximate the permutation distribution, with (3.36) and use it in order to construct
the critical region of the hypothesis test. Specifically we can use the fact that under (3.36)
the test statistic

t= r
√

(n−2)/(1− r2) (3.37)

follows a Student t distribution with n−2 degrees of freedom.
Thus the p-value of the hypothesis test in Fig. (3.30) was constructed as follows.

From the original sample pairs (xi,yi) we randomly redefine pairs (xi,yi′) by drawing
yi′ randomly without replacement from [y1,y2, . . . ,yn]. We then calculate the statistic
(3.37). We repeat this random pairing many times and construct the histogram of Fig.
(3.30). Then for the observed dataset we can estimate the p-value for the null hypothesis
calculating t for the observed dataset (tobs) performing a two-tailed test.

Figure 3.30 – Example of the empirical distribution of t constructed with permutation
test for the sample of PT101 in SR1 for a 7 days time bin, 1-6 keV energy range and 1.3t
FV.

3.4.3 Trial Factors

In the analysis we performed to calculate the p-values for the hypothesis test of H0,
the same ER data (for different energy regions and fiducial volumes) were used to search
for correlation with the SC parameters, in many different bin options and for many
different SC parameters. For each one of these degrees of freedom a hypothesis test was
conducted and a p-value was evaluated. However, in these cases care should be taken
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in order to avoid the, so called, data-dredging [235], a concept closely related to the
look-elsewhere effect [236]. When one is conducting a significance test, in a particular
subspace of the parameter space, one should also take into account the probability that a
significant result (e.g., concerning a correlation) may occur anywhere in the space. For
this purpose it is necessary to complete the above analysis by calculating the so-called trial
factors i.e., global p-values that will take care of a significance "inflation" occurring when
performing many independent hypothesis tests on the same dataset. Specifically, we can
search for the maximum value of the parameter t (3.37) that occur in each simultaneous
permutation tests of the ER event rates and all SC variables under all bin choices. That
is, we evaluate the distribution of the most extreme value of the variable t obtained under
the null hypothesis. In order to do so, and as we are only interested in the existence of a
correlation and not whether is positive or negative, we can again randomly pair ER rates
and SC variables, for each time bin and SC variable, and find the maximum |t|max value
obtained. If we repeat this procedure we can get the distribution of |t|max, under the null
hypothesis, Fig. (3.31). Then, following the same logic we constructed the p-values in the
permutation tests of Fig. (3.30), we can define a global p-value from the tail of the |t|max
distribution of Fig. (3.31).

Figure 3.31 – Distribution of the maximum |t| value obtained under the null hypothesis,
from permutations, for all time bin options and all SC parameters used in the analysis.
Global p-values can be evaluated from the tail of this distribution. In this particular plot
the global p-values concerns the datasets in the energy range of 1-6 keV and 1.3t fiducial
volume. This p-value is to be compared with the local p-values evaluated previously for
each time bin and SC parameter.

We observe that, for some SC parameters, the values calculated for the particular time
bin of 7 days and with a permutation test only between the particular SC variable and
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the event rates, can reach up to 2σ. However, if we take into account all independent tests
we performed, on all different degrees of freedom (time bin and different SC parameters),
then, in fact, this value appears inflated with the actual significance threshold being much
lower, in terms of p-value. Or, stated otherwise, quite higher in terms of local sigma, as
shown by the conversion of that globally evaluated p-value in numbers of σ to the right
of Fig (3.32).

Figure 3.32 – Global significances for 1p3T FV and 1-6 keV energy range and comparison
with the local significances concerning the correlations of ER vs SC for the datasets with
7 days time bin (black boxes).

As a cross-check, in order to verify if, nevertheless, our method could detect a
significant correlation, we performed a toy MC simulation. For the event rates of Fig.
(3.27), corresponding to a specific choice of energy range, fiducial volume and time bin,
we obtain the sample covariance matrix of the parameters. For example, if we examine
n SC variables, then the vector of parameters is [Xer,C1, · · · ,Cn] where Xer is the event
rates and Ci is the i-th SC variable, and the full covariance matrix is:

K =



σ2
Xer

Cov(Xer,C1) · · · Cov(Xer,Cn)

Cov(C1,Xer) σ2
C1

· · · Cov(C1,Cn)

...
... . . . ...

Cov(Cn,Xer) Cov(Cn,C1) · · · σ2
Cn


(3.38)
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Then, we inject an artificial correlation between the event rates and one among
the slow control variables via a correspondingly modified covariance matrix K̃. We
can create toy MC datasets, sampling from a multivariate normal distribution with K̃
as the covariance matrix of the population. We can proceed to the calculation of the
local and global significances to check whether the injected correlation is retrieved as
significant. Let’s apply this method by looking at the set of SC parameters shown in Fig
(3.33a). For example, the observed correlation coefficient between the event rates and
the relative detector pressure of the cryogenic system (parameter PT104) is -0.07. Say
that we artificially magnify this correlation by a factor of 10. If we produce a toy MC
sampling from a multivariate normal distribution with such a correspondingly modified
covariance matrix, we get the output of Fig (3.33b), where we retrieve a globally significant
correlation for PT104.

(a) a

(b) b

Figure 3.33

The statistical treatment described above has been applied to the totality of slow
control parameters listed in Tab. (3.2). The search for a possible correlation on the
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binned data was done over the ranges of [1-6] keV, [1-10] keV and [10-20] keV, for two
fiducial volume choices, of 1t and 1.3t and for three time binning options, of 7, 15 and 21
days.

Figure 3.34 – Global significances for 1.3 tons FV and 1-6 keV energy range, for SR1,
compared to the local significances concerning the correlations of the ER data with each
one of the slow control parameters of Table (??), for the datasets with 7 days time bin
(black boxes).

Producing diagrams such as Fig.(3.34) and computing the local significance for every
degree of freedom, no globally significant correlation was detected over any degree of
freedom of our analysis, for both SR0 and SR1. This analysis let us to conclude that, the
variation of the detector’s SC parameters isn’t expected to be significantly correlated with
the detected ER event rates, thus the time evolution of the SC parameters of the detector
can be considered stable, with respect to the analysis of a possible annual modulation of
background events.
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3.4.4 Sensitivity analysis

The final statistical inference about a possible modulation of the background will be
done with an unbinned likelihood fit on each event selected in Fig. (3.16). Specifically, as
we have seen in section (3.1), the time distribution of these events could be described by
a PDF with the general form:

f(t) = 1
N
ε(t)

(
C+Acos(ω(t−φ))

)
(3.39)

Where ω= 2π/T , C is the average background rate and A is the modulation amplitude.
ε(t) is the time variating acceptance, cumulative in the energy range of interest and in
the cuts applied, which we identified earlier. Here we can distinguish the two hypotheses
that can be tested with null hypothesis H0 written as A= 0 and alternative hypothesis
HA with A> 0. Concerning the normalization constant, we must keep in mind that the
background data taking does not cover a continuous period of time, from the beginning
to the end of the scientific runs, but rather is interrupted several times to allow various
calibration procedures to take place. Therefore, time t in (3.39) which is the real time of
the earth’s rotation around the Sun, differs from the livetime of the experiment. Thus, if
we denote as T is and T ie the start and end times for the i continuous data taking periods,
then the total livetime is ∑i(T ie−T is), and the normalization coefficient N is given by:

N =
(∑

i

C(T ie−T is)ε(T ie) +A/ω
∑
i

(ε(T ie)(sin(ω(T ie−φ))− sin(ω(T is−φ))))
)

(3.40)

Now, the likelihood function for a set of observed events like those in Fig. (3.16),
given the data taking periods, and the parameters of the model (3.39) can be written as:

logL(A,C,ω,φ) =
∑
i

logf(ti) (3.41)

And the unbinned profile likelihood test statistic is defined as:

λ(ω) =−2
(

max
A,C,φ

[logL(A,C,ω,φ)]−max
C

[logL(A= 0,C,ω,φ)]
)

(3.42)

The values in the likelihood of the first term are the conditional maximum likelihood
estimators for the specific ω, while the value of C, in the second term, is the conditional
maximum likelihood estimator under both constrains A= 0 and a specific value of ω8.
As the dimensionality difference between the two terms is 2, we expect that, when the
null hypothesis H0 is true, then λ(ω) should follow a χ2 distribution with 2 d.o.f [237].

In the above relations, the parameter C has contributions from the time average of the
signal but also from the already existing background. If the existing background variates

8φ stops being an estimator because it disappears with A= 0
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with time, as is the case for example with the second most important background, due to
85Kr, then this could be taken into account with an additional term C̃(t) which will be
added to (or will replace, depending on the case) the term C in relation (3.39), allowing
us to describe exactly our knowledge of the evolution of this background, provided by the
analysis of section (3.3).

The sensitivity of the experiment to possible background fluctuations depends on
the total livetime, the known background we’ve studied in section (3.3), as well as, its
time evolution. In order to obtain an estimate of this sensitivity we can perform toy-MC
pseudo-experiments with samplings from the PDF (3.39) where we can inject a fake
modulation signal with a certain modulation fraction and, given the number of events
expected from the background, to determine the size of the modulation fraction that
would allow a statistically significant inference of the signal.

In order to give a general example of the method, let us consider that the background
is flat and specifically the average of the background of Fig (3.22) which is mainly due to
the beta decay of 214Pb (as inferred by the monitoring of the α-decay of 218Po). Let us
assume also ε(t) = 1. In this case we sample events from (3.39) under the background
only (A= 0) and the modulation hypothesis. These sampled events of course correspond
only to the time periods where the detector records background data, i.e. to the periods
described above as [T ie ,T is ] for all the acquired datasets.. For the modulation we chose
a certain period, phase and modulation fraction A/(C+A). First we verify that the
distribution lambda(ω) follows the expected statistic (3.42) if we repeat many times the
pseudo-experiments under the background only hypothesis. As an example, we show in
Fig. (3.35) this distribution after considering, for the modulation hypothesis HA, a period
of T = 365 days. The distribution clearly follows a χ2 with 2 d.o.f as expected.

Figure 3.35 – A simulated modulated signal shows that the related unbinned profile
likelihood test statistic from formula (3.42) presents (blue histogram), as expected, a χ2

distribution with 2 d.o.f.
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Based on the distribution of (3.42) we can define a confidence interval regarding the
asymptotic behaviour of the test statistic q, where the departure from the distribution of
Fig. (3.35), for a certain value of the period T, would signify the presence of a signal of
this period . We can illustrate this, realising many pseudo-experiments with an injected
modulation and performing a scan of q(ω) over many values of ω. In terms of the period
T , such a scan ranges from 0 to a year. For each scanned period we calculate the 1σ and
2σ confidence interval around the median of the distribution of q(ω).

Figure 3.36 – 1σ (green) and 2σ (yellow) confidence intervals of the test statistic, scanning
over a possible modulation signal of period T. The pseudo-experiments used for such a
test had, on average, a modulation signal with period T = 100 days, a phase φ= 0 and a
modulation fraction A/(A+C) = 0.33. Also shown the observed q values for a particular
background-only pseudo experiment (blue dots) and for a particular modulation-injected
pseudo-experiment (black dots). This demonstrates how well the statistical method is
working.

Fig. (3.36) shows the result of this scan, after having introduced in the pseudo-
experiments a modulation signal with a period of 100 days and a phase of 0 days, with
modulation fraction 0.33. We observe that the period of the modulation is reconstructed
with a peak of the sensitivity band around T = 100 days. Fig. (3.36) also shows the
"observed" q values for a particular background-only pseudo experiment (blue dots) and a
particular modulation-injected pseudo-experiment (black dots).

In Fig. (3.37) we present the same sensitivity band that would follow the test statistic
q, constructed with pseudo-experiments with an injected signal of T = 365 days, zero phase
and modulation fraction 0.33. We notice that now the resolution of the reconstructed
period is less good as we do not have a clear peak around the actual period of the signal
but, on the contrary, the sensitivity band is reaching a plateau. This is because the signal
period is roughly equal to the time period ∆tdata taking covered by SR1. And of course
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Figure 3.37 – 1σ (green) and 2σ (yellow) confidence intervals of the test statistic, scanning
over a possible modulation signal of period T. The pseudo-experiments used for such a
test had, on average, a modulation signal with period T = 365 days, a phase φ= 0 and a
modulation fraction A/(A+C) = 0.33. Also shown the observed q values for a particular
background-only pseudo experiment (blue dots) and for a particular modulation-injected
pseudo-experiment (black dots). This shows the limitation of a data taking whose duration
does not exceed enough the period of a year.

modulated signals with periods T �∆tdata taking, will be reconstructed, if at all, with
even worse resolution, as a natural consequence of the fact that, within the time period
∆tdata taking, the periodicity of the signal is not observed in its entirety. However, with
regard to the signal of a modulation with a characteristic period of one year expected
from a dark matter signal, it would at least be possible for a modulation fraction of 0.33
to be distinguished from the unmodulated background, even if the period could not be
reconstructed without a large error.

In the analysis we can now include the background as specified in section (3.3). To
show the method we will include here only the dominant background of 214Pb as well
as the next-to-dominant 85Kr background which presents the largest time variation and
which could therefore affect the reconstruction of the period. For this purpose (3.39) must
include the two terms describing the background, as determined by Fig. (3.22), via the
binned histogram, for 214Pb, and Fig. (3.23) via the fit in the model of time evolution of
the 85Kr background. In (3.39) the parameter C includes any background that does not
variate with time as well as a possible contribution from the unmodulated part of the
signal, i.e. in our case, the DM signal due to the movement of the Sun in the galactic
halo. Our requirement to describe, manifestly the knowledge of the background but also,
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to be conservative, in our assessment of sensitivity to a possible modulation in the data,
leads us to write the event rate (3.39) as:

f(t) = 1
N
ε(t)

(
CKr(t) +CPb(t) +A(1 + cos(ω(t−φ)))

)
(3.43)

where CKr(t) and CPb(t) is the time dependent background due to 85Kr and 214Pb
and A is the signal rate. That is, here we assume that the background term is fully
specified and to this is added a minimum dark matter signal which is modulated by 100%
around its constant average rate A i.e. there is exactly one day where there are zero
expected dark matter events. Also (3.43) is normalised for each run in order to become a
PDF.

Figure 3.38 – Sampling of toy-MC events (Left) from the background and signal PDFs
(Right).

In Fig. (3.38) left we see a sampling from (3.43) where is shown the distribution of
events from the signal and the various background contributions. Now in (3.38) we have
also introduced the additional 32.7 days of lifetime from SR0. In Fig. ((3.38)) right, is
shown the PDFs of the corresponding contribution in (3.43) for the signal and the each
one of the background components where the relative weight with which they contribute
to the total PDF of the signal is controlled by rate multipliers for each PDF according to
the average rate of each background 〈CKr(t)〉 and 〈CPb(t)〉 during SR0 and SR1 and also
the signal rate multiplier A, together with the specification of the modulation fraction
A/(A+ 〈CKr(t)〉+ 〈CPb(t)〉).

Finally in Fig. (3.39) we repeat the procedure we followed previously where by
producing many toy MC datasets from (3.43) with injected signals of different periods we
calculate the asymptotic distribution of q (3.42) and thus we estimate the resolution of
the reconstruction of the period. We notice again that for the physically interesting case
of T = 365 days the fact that we added the livetime of SR0 but also the knowledge of
the two largest backgrounds does not change our difficulty on reconstructing with high

152



3.4. Detector stability analysis

Figure 3.39 – 1σ confidence intervals of the test statistic, scanning over a possible
modulation signal of period T. 7 sets of pseudo-experiments have been generated, with
modulation signals with different periods and a fixed phase and modulation fraction
0.33. Background model now includes all relevant, time-dependent, components. The
data taking range considered is as wide as the sum of SR0 and SR1. Plot done with the
computation framework developed by the Annual Modulation Team.

resolution periods greater than or equal to 365 days. However we can observe them, if
any, or exclude the null hypothesis of an unmodulated background.

However, as is obvious, the statistical significance of such an inference will be deter-
mined chiefly by the actual modulation fraction, as can be seen in Fig. (3.40) where
the various sensitivity bands are plotted as a function of the modulation fraction for an
injected period of T=100 days in the toy MC datasets sampled from (3.43).

The unbinned likelihood inference (3.42) developed in this section, remains to be
applied to the data actually observed along with the smoothed cummulative acceptances
estimated in Fig. (3.19), in order to scan over different possible periods and to infer, or
to exclude, a possible periodicity followed by the actual data. This analysis is in progress
at the time of writing of this work, and the final result will be the subject of a dedicated
publication by the collaboration.
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Figure 3.40 – 1σ confidence intervals of the test statistic, scanning over a possible
modulation signal of period T. 6 sets of pseudo-experiments have been generated, with
modulation signals with different modulation fractions and a fixed phase and period
T = 100 days. The statistical significance is, as expected, strongly dependent by the
intensity of the signal. Plot done with the computation framework developed by the
Annual Modulation Team.
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Chapter 4

Light Dark Matter Search

4.1 Introduction

Let us now turn our attention back to Chapter 1 and focus on the exclusion limits
of Fig. (1.5). We see that the sensitivities of the various experiments, decreases for DM
masses mχ, much higher than 100 GeV/c2 or less than a few GeV/c2. In the first case,
this is due to the reduction of the rate of expected events as ∼ 1/mχ. In the second case,
however, it is due to the fact that WIMPs with smaller mχ and with relative speeds
determined by the DM velocity distribution, will have less kinetic energy to deposit. Below
a certain DM mass, the energy of nuclear recoils will be less than the detection threshold
(around 5 keVnr for XENON1T) i.e., below the recoil energy necessary to generate the
ionization and scintillation signal that could be detected as an S1-S2 pair in the case of
our detector.

We can determine the relation between the maximum deposited energy and the mass of
a WIMP by studying the kinematic of this elastic scattering. Because the mean velocity of
dark matter particles, with respect to an earth-based observer, is of the order of u≈ 10−3c
we can study this scattering in the non-relativistic regime. Let’s consider that the Xe
nucleus is initially at rest in the laboratory frame, p = 0, and denote by k = mχu the
momentum of the incoming WIMP. By the law of conservation of momentum and energy,
in the center-of-mass frame the velocities of the two particles remain opposite in direction
and with their magnitude unchanged, after the collision. In the center-of-mass frame, the
elastic collision is simply rotating the velocities by an angle χ which is determined by the
specific interaction.

Elementary kinematics [36] gives us the relation of the momentum of the WIMP
k before the collision, the momenta k′ and p′ of the WIMP and the nucleus after the
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Figure 4.1 – Kinematics of the elastic scattering of a DM particle off a Xe nucleus (initially
at rest) for the case where mχ <mN . The triangle is formed from momentum conservation
between the initial and final momentum of the DM particle, k and k′ respectively, and
the recoil momentum of the nucleus p′, in the laboratory frame. θ1 and θ2 are the angles,
in the laboratory frame, between the initial (−→AC) and final (−−→AB) direction of the DM
particle, and between the initial direction of the DM particle and the final (−−→BC) direction
of the recoiling nucleus. Finally χ, is the angle between the initial and final directions of
the motion of the DM particle (or the nucleus), in the center-of-mass frame.

collision and the angle χ Fig.(4.1). From this, it immediately follows that p′ ≡ |p′| is
given from:

p′ = 2mχmNu

mχ+mN
sin(χ/2) (4.1)

where mN is the mass of the nucleus. Hence, the maximum deposited energy in a
nuclear recoil is achieved for χ= π and is:

ENR,max = p′2max
2mN

= 2µχ,Nu2

mN
(4.2)

Where µχ,N is the DM-nucleus reduced mass. From (4.2) we can see that for the
Xe nucleus and for a DM mass of O(MeV) we have ENR,max ∼O(eV) i.e., far below the
detection threshold.

However, an interesting observation is that, although for such a small deposited energy
of NRs, S1-S2 signals cannot be observed, the total energy of the dark matter particle
1
2mχu

2, is possibly greater than the binding energy of an electron in the 5p state of the
Xe atom or greater than some energy differences between its atomic levels. Therefore, if
the dark matter particle had interactions with electrons it would be possible to trigger
inelastic atomic processes like an ionization or excitation of the Xe atom.

156



4.1. Introduction

Let’s look at the kinematic aspect of the elastic scattering of such a DM particle off an
electron bounded in the Xe atom. Let’s again the momentum of the DM particle, before
and after the collision, be denoted as k and k′, respectively. In this case we cannot follow
the previous method, as the electron does not even have a specific value of its momentum
p, being in an eigenstate of the atomic Hamiltonian. However, the electron have a specific
momentum distribution which is determined by its quantum state. In particular, in the
language of quantum mechanics, if |Ψ〉 is its bound state, |p〉 and |x〉 are the eigenstates
of the momentum and the position operators respectively, then the projection of |Ψ〉 to
|p〉 is [238]:

〈p|Ψ〉=
∫
dx〈p|x〉〈x|Ψ〉= 1

(2π)3/2

∫
exp(−ipx)Ψ(x)dx

Where we have make use of the bra-ket notation and the identity operator I =∫
dx|x〉〈x|. So, the momentum distribution of |Ψ〉 is

|〈p|Ψ〉|2 = 1
(2π)3

∣∣∣∣∣
∫

exp(−ipx)Ψ(x)dx
∣∣∣∣∣
2

That is, the Fourier transform of the coordinate space wavefunction. Thus, the
momentum transfer q = k−k′ can take various values depending on the momentum-space
wavefunction of the electron. However, we can calculate the maximum deposited energy,
because the energy transfer to the electron will be:

∆Ee = 1
2mχu

2− |k−q|2

2mχ
− q2

2mN
= qu− q2

2µχ,N
(4.3)

where here, the term q2

2µχ,N takes into account the fact that the atom will recoil as
a whole. Thus, we can maximise (4.3) with respect to q in order to find the maximum
energy transferred to the electron, ∆Ee,max:

∆Ee,max = 1
2µχ,Nu

2 (4.4)

From this relation one can immediately find that, for a DM particle of O(50 MeV),
we have a ∆Ee,max greater than the binding energy of the outer shells of the Xe atomic
states. In that case, the ionization electron, if it survives the drift and is extracted to
the gaseous phase, it will be detected as a single electron, with exactly the same spectral
characteristics of the single electrons we examined in Chapter 2. Further, if the difference
of ∆Ee with the binding energy of the electron (i.e., the actual recoiling energy of the
ionization electron) is greater than the W-value Fig. (4.2), then the electron will create
an additional number of ionization electrons in the LXe. If they survive the drift and are
extracted to the GXe, they will produce a signal similar to a temporal pileup of single
electrons.
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Figure 4.2 – EER,max (red solid curve) and ENR,max (dashed curve) as a function of the
velocity. Also is shown the SHM velocity distribution (blue curve). We see that the
maximum nuclear recoil energy for a 50 MeV DM cannot even cross the W-value necessary
for the production of a quantum in LXe (green line), even for DM particles in the high
velocity tail of the halo. But a DM particle with the same mass interacting with electrons
can produce an ionization electron with energy hight enough to even produce secondary
ionization in LXe, resulting in a small charge signal.

Stated otherwise, the expected signal will have a spectrum similar to that of the
detector-related single electron background. This present the unique opportunity to use
the detector’s extreme sensitivity to such small charge signals in order to search for a
signal that will originate from a possible interaction of dark matter with electrons.

4.2 Particle candidates for a light dark matter

A class of candidate particles for light dark matter is derived from a category of
theories beyond the standard WIMP paradigm, referring to a light dark matter with
mass in the region of MeV. In these theories, DM resides in a, so-called, hidden sector
[239, 240, 241, 242] that possibly is provided with a new gauge group, independent from
the Standard Model (SM). In such a case, for example, the interaction between DM and
electrons could be mediated by a gauge boson from an Abelian group of the hidden sector
that couples with the charged SM particles via the mechanism of kinetic mixing with the
photon [243].

The concept of a mirror dark matter (a general review can be found in [244]) is a
typical example of such a class of theories. In the framework of this theory the content of
the hidden sector is a copy of the SM and the mass of the particles is degenerated among
the two sectors. The two sectors (SM and hidden sector) have isomorphic Lagrangians
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and the particles of the hidden sector interact with each other with exactly the same
forces of the SM. That is, the hidden sector gauge group is exactly SU(3)×SU(2)×U(1).
So these theories are based on generic Lagrangians of the form:

L= LSM +LDM +Lint

where LSM and LDM are both identical to the SM and here, the former describes
the actual SM and the latter the hidden sector. The particles of the SM can interact
with the particles of the hidden sector, of course through gravity, but also through Lint
with all interactions that are allowed from the requirement for gauge invariance and
renormalization.

There is an advantage here compared to the usual models of dark matter, for example
the WIMP, emerging from supersymmetry or the theories known as "large extra dimension".
Because, for example, the "mirror fermions" of the hidden sector which interact with a
zero mass gauge boson (like for example the dark photon of the dark QED which resides
in LDM ) can serve as models where the auto-interaction of dark matter is not negligible.
This is in contrast with WIMPs and the Λ-CDM which considers dark matter to be
collisionless. This is important because, despite the fact that Λ-CDM is perfect on a
large scale, still suffers from the so-called "small scale crisis" (problem of dwarf galaxies,
diversity among the real curves of rotation of galaxies in opposition to simulations based
on the premises of the Λ-CDM, evidence of a nucleus in the center of dwarf galaxies, to
name a few). On the other hand, mirror dark matter asymptotically, on a large scale,
reproduces the results of Λ-CDM correcting its defects in the small scale.

From a purely theoretical point of view, hidden sector theories are extremely attractive
as they fully restore the Poincaré group as the fundamental symmetry of the theory. That
is to say, for the first time, translations in space-time, rotations in space-time1, time
reversals and parity, are simultaneously symmetries of the theory. This is philosophically
and aesthetically ideal, because in the physics of the SM there is a violation of P in weak
interactions. In the theory of the hidden extension of SM, on the other hand, one can
obtain such an extension allowing for left-handed fermions, which are SU(2)L doublets
to be transformed into right-handed hidden sector fermions that belongs to doublets of
a new gauge group SU(2)′R. Conversely, the right-handed fermions of the SM, which
belongs to the singlets of the SU(2)L, are transformed into left-handed fermions of the
hidden sector belonging to the singlets of SU(2)′R.

Thus, eventually the hidden sector gauge group will be:

SU(3)c×SU(2)′R×U(1)

1Three-dimensional rotations and proper and orthochronous Lorentz transformations.
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which is identical, as far as the gauge couplings are concerned, with the SM and simply
it has a reverse chirality. The complete group of the theory is symmetric under parity
and there is no longer a "right-left" distinction in the Universe2.

Concerning this latter aspect, an interesting observation emerges also from the history
of particle physics. In the publication of Lee and Yang in 1956 [245], in which it is shown
that there is a violation of parity symmetry in weak interactions, towards the end of the
paper some general remarks are given among which one can read:

These experiments test whether the present elementary particles exhibit asym-
metrical behavior with respect to the right and the left. If such asymmetry is
indeed found, the question could still be raised whether there could not exist
corresponding elementary particles exhibiting opposite asymmetry such that in
the broader sense there will still be over-all right-left symmetry. If this is the
case, it should be pointed out, there must exist two kinds of protons pR and
pL, the right-handed one and the left-handed one.

That is to say, the first time that the idea of "mirror particles" was formulated was
starting with symmetry problems in particle physics. This places hidden sector theories,
with respect to dark matter models, at a similar level of theoretical attractiveness as
supersymmetry. Because the latter appears to propose the WIMPs which, on the one
hand, have suitable characteristics to describe the thermal history of the universe and the
physics of the primordial universe and, on the other, independently solve issues emerging
from particle physics, like the hierarchy problem. Thus, this historical detail reveals that
even hidden sector theories solve problems in cosmology and independently could be
inspired by elementary particle physics.

As the experimental results about WIMPs continued to be compatible with the
background-only hypothesis and the exclusion limits became increasingly stricter, in
recent years there has been a significant increase of interest in the theory of light dark
matter that produces nuclear recoils below the threshold of current detectors but could be
detected through its leptonic interactions. As a result, there has been a renewed interest
for a variety of theories that have been proposed, among which we find:

WIMPless dark matter: In this theory the correct relic abundance does not result
from the weak mass scale but from gauge-mediated supersymmetry breaking [246, 247].

Asymmetric Dark matter: This model emerges in the context of a more general
theory of leptogenesis, trying to describe the dark matter and lepton asymmetries. Here,
DM resides in the hidden sector and right-handed neutrinos are coupled to both the
hidden and the SM sectors. In this model a light dark matter is allowed without violation
of other phenomenological constrains [248].

MeV dark matter from SUSY: A supersymmetric model that can accommodate
for the lightest supersymmetric particle with a mass in the MeV scale. A small effective

2Where the Universe now is meant to be the SM plus the hidden sector.
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coupling between DM and the SM fermions will lead to radiative corrections generating a
MeV-scale mass for the DM particle. This model was introduced in order to describe the
flux of 511 keV photons from the Galactic Bulge [249] as originating from annihilation of
this kind of particles [250, 251].

Cold dark matter of Axinos: Axinos, the supersymmetric partners of axions, have
masses that could be much smaller than the supersymmetry-breaking scale. If they are
created non-thermally via neutrino decays, they could be a candidate for cold dark matter
[252, 253, 254].

4.3 Calculation of the direct detection rates

We will now proceed to the presentation of the method used to calculate the differential
event rate, as a function of the energy of the electron recoil. This calculation is significantly
more difficult than the corresponding calculation of the rates of nuclear recoils, as we must
keep in mind that the electrons are bounded in a multi-electron system. Therefore, there
is a, non-relativistic, quantum mechanical perspective, driving the complete dynamics
of the system. This, makes its appearance in two key points. First, the electron lies in
the atomic orbital of the atom i.e., a state of the atomic Hamiltonian. This must take
into account the existence of other electrons and the effect they have on the electron in
question. Specifically, the full electron configuration of the Xe atom is:

1s22s22p63s23p63d104s24p64d105s25p6 (4.5)

This is a typical quantum mechanical problem of a many-fermion system, whose
solution we must use here in order to have a valid description of the initial wavefunction
of the bounded atomic electron.

Second, after the collision with the DM particle, the ionization electron will be in an
unbound state of this multi-fermion system. In a first approach, its final state can be
considered as a plane wave. However, this will be distorted by an effective nuclear charge
i.e, a charge eZ screened by the rest of the atomic electrons. We will examine in detail
how we can properly take these effects into account.

Following the model-independent approach of [255], we will parameterise the elastic
scattering cross section in the following way:

σ̄e =
µ2
χ,e|M(q = αme)|2

16πm2
χm

2
e

(4.6)

WhereM(q) is the matrix element for an elastic scattering of a free electron with
a dark matter particle, which is a function of the momentum transfer. In (4.6), σ̄e is
defined for a fixed momentum transfer of q = αme , with α ≈ 1/137 the fine-structure
constant. This fixed quantity is chosen, for the momentum transfer, because its order of
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magnitude is relevant for atomic processes. Then, the full momentum dependence ofM
can be parameterised through a function called the dark matter form factor, FDM (q):

|M(q)|2 = |M(q)|2|q=αme×|FDM (q)|2

The precise functional form of FDM (q) depends on the specific interaction. Three
cases are of interest, concerning the phenomenology of the relic abundance of light dark
matter, relating with the results of direct detection through ionization of the target atom:

• FDM (q) = 1, where the scattering can be approximated as a point-like interaction,
for example, resulting from a heavy vector mediator exchange.

• FDM (q) = αme
q , corresponding to an electric dipole moment coupling.

• FDM (q) = (αmeq )2, where the interaction is done via the exchange of an ultra-light
vector mediator.

It can be shown that the velocity-averaged cross section for the ionization of an atomic
electron, situated in the atomic orbital and described by the quantum numbers (n, l), can
be written as:

d〈σnlionu〉
d lnER

= σ̄e
8µ2

χ,e

∫
q|fnlion(p′, q)|2|FDM (q)|2η(umin)dq (4.7)

where η(u) is the mean-inverse speed, defined in (3.6) and umin is the minimum speed
required for a DM particle of mass mχ in order to ionize an electron from its initial bound
state, with binding energy |Enlbinding|. This umin is a function of the momentum transfer q
and is given by:

umin =
|Enlbinding|+Eer

q
+ q

2mχ
(4.8)

In (4.7), the fact that the electron is in an atomic bound state is captured by the
so-called ionization form factor |fnlion(p′, q)|. This function essentially constitutes the
amplitude of the quantum mechanical process |〈unbound|eiqx|bound〉|. To calculate it,
the wavefunctions of the electron must be determined both in its bound and free states.
Also, for the amplitude of this transition, it is assumed that the atomic potential is
spherical and with filled shells. Thus, |〈unbound|eiqx|bound〉|2 will constitute a coherent
sum over all possible bound states.

We will not take into account the observed fact that the LXe presents an electronic
band structure, like liquid argon [256]. Indeed, absorption spectroscopy, probing the
exciton levels in LXe [257], gives the possibility to also measure the band gap energy
between the conduction and the valence bands, just like in a semiconductor [258]. Ignoring
this band structure picture and treating the Xe atom as being isolated, leads however
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to a conservative estimation of the ionization event rates, as the band would lead to a
decrease of the ionization energy i.e., in an enhanced charge yield.

It can be shown that |fnlion(p′, q)|, concerning the transition from a bound state i to an
unbound state, is given from the relation:

|fnlion(p′, q)|2 = 2p′3
(2π)3

∑
deg.states

∑
l′,m′

∣∣∣∫ d3rφ∗p′,l′,m′(r)ψi(r)exp(iqr)
∣∣∣2 (4.9)

The first sum is over all degenerate initial states that are occupied by the atomic elec-
trons. Here ψi(x) is the wavefunction of the bound state i and φp′,l′,m′(x) is the final state
of the ionized electron, which is an unbound eigenstate of the atomic Hamiltonian. The
energy of the ionization electron is ER = p′2/2me and the energy spectrum is a continuum
of states φp′,l′,m′(x) described by the quantum numbers l’ and m’. Asymptotically, for a
large enough radius of separation from the ion, the free electron can be approximated by
a plane wave.

4.3.1 Evaluation of the ionization form factor

The aforementioned difficulty of the calculation of the event rates is reflected in the
function (4.9). It must be calculated in such a way as to take into account, as fully as
possible, the dynamics governing the initial and final states of the electrons.

As for the former, these are the bounded eigenstates of the atomic Hamiltonian that
can be considered as non-relativistic3. It must take into account the effect of the nucleus
and all the other electrons on each electron under consideration. For a nucleus with
atomic number Z, it can be written in atomic units as:

H =−1
2
∑
i=1
∇2
i −

∑
i=1

Z

|ri|
+
∑
j>i

1
|rij |

(4.10)

where ri is the position vector of the electron i and rij = ri−rj . In (4.10), the length
and energy dimensions are restored through the Bohr radius, a0, and the Hartree constant,
Eh ≈ 27.21 eV. In [259], approximations of these stationary states are calculated for all
atoms with Z in the range [2, 54]. The calculation is based on the so called Roothan-
Hartree-Fock method [260]. This consists of expanding the radial atomic orbitals Rnl as
a superposition of Slater-type orbitals (STO):

Rnl =
∑
k

Cnlk
(2Zlk)nlk+1/2

a
3/2
0
√

2nlk!

(
r

a0

)nlk−1
exp

(
−Zlkr

a0

)
(4.11)

with nlk the principal quantum number, Zlk the orbital exponent, for the k-th STO
and for an azimuthal quantum number l. The orbital expansion coefficients Cnlk, are given

3An approach that is accurate in our case as dark matter particles of MeV mass having the velocity
distribution of the SHM have enough kinetic energy only for the ionization of the electrons of the outer
and next-to-outer shells
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by the solution of the RHF pair of equations. In [259] are tabulated all the coefficients
Cnlk for each one of the STO with quantum numbers nlkl, which can also be named with
the conventional names 1s, 2p, etc.

Regarding the outgoing electron, we’ve examined different scenarios for its description.
In the simplest case, we can expect that an electron with momentum p′ will be adequately
described by a plane-wave wavefunction eip′r. However, we must expect that the effect
of nuclear attraction should be taken into account. A more accurate description results
from assuming that the state of the electron is described by the continuum state solution
of the Schrödinger equation for a hydrogen-like atom, with an effective charge Zeff:

R̃p′l =(2π)3/2(2p′r)l
√

2
π

∣∣∣Γ(l+ 1− iZeff
p′a0

)
∣∣∣exp(πZeff/2p′a0)

(2l+ 1)!

×e−ip′r1F1

(
l+ 1 + iZeff

p′a0
;2l+ 2;2ip′r

) (4.12)

where 1F1 is the confluent hypergeometric function [261]. Initially we tried to calculate
(4.9) for the simple case where the wave function of the outgoing electron could be described
by the asymptotic behaviour of (4.12) for r→∞ i.e., exactly the plane-wave R̃(r) = eip

′r.
In that case, we can correct for the fact that we ignore the effect of the nucleus in the same
way that, in the theory of beta decay, the differential rate is enhanced by the so-called
Fermi-factor F (p,Zeff). This factor arises from the ratio of the asymptotic behavior of
(4.12) close to the nucleus and its asymptotic behavior at infinity [262]. Here we find:

F (p′,Zeff) =
∣∣∣∣∣ R̃p′l(r = 0)
R̃p′l(r =∞)

∣∣∣∣∣
2

= 2πZeff
p′a0

1
1− exp(−2πZeff

p′a0
)

(4.13)

Thus, now we could correct for the plane-wave approximation with an enhancement
of the final event rates using (4.13). In the plane-wave approximation (4.9) reduces to:

|fnlion(p′, q)|2 = (2l+ 1)p′2
4π3q

∫ p′+q

|p′−q|
k|χnl(k)|2dk (4.14)

where χnl(k) is the momentum-space radial wavefunction of the bound state. This
can be evaluated analytically using (4.11):

χnl(p) =
∑
k

Cnlk2−l+nlk
(2πa0
Zlk

)3/2( ipa0
Zlk

)l (1 +nlk + l)!√
2nlk!

×2 F1

[
1
2(2 + l+nlk);

1
2(3 + l+nlk);

3
2 + l;−

(
pa0
Zlk

)2
] (4.15)

where 2F1 is the hypergeometric function. From (4.11) and (4.14) we can now evaluate
the form factor in this approximation. In Fig. (4.3) we give the plots of |fnlion(p′, q)|2 as a
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function of q, for a recoil energy ER = p′2/2me = 200 eV, for the atomic orbitals (4s, 4p,
4d, 5s, 5p) of the Xe atom.

Figure 4.3 – Evolution of the ionization form factor calculated from (4.14) approximating
the outgoing electron as a plane wave. For this plot, the recoil energy of the electron was
set to 200 eV. The form factor is calculated for all the atomic orbitals of the outer and
next-to-outer shells of Xe.

Nevertheless in [263] it is emphasized that such an approach is adequate only for large
momentum transfers. This is due to the fact that, in this case, (4.12) is closer to its
asymptotic form, but for small q, the correction provided from (4.13) is not adequate
for large atoms like Xe as their outer atomic orbitals are far from the asymptotic limit
r→ 0. Thus the reproduction of the full wavefunction at the origin is not an adequate
compensation for the use of the plane wave approximation. It is therefore necessary
to use the full hydrogen-like wavefunction of the continuum spectrum (4.12), which is
computationally much more demanding.

In ([263]) the following method is proposed: We can treat the bound state Rnl as
if originating from a Coulomb potential Veff = Znleff/r, with effective charge Znleff. Then
we can calculate Znleff by matching this hydrogen-like energy spectrum, with the RHF
spectrum of bound states of [259], thus:

−(13.6 eV)× (Znleff)2

n2 = ERHF (4.16)
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Finally, this Znleff can be used in (4.12) in order to evaluate a more accurate form factor.
To do so, we can first develop the factor eiqr in (4.9) in a linear combination of spherical
harmonics, using the plane wave expansion:

eiqr = 4π
∑
L

L∑
M=−L

iLjL(qr)YLM (q̂)∗YLM (r̂) (4.17)

Where jL is the spherical Bessel function. Now the integral of (4.9) is written as:

∫
d3xφ∗p′l′m′(r)ψi(r)exp(iqr) =

4π
∑
L

L∑
M=−L

iL

IL︷ ︸︸ ︷∫
drr2jL(qr)R̃∗p′l′Rnl×YLM (q̂)∗×

∫
dΩYlm(r̂)Yl′m′(r̂)∗Y (r̂)LM (r̂) =

4π
∑
L

L∑
M=−L

iLIL×YLM (q̂)∗× (−1)m′
√

(2l+ 1)(2l′+ 1)(2L+ 1)
4π

[
l l′ L

0 0 0

][
l l′ L

m m′ M

]
(4.18)

Where we denoted the radial integral as IL and the angular integral of the product of
three spherical harmonics is evaluated using the Wigner 3-j symbol [· · · ] [264]. Now we
can proceed to perform the sum of (4.9), starting from the double sum over m’ and m
that can be simplified using the orthogonality relation of the 3-j symbol. Care must be
taken with the summation indices in the square of (4.18). We will prime the sum indexes
L and M that enters the square:

∑
m,m′

∣∣∣∫ d3rφ∗p′l′m′(r)ψi(r)exp(iqr)
∣∣∣2

=
√

4π(2l+ 1)(2l′+ 1)
∑
L,M

∑
L′,M ′

ILIL′YLM (q̂)∗YL′M ′(q̂)×[
l l′ L

0 0 0

][
l l′ L′

0 0 0

](∑
mm′

[
l l′ L

m m′ M

][
l l′ L′

m m′ M ′

])

=
∑
L

(2L+ 1)(2l+ 1)(2l′+ 1)
[
l l′ L

0 0 0

]2 ∣∣∣∫ drr2jL(qr)R̃∗p′l′Rnl
∣∣∣2

(4.19)

where use has been made of the orthogonality relations:

∑
mm′

[
l l′ L′

m m′ M ′

][
l l′ L

m m′ M

]
= 1

2L+ 1δLL
′δMM ′ (4.20)
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and the summation identity satisfied by the spherical harmonics:

L∑
M=−L

YLM (q̂)∗YLM (q̂) = 2L+ 1
4π (4.21)

Finally we evaluate (4.9) as a function of the unbound state R̃p′l′(r) by summing over
l′:

|fnlion(p′, q)|2 = 4p′3
(2π)3

∑
l′

l′+l∑
L=|l′−l|

(2l+1)(2l′+1)(2L+1)
[
l l′ L

0 0 0

]2 ∣∣∣∣∣
∫
drr2R̃p′l′(r)Rnl(r)jL(qr)

∣∣∣∣∣
2

(4.22)
But here, we will make use of an even more accurate method to determine Rp′l and

then use (4.22) to evaluate the form factor. This will not even rely on (4.12) but, rather,
on a Hartree-Fock method in which the potential Veff =Znleff/r is determined as explained
above, but in order to then solve numerically the Schrödinger equation for the unbound
states. The ionization form factors, calculated by this Hartree-Fock method, was given to
our Collaboration by the authors of [265]. In Fig. (4.4) (solid curves) we can see the form
factors calculated from (4.22) compared to those based on the plane wave approximation
(dashed curves). We notice that the two approaches are very close for high momentum
transfers where, however, we have a strong suppression by many orders of magnitude,
while for small values of q the Hartree-Fock computation of the unbound state gives a
more conservative result.

4.3.2 Calculation of the rate of events

Finally, we can proceed to the computation of the expected event rates for the
ionization of a Xe atom via collision with a leptonically interacting dark matter particle.
The differential event rate is proportional to the coherent sum of the thermally averaged
differential cross section (4.7), for every atomic orbital:

dR

d lnER
=NT

ρχ
mχ

∑
n,l

d〈σnlionu〉
d lnER

(4.23)

where ρχ is the local dark matter density and NT is the number density of Xe atoms
in the target. As already mentioned, we will not extend the sum of (4.23) over all Xe
orbitals. We will consider only the shells n = 5 and n = 4. The relation (4.23) can be
made more explicit concerning the order of magnitude of the rate, if we write it for a
reference cross section of, say, 10−40 cm2:

dR

d lnER
= 6.2

A

events
kg-day

(
σe

10−40cm2

)(10MeV
mχ

)
d〈σionu〉/d lnER

10−3σe
(4.24)
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Figure 4.4 – Comparison between the ionization form factors computed with the plane-
wave approximation (dashed curves) and the Hartree-Fock method (solid curves). We
can see that, for small momentum transfers, the Hartree-Fock method takes into account
the effect of the nuclear attraction on the electron, resulting in a reduced value of the
form factor. For large momentum transfers the two methods are close but this happens
in the region of strong wavefunction suppression.

In Fig. (4.5), we show the event rates as a function of the recoil energy, for two
different masses of the dark matter particle and for a cross section of σe = 10−36 cm2. The
FDM = 1 was used corresponding to an interaction via a heavy vector mediator exchange.
Also are show the individual contributions to the rate by each one of the atomic orbital
considered, where we can understand the choice we’ve made for the use of only the higher
atomic orbitals.

In Fig. (4.6), the same plots are shown but for an ultra-light mediator of the interaction
(FDM = 1/q2). We see a suppressed rate of events for larger energy depositions due to
the particular dependence of the dark matter form factor on the momentum transfer.

4.4 Detector responce

We should now take into account the response of LXe to the recoiling electron and
fold this response to the signal, in order to have an estimation of the number of electrons
that we could observe. As explained earlier, the ionization electron itself, if it "survives"
the drift and if extracted to the GXe, it could be detected as a single electron. But if its
energy ER is larger than W = 13.8 eV then, following the theoretical understanding of the
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Figure 4.5 – Event rates as a function of the recoil energy, calculated from (4.23), for
FDM = 1 and σe = 10−36 cm2. We show the rates for two values of mχ, 20 MeV/c2 (left)
and 100 MeV/c2 (right). We also show the individual contributions to the total rate of each
atomic orbital of the outer and next-to-outer shells. We can see that for mχ = 20 MeV/c2

practically the only contribution comes from the 5p orbital. For mχ = 100 MeV/c2 also
the lower orbital are contributing but they are strongly suppressed. This justifies the use
of only the outer and next-to-outer shells for sub-GeV DM masses.

ionization process of an electron recoiling in the LXe, this should create a certain number
of secondary electrons. We will use the model proposed in [265], in order to convert the
recoil energy of the ionization electron in the number of electrons that will eventually
be observed. It should be noted that this model describes the charge yield process as
it is understood for electron recoils but the smallest energy for which actually exist a
measurement is 186 eV, Fig. (1.15), [157]. However, we can assume that this model could
describe the charge yield mechanism in the same way even for smaller deposited energies,
based on the plateau of the ER charge yield in the credible interval for XENON1T, Fig.
(1.15), namely in the constant value of 73 quanta/keV produced.

Having made this remark, we can assume that the ionization electron with energy ER,
should produce n(1) = Floor(ER/W ) additional quanta. There is a probability [266]:

fe = (1−fR)(1 +Nex/Ni)−1 = 0.87 (4.25)

that these quanta will be electrons, where fR is the recombination probability. In the
complementary percentage of cases, where they will be photons, these would escape our
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Figure 4.6 – Event rates for FDM = 1/q2 for mχ = 20 MeV/c2 (left) and mχ = 100 MeV/c2

(right). Also are shown the contributions of each orbital, where in contradistinction with
Fig. (4.5), we observe a smaller contribution from lower orbitals due to the dark matter
form factor momentum transfer suppression.

S2-only analysis as they will pass unobserved. The recombination probability concerning
the original and the additional electrons created, will have a nominal value of fR = 0.01.
If the DM particle scatters off an electron of an inner shell, then in addition to the
above procedures there will be a supplementary production of secondary quanta, due
to the photons that will be created by the electronic transitions that will follow the
ionization. The number of these secondary quanta will be n(2) = Floor((Ei−Ej)/W ),
where Ei−Ej = ∆E is the difference of the binding energies between the initial and final
states of the transitions. In Tab. (4.1) we reproduce a calculation of the number of these
additional quanta made in [265]. This, also takes into account the possibility of multiple
available inner shells for the de-excitation of the outer shell electrons after the ionization.
To be conservative we will make only use of the minimum number given.

We can now write the probability of production of n electrons due to the primary
ionization electron, as the sum of two probabilities, P1 and P2 for the following mutually
exclusive events:

1. The probability P1 that the primary electron will recombine AND the probability
that the n(1) +n(2) quanta generated will be n electrons:

P1 = fRBinom(n|n(1) +n(2),fe)
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Transition energies for Xe shells
Shell 5p6 5s2 4d10 4p6 4s2

Binding energy [eV] 12.4 25.7 75.6 163.5 213.8
Photon energy [eV] - 13.3 63.2 87.9 201.4
Additional quanta 0 0 4 6-10 3-15

Table 4.1 – Additional quanta that will be produced by a γ from the de-excitation of
electrons in the outer shell, after the ionization of an electron in an inner shell. Also
shown are the binding energies of the shells and the photon energies. A range of additional
quanta is given, concerning the possibility that the outer shell electrons can transition to
more than one available inner shells through the whole process of the cascade.

2. The probability P2 that the primary electron will not recombine AND the probability
that the n(1) +n(2) quanta generated will be n-1 electrons:

P2 = (1−fR)Binom(n−1|n(1) +n(2),fe)

Thus, n electrons will be generated with probability4:

P (n|n(1),n(2),fe,fR) =
(
fRBinom(n|n(1) +n(2),fe) + (1−fR)Binom(n−1|N1 +N2,fe)

)
(4.26)

Using (4.23), the rate of n produced electrons rp in the LXe can be written as:

rp =
∫
dR

dE
dEP (n|n(1),n(2),fe,fR) (4.27)

In Fig. (4.7), we can see the rates of events for one, two and three produced electrons
as a function of the dark matter mass mχ for a cross section σe = 10−36 cm2.

But the observed counts should not be compared to these rates, as we didn’t include
yet the effect of the drift of these electrons i.e., the probability that will be absorbed
by electronegative impurities. Also we didn’t include the probability of extraction.
Concerning the former, the probability Pdrift(τe) that the produced electrons will survive
the drift to the phase boundary is e−tdrift/τe , where tdrift is the drift time and τe is the
electron lifetime. Since these electrons can come from any depth, here we will use an
average value for a uniform distribution of electrons in the range 0 µs≤ tdrift ≤ 727 µs.
Concerning the extraction efficiency, we will use a mean value of Pextr = 0.95, inferred
from the distribution of Fig. (2.22) over the (x,y) plane for the constant anode voltage of

4Note that the probability of recombination for these electrons is taken into account in fe.
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Figure 4.7 – Few electrons event rates from (4.27) as a function of the DM mass. Here
we used FDM = 1 and σe = 10−36 cm2, thus the underlying DM-e− scattering event rates
correspond to those of Fig. (4.5).

4 kV of SR0 and SR1. We fold these effects in the signal rp writing the rate of n detected
electrons rd(n) as5:

rd(n) =
∫
dR

dE
dE
∑
k

P (k|n(1),n(2),fe,fR)Binom(n|k,Pdrift(τe)×Pextr) (4.28)

In Fig. (4.8) we can compare the event rates of (4.27) and (4.28). We notice that
for small values of mχ the event rate, of course, decreases due to the electron drift.
The reduction is greater as more electrons are produced, because the binomial process
of equation (4.28) can convert a 3 electron signal into 2 or 1 observed electrons and
a 2 electron signal into 1 observed electron. But as mχ increases and the momentum
transfer of the scattering is larger, there is enough energy available to generate events
with more than 3 electrons to feed, through the binomial process of (4.28), the 1, 2 and 3
expected electron rates and thus mitigate their drift loses or even increase their rates for
mχ > 200 MeV. Also, in Fig. (4.9), we can compare the expected rates between FDM = 1
and FDM = 1/q2.

5We can read this formula (4.28) as an expression of the probability that a DM-electron scattering take
place AND that the ionization electron produces k electrons in LXe AND that, after drift and extraction,
this results in n observed electrons.
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Now, the observed events corresponding to one, two, etc. observed electrons of a single
electron spectrum, obtained from science run datasets, can be compared to the rates from
(4.28) and a limit can be set on σe, for various values of mχ.

Figure 4.8 – Few electrons event rates, as a function of mχ, from (4.27) (dashed curves)
compared to the rates from (4.28) (solid curves), where the drift and extraction effects
are taken into account. Here we used again FDM = 1 and σe = 10−36 cm2

4.5 Data selection and analysis cuts

We already explained in (2.1) the problems arising from our ignorance of the single
electron (SE) background, that is dominant precisely in the spectral region of the few
electrons we expect from a sub-GeV DM interaction. The fact that we cannot eliminate,
in a hardware manner, the SE background and that this is extremely high, especially after
a main S2, forces us to search for subsets inside the registered waveforms, where we can
reasonably expect this background to be smaller. Specifically, our current understanding of
the SE background is related to two main sources. The first, concerns the photoionization
of impurities, or the photoelectric effect on the metal surfaces, by the light of a main
S2 event. This source is well understood, in terms of its temporal characteristics, from
studies originally done in XENON100 [106] and repeated here, Fig. (2.13), in order
for us to quantify this photoionization region and to proceed in a characterization of
the detector. The second is related to, so called, SE trains. These are SEs that can
be continued for times scales of O(ms) after a main S2. These kind of trains, that we
observed and were also observed by the LUX Collaboration [267], are characterized by a
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Figure 4.9 – Few electrons event rates, as a function of mχ, from (4.28) for FDM = 1
(solid lines) and FDM = 1/q2 (dashed lines). Here again, σe = 10−36 cm2. We see that the
expected rates, for the case of an ultra-light mediator of the interaction, are reduced. We
also see that, in this case, the total rate is dominated by the rate of one-electron events.

monotone decrease over such long time scales. This decrease that seems to follow a power
law. An important observation is that there is a strong correlation of the positions of
these SEs with the position of the preceding S2, as well as, with the purity of LXe, Fig.
(4.10). A hypothesis, originally proposed in [268], interpret this observation as being due
to delayed emission of electrons, initially captured by impurities. Part of the charge losses
due to drift may form negatively charged ions that, due to their low mobility, preserve
the initial position of the cloud and, at time-scales of ms, could release the captured
electron via certain atomic processes. Also, the theoretical model of section 2.12, reveals
that, during the extraction process, there is a percentage of electrons of the main cloud
that are not extracted immediately, but they are bouncing in the potential just below the
phase separation. They could try multiple times to cross the dielectric boundary and,
if they do not succeed, they will eventually thermalize in the minimum of the potential.
If we can assume that this model is correct then it could be another mechanism of the
delayed emission.

