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INTRODUCTION

Ordinary matter constitutes only a small fraction (5%) of the Universe, while 27% of
it is composed of an elusive type of matter known as Dark Matter (DM). Even if DM
is five times more abundant than ordinary matter, its nature remains a mystery. The
evidence collected so far indicates that DM interacts with ordinary matter predominantly
via gravity, has a life-time compatible with the age of the Universe, is invisible, non-

relativistic, and collisionless.

Many candidates have been proposed in the years. Among the most popular ones,
there are the so-called Weakly Interacting Massive Particles (WIMPs), with mass in the
few GeV-TeV range. These particles are supposed to be in thermal equilibrium with the
radiation and baryon plasma in the early Universe. When the expansion of the Universe
made impossible the DM particle interaction and annihilation, a freeze-out mechanism
occurred. Thus, the DM decoupled from the plasma and its abundance remained fixed
to the current observed value. In order to reproduce the latter, an annihilation cross-
section of the weak interaction scale is needed. This coincidence is referred as the “WIMP

miracle”.

Exploring and confirming the DM composition would require it to interact with the
ordinary matter in an alternative way other than gravitationally. Based on the assumption
that this is possible, even if extremely rare, different approaches have been developed in
the past decades to catch a DM signal. The direct detection method looks for scattering
events of DM particles with underground ordinary matter targets. The indirect approach,
instead, assumes the DM particles to decay in ordinary matter ones. Finally, DM searches
at colliders look for hints of the production of DM particles in ordinary matter collisions.

Given the lack of an observation of a WIMP signal, whose parameter space is getting
more and more constrained, the scientific community drove their interests towards other

¢

candidates, e.g., the hidