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Abstract

The concept of dark matter was developed several decades ago to explain the anomalous motions
of galaxies gravitationally bound in clusters. Since then, observational evidence has accumulated,
and dark matter is now a widely accepted concept around the scientific community. Indeed, the
existence of a form of matter that is “dark” and thus only interacts through its gravitational effects,
explains naturally many cosmological puzzles such as the structure and distribution of galaxies
and their clusters, the fluctuations in the cosmic microwave background radiation and the rate of
expansion of the universe. Today, its nature still remains unknown.

Among all the possible species of dark matter, the Weakly Interacting Massive Particles (WIMPs)
form a class of candidates capable of explaining this physics puzzle in a natural way. Many experi-
ments aim for a WIMP direct detection under the leading assumption that dark matter can, even
if very rarely, interact with particles from the Standard Model. The rarity of such interactions
makes them very challenging to detect. Any background can mask the signal they produce, and its
rejection is therefore the major problem in dark matter detection.

Most models predict dark matter WIMP masses near the electroweak scale of 100’s of GeV/c2.
However, dark matter particle masses ≤ 10 GeV/c2 can also be compatible with experimental con-
straints if a significant asymmetry between dark matter and their anti-particles existed in the early
Universe.

In 2018, the DarkSide Collaboration, one of the strongest experimental projects in the direct
search for DM, achieved the world-leading limits for low-mass DM with nucleon scattering cross
section between 10−41 to 10−42 cm2. This was accomplished by a blind analysis of the 532.4-live-
day data set from the DarkSide-50 experiment, a dual-phase argon time projection chamber nested
within a system of active vetoes, the inner for neutron tagging and the outer for muon rejection,
operating at LNGS (Italy).

The experimental sensitivity of DarkSide-50, in this WIMP mass range, is limited by the elec-
tron recoil background from the detector materials (mainly the photomultiplier tubes (PMTs), the
cryostat, and the radioactive noble gases residual in the argon target). To ensure a complete explo-
ration of this region of the WIMP parameter space there needs a further improvement in sensitivity
by more than two orders of magnitude. Such an ambitious goal requires larger target exposures and
a lower background.

In this research, I compare different solutions for the detector, including the geometry and
materials used, to demonstrate the feasibility of a DarkSide-LowMass experiment with the highest
achievable sensitivity at the current state of the technology.

To do so, I will run several MonteCarlo simulations using a modified version of GEANT-4 based
G4DS MonteCarlo package and produce the expected background and the sensitivity projections
for both a standard DS-50 like detector and the proposed DS-LowMass detector.

In Chapter 1 I introduce dark matter, its evidence and the physics of the DarkSide detectors.
In Chapter 2 I describe the geometry, functioning and the various background sources of the

two detectors I will consider in this paper.
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In Chapter 3 I explain the method used to simulate the experiment and to analyze the data
obtained.

Finally, in Chapter 4 I will show the results collected and discuss their implications.
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Chapter 1

Introduction to Dark Matter

1.1 Evidence of Dark Matter

Dark matter refers to the various candidates for non-luminous matter in the universe whose
effects have only been observed so far through the gravitational pull it exerts. Its identity and
properties are still one of the biggest mysteries in modern physics. While direct detection of dark
matter interacting with other forms of matter is lacking, its existence is supported by mounting
evidence of its gravitational effects, accumulated over many decades. In particular, three important
pieces of evidence come from studies of galactic rotation curves, gravitational lensing and the cosmic
microwave background, and are described in detail below.

1.1.1 Galactic rotation curves

A very strong evidence for the existence of dark matter comes from the rotation curves of the
galaxies or, in other terms, the circular velocities of stars and gas in a galaxy as a function of
the distance from the galactic center. Observations of spiral galaxies indicate that they typically
consist of a dense central bulge where is concentrated the vast majority of the mass. Thus, a simple
approximation would be to consider all the mass of the galaxy uniformly distributed in this volume.
According to Newtonian dynamics, the circular velocity of a galaxy is then given by:

v(r) =

√
GM(r)

r
, (1.1)

Where M(r) =
∫
ρ(r)r2dr and ρ(r) is the mass density profile of the galaxy. The circular velocity

is expected to increase from the center to the edge of the galaxy and then to fall as 1√
r
beyond the

optical disk. However, as can be seen in Figure 1.1, the measured rotation curves do not agree with
the predictions of equation 1.1. Indeed, at very large radii, beyond the optical disk, the velocity
remains constant instead of decreasing. The same kind of discrepancy is also observed for galaxies
rotating in clusters of galaxies.

These phenomena can only be explained in two ways: either we need a modified theory of gravity
or the mass of the galaxies is much more than the fraction we observe.
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Figure 1.1: Example of rotation curve with a flat behaviour beyond the edge of the optical disk: the data are taken
from the galaxy NGC 6503 and are represented in the graph by the bullet points, the dash-dotted line named disk is
the rotation curve that we would expect if the mass was all distributed inside the disk. The other dash-dotted line
represent the dark matter halo contribution that would be needed to explain the observed rotation curves of NGC
6503. Credit: [2]

This large discrepancy with the predictions of galactic rotation curves can therefore be resolved
by postulating the existence of a non-luminous matter in the form of a dark matter halo such that
such that M(r) ∝ r and v(r) ≈ constant for r > R where R is the radius of the central bulge.

1.1.2 Gravitational Lensing

Another strong piece of evidence for the existence of dark matter comes from the gravitational
lensing effects caused by clusters of galaxies. As predicted by Einstein’s theory of general relativity,
massive objects curve the spacetime around them, so that the path of light can be significantly
distorted in strong gravitational fields. As a result, the light emitted by objects behind the cluster
can be very deflected such that we will observe small shape distortions or, in some cases, a clear
separation into multiple images of the same object, as show in Figure 1.2. The mass of the galaxy
cluster can be then inferred by measuring the geometry of the distortion and the deflection angle.
The observed lensing effect resulted to be much stronger than what expected by assuming only the
contribute of stars and gas in the cluster. Assuming the validity of General Relativity, then galaxies
and clusters of galaxies are dominated by some form of non-baryonic matter which would account
for 90% of the total effect.

Further evidence of this theory was furnished by the observation of gravitational lensing of the
Bullet cluster, a system composed of two clusters that collided in the past. Indeed measurements
of gravitational lensing caused by these galaxies can give an indication of the center of mass of all
matter. On the other hand, since the mass of these galactic clusters is dominated by interstellar gas
and stars, optical techniques such as x-ray photography can provide an independent measure of the
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Figure 1.2: Example of strong gravitational lensing of Abell 2218 cluster. Here, the effects of gravitational lensing
are observed in the stretching of the distant, lensed galaxies which are pulled into arcs as the light passes close to the
foreground cluster. The real galaxies are not this shape, they are usually elliptical or spiral shaped, they just appear
this way because of lensing. Credit: [3]

baryonic mass distribution in both galaxies. Surprisingly, the measurements of the center of mass
using the two different techniques differed drastically, implying that the center of mass of baryonic
matter differ from the total center of mass by over 8σ [4]. This discrepancy can be hardly explained
by any modified theory of gravity since the center of the total mass should always correspond to
point of maximum curvature. Thus these measurements provide a very strong indication for the
presence of a non-baryonic, weakly interacting form of matter that represents the dominant mass
component of galaxies and clusters of galaxies.

1.1.3 The Cosmic Microwave Background (CMB)

The Cosmic Microwave Background was predicted in 1948 by Ralph Alpher and Robert Herman
and measured, for the first time, in 1964 by 2 scientists from Bell Lab, Arno Penzias and Robert
Wilson, who observed a mysterious persistent and isotropic microwave background in their radio-
wave antenna receiver. [5]

The CMB represents the thermal radiation leftover from the separation of matter and radiation
following the Big Bang. Before that moment, the universe was filled with a hot plasma of charged
particles and photons in thermal equilibrium. As the universe expanded, the temperature and
energies of the particles decreased and when the energy density of the plasma dropped under the
hydrogen ionization energy, protons and electrons combined to form neutral hydrogen atoms. This
led to the decoupling of photons from matter, which were finally free to propagate instead of being
constantly scattered by electrons and protons in plasma. These relic photons form the CMB as we
observe it today. Indeed, the wavelength of these photons increased over time due to the expansion
of the universe, into the microwave region with an average temperature equivalent to ∼ 2.7K. The
temperature map of the CMB (Figure 1.3) as determined by the Planck mission is very uniform
and presents small spatial temperature anisotropies, whose relative amplitude is in the range of 1
part in 105. [6]

The hotter regions in the CMB map correspond to regions denser of matter at the moment of the
photon-decoupling which therefore had a corresponding higher gravitational pull. These fluctuations
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Figure 1.3: The detailed, all-sky picture of the infant universe created from nine years of WMAP data. The image
reveals 13.77 billion year old temperature fluctuations (shown as color differences) that correspond to the seeds that
grew to become the galaxies. The signal from our galaxy was subtracted using the multi-frequency data. This image
shows a temperature range of ± 200µK. Credit: [7]

are necessary for matter to combine and form more complicated structures. However, given their
small intensity, they cannot be considered as the unique seeds of the structure of the cosmos as we
observe it today. To solve the problem, we need to introduce a form of electrically neutral matter
which interacts only through gravity. Imposing that this form of matter is non-relativistic, it would
then enhance the density of the hotter regions, thus accelerating the process of accretion of large
structures in the universe.

The study of the distribution and intensity of such anisotropies gave many significant results
in cosmology and particle physics. Specifically, an analysis of the CMB power spectrum (plot of
the fluctuations in the CMB temperature spectrum at different angular scales) using the ΛCDM

cosmology (the “standard model” of Big Bang cosmology) inferred that dark matter accounts for
approximately 84% of the total mass of the universe.

1.2 Dark Matter Candidates

The first important categorization for different models is whether dark matter is hot (relativistic),
or cold (non-relativistic). As mentioned in section 1.1.3 according to measurements on the CMB,
dark matter constitutes 84% of total matter and it was therefore the main driving force in the
formation of galactic structure in the early universe.These measurements enable us to reject the
possibility of dark matter to be mainly hot because it would not explain the formation of structures
in the Universe (galaxies, clusters and larger objects), since these particles would be moving far too
quickly to allow the formation of large scale structures. [8]

Another very important concept for understanding the nature of dark matter is the study of
the thermal production of elements in the early universe. The expansion and cooling down of the
universe determined the development of the production mechanisms of each element and motivate
their current abundance. Indeed, at its early stage, the universe was basically in thermal equilibrium,
meaning that production and annihilation rates of each particle were approximately the same (this
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is true only under the assumption of standard thermal production). [9]
The production mechanism is only efficient for collisions at temperatures kT > mξc

2, where mξ

is the mass of such particle ξ. Indeed if the mean energy per particle in the Universe is smaller than
mξ, it is impossible to produce many of them and they will generally annihilate or transform into
other species.

As the universe expanded, the thermal plasma cooled down and production rates decreased

exponentially according to e−
mξc

2

kT (the Boltzmann factor) [9]. At the same time, the expansion also
diluted the number density n, impacting on the annihilation rate. The key for measuring the relic
density of each element is therefore a comparison between the rate of interactions Γ and the rate
of expansion H. When the time scale of particle interactions is in the order of the characteristic
expansion time scale (eq.1.2) reactions effectively ceased and population of these particles as a whole
changed only due to expansion of the space (chemical decoupling) [10].

tγ ∼ th tγ ≡
1

Γ
th ≡

1

H
(1.2)

The effect of the chemical decoupling is the so-called “freeze-out” [11]. Different particle species
may have different interaction rates and so may decouple at different times. Such an analysis is
particularly important to estimate many features of a possible dark matter candidate, such as its
rest mass and cross section range. These two values mχ and σχ respectively give us information
about the amount of energy needed to produce such particles and the probability that a scattering
process, due to a given reaction, will occur. What we expect for dark matter is a very large rest
mass, roughly heavier than ∼ 1-100 keV, and a low cross section, in the order of σχv ∼ 10−26cm3/s,
where v is the relative velocity between the annihilating particles [5]. In this way, dark matter would
decouple relatively early on, explaining both its very weakly interaction with ordinary matter and
its large abundance in the universe, as predicted by measurements of galactic rotational curves,
gravitational lensing and CMB power spectrum.

Here, it follows a brief discussion of the possible DM candidates, whose models are consistent
with observations and the just mentioned constrictions.

1.2.1 Neutrinos

When one considers the dark matter problem from the perspective of the standard model of
particle physics, the three neutrinos clearly stand out. In fact, unlike all other known particle
species, the neutrinos are stable (or at least very long lived) and do not experience electromagnetic
or strong interactions. [5] However due to their relativistic nature, they would constitute a hot dark
matter candidate which, as mentioned in the previous paragraph, could not account for most of the
dark matter in the Universe, leading to very different patterns of large scale structure.

Sterile neutrinos have also been proposed as dark matter candidates. These hypothetical parti-
cles are similar to Standard Model neutrinos, but without weak interactions and would only interact
,other than through gravity, through a small degree of mixing with the standard model neutrinos.
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Depending on their mass, if such sterile neutrinos exist, they could be produced with a wide range
of temperatures, and thus could constitute a cold (mνs ≫ keV) candidate for dark matter. [5]

1.2.2 Axions

Axions were first introduced by Peccei and Quinn in an attempt to solve the puzzle of the
so-called "strong CP problem". This problem comes down to the fact that the QCD Lagrangian
contains the following term:

LQCD ⊃ Θ̄
g2

32π2
Gaµν ˜Gaµν ; (1.3)

where Gaµν is the gluon field strength tensor and Θ̄ is a quantity closely related to the phase of the
QCD vacuum. If Θ̄ were of order unity, as would naively be expected, this term would introduce
large charge-parity (CP) violating effects, causing the electric dipole moment of the neutron to
be ∼ 1010 times larger than experimental upper bounds permit. Therefore, to be consistent with
observations, the quantity Θ̄ must be smaller than ∼ 10−10, even though this fine tuning is not
natural.

They showed that by introducing a new global U(1) symmetry that is spontaneously broken, the
quantity Θ̄ can be dynamically driven toward zero, naturally explaining the small observed value.
Such a broken global symmetry also implies the existence of a Nambu-Goldstone boson, called the
axion. [5]

Constraints on the axion mass come from accelerator searches, red giants evolution, the super-
nova SN1987a and cosmology. The only mass range not yet excluded for the axion is 10−6eV ≤
ma ≤ 10−3eV . [5]

Such light and "invisible" axions can have very interesting consequences for cosmology. Being
stable over cosmological timescales, any such axions produced in the early Universe will survive
and, if sufficiently plentiful, could constitute the dark matter. For axions light enough to avoid the
above mentioned constraints, however, the thermal relic abundance is predicted to be very small,
and would only be able to account for a small fraction of the dark matter density.

1.2.3 WIMPs

Among all the possible species of dark matter, the Weakly Interacting Massive Particles (WIMPs)
form a class of candidates capable of explaining this physics puzzle in a natural way . A WIMP is
any particle that only directly interacts with matter via the gravitational and weak forces (not the
normal “weak force” but something resembling it); has a large mass (typically on the scale of 1 GeV

and above); and is stable on a time scale comparable to the age of the universe. [5]
In terms of theoretical expedience, what makes them such a popular dark matter candidate is

the so called “WIMP miracle”. This refers to the fact that by making minimal assumptions beyond
an interaction cross-section on the weak scale, the WIMP relic density is actually comparable to the
dark matter density measured in the Universe. Indeed, if WIMPs exist, they are a thermal relic of
the Big Bang. As I mentioned at the beginning of Section 1.2, when the annihilation rate become
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Figure 1.4: Typical evolution of the WIMP number denisty in the early Universe during the epoch of WIMP
chemical decoupling(freeze-out). Credit: [9]

smaller than the expansion rate of the Universe, the production of that particle stop and we reach
the so-called “freeze-out”. From that on, the number of WIMPs in a co-moving volume remained
thus approximately constant, and that is the relic density we observe.

It is important to realize that the determination of the WIMP relic density depends on the history
of the universe before the Big Bang nucleosynthesis (BBN). The BBN refers to the production of
nuclei other than those of the lightest isotope of hydrogen, during the early phases of the Universe.
Primordial nucleosynthesis is calculated to be responsible for the formation of most of the universe’s
helium, along with small amounts of the hydrogen isotope deuterium, the helium isotope helium-3,
and a very small amount of the lithium isotope lithium-7 [12].

We have no data from the epoch before the BBN.Therefore, to perform such a computation we
need to make assumptions about the pre-BBN epoch which are: that the entropy of matter and
radiation were conserved, that WIMPs were produced thermally, that they decoupled while the
expansion of the universe was dominated by radiation and that, before they decoupled, they were
in kinetic and chemical equilibrium. [9]

Given these assumptions the relic density of WIMPs can be obtained by solving the Boltzmann
equation, combined with the law of entropy conservation:

dn

dt
= −3Hn− 〈σannν〉(n2 − neq2), (1.4)

ds

dt
= −3Hs. (1.5)

where t is time, H is the Hubble parameter, neq is the WIMP equilibrium number density and
〈σannν〉 is the thermally averaged total annihilation cross section. It is useful to combine eq.1.4 and
eq.1.5 into one equation for Y = n

s and x = m
T , with T the photon temperature, as the independent

variable instead of time. [9] Moreover we shall use the relation between the Hubble parameter and
the energy density ρ, according to the Friedman equation H2 = 8π

3MP
2 ρ, to rewrite this equation in

the following form:
dY

dx
= −

(
45

πMP
2

)− 1
2 g∗

1
2m

x2
〈σν〉(Y 2 − Yeq2). (1.6)
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Eq.1.6 can be numerically solved with the initial condition Y = Yeq at x ' 1 to obtain the present
WIMP abundance Y0. The WIMP relic density is then computed such that:

Ωχh
2 =

ρχ
0h2

ρc0
=
mχ

0s0Y0h
2

ρc0
= 2.755× 108Y0mχ/GeV, (1.7)

where ρχ0 and s0 are respectevely the present critical density and the entropy density. [9]
The evolution of Y as function of the temperature of the plasma is shown in Figure 1.4. Y

tracks closely the Yeq curve till the chemical decoupling temperature, when the annihilation rate
drops, freezing the number of WIMPs per co-moving volume.

1.3 WIMPs Detection Tecniques

WIMPs can potentially be detected by three complementary methods. In this section, we
discussed briefly each of them and their experimental limits.

1.3.1 WIMP search through production

This first method aims at producing WIMPs in collisions of Standard Model particles at very
high energies. This can be done at accelerators like the Large Hadron Collider (LHC) at CERN.
WIMPs would be produced in pairs and would not be detected, therefore the typical signature is
missing energy. The obvious limit of this experimental approach is given by the maximum energy
reachable by interactions in the center of mass (not beyond the TeV scale). [13]

1.3.2 WIMP indirect search

Assuming WIMPs are their own anti-particles, they can self-annihilate, producing standard
model products such as γ-rays and neutrinos. An excess of these particles in cosmic ray fluxes
could be connected to dark matter and it can be detected with the use of advanced telescopes in
orbit. Due to the rarity of such processes, the focus is on regions where the WIMP density might
be higher, such as the centers of planets, stars, or galaxies. [14]

1.3.3 WIMP direct search

This method is based on the hypothesis that dark matter can interact with normal matter via
some weak force boson carrier. The experimental signature in direct search detectors is a very tiny
energy deposit released by the DM particle in the active volume of target nuclei. This energy is
then converted in a detectable signal thanks to three different mechanisms: scintillation, ionization
and phonons creation (i.e. temperature increase). Since direct searches look for rare events, they
are heavily affected by the presence of backgrounds such as cosmic rays and natural radioactivity.
The experiments are thus carried on in underground facilities in order to reduce the muon flux and
fight the natural background radioactivity by means of active and passive shielding techniques.
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Discussing all the different methods of direct detection, their experimental techniques and re-
spective target nuclei used, is beyond the scope of this paper.

In the next section and the following chapters, we will discuss in more detail direct search
experimental techniques and current limits in relation to the DarkSide Program, a WIMP direct
search program at Gran Sasso National Laboratories in Abruzzo, Italy,(LNGS) which constitutes
the main subject of this paper.

1.4 The DarkSide Program

The DarkSide program is one of the strongest experimental projects in the direct search for
dark matter. Although the strength of the interaction of WIMPs is supposed to be very small,
their thermal motion is expected to result in WIMP-nuclear collisions of sufficient energy to be
observable by very sensitive laboratory apparatus. The DarkSide project attempts to detect WIMP-
induced nuclear recoils using a dual phase Liquid Argon time projection chamber (TPC) operating
at background-free acquisition mode. This goal is achieved by means of passive suppression and
active rejection. [15]

DarkSide-10 The first DarkSide prototype was DarkSide-10, a technological demonstrator whose
main aim was to measure the light detection capabilities of a TPC filled with LAr.

DarkSide-50 The second iteration of the program is DarkSide-50 which consists of three nested
detectors: the Liquid Argon Time Projection Chamber (LAr TPC) which is the dark matter de-
tector, the organic Liquid Scintillator Veto (LSV), serving as shielding and as anticoincidence for
radiogenic and cosmogenic neutrons, γ-rays and cosmic muons; and the Water Cherenkov Detector
(WCD), serving as a shield and as anti-coincidence for cosmic muons (see figure 1.5).

A dual-phase time projection chamber can detect both scintillation and ionization generated by
recoils inside the target volume. Scintillation light (called S1) is the product of atomic de-excitation
of Argon excimers, which are formed directly by the recoil. These recoils also produce ionization
electrons which are drifted upward by a uniform vertical electric field into the gaseous Argon region
where they produce a second light pulse (called S2) due to electroluminescence. The combination
of the two pulses is very useful in rejecting background events, precisely determining the 3-D event
positions of the event inside the TPC. [16]

The choice of using LAr as active target is due to its effectiveness in pulse shape discrimina-
tion. Indeed, Liquid Argon forms two different, nearly energy-degenerate, excimers: a short-lived
(prompt) singlet (τ = 7 ns) and a more stable triplet (τ = 1.6µs). Both of them participate to the
emission of the S1 scintillation light pulse but in different fractions if electron or nuclear recoils.
In particular electron recoils, which constitute the largest source of background, produce events
with a fraction of prompt light that is about 0.3, while for nuclear recoils this is around 0.7. The
optimal and most convenient way to exploit this Argon property is to classify events on the base of
their fraction of prompt light with respect to the total light in the first 90 ns (so called f90). This
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Figure 1.5: The nested detector system of DarkSide-50. The outermost gray cylinder is the WCD, the sphere is
the LSV, and the gray cylinder at the center of the sphere is the LAr TPC cryostat, Credit: [16]

maximizes the separation among the distributions of ER and NR and allows us to effectively reject
all ER events which we know represent the most conspicuous source of background.

DarkSide-20k The next step in the program is the construction of DarkSide-20k (DS-20k), a
direct WIMP search using a LAr TPC with an active (fiducial) mass of 23 t (20 t) of UAr. The
detector should achieve an exposure of 100 t yr, accumulated during a run of approximately 5 yr
at background-free acquisition mode. To ensure the extremely low background needed to carry out
the search, several technological developments had to be made. [17]

The most innovative design upgrade foreseen for DarkSide-20k is the shift in the TPC light
detectors from the traditional PMT technology to the SiPM one. Silicon Photomultipliers (SiPMs)
are innovative light detectors which combine the extreme sensitivity of standard photomultiplier
tubes (PMT) with all the benefits of solid state devices, such as insensitivity to magnetic fields and
very low radioactivity. Moreover, SiPMs can be more efficiently packed with higher geometrical fill
factor and show a higher light detection efficiency. [18]

Given the increase in size of two orders of magnitude from DS-50 to DS-20k, the collaboration
plans to build a prototype detector of intermediate size, DarkSide-Proto (DS-Proto), incorporating
the new technologies for their full validation. The choice of the∼1 t mass scale allows a full validation
of the major innovative technical features of DS-20k, including the mechanical and cryogenic design
and the integration of the custom photodetector modules and the full read-out electronics and data
acquisition chain. [17]

DarkSide-LowMass Most models predict dark matter WIMP masses near the electroweak scale
of 100’s of GeV/c2. [19] However, in recent years it has been shown that many production mech-
anisms that explain the observed DM relic abundance are compatible with dark matter particle
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Figure 1.6: The 90 % C.L. exclusion curves for the binomial fluctuation model (red dotted line) and the model with
zero fluctuation in the energy quenching (red dashed line). For masses above 1.8GeV/c2, the 90 % C.L. exclusion is
nearly insensitive to the choice of quenching fluctuation model. Below 1.8GeV/c2, the two exclusion curves rapidly
diverge because of the effective threshold due to the absence of the fluctuations in the energy quenching process.
Credit: [19]

masses ≤ 10 GeV/c2 if a significant asymmetry between dark matter and their anti-particles existed
in the early Universe. [20]

In this regard, the results published in early 2018 from a 532.4 live-days campaign of the DS-50
detector played a crucial role. The outcome of the high-mass WIMP dark matter search was a null
result . On the other hand, the extremely low background, high stability, and low 0.1 keVee analysis
threshold of DS-50, [21] enabled a study of very-low energy events, characterized by the presence of
the sole ionization signal (WIMPs in this mass range produce nuclear recoils well below 1.66 keVee,
where the efficiency for detecting the S1 signal is too low and PSD is moreover not available). [19]

This analysis resulted in the world-best limit for low-mass dark matter searches in the mass range
1.8 GeV/c2 to 6.0 GeV/c2 as shown by C.L. exclusion curves shown in Figure 1.6. In section 4.3 we
will discuss more in details how to obtain C.L. exclusion curves and what they actually represent
but here what it is important to understand is simply that everything above each curve corresponds
to a combination of dark matter mass and cross section (mχ, σχ) that has been excluded. It is
clear then that the red curve, representing DarkSide-50, is the one with the largest area above and
therefore the one that obtained the best limit, up to a 90 % confidence level as shown in figure.

Based on the recent success in low-mass searches, the Collaboration has decided that it will pro-
pose to LNGS the construction and operation of DarkSide-LowMass (DS-LM), a search specialized
for discovery of dark matter in the low mass region, exploiting elements of the DS-Proto detector.

The purpose of this paper is indeed to investigate the limits of the DM-LM search by studying
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changes in both the geometry and composition of the detector in order to optimize its sensitivity,
given the current state of the technology.
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Chapter 2

The Dark-Side LowMass Detector

In this Chapter, at first we will discuss in detail the geometry and functioning of the elements
of a DS-Proto like detector. Then I will describe the proposal for a new detector, the DS-LowMass
detector, which exploits the main features of the DS-proto detector with a few adaptations to
optimize the search in the low-mass range. Finally, I will introduce all the sources of background,
with emphasis to those relevant to the low-mass search.

2.1 The DS-Proto Detector

In this section, we consider the design of the detector which will be commissioned for DarkSide-
Proto. This Detector is composed by three elements: the LAr TPC, the cryostat and LSV.

The LAr Time Projection Chamber (TPC) The LAr TPC is the dark matter sensitive
detector and central element of the experiment, and it must satisfy many requirements. Here we
list the most relevant for low mass dark matter search:

• to be realized only with radiopure materials;

• to provide uniform drift, extraction and electroluminescence fields and gas pocket thickness
for high resolution of S2 signals;

• to provide a very reliable x − y position reconstruction. Given the high number of channels
and their dynamic range of ∼ 100 PE, a very good spatial x− y resolution, in the range 5-20
mm, is expected.

• to allow effective circulation of LAr to maintain purity.

The geometry is that of an octagonal parallelepiped of edge 30 cm and height 58 cm.
The TPC will operate in two-phase mode, using both the liquid and gas phases of argon. It will

be filled with underground argon UAr extracted from Doe Canyon (Colorado), since such argon has
a concentration of 39Ar a factor (1.4± 0.2)× 103 below that of atmospheric argon. [22]
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Figure 2.1: A single SQB (left) and a single TRB (right). SQBs and TRBs are assemblies of tiles serving as building
blocks of the octagonal readout planes.Credit: [17]

The active LAr volume is defined by an acrylic window at the bottom of the detector, coated
with ITO (transparent conductive indium-tin-oxide) and serving as cathode, a grid just below the
liquid surface and a reflecting surface with an octagonal shape on the sides. The thin argon gas
pocket above the liquid surface is bounded at the top by another acrylic window coated with ITO,
which in this case serves as anode. A high voltage is applied between the cathode and the grid
to produce a vertical electric field to drift the ionization electrons created at the interaction site
upward. An independent potential between the grid and the anode creates the fields to extract the
electrons into the gas and accelerate them to create secondary scintillation (i.e., the S2 signal). [17]

To maximize the light yield, all inner surfaces delimiting the active Argon volume are coated
with the wavelength shifter tetraphenylbutadiene (TPB), which absorbs the 128 nm scintillation
light and reemits it with high efficiency in the blue region (∼420 nm). The converted one will then
be detected by two densely packed arrays of SiPM-based PDMs, placed one above the anode plane
and below the cathode plane of the LAr TPC. The two detection planes consist of 185 photon
detection channels each. A single readout channel consists of a 50 × 50 mm2 SiPM tile assembly,
where 24 single devices are joined together to form a single photodetection unit. The tiles are
grouped in two different types of larger mechanical units called the SQuare Board (SQB) and the
TRiangular Board (TRB), as shown in Figure 2.1. The SQB and TRB are used to form the full
readout octagonal planes. [17]

These arrays of SiPM photosensors which view the active LAr volume through the acrylic win-
dow. The S2 signal is concentrated in the top array and within a few SiPM tiles around the
transverse position of the ionization drift, thus yielding a precise x and y location. On the other
hand, at very low energies (the ones we are interested in for a low mass dark matter search) S1
signals are too small or even absent to provide a measurable signal, therefore we cannot use the
drift time (the time between the S1 and S2 signals) to determine the z-location of the event in the
LAr TPC. [17]

The electric field configuration inside the LAr TPC consists of an active LAr volume with an
applied uniform drift field of 200 V/cm, 3 mm of LAr above the grid with an extraction field of 2.8
kV/cm and a 7 mm thick argon gas pocket with an electroluminescence field of the order of 4.2
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Figure 2.2: Field cage (left) and reflector panels (right) of the LAr TPC. Credit: [17]

kV/cm. The uniformity of the electric drift field is provided by a field cage consisting of octagonal
field shaping rings, as shown in Figure 2.2, equally spaced along the z-axis and biased with a uniform
voltage gradient. [17]

The side boundaries of the active volume are defined by an octagonal assembly of sixteen highly-
reflective acrylic panels. Eight acrylic panels form an octagon that is stacked onto another acrylic
octagon, as shown in Figure 2.2. This design simplifies the fabrication, since large panels of acrylic
are not readily available. the acrylic panels will be 1.5 cm thick and coated on the inner surface
with 200µg/cm2 of TPB layer.

In figure 2.3, we can view a 3D rendering of the DS-Proto LAr TPC as decribed above.

Figure 2.3: 3D- rendering of DarkSide-Proto LAr TPC. Credit: [17]

Cryostat The Cryostat consists of a 4π vacuum-insulated vessel made of three separate parts, the
top assembly, the inner cryostat vessel, and the vacuum insulation vessel. Its main purpose is that
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to isolate the LAr target from the external environment in order to keep it cool and purified. [17]
The top assembly is formed by an outer dome and an inner dome mechanically linked with solid

low-thermal-conduction rods. The outer dome of the top assembly has a flange that matches the
insulation vessel flange and uses a metal o-ring as the vacuum seal. The inner dome has a flange
that matches the inner cryostat vessel and uses a V-groove indium wire seal. [17] The thickness of
the inner and outer cryostat vessel is respectively of 1.25 cm and 1.75 cm. All the elements of the
Cryostat are made of Stainless Steel whose total mass can be estimated to be 1.234× 103 kg. The
estimation, done in this work, is simply the result of considering both the inner and outer vessel
of the cryostat as normal cylinders without domes at the top and bottom in order to facilitate the
computation of the total volume which is then multiplied by the density of Stainless Steel (7.7×103).

In Figure 2.4, we can view a 3D rendering of the cryostat as described above.

Figure 2.4: 3D- rendering of DarkSide-Proto cryogenic Cryostat. Credit: [17]

Liquid Scintillator Veto (LSV) The LSV is a 4.0 m diameter stainless steel sphere filled with
30 metric tonnes of boron-loaded liquid scintillator and is an highly efficient active veto for neutrons.
[23] Neutron tagging is performed searching both for thermalization and neutron capture signals,
with a measured efficiency ≥ 99%. [24]

The sphere is lined with Lumirror, a reflecting foil used to enhance the light collection efficiency.
An array of 110 Hamamatsu R5912 LRI 8” PhotoMultiplier Tubes (PMTs) is mounted on the inside
surface of the sphere to detect scintillation photons (see Figure 2.5).

2.2 The DS-LowMass Detector

As explained in Section 1.4, the choice of using LAr as active target was mainly due to its
effectiveness in pulse shape discrimination between electron and nuclear recoils (ERs and NRs),
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Figure 2.5: Internal view of the LSV neutron veto from its top port with the PMTs directly mounted on the surface
of the sphere. Credit: [23]

allowing us to effectively reject all ER events which, as we will see more in detail in Section 2.3,
represent the most conspicuous source of background. Therefore, the main and most dangerous
background left was that of neutrons (the main source of NRs) which is why in the DarkSide
detectors the neutron vetoes outside the TPC have always played a crucial role.

However, at low-energies the separation in the values of f90 (go back to Section 1.4 for its
definition) for ERs and NRs disappears and they become almost indistinguishable. Therefore, in
the context of a search in the low-mass range, where pulse shape discrimination (PSD) is impossible,
and since the mechanisms by which neutrons are produced (causing NRs) are extremely rarer than
all the other mechanisms that lead to ERs, neutrons constitute only a minimum, almost irrelevant,
fraction of the total background budget. The role of an active neutron veto loses its importance
and thus forces us to rethink the geometry of the detector.

The DS-LowMass detector, which I propose in this paper, is meant to optimize the search for
dark-matter in the low-mass range. This detector is composed by two elements: the LAr TPC and
a cubic LAr Box.

LAr TPC The LAr TPC has the same features as the one described in the previous section with
only one change in the thickness of the acrylic panels which is reduced to 0.5 cm. This choice was
made in order to further lower the activities of the radioisotopes by which is composed (see Section
2.4 for more details) and preserve the solidity of the TPC.

Cubic LAr Box (CLArB) Following our discussion above, it is clear that a neutron veto, like
the LSV, is completely useless for the purpose of our search.

We can substitute it with a large cylindrical acrylic box of 2.5 cm thickness, filled with LAr which
acts as passive shield for decays of radioisotopes from the external environment. The addition of
the CLArB also allows us to eliminate the cryostat around the TPC, which constituted one of the
main sources of background, by fulfilling the goal of isolating the LAr target from the external
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Figure 2.6: 3D-rendering of the proposed geometry for the DS-LowMass Detector.The large silver cylindrical box is
the CLArB of thickness 2.5 cm. The small blue cylinder, enclosed in the CLArB, is the TPC filled with LAr. Finally
at the top and bottom of the TPC we can view the arrays of SiPM-based PDMs.

environment to keep it cool and purified.
In Figure 2.6, we can view a 3D rendering of the entire detector as described above.

2.3 Sources of Background

Any signal detected inside the TPC that is not caused by a WIMP interaction with LAr is
considered as a source of background. All the possible known backgrounds can only arise from the
reactions generated inside the detector of 6 different particles: neutrons, γ-rays, X-rays, β-rays,
α-particles and muons. The mechanisms that controls these sources of background are described
below.

2.3.1 Cosmogenic Muons

Cosmic rays constantly bombard Earth’s atmosphere and produce showers of particles at high
altitudes. Some of the most long-lived of them, typically muons, can reach the ground level and even
keep traveling deep in the terrestrial crust for hundreds of meters before decaying or interacting.

Some of these highly relativistic muons thus can still penetrate down into the detector and
produce a large amount of scintillation light in it. They are not directly a large source of background,
since they produce too large of a signal to look like a WIMP. However, through their interactions
with the rocks and the surrounding laboratory materials, they can produce many other particles,
including high energy neutrons. [25]

Indeed, most cosmogenic neutrons are produced by these photo-nuclear reactions and their
production tends to be in prompt coincidence with the passing muons. That said there is a class of
cosmogenic neutrons that are delayed from the prompt signals. These are the product of the decaying
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unstable nuclei with long half-lives left by the photo-nuclear reactions induced by muons. [25]

2.3.2 β-Decays

A β-decay is a type of radioactive decay in which a β-ray (fast energetic electron or positron)
and an antineutrino or neutrino are emitted from an atomic nucleus. For example, a β-decay of a
neutron transforms it into a proton by the emission of an electron and an antineutrino.

Since many radiogenic materials undergo β-decays, a lot of β-rays can end up inside the TPC
and, since they are a charged particle, they can directly produce a detectable scintillation light. [25]

2.3.3 α-Decays

Many nuclei with Z > 82 can become more stable by emitting an α-particle. Due to their high
charge and consequent high stopping power, in most materials, these α particles tend to travel very
short distances. [26] This short distance means that alpha decays that take place in the various
detector materials will tend not to leave a signal in the TPC.

However, some of these heavy nuclei may be found in higher concentrations on the inner surfaces
of the detector in contact with the LAr. In this scenario the background seen by the detector can
result directly from the signals produced by the emitted α-particles, or by the recoiling daughter
nucleus after the decay. These kinds of backgrounds are referred to as surface background. [26]

2.3.4 γ-Rays and X-Rays

γ-rays come from nuclear transitions after some sort of nuclear decay or reaction. They are the
product of these nuclear de-excitations which are typically preceeded by β-decays which produce
an excited state of the daughter nucleus. These γ-rays can also be produced by α-decays, even if
these transitions are less common. [25]

x-rays, on the other hand, typically come from lower energy atomic transitions as atomic elec-
trons relax to lower energy levels. Inside the TPC, both γ and x-rays may transfer energy to
electrons through both Compton and Photoelectric effects. These electrons will then scintillate as
they slow down in the LAr.

2.3.5 Neutrons

Neutron backgrounds come from three primary sources. The first source is cosmogenic as a
result, as I mentioned earlier, of photo-nuclear reactions triggered by highly relativistic muons.
The other two mechanisms by which neutrons are produced in the TPC are by spontaneous fission
processes, and (α,n) reactions.

Spontaneous fission is the process by which a nucleus splits into two smaller nuclei. Conservation
of baryon number tells us that A must be conserved but it does not specify how the nucleons are
divided between the fragments. Due to the nature of this process, at least one of the fission fragments
will be left with too many neutrons to be stable causing their emission. A very important feature
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is that the neutrons produced by spontaneous fission tend to be accompanied by many high energy
γ-rays, carrying away excess energy from the fission fragments.

On the other hand, the mechanism behind an (α,n) reaction starts with an α-particle typically
produced from the decay of a radioisotope in the relevant material. If the incident α-particle has
enough kinetic energy (generally more than ∼ 30 MeV [27]), it can scatter directly off the nucleons
in the target nucleus, and “knock” a neutron out this way.

It is important to notice that, as emphasized in Section 2.2, for dark matter searches in the
low-mass range, neutrons are basically an irrelevant source of background. That said, I believe it
was still important to describe the mechanisms by which they are produced to provide a complete
description of all the processes that happen inside the detector.

2.4 Relevant background-producing Radioisotopes

As we have seen in the discussion above, all the several backgrounds producing a signal in the
sensors have only two possible origins: cosmogenic, due to the interactions caused by cosmic ray
muons and radiogenic, which come from several radioactive processes around and inside the detector.
It becomes therefore clear the importance to have a deep understanding of all the possible sources
of radioisotope activity in the detector. Here it follows a list of the most relevant radioisotopes that
produce a measurable signal in the TPC.

2.4.1 39Ar

39Ar is a naturally occurring radioisotope of argon with a half-life of 269 yr [28]. It is produced
from cosmic ray activation of 40Ar, which explains its lower abundance in UAr. Since this back-
ground is intrinsic to the argon itself, 39Ar decays within the detector‘s sensitive argon volume will
deposit all of their energy into the argon.

The decay produces β-particles which in turn produces scintillation in the LAr causing the
measurable signal. The danger of a high 39Ar concentration is also that it may result in a pileup of
39Ar decays which would drastically reduce the live time of the experiment by constantly triggering
the detector on these kinds of decays, interfering with the detector‘s ability to acquire other events.
[29]

2.4.2 60Co

60Co is not a naturally occurring isotope of cobalt. While small amounts of it may be produced
due to cosmogenic activation, its relatively short half-life of 5.27 years [28] means that it does not
naturally accumulate in any appreciable amount. Most of 60Co present today is synthetic and
is incidentally present in steel, entering the manufacturing process in the form of contaminated
scrap. [30]

60Co undergoes β-decay which leads to the production of two relatively high energy γ-rays which
can then result in single, or multiple, LAr scatters. [31]
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2.4.3 40K

Due it its long half-life of over 1 billion years, most of the 40K in the earth and sea water has
not yet decayed, giving 40K a natural abundance of 0.012% [28]. Since potassium has a very high
natural abundance, 40K is present in most metal ores and therefore also in the non-scintillating
components of the detector (for instance the stainless steel).

40K is one of the most abundant γ-ray emitters naturally present in common detector materials.
The reactions by which these γ-rays are emitted may be followed by x-rays as the atom relaxes, or
by the emission of a 2.66 keV Auger electron. [25]

These x-rays are very low energy and are generally not a problem for experiments like DarkSide-
50 with energy thresholds above 10 keVee. However, they are important for experiments looking for
low mass WIMPs with lower energy thresholds.

2.4.4 232Th

232Th is naturally present in the crust of the earth and has a half-life of 1.4× 1010 yr [28]. Due
to its presence in rock, trace amounts of 232Th tend to be present in most metal samples.

It is the head of the 232Th decay chain, which includes a wide array of important radioisotopes.
This decay chain produces γ-rays, which can result in single or multiple LAr scatters, and neutrons
which may then scatter in the TPC. The process of neutron production can happen via spontaneous
fission or via the subsequent (α,n) reactions triggered by α-decays resulted from the 232Th decay
chain. [25]

2.4.5 238U

Uranium is naturally present in the crust of the earth with a half-life of 4.5× 109 yr [28]. As a
result, most metals mined from the earth will have some trace level of 238U contamination.

Much like 232Th, the 238U decay chain contains many radioisotopes that can constitute various
γ-rays and surface backgrounds. It can also produce fission neutrons and (α,n) neutrons.

In the case of 238U it is important to differentiate between the upper and lower parts of the
chain, The 238U upper chain (238Uupper) mostly produces low energy γ-rays; meanwhile the 238U

lower chain (238Ulower) produces gamma-rays with significant energies up to 2.5 MeV.

2.4.6 235U

235U is a naturally occurring isotope of uranium and is nearly inevitably present in trace amounts
of metal samples. Although it is always present in smaller concentrations than 238U, the 235U

decay chain contains higher energy α-decays which are a source of neutrons from the subsequent
(α,n) reactions [28]. 235U can also undergo spontaneous fission but the main product of the 235U

decay chain is still given by low energy γ-rays which can then result in a single, or multiple, LAr
scatters. [31]

21



Chapter 3

Simulations and Analysis

It is useful after two long introductory chapters to remind ourselves the purpose of this research
is. The end goal, as clearly stated in the title of this paper as well, is that to investigate the physical
reach of an optimized double phase TPC for searches of dark matter in the low-mass range.

To accomplish this, we need to obtain the Ne− spectra for each of the sources of background.
A Ne− spectrum plots the number of total events (y-axis) with the amount of electrons generated
per event (x-axis). By matching these spectra with the Ne− spectrum of dark matter for possible
values of its mass and cross section we can evaluate to which DM-masses the detector is sensitive.

Given that the two detectors we consider in this paper do not exist yet and therefore cannot
be tested experimentally, we need to produce simulations in order to attain these spectra . These
simulations have to take into account all the details of the geometry of the detector, the activity of
the radioisotopes of interest and how they decay and interact inside each of the components of the
detector. To run these simulations, I used the Geant4 MonteCarlo package named G4DS, already
adopted to estimate the background for DarkSide-50. A detailed description of the package and the
simulations generated follows in Section 3.1.

The crucial and final step to actually get the Ne− spectra is composed of two actions: first of
all, convert the information provided by the simulations in data we would observe during a real
experiment; then apply cuts to exclude as much background events as possible without affecting
excessively the signal acceptance. This is accomplished by means of an analysis process which I
discuss in depth in Section 3.2.

3.1 MonteCarlo (MC) Simulations

3.1.1 G4DS: The MC Package for the DarkSide Program

G4DS is a simulation code developed by the DarkSide collaboration based on the Geant4 MC
package. Generally, MC methods comprehend a varied class of algorithms whose essential idea
is that of using randomness to solve problems that might be deterministic in principle. [32] In
particular in our case, G4DS is a toolkit designed with a modular architecture in order to include a
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full description of all the detectors belonging to the DarkSide program. It includes detailed geometry
descriptions, properly tuned physical processes, and the full optical propagation of photons produced
by scintillation in liquid argon and electroluminescence in gaseous argon. [33]

The code also embeds a rich set of particle generators that allows simulations of beta decays,
single and chain radioactive decays, cosmic muons and neutron fluxes. [33]

3.1.2 MC Simulations Generated

I used the G4DS MC package just described to generate a large number of the nuclei of the
radioisotopes presented in Section 2.4. These nuclei were generated at rest, in random positions
inside the components of the TPC.

The main element of the detector excluded from the simulations is the Veto System. Indeed,
the basic idea of a Veto is to use anti-coincidence to reject events of background. However, the only
way to cause a simultaneous scintillation both in the Veto and inside the TPC is through events
at high energy or via neutron multiple scatterings which are of no interest in this research, thus
making simulations in the Veto useless.

The choice of the number of simulations to generate per radioisotope was simply based on
statistical considerations, to attain a continuous Ne− spectrum with sufficiently populated bins.
Table 3.1 contains the complete list of the location and number of events generated per radioisotope.
As we can see, all the radioisotopes, apart from 39Ar which is only present in LAr, are generated in
the materials composing the boundaries of the TPC (both the reflector panels on the sides of the
TPC, and the window at the top and bottom of the TPC); in the cryostat and PDMs, hereforth
referred to as “SiPMs”.
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Rad.Chain Det.Component Simulated

238U Reflector 1× 109

238U Window 1× 109

238U Cryostat 5× 109

238U SiPM 5× 108

235U Reflector 3.3× 108

235U Window 1× 108

235U Cryostat 2× 109

235U SiPM 1.2× 108

232Th Reflector 5× 108

232Th Window 1.5× 108

232Th Cryostat 1× 109

232Th SiPM 1.2× 108

40K Reflector 5× 108

40K Window 3× 108

40K Cryostat 1× 109

40K SiPM 2.5× 108

60Co Reflector 1.5× 108

60Co Window 1.2× 108

60Co Cryostat 3× 108

60Co SiPM 1× 108

39Ar LAr 5× 107

Table 3.1: Full list of the radioisotopes simulated in each of the 5 detector components: the reflector panels around
the TPC (Reflector); the windows at the top and bottom of the TPC (Window); the Cryostat and the SiPMs. Here
there is no distinction between 238Uup and 238Ulow because I simulate the same namber of events for both.
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3.2 The Analysis Process

3.2.1 From MC Simulations to Observables

The first step of the analysis process is to convert the information we have from the simulations
into data we would actually observe during an experiment.

What we get from the MC simulations are clusters of events. A cluster is defined as one or more
energy deposits which occur at a distance not greater than 1 mm on the z-axis and within a time
window of 10µs. This time window opens with the first energy deposition. The all point of this
“clusterization” is to eliminate the artificial discretization of energy deposits carried by the G4DS,
which treats continuous energy losses (like ionization) as successive finite steps.

From each of these clusters we get several information of which the most relevant to our scope are
energy and position. However, during a real experiment, we do not observe these values. Instead,
what we would measure is simply the light of S2 captured by the PDMs. From this, we would be
able to determine how many electrons were generated during the interaction and the x-y position
of such interaction given the distribution of the light in the SiPMs.

Therefore, to convert the information of the MC simulations into observables we need to proceed
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Figure 3.1: Calibration curve used to convert electron recoil spectra to ionization spectra. Below 8 Ne− , it is
assumed there is no recombination and use a straight line that intersects Ne− = 1 with a slope determined by the
ratio of the number of excitations to ionization, Nex/Ni = 0.21, measured in ref. [34] and the work function measured
in ref. [35]. Above this point, the effects of recombination are included by fitting the Thomas-Imel model [36] to the
mean Ne− measured for the 2.82 keV K-shell and 0.27 keV L-shell lines from the electron capture of 37Ar. In order
to get good agreement between the model and data, we multiply the model by a scaling factor, whose best-fit value
shifts the curve up by 15%. This scaling factor can be interpreted as the agreement between our measured Nex/Ni

and work function and the literature values. The green band shows the statistical uncertainty of the fit. Credit: [37]
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backwards. Given the energy deposited of the cluster, we need to convert it into number of electrons
generated (Ne− spectrum).

This is accomplished by a scale conversion from electron recoil spectra to ionization spectra
based on a fit to low-energy peaks of known energy, as shown in Figure 3.1 and described in ref. [19].
The resulting ionization spectra are then smeared assuming the ionization yield and recombination
processes follow a binomial distribution. [37]

To convert the position of the cluster in S2x and S2y we simply need to add a Gaussian smearing
since in reality the distribution of the light in the SiPMs allows us to determine the x and y position
only up to a certain resolution which in this paper we consider to be of about 1.5 cm.

We completely disregard the location on the z-axis of the cluster since, as clearly explained in
Section 2.1, at low-energy we are only able to measure S2 signals and thus cannot use the drift time
(the time between the S1 and S2 signals) to determine the z-location of the event.

3.2.2 Selection Cuts

After the conversion of the MC simulations into observables we need to think about the experi-
ment as we would in a real-life situation.

In this scenario, we actually do not know what particles have interacted inside the detector and
in what way. All we observe is a series of S2 signals of different intensity and distribution and what
we are asked is to perform cuts in order to eliminate all kinds of events which clearly represent
an undesired source of background. The selection cuts I made in this research are three and are
described in detailed in the paragraphs below. Also, in Figure 3.2 we can see how these cuts effect
individually the shape of the Ne− spectra taking as an example the Ne− background spectrum in
the SiPMs.

Single Scatter Cut (SS cut) The Single Scatter cut is meant to eliminate all those events that
occur too close to each other and thus those interactions where we observe more than one scatter.
The idea behind this cut is that, given the rarity of any possible interaction between particles of
the standard model and DM particles, such events would definitely only produce a single scatter.
In this research, we are producing single events without worrying about pileup, therefore this time
constraint results in cutting all those events with a number of clusters greater than 1 (Nclus > 1).

Energy Deposition Cut The Energy Deposition cut is straightforward. Since we are looking for
dark matter scattering at low energy we are not interested in any event which produced too many
electrons. Specifically we cut all the events that generate more than 50 electrons (Ne− < 50). This
is reflected in the fact that all the plots presented in this paper are formatted in the range from 0
to 50 Ne− .

Fiducial Cut As explained in Section 2.3; one of the main sources of background comes from the
decay of heavy nuclei found in higher concentrations on the inner surfaces of the detector in contact
with the LAr.
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Figure 3.2: The plot shows the Ne− background spectrum in the SiPMs before and after each of the selection
cuts is individually applied. The SS cut is the one that lowers the curve the most from approximately 10−2 to 10−3

background events expected per kg per day. The fiducial cut lowers the curve even more of about another half a
order of magnitude. The energy deposition cut does not show up because the plot was already designed to show only
values in the range between 0 and 50 Ne− .

The Fiducial cut is exactly meant to avoid these kinds of events which happen near the surface
of the TPC. In particular, we disregard all events within a 10 cm distance from the edges of the
TPC for a final fiducial mass of LAr of 181.1 kg.

3.2.3 Normalization

The process of the selection cuts just described above is crucial in order to understand the
fraction of total events we are able to reject starting from the number of simulated ones. That said,
the number of simulated events per radioisotope has no physical significance. In reality, the number
of events per radioisotope that will occur depends on the activity of each of these elements inside
the components of the detector.

Therefore, to obtain the finalized Ne− spectra we need to normalize these curves based on
the actual expected activities of the radioisotopes. The basic idea of the normalization is that to
multiply the fraction of events that survived the analysis cuts by the total number of events we
expect to see per day per kg inside each component of the detector.

To accomplish this result it becomes crucial to know the total activity of each radioactive element
in the materials that compose the detector. In fact, known these we only need to multiply them
by the number of seconds in 1 day (86400 s) and divide them by the fiducial mass of LAr in the
detector (m = 181.1 kg).
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In the same way, the total activity is simply given by another multiplication, in this case between
the activity per kg inside a certain material times the mass of that material in the detector. In table
3.2 I included all the values of the masses of the materials for both of the detectors we consider in
this research. To obtain these values, I multiplied the volume of each component of the detectors
for the density of the corresponding material, information both provided by G4DS.

On the other hand, in table 3.3 I summarized all the data currently available on the activity per
kg of the radioisotopes inside each of the materials of the detectors. These values are taken from
the DarkSide materials database [1], a database of the DarkSide program constantly updated with
new measurements.

The “<” symbol for both 40K and 60Co in the table serves to indicate that the values presented
only represent upper limits and not accurate measurements of the activity. Moreover, the limit on
the activity of 40K in acrylic was taken from the requirements made by the JUNO collaboration
described in ref. [38].

The reason why we lack accurate measurements of the activities of both 40K and 60Co is because
their interaction in LAr produces ERs which were easily rejected in searches for high mass dark
matter by means of pulse shape discrimination. These events were therefore almost completely cut
during the analysis process and never represented a problem to worry about. Now, in a low-mass
DM search, where pulse shape discrimination cannot be performed, they indeed represent a huge
source of background that cannot be ignored.

Finally, the activity for the activity for the SiPMs is given per PDM and it was computed by
summing over the single activity per kg of each of the materials that compose the PDM times their
respective mass. For a more detailed description of this computation refer to Appendix A.

By looking at table 3.3, we immediately notice two essential differences between the two detec-
tors: the reduction in the activity of 39Ar in LAr and of all the other radioisotopes in the SiPMs.
The improvement in the activity of 39Ar in LAr of two orders of magnitude is an estimate of the
expected performance of the ARIA project, a 350-metre-tall distillation tower, still in construction
at CERN, that will be used to purify liquid argon for the DarkSide detectors. [39]

In regards to the SiPMs, there is still an R&D process carried on at LNGS. The latest results
collected show the possibility to reduce the number of 50 MΩ resistors, which as shown in table A.1
represent the main source of background in the SiPMs, from 52 to 8. Moreover, together with this
reduction in the number of the 50 MΩ resistors, they believe they can also reduce the mass of all the
other components of the SiPMs without effecting the performance requirements of DarkSide. The
reduction, everything considered will be of a factor between 5 and 10. These are only preliminary
results which have not been published yet since further improvements are expected.

In this paper, I consider a reduction of the 50 MΩ resistors from 52 to 8 and of the masses of all
the other components by a factor of 2.

Table 3.4 compares the total activity per radioisotope in all the materials of both the detectors.
From here, it becomes clear how the adjustments in the geometry and composition described in
Section 2.2 and 3.2.3 make the DarkSide Low-Mass detector proposed in this research, a much more
refined and pure detector, suitable for searches of DM in the low-mass range.
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Total Mass of Detector Materials [kg]

Components DS-Proto Detector DS-LowMass Detector

Reflector (Acrylic) 25.3 8.3
Window (Acrylic) 15.5 5.2
Cryostat (Stainless Steel) 1 233.9 0
SiPMs 370 370
LAr 345.6 345.6

Table 3.2: Full list of the masses of each of the elements that compose the detectors, except for the SiPMs for which
I reported the total number of PDM units. The difference in the total mass of both the reflector panels and the
windows between DS-Proto and DS-LowMass is given by the reduction in acrlyic thickness from 1.5 cm to 0.5 cm.
Finally the mass of StainLess steel in DS-LowMass is 0 because the cryostat was completely eliminated.

Radioactive elements Activity [µBq/kg] or µBq/PDM

DS-Proto detector

material 238Uup 238Ulow 235U 232Th 40K(<) 60Co (<) 39Ar

Acrylic 3.7 3.7 - 5.3 2592 - 0
StainLess Steel (SS) 2400 400 430 800 1200 600 0
SiPMs 1337.2 392.8 50 310.9 906.6 51.4 0
LAr 0 0 0 0 0 0 730

DS-LowMass detector

Acrylic 3.7 3.7 - 5.3 2592 - 0
StainLess Steel (SS) 2400 400 430 800 1200 600 0
SiPMs 568.2 171.3 19.7 139.9 355.4 21.7 0
LAr 0 0 0 0 0 0 7.3

Table 3.3: Full list of the activities of each of the radioisotopes simulated in each of the materials that compose the
detectors. The activity is reported as µBq/kg except for the SiPMs, whose activity is given in µBq per PDM. The
datas are taken from the DarkSide material database which can be found at [1]
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Total Radioactive elements Activity [mBq]

DS-Proto detector

material 238Uup 238Ulow 235U 232Th 40K (<) 60Co (<) 39Ar

Acrylic (Refl) 0.094 0.094 - 0.13 65.67 - 0
Acrylic (Wind) 0.058 0.058 - 0.082 40.21 - 0
SS (Cryo) 2961.35 493.56 530.58 987.12 1480.7 740.34 0
SiPMs 494.77 145.33 185.15 115.03 335.45 19 0
LAr 0 0 0 0 0 0 2523.2

DS-LowMass detector

Acrylic (Refl) 0.03 0.03 - 0.04 21.62 - 0
Acrylic (Wind) 0.02 0.02 - 0.03 13.40 - 0
SiPMs 210.24 63.38 7.28 51.76 131.5 8.01 0
LAr 0 0 0 0 0 0 25.23

Table 3.4: Full list of the total activity of the radioisotopes simulated in all the components of the detector. This
table serves to emphasize the differences between the DS-proto detector and DS-LowMass detector which are caused
by: the reduction of the activity of 39Ar in LAr; the reduction of the masses of Acrylic and of all the components of
the SiPMs; the removal of the stainless steel cryostat.
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Chapter 4

Results and Limit Calculation

To emphasize how each component of the detector contributes to the total background and to
allow an easier comparison with previous results of the DarkSide collaboration, I applied the same
method in the representation of the Ne− spectra of the background sources. Specifically, I summed
over the individual Ne− spectra of each radioisotope in a particular component of the detector,
for instance the cryostat, to obtain a single Ne− spectrum which provides the total number of
background events expected inside such component. The classification of the detector components
is almost the same as that used for the MC simulations, specifically I consider 4 elements: cryostat;
SiPMs; TPC (including both Reflector and Window); 39Ar.

This classification, as previously mentioned, is very useful because it allows to clearly differentiate
the contributions of the single elements to the total background Ne− . To obtain such spectrum, I
simply sum over the Ne− spectra of the different detector components as just described.

4.1 The standard DS-Proto Detector

The Ne− spectrum of the total background (Figure 4.2) shows a number of expected background
events per kg of active LAr volume per day in the order of 10−2. This result agrees with what
obtained by the analysis of the 532.4 live-days DS-50 data as described in ref. [19]. This makes
sense since the only major distinction between the DS-proto and DS-50 detector is given by the
use of SiPM-based PDMs instead of the usual PMTs. The PDMs however are still a very large
source of background given their impurities with a number of expected background events of the
same order as those in the cryostat. Here is important to notice that the difference in active LAr
volume between DS-50 and DS-proto is completely cancelled since the data are normalized per kg
of fiducial LAr volume.

As shown in Figure 4.1, the largest contribution to the total background comes from 39Ar. It
follows the contribution of both SiPMs and cryostat which give an expected number of background
events in the order of 0.5 × 10−3. Finally, the smallest contribution comes from the acrylic TPC
which is of order of magnitudes lower than what we get from 39Ar in LAr.
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Figure 4.1: Plot of the Ne− background spectrum for the DarkSide-Proto detector where on the x-axis we have the
number of electron generated and on the y-axis the number of events per kg per day. The main contribution comes
clearly from 39Ar. It follows in order of relevance SiPMs, cryostat and acrylic. It is important to remember that the
Ne− background spectrum for the acrylic is simply given by the sum of the respective spectra for the reflector and
windows.

4.2 The New DS-LowMass Detector

In Figure 4.2, we can clearly see how the modifications applied in the DS-LowMass detector,
described fully in Section 2.2, contributed to reduce the total number of expected background events
of 1 order of magnitude.

Given the removal of the cryostat and the strong reduction in the activity of 39Ar in LAr, the
major source of background comes from the SiPMs which give us an expected number of background
events per day per kg of active LAr volume in the order of 10−4.

The lowering of Ne− background spectrum for the SiPMs is approximately of a factor of 2, as
we would expect given the halving of the masses of all its components.

The Ne− spectrum of the acrylic TPC, given the reduction in the thickness of acrylic by 1 cm,
went from approximately 10−4 to 10−5 expected background events, still representing the minimum
contribution to the background budget of the detector.

Overall, the reduction of the total number of background events in the DS-LowMass detector,
compared to the DS-Proto detector, is of almost 2 orders of magnitude.
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Figure 4.2: Plot of the Ne− background spectrum for the DarkSide-LowMass detector. Here we can see how the
strong reduction in the activity of 39Ar in LAr (of 2 orders of magnitude) made the SiPMs the strongest contributor
to the final Ne− background spectrum. The smallest contribution still comes from the acrylic TPC which was further
reduced by the reduction in the thickness of the acrylic walls by 1 cm.

4.3 Limit Calculation

The final step in this research is the computation of the Upper limits on WIMP-nucleon scat-
tering cross-section. Generally, this would be done by comparing the data of an experiment with
the expected Ne− spectrum of both the total background and DM-signal, ruling out the combi-
nations of DM mass and cross section which are incompatible. The dark matter signal is derived
assuming the standard isothermal WIMP halo model, with escape velocity vesc = 544 km/s [40],
circular velocity V0 = 220 km/s [40], Earth velocity vEarth = 232 km/s [41], and dark matter density
0.3 GeV/(c2 cm3) [42].

In our case, since this is only a simulation-based research, we need to make some theoretical
assumptions on the model for the expected signal. We have no a priori knowledge of the width of
the ionization distribution of nuclear recoils and are not aware of measurements in liquid argon in
the energy range of interest. We therefore consider, as further explained in ref. [19], an extreme
model which allows for fluctuations in energy quenching, ionization yield, and recombination pro-
cesses. The Upper limits on the WIMP-nucleon scattering cross-section are then extracted from the
simulated Ne− spectrum using a binned profile likelihood method based on a frequentist significance
test as described in ref. [43, 44].

The signal region is defined using a threshold of 2e−, determined by the approximate end of the
trapped electron background spectrum and sensitive to the entire range of DM masses explored in
this work. [19]
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The 90 % projected C.L. exclusion curves for DS-Proto (red-dashed line) and for DS-LowMass
(black-dashed lines) are shown in Figure 4.3, in comparison with the 90 % C.L. exclusion curve
from Refs. [19, 45–61], the region of claimed discovery of Refs. [62–65] and the neutrino floor for
LAr experiments. [66]

1−10×6 1 2 3 4 5 6 7 8 910
]2 [GeV/cχM

48−10

47−10

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

]
2

 
[
c
m

S
I

σ
D
a
r
k
 
M
a
t
t
e
r
-
N
u
c
l
e
o
n
 

DS-LM 3 yr proj.
DS-LM 1 yr proj.
DS-Proto 1 yr proj.
DarkSide-50 2018
DarkSide-50 Binomial Fluctuation
DarkSide-50 No Quenching Fluctuation 
SuperCDMS Ge HV proj.  
LUX 2017 XENON1T 2017
PICO-60 2017 CDMSLite 2017
CRESST-III 2017 PandaX-II 2016
XENON100 2016 COGENT 2013
CDMS 2013 CRESST 2012
DAMA/LIBRA 2008 Neutrino Floor

Figure 4.3: The 90 % C.L. projected exclusion curves for DS-Proto(red-dashed line) and for both 1 and 3 yr exposure
DS-LowMass (black-dashed lines). The projected3 yr exposure curve for DS-LowMass present the world-best limit
for low-mass dark matter searches in the mass range 0.6GeV/c2 to 8.0GeV/c2

The two C.L exclusion curves of DS-LowMass represent the projection for both 1 and 3 yr
exposure. As we can see from the plot, an increase in the total exposure time does indeed improve
the limits calculated.

For masses below 6.0 GeV/c2, DS-Proto already presents a drastic improvement of about 2 orders
of magnitude compared to the results obtained with DS-50. This difference can be explained by
the increase in the target mass and the use of SiPM-based PDMs instead of standard PMTs. That
said, DS-LowMass with 3 yr of exposure presents, in the same mass-range, a further improvement
of almost another order of magnitude compared to the results from DS-Proto. This projected result
for the DS-LowMass detector presented in this paper would represent the current world-best limit
for low-mass dark matter searches in the mass range 0.6 GeV/c2 to 8.0 GeV/c2, even with only 1
year of exposure, surpassing the SuperCDMS projections.

The neutrino floor defines the point at which neutrinos, which as I described in Section 1.2.1
are incredibly small and interact so weakly, will start showing up as background. Comparing our
results to the neutrino floor is therefore interesting because it gives us an idea of how far we are from
reaching that kind of sensitivity. If on one hand hitting the floor would complicate some aspects
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of dark matter searches, on the other hand it would represent an incredible opportunity to study
more accurately the neutrino signals and use this information to build the next generation of dark
matter detectors.

4.4 Conclusions

In this research I was able to show that, by making some adjustments to the geometry and
composition of a standard detector of the DarkSide program, we can increase its sensitivity by at
least one order of magnitude. The major source of background left comes from the SiPMs so they
need to be the focus for the next efforts that will aim at optimizing even further the results just
shown.

The first thing to do should be to make accurate measurements on the activities of each ra-
dioisotope in all the components of the SiPMs with particular emphasis to those of , of which we are
missing several data (refer to Appendix A for detailed and descriptive tables). What I expect from
such measurements is a strong reduction in the total background activity in the SiPMs compared to
the data available now. In fact, even if by adding more data that were lacking we should technically
see an increase in the total activity of the SiPMs, accurate measurements on all the components
would probably result in drastic reductions of all those many activities, of which we know only very
safe upper limits (in the order of several Bq/kg).

Done that, I believe it is worth to investigate different solutions for the thickness of the acrylic
walls. In fact, an increase in the thickness of acrylic could strongly reduce the amount of background
events generated in the SiPMs reaching the active LAr volume. This consequent reduction in the
expected Ne− background spectrum of the SiPMs could potentially be much lower than the increase
in that of the acrylic and therefore cause a further improvement in the sensitivity of the DS-LowMass
detector.

Taking into account the results shown in this work, it seems likely that in exchange of a little
effort in terms of radioactivity measurements and circumscribed R&D, the DarkSide collaboration
will be able to commission a detector optimized for dark matter searches in the low mass range
which will provide, in case of null observation, the best limits for the foreseeable future.
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Appendix A

SiPMs components Activities

The computation of the activity for each radioisotope per PDM is quite problematic. This is
because SiPMs are composed by many multiple elements made in turn by different materials. As
already mentioned in sec. 3.2.3, the total activity per PDM is given by summing over the activity
per kg of every component of the SiPM times the mass and amount of such component in the SiPM.

The elements of a PDM are divided in two main classes: the ones that make the Front End
Board (FEB) and those that compose the actual tiles.

Table A.1 shows the values of the activity of all the radioisotopes in each element of the SiPM.
We immediately notice that we still lack many data for both 40K and 60Co and some for 235U.
The reason is the same as explained in sec. 3.2.3. Generally, searches for dark matter in the low-
mass range are a very new area of study, thus more measurements on all the activities of these
radioisotopes will definitely be made in the coming months and years, filling all the blanks in this
table.

In table A.2 for each component we are given its mass and the number of such component inside
one PDM. Apart from the 50 MΩ resistors whose mass remain unchanged, all the other components
face a reduction in their mass by a factor of 2 in the DS-LowMass detector. On the other hand,
meanwhile all the other components are kept at the same amount, the number of 50 MΩ resistors
is reduced from 52 to 8 in the DS-LowMass detector.

The computation of the total activity per PDM for both detectors is therefore trivial and is
given by summing the values in table A.1 multiplied by the respective masses and units found in
table A.2
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Radioisotopes Activity in every SiPM component [mBq/kg]

component 238Uup 238Ulow 235U 232Th 40K (<) 60Co (<)

SiPM Tiles

Cu PCB 0.01 0.01 - 0 - 4.7
Invar 1.5 1.5 0.02 1.1 2.9 0.7
PCB adhesive 50 50 5 25 - -
Connector 12 12 - 12 - -
Resistor (50 MΩ) 4000 1000 220 620 3900 160
Capacitor (large) 270 300 - 200 2800 73
Solder 1.1 14000 - 2.1 - -
Clips for housing 3 3 - 1 - -
Glass 3900 3900 - 850 - -

Front End Board (FEB)

Cu PCB 0.01 0.01 - 0 - 4.7
PCB adhesive 50 50 5 25 - -
connectors tile 3.6 3.6 - 3.2 - -
connector to fingers 3.6 3.6 - 3.2 - -
Op. Amp LMH6629 85 85 - 12 560 15
Sum Amp. OPA838 85 85 - 12 560 15
Diff. Amp. THS4522 85 85 - 12 560 15
Resistor 8100 7000 600 3600 - -
Panasonic PPS caps 49 49 - 10 - -
Solder 1.1 14000 - 2.1 - -
diode 0 0 0 0 0 0
AVR microcontroller 85 85 - 12 560 15
Acrylic housing 21 0.91 0 1.2 - -
mushrooms 0.33 0.33 - 0.02 - -
Circlip (seeger) 2.4 0.4 0.1 0.8 2.5 13

Table A.1: Mass and units of each component of the SiPMs for the two detectors considered in this research. The
elements are divided in two categories: those composing the actual tiles and those making the FEB.
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Mass and Number of SiPMs Components

DS-Proto Detector DS-LowMass Detector

component mass number mass number

SiPM Tiles [m kg] [m kg]

Cu PCB 1600 1 800 1
Invar 10125 1 5063 1
PCB adhesive 250 1 125 1
Connector 87.5 2 43.8 2
Resistor (50 MΩ) 2 52 2 8
Capacitor (large) 10 4 5 4
Solder 1000 1 500 1
Clips for housing 43 4 21.5 4
Glass 1150 1 575 1

Front End Board (FEB)

Cu PCB 1700 1 850 1
PCB adhesive 250 1 125 1
connectors tile 60 2 30 2
connector to fingers 80 1 40 1
Op. Amp LMH6629 10 4 5 4
Sum Amp. OPA838 20 1 10 1
Diff. Amp. THS4522 20 1 10 1
Resistor 0.6 70 0.3 70
Panasonic PPS caps 9 20 4.5 20
Solder 1000 1 500 1
diode 30 1 15 1
AVR microcontroller 500 1 250 1
Acrylic housing 18000 1 9000 1
mushrooms 3500 2 1750 2
Circlip (seeger) 125 4 62.5 4

Table A.2: Radioisotopes activity in every SiPM component as found in the DarkSide materials database [1]. As
we can clearly observe many data are missing or are only limits on the actual activities which if accurately measured
will probably result to be much lower than shown.
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