In any case, the empirical observations for the two main sources of the SE background,
Fig. (2.13) and Fig. (4.10) guide us about the region of waveforms of the events on which
we could focus the search for light DM, aiming for a reduced rate of SEs. First of all,
we must definitely avoid the region of one maximum drif time after a main S2, where
SEs from photoionization are dominant. Also, we could not even use the rest of the time
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region until the end of the event, due to the delayed emission that extends up to ms time
scales.

Figure 4.10 – Spatial characteristics of the single electrons after a main S2. Left: Distri-
bution of the differences of (x,y) positions between the SE and the preceding main S2. A
clear peak is indicated in the region of ∆x, ∆y = (0,0) revealing the position correlation.
Center-Right: Distribution of ∆r =

√
(xSE−sS2)2 + (ySE−yS2)2 as function of the time

separating the SEs from the main S2.

It is also necessary to not even use the, at most ∼ 720 µs, region between the main S1
and main S2, as the S1 light can produce single electrons via a photoelectric effect on the
metal surfaces (mostly the grounded gate).

We are obliged to limit ourselves to the pre-trigger part of the waveform. The only
single electrons that may exist there, are those that come from the mechanism of delayed
emission due to the main S2 of the previous event, which may be hundreds of ms away
from the event under consideration. Thus, a very strong cut that we will use, concerns
the time separation ∆t of the single electron peak from the main S2 of the previous event.
It goes without saying that this, very powerful cut, will have a dramatic consequence
on the exposure of our search. Even without this cut, the waste of exposure, compared
with that available for a search using the main S1 and S2 is immense, just due to the fact
that small charge signals cannot trigger an event. To give an example, for the average
trigger rate of ∼ 5 Hz of the detector, the livetime of 1 second of an S1-S2 search, give to
us only the pre-trigger window of ∼ 5 events i.e., approximately 5×1 ms (because the
trigger is usually a main S2 that, by default, is placed by PAX at 1 ms, with respect to
the start of the event window). If we also take into account the fact that an S1 could be
in an average time of 0.4 ms before the S2 that triggered the event, we see that, for the
same target mass, the exposure is approximately the 0.3% of the full science run. Thus,
the total exposure expected is around 840 kg×day . On the other hand, this can be
considered very large compared to the exposure of 15 kg×day of XENON10 which has
the best limit, to date, for the DM-e− cross section in the region [10−30] MeV/c2. But
is also evident that, along with the size of the detector, the rate of SEs has also increased.
Nevertheless, a number of cuts have been designed to address as much of the background
of the SEs as possible, through its current understanding.
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4.5.1 Time separation from previous event

We now present the way we obtain the data from the pre-trigger window. The
pre-trigger window is considered here to be the region of the waveform before the main
interaction, irrespective of the trigger of the event. Thus we can have: 1) an S2 trigger
that has an S1 before it, 2) an S2 trigger that is lone and 3) an S1 trigger. In each case,
the livetime is calculated as shown in Fig. (4.11).

Figure 4.11 – Calculation of the livetime in the pre-trigger window, in various trigger
configurations. The calculation is used to correct for the SE rate, when evaluated as a
function of the time separation ∆t from the main S2 of the previous event, but also to
find the actual livetime of the search, when imposing the request of only one peak before
any other peak of the main event.

For each SE found, its time separation from the main S2 of the previous event is
calculated. The livetime is considered only to be the time between the first peak of the
main event and the start of the window. The rate of SEs as a function of ∆t can be seen
in Fig. (4.12). One can see the background reduction as we move away from the previous
S2. Of course, this cut is highly reducing the exposure available thus the analysis aim in
a compromise between the exposure left and the suppression of the background of SEs.
In the analysis that is currently on-going, we try to optimize this cut in a test dataset of
about 8% of the total exposure, before applying the fixed analysis to the full data.

4.5.2 Position Correlation Cut

We are also going to make use of the position correlation with the previous S2, that
characterizes the, ms-scale, SE trains. We first try to model the position non-correlated
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Figure 4.12 – Evolution of the SE rate, as a function of the time separation from the
main S2 of the previous event. We see here the effect of those SE trains that extend for
hundreds of ms after an S2 and requires the use of a cut in order to be in an region that
this background is reduced.

part of the background, that can be seen for large values of ∆r in Fig. (4.10). We
constructed a toy MC of the distribution of ∆x and ∆y if there was no correlation, via a
random selection of main S2s and SEs, producing a histogram of this (x,y) distances. We
then fit this ToyMC distribution in the true distribution of Fig. (4.10), together with a
2D Gaussian that models the central region. The fit on the data is not good but allows
us to define a cut in a radius ∆r < Rcut such that, outside the disk defined by this cut,
dominate the non-correlated part of the background. After a systematic study done by
the Single electron analysis team, the cut was set at a radius of 15 cm.

We must account for the fact that the exposure now is reduced, in the target mass
part. Thus, we must carefully evaluate the fiducial volume that, in the presence of
this cut, is limited in the exterior of the cylinder defined by RS2−Rcut < 15 cm and
−97 cm< z < 0 cm, where RS2 is the radial position of the main S2 peak of the previous
event Fig. (4.13).
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Figure 4.13 – Fiducial volume calculation, taking into account the position correlation
cut. For each possible position of the main S2 of the previous event, the fiducial volume
is defined by the green area multiplied with the detector length.

The area of the green fiducial surface Sfid of Fig. (4.13) is given by:

Sfid = πR2
TPC−Alens(rS2,Rcut,RTPC) (4.29)

where Alens(rS2, Rcut, RTPC) is the area of the asymmetric “lens”, formed by the two
intersecting circles, the boundary of the TPC and the circle defined by the boundary of
the cut, with its center situated at a distance rS2 from (0,0) (Fig. (4.13 right). Alens(rS2,
Rcut, RTPC is given from:

Alens(rS2,Rcut,RTPC)

=R2
cut arccos

(
r2
S2 +R2

cut−R2
TPC

2rS2Rcut

)
+R2

TPC arccos
(
r2
S2 +R2

TPC−R2
cut

2rS2RTPC

)

− 1
2

√
(−rS2 + rcut +RTPC)(rS2 + rcut−RTPC)(rS2− rcut +RTPC)(rS2 + rcut +RTPC)

(4.30)

Let the livetime of the SE event k be Tk, with the preceding S2 being at rS2,i, the
LXe density ρ and the TPC length hTPC. Then, the total exposure of the search, taking
into account this cut, is calculated as :

E = ρ
Nevents∑
k=1

TkhTPCAlens(rS2,k,Rcut,RTPC) (4.31)
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4.5.3 Machine Learning against the SE pileup background

In contrast to the previous exposure reduction cuts, we designed and applied a cut
whose efficiency can be determined in a robust way, being based on the waveform simulator,
which employs all our understanding of the signal reconstruction by the detector. This
cut aims in a possible mitigation of the background of n ≥ 2 electrons, dominated by
single electron pileups as we saw in Chapter 2.

The idea here is that, electrons originating from a dark matter-electron scattering
process, if they are more than one, they must necessarily be spatially correlated. Despite
the fact that the rate of single electrons resulting from this process and for a cross-section
∼ 10−37cm2, inside the whole volume will be about 0.2 every second, however, the proba-
bility of having two such electrons simultaneously within the time range [0.85µs,3.5µs],
corresponding to the width of the peak of a pileup of 2 single electrons is very small.
Or even inside the range [0.4µs,10µs] which is the corresponding width of the peak of a
pileup of 3 or 4 single electrons. Thus, we could assume that every 2 or 3-fold coincidence
of single electrons is eligible for being produced from a dark matter-electron scattering, if
these electrons are spatially correlated, that is, if they originate from the same point. If
not, then the corresponding events cannot be derived from such a process and they should
be attributed to single electrons coming from different points (x,y) and simultaneously
reaching the surface, being extracted to the gas gap only in time coincidence. These two
types of events (two or three electrons coming from the same point (x,y) compared to two
or three electrons coming from different points) differ in the patterns they will produce on
the top PMT array. It is therefore natural to try the use of neural network architectures,
in an attempt to see if it is possible to distinguish between the two cases.

Simulation of single electrons hitpatterns

We have simulated hitpatterns of single electrons which will form the training and
testing datasets of the neural network. For up to three observed electrons, we distinguish
three cases with their corresponding sub-cases:

1. One single electron

2. 2-fold single electron pileup. In this case the two electrons can be derived

(a) from the same point (x,y)
(b) from different points (x1,y1) and (x2,y2).

3. 3-fold single electron pileup. In this case we have three sub-cases:

(a) they all come from the same point (x0,y0)
(b) Two of them are coming from the same point (x1,y1) but the third originates

from a different point (x2,y2)
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(c) Each of them comes from a different point (x1,y1), (x2,y2), and (x3,y3)

Fig. (4.14) presents the S2 distributions of the simulations of each of the five different
possible cases:

Figure 4.14 – S2 distributions of 10k simulations of each of the 5 different cases studied.

For the simulation I used the full detector configuration of SR1 together with a
secondary scintillation yield equal to 28 PE/e−1.

The neural network

We’ve produced 300k simulations for each of the 5 cases. The idea is to use an
architecture that is capable of classifying between the two physically distinct cases to
which we will give the labels 0 and 1 respectively:

• 0 all electrons come from the same point.

• 1 at least 1 electron originates from a different point (x, y) than the rest.

It turns out that a very simple neural network, like a fully connected neural network
with two hidden layers, can make a fairly accurate classification that can be considered
equivalent to the visual perception of an observer. Because the key obstacle to a 100%
accurate classification are the similarities between the classes, that will inevitably occur
within the training set. For example, the hitpatterns of the cases 2a) and 2b) inevitably
will look very much alike, or even become completely indistinguishable, when the distance
between the two points d=

√
(x1−x2)2 + (y1−y2)2 becomes very small. And since in the

simulation this distance is in the range 0≤ d < 2RTPC it is obvious that misclassification,
in cases where d is very small, is inevitable. By the same argument, we can see that, in
the same limit of small d, there will also be misclassification between the cases 3a) (label
0) with 3b) and 3c) (label 1).
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The neural network architecture we built using TensorFlow [269] is shown in the Fig.
(??).

Figure 4.15 – The fully connected neural network architecture used for the classification.
The input consists of an array for the S2-area per PMT, that constitutes a one dimensional
representation of the top hitpattern. The output is a pair of probabilities characterizing
the classification in the two possible classes.

The input layer consists of 127 nodes, corresponding to the equivalent number of the
top PMTs. That is, the hitpattern representation is made through a one-dimensional
column. Then two hidden layers with 50 and 10 nodes follow and finally an output layer
with two nodes corresponding to the two classes. The activation functions for the input
and the two hidden layers are sigmoid functions, while the output layer is a softmax as
we have here a binary classification problem. The initialization of the weights is done via
the so-called Glorot normal initializer [270]. The training set consists of 250k top array
hitpatterns for each of the 5 cases (i.e., 1.5M hitpatterns) and the testing set consists of
20k hitpatterns, for each of the 5 cases (i.e., 120k hit patterns).

After 10 training epochs, the network evaluation on the testing set gave a pair
of probabilities (p0,p1) (such that p0 + p1 = 1) for each hitpattern of the testing set,
concerning the probability that belongs to class 0 or 1. If we set a threshold, t0 ∈ [0,1],
concerning the classification in class 0 such that, for p0 ≤ t0, the hitpattern is classified
as belonging to class 0, otherwise to class 1, and we variate t0 from 0 to 1, we obtain a
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receiver operating characteristic (ROC) curve. This curve characterizes the accuracy of
the neural network as well as the variation in the efficiency of the cut.

Figure 4.16 – ROC curve corresponding to the neural network cut. The optimal working
point on such a curve would be the one offering simultaneously the largest possible
rejection power for the largest possible signal efficiency.

In Fig. (4.16), the signal efficiency is equal to the True Positive Rate (TPR) and the
rejection power is equal to the True Negative Rate (TNR). If TP, TN, FP, and FN are
respectively the cases True Positive (events of class 0 classified as class 0), True Negative
(events of class 1 classified as class 1), False Positive (events of class 1 classified as class 0)
and False Negative (events of class 0 classified as class 1), then the TPR and the TNR
are calculated as follows:

TPR= TP

TP +FN

TNR= TN

TN +FP

In Fig. (4.17) are illustrated some examples of true positive cases and true-negative
cases of the neural network:

Classification of real data

We can see this neural network classification on real data obtained from 35 datasets
of SR1, in various parametric spaces of interest.

In Fig. (4.18) is shown the probability p0, as a function of the time from the main S2
of the event. We notice that, for a short time separation from the main S2, we have a
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Figure 4.17 – Examples of classified top hitppaterns produced from simulation. Top row:
True negative cases. From left to right the degree of difficulty is increasing (probability
p1 goes from above 0.9 to just above 0.5 for the last hitpattern). Bottom row: True
positive cases with the same as above increase of classification difficulty from left to right
(probability p0 gets smaller).

large percentage classified as SEs originating from different x-y positions. The majority is
classified as originating from the same position, a trend which remains for larger ∆t. This
is consistent with the observation of the correlation between the positions of the SE trains
and the main S2 peak, directly preceding them, as it is expected that pileups from these
SEs will produce hitpatterns consistent with a common x-y origin. Nevertheless, a sparse
population of events, classified in class 1, persists even for large ∆t. These events could
be removed by this cut. Also, in Fig. (4.18) left, we see a zoom in the temporal region
of one drift time after the main S2 of the event. We clearly see here, nearly a division
of events between the two classes, consistent with the observation that single electrons
originating from the photoionisation, after a main S2, are homogeneously distributed in
the TPC, thus its expected to produce also many spatially non-correlated pileups.

A neural network is also used in order to reconstruct the position x-y of peaks, via the
top PMT hit pattern. This neural network is trained on hitpatterns produced by optical
simulations. In Fig. (4.19), we can see the probability p0, as a function of a measure
used in the main S1-S2 analysis that we call "goodness_of_fit_tpf". This parameter
is actually a Poisson likelihood test statistic, distributed as a chi-square under the null
hypothesis [271], that measures the goodness of the fit of the top PMT hitpattern, used
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Figure 4.18 – Evolution of the classification probability p0 as a function of the time,
after a main S2. Left: We can see the classification up to 1 s from a main S2, using
a dedicated calibration in triggerless mode, were we are not limited by a specific time
window around the main S2. We can see a band of events classified as originating from a
common origin, persisting up to a second. This is consistent with the SE trains that are
in position correlation with the main S2, thus expected to produce position correlated
pileups. Right: A zoom in the time window of a typical event from a search in trigger
mode. For one drift time after the main S2, we know that the potoionization single
electrons are homogeneously distributed inside the TPC . Indeed, this is reflected by the
partition of the classification output between extreme values of p0. After the maximum
drift time, for the time left up to the end of the window, the SE trains start to dominate.

to determine the position of the events. A low value is consistent with a more accurate
reconstruction, while a higher value signifies the presence of multiple clusters in the
top hitpattern (for example, hitpatterns produced from multiple scatters of a neutron)
thus the reconstructed position will be a kind of geometric average between these. We
observe a general concordance between the two measures i.e., a smaller p0 for a larger
"goodness_of_fit_tpf". But we also notice that, for a narrow band of values of the
"goodness_of_fit_tpf", the p0 can have very different values. This is probably due to
the fact that the top pattern fit algorithm is trained on simulated electron clouds from
a common origin, in order to be used in position reconstruction. Also these optical
simulations doesn’t take into account a full simulation of the PMT afterpulses, as is done
within the waveform simulator. That is, the present neural network approach is more
efficient, concerning the classification of the hitpatterns in the two classes of interest for
this study.

Finally, we can see the effect this cut has on the number of events counted, as a
function of the S2-area. We can use 3 bins, with widths equal to the SE gain (28 PE/e−),
corresponding to 1, 2 and 3 extracted electrons. We see in Fig. (4.20, left) the number of
events with no cut and with the cut applied, for two different working points on the ROC
curve, showed in the legend of the plot. In (4.20, right), is illustrated the 90% C.L. limit,
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Figure 4.19 – The classification probability p0 of the neural network as a function of the
"goodness_of_fit_tpf" parameter described in the text.

corrected for the cut efficiency. This limit is calculated from µup = 1
2F
−1
χ2 (1−aup;2(n+1)),

with n the number of events and a C.L. of 1−aup = 0.9.

Figure 4.20 – Effect of the cut on the S2 spectrum in bins corresponding to one, two and
three observed electrons. Left: Number of events, as a function of S2-area for two values
of the cut, corresponding to certain values of false-positive rates (FPR) and efficiency.
Right: 90% C.L. upper, for the histogram of left, corrected for the cut efficiency. In a
limit setting procedure, this will eventually improve the exclusion, in the region of DM
masses were there is a high enough contribution of 2 and three electron signals.

4.6 Exclusion limit

We are going to proceed now to the application of the above analysis, on a small
portion (about 8%) of the total exposure. This portion is used, in the ongoing analysis,
in order to tune the cuts and fix the analysis before its application in the totality of the
data. As is evident, from the discussion in this chapter, the small charge signal that we
expect is situated exactly in the S2 region dominated by single electrons. Even worse, as

185



Chapter 4. Light Dark Matter Search

we saw, the mechanisms behind this detector-related background are various and not yet
fully understood. The search for such a signal is therefore ill-starred, in the sense that
it takes place without the possibility of a background subtraction, that is, without the
ability to claim an excess of events over the background. Nevertheless, what we can do, is
to set an exclusion limit on that precise value of the DM-e− cross section, for which the
number of expected signal events will not exceed the number of observed events. Because
a larger cross-section than this limit, by necessity would result in a greater number of
observed events. The purpose of this work is an S2-only analysis (as it is typically called,
in the field of dual-phase TPCs) on the smallest possible energy region that produces
observable charge signals. This actually constitutes a pushing on the extreme limits of a
classical S2-only analysis, that uses the main S2 peaks of triggered events but is simply
non requiring the presence of a main S1. As the threshold of an S1 is no longer present
this enables the improvement of the sensitivity for low dark matter masses but its lower
end is the boundary of the 150 PE, after which the background of single electrons is
dominant. Such an analysis has already been published for XENON1T and resulted in
the improvement of the best, until then, DM-e− exclusion limit of XENON10 for masses
above 30 MeV/c2. Our analysis, therefore, intends to expand this improvement for lower
DM masses, a region were the XENON10 limit is still world leading, building on the
present analysis developed from our current understanding of the SE background.

We are going to apply first all the cuts presented above, except for the neural network
cut. This is due to the fact that, until now, the simulated training dataset of the neural
network contains the different position combinations of only up to three electrons. Its
update, for the inclusion of the simulation for all different possibilities for 4 and 5 detected
electrons, is ongoing. The S2 peaks chosen are in the region of [10−150] PE, where the
peak finder efficiency (our effective “trigger” efficiency in this analysis) is practically 100%,
as we showed in section 2.4.2. We are going to compare the expected rates of 1,2, · · ·5
observed electrons, from 4.28, with the actually observed rates that will be un-folded
from the low S2-spectrum of the data by a fit with a specific model. For the moment, and
for reasons of comparison with the result of XENON10 [98, 265], we are going to use only
the first model of Chapter 2, that is, a multi-Gaussian, without using the Fermi-Dirac
threshold function and setting the value of the secondary scintillation gain at 28 PE/e−.

The fit of the single electron spectrum is done using the formula:

f(S2|σ,h) =
5∑

n=1
hn exp

(
− 1

2
(S2−nµ√

nσ

)2) (4.32)

where µ= 28 PE/e−, is the secondary scintillation yield and h = (h1,h2,h3,h4,h5) are
the heights of the five components that will determine the event rates of the, up to five,
detected electron signals:

rdetected = hn
√

2πnσ
ε∆x (4.33)
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where ε is the cut efficiency (that here is 1, as we are using only the livetime reducing
hard cuts) and ∆x is the histogram bin width. This, here, correspond to 0.1 observed
electron (i.e., 2.8 PE), as is done in [98].

The fit of the model (4.32) to the data is done as in Chapter 2: We form the
likelihood function for the model, concerning finding of (d1,d2, · · · ,dNbins) counts in
each non-empty bin of the histogram, given the data and the parameters of the model
(σ,h) = (σ,h1,h2,h3,h4,h5):

L(S2|σ,h) =
Nbins∏
i=1

exp
(
− 1

2
(di−f(S2i|σ,h)

σ̂i

)2)= exp
(
− 1

2

Nbins∑
i=1

(di−f(S2i|σ,h)
σ̂i

)2)
where di is the content of each bin and σ̂i the statistical error associated. Then, given

the data and this likelihood, using a MCMC algorithm we are drawing samples for the
posterior distribution of the parameters of interest:

p(σ,h) = L(S2|σ,h)Prior(σ,h)

Using a flat (uninformative) prior over the parameters (σ,h).
In this work we will not present the final results of this analysis on the actual data

of SR1, as it is expected to be published in a science journal after the publication of
this thesis. In this chapter we limit ourselves to outlining the structural features of the
analysis in terms of the limit setting process for the case of sub-GeV DM.

Note added a posteriori: The reader can see the final results of the analysis in the
publication [272], where the first part of the paper presents the empirical observations
regarding the phenomenology of the SE trains, which ultimately lead to the development
of the analysis cuts presented earlier. The second part of the paper presents the Light
DM search as outlined in this thesis that ends up in the limit setting on the DM-electron
scattering for the two cases of heavy and ultralight mediator as well as for other models
of light DM.
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4.6.1 Effect of the neural network cut on the limit

Due to our very low observed background, in the region of two and three observed
electrons, we can obtain a relatively competitive limit. With the help of the neural
network cut we could possibly remove a part of the two- and three-electron pileups. Just
to give an idea of how this can be achieved, we are going to use the waveform simulator
to simulate a small-S2 spectrum. For this purpose, we have generated 10k events, each
containing 10 electrons, starting from random positions (x, y) inside the TPC. Thus, the
produced spectrum, contains all single electron pileups that may be derived from the same
or different points (x,y). Of course, this random simulation cannot exactly reproduce the
percentage of single electrons that are spatially correlated nor the correct rate the multiple
pileups, since we don’t simulate the, unknown, underlying true physical processes, but
only the detector response to our homogeneous distribution of single electrons. We are
just using it here as a case study, to find out the effect of the cut designed. The spectrum
produced by this simulation is illustrated in Fig. (4.22).

Figure 4.21 – Small-S2 spectrum, obtained from 10k simulations with the waveform
simulator of events with 10 electrons each observed in random x-y positions.

In order to simulate a real situation, we randomly select, from the events of Fig.
(4.22), 1000 events and say that this corresponds to a certain exposure (for example we
set ∼ 30kg ·day exposure corresponding to the order of magnitude of the full exposure
expected after all cuts applied). Then, we unfold the few-electron rate, from the fit of the
model (4.32) but only using three Gaussians , in order to check the effect of the neural
network trained on simulated data with only up to 3 detected electrons, Fig. (4.22).

The two corresponding limits, for the cross-section of dark matter-electron scattering,
are shown in Fig. (4.23). It appears that, in the region of the limit, corresponding to DM
masses resulting in ionization electrons with kinetic energy high enough to generate two
or three observable electrons (mχ ' 10 MeV/c2), the application of the cut may lead to
an improved result.

Of course in real data, the extent of such an improvement will depend on the extent
to which, after applying all the exposure reduction cuts, there will still remain several
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Figure 4.22 – Effect of the neural network cut on the single electron spectrum. The top
hitpattern of each small S2 peak, of the simulated spectrum of Fig. (4.22), is used as
input of the neural network and, based on its classification, we apply the cut for the
optimal point on the ROC curve corresponding to a 90% signal efficiency with 90.2%
background rejection power. Right: Left: The same spectrum after the application of
the cut removing events classified as originating from different x-y positions. In the two
figures, is also shown the fit of the single electron model with only three Gaussians.

two and three single electron pileups that will not be spatially correlated. We see, in Fig.
(4.18), that apart the train of SEs which are position correlated, a sparse population of
events is classified to originate from different x-y positions, even for large time separations
from the previous S2. Thus, to the extent that the other cuts cannot completely eliminate
events from every mechanism of production of single-electron backgrounds , inside the
TPC, and considering that some of them, such as single-electrons coming from electrons
trapped in the phase boundary, are likely to be homogeneously distributed in the x-y
plane, such a cut can help to further improve the result of the analysis.
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Figure 4.23 – Limit on σe for FDM = 1, inferred from the simulated data of Fig. (4.22).
We see an improvement on the limit on σe, after application of the cut. A small increase
in the limit can also be seen, for DM masses below 10 MeV/c2. This is simply due to
the fact that, the cut efficiency of 90% is applied for the whole spectrum of Fig. (4.22).
On the other hand, the cut does not remove events on the one observed electron region
of S2 (as they are mostly classified as originating from the same position) resulting in
a small increase of the limit, in the region of DM masses where the contribution of the
one-electron region is dominant.
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Conclusion

In this thesis we have studied a number of topics, ultimately related to the leptonically
interacting dark matter, through various analyzes of data, acquired during the scientific
runs of the XENON1T experiment. Understanding the response of the detector in
small charge signals, helped us to proceed in a characterization of the detector with
the help of single electrons that offers, in return, important information about the
phenomenology of this background. Using this understanding and taking advantage of the
detector’s sensitivity to few-electron signals, we proceeded to the search for a leptonically
interacting dark matter, with mass in the MeV scale. We have also examined an additional
possibility of direct detection of DM interacting with electrons, studying the extremely
low electronic background of the detector in a search for a possible annual modulation
that would be compatible with a dark matter interpretation. We presented a study of
the components of this background and a study about the detector stability, that would
prevent the attribution of such an annual modulation to spurious effects arising from
detector parameters.

Specifically, in Chapter 2 we proceeded to a detailed study of the low-S2 spectrum
of the detector, corresponding to the extraction of few electrons and their proportional
scintillation in the gaseous phase. We used the abundant single electrons derived from
photoionization of impurities in the liquid phase, in order to construct a model that
could describe the spectrum of single electrons and their temporal pileups. This model
differs from the one used in the XENON100 detector, taking into account mainly the new,
more efficient, peak-finding algorithm, used in XENON1T. With this model of the low-S2
spectrum, we have measured the amount of light produced by an electron extracted to
the gas gap. It also allowed us to perform a characterization of many detector parameters,
such as those that determine the secondary scintillation yield as a function of the pressure
of the gaseous Xe, as well as, its dependence on the anode voltage. It was possible to study
the sagging of the anode, due to the gravity and the electrostatic force exerted on it. Also,
using the photoionization-generated single electrons, from dedicated 83mKr calibration
datasets, we were able to carry out a study about the variation of the extraction efficiency,
as a function of the electric field, in the detector’s gas gap. This, consisted in a relative
evaluation of the electron extraction probability, emerging from a comparison between
the secondary scintillation gain with the S2 gain of the monoenergetic calibration source.
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The data obtained were compared to a theoretical model about the extraction process
referring to the microphysical processes taking place. One of them concerns the trapping
of electrons in the potential formed just below the phase boundary and their ability to be
extracted at a later time. This is a delayed emission mechanism whose understanding is
important to the search of light matter, of which constitutes an irreducible background.

A method to search for dark matter particles, with mass of the order of GeV, interacting
with electrons, is given by the annual modulation of the ER background they are expected
to induce. The temporal characteristics of this modulation were described in the third
Chapter. We proceeded to the detailed presentation of the data analysis cuts used to select
true electron recoil events, as well as, the evaluation of their acceptance as a function
of time. This was followed by a detailed modeling of each one of the ER background
components, including 214Pb, 85mKr, 60Co and solar neutrino backgrounds. The cut
acceptances and the background model, are the necessary elements in order to proceed
to a final likelihood inference about a possible modulation. However in order that the
confirmation of exclusion of such a modulation could be attributed in the true behavior
of the background, it is necessary to establish, in a rigorous statistical manner, the
temporal stability of all the detector parameters that could possibly influence the signal
generation. Thus, we presented a systematic statistical investigation on the significance
of a possible correlation of the electronic recoil event rates with the detector parameters.
The corresponding analysis resulted in an exclusion of any significant correlation of this
kind. A study followed about the sensitivity of the experiment to background fluctuations,
using toy MC datasets that were generated, based on the total livetime and the known
background model. An artificial modulation signal, with a certain amplitude and phase,
was injected in order to determine the size of the modulation fraction that would allow a
statistically significant inference about the signal. We found that, even if the real total
time of data taking extends to a little more than one year, the stability of the detector and
the temporal stability of the electronic recoil background are such that allows a detection
or an exclusion of a modulation, consistent with the one expected from the standard halo
model, for certain values of the modulation fraction.

The sensitivity of the detector to the S2-light produced by single electrons finds all its
purposefulness in the fourth chapter, where a search is attempted for DM with masses in
the MeV scale, scattering off the Xe atomic electrons, a possibility emerging within the
framework of hidden sector theories. We presented in detail the theoretical calculation
of the event rate, taking into account a many body quantum mechanics treatment of
the initial and the final states of the electron. We have folded the theoretical signal
with the detector response, based on the theoretical and experimental understanding of
the electronic recoil charge yield, and we calculated the expected few-electron (1,2, . . .5)
rates. These are compared to the observed rates of single electrons, unfolded from the
low-S2 spectrum. In this kind of search, the principal background is due to the plethora
of mechanisms producing single electrons inside the detector. As this background scales
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up with the size of the detector, the strongest exclusion limits with a noble liquid target
to date, for DM masses below 20 MeV, are still given by the XENON10 detector. It
is, therefore, necessary to use the knowledge gained on the phenomenology of single
electrons in order to find a region of the total exposure that presents, as much as possible,
a reduced rate of single electrons. Using the pre-trigger time window of waveforms of
acquired events, we developed cuts that helped us remove a significant portion of the
background due to single electron trains. Also we developed a neural network that we
have trained with simulated top hitpatterns, in order to fight against the background of
single electron pileups, something that will further contribute to the improvement of the
sensitivity for the search of light dark matter. Finally we found that, despite the very
large single electron background, resulting from the size of the detector, it is still possible
to set a competitive exclusion limit for DM masses below 30 MeV, exactly because of its
better understanding.

It is true that the era of silicon Skipper charge coupled devices (CCD) detectors like
DAMIC or SENSEI has risen. They are expected to dominate the search for a DM-electron
interaction, due to the very low energy of the band gap together with an extremely low
leakage current and the possibility of background identification and rejection, based on
an excellent spatial resolution. However, this dominance is restricted in the mass region
below 10 MeV, as they rapidly loss sensitivity for higher masses. The present work shows
that in the region above 10 MeV, the large dual-phase liquid xenon detectors principally
developed for the WIMP dark matter search, still have the ability to probe the parametric
space of the theory and haven’t reach the limit of their scientific potential. Further, it is
necessary to make dedicated efforts with small prototype dual-phase liquid xenon TPCs,
in order to carefully investigate the single electron background and to find ways to reduce
it in a hardware manner, or developing a complete background model. Such an effort is
expected to begin at LPNHE, the laboratory in which this thesis was realized, aiming in
the coming years to further strengthen the scientific potential of large xenon detectors in
the search of dark matter particles in the sub-GeV scale.
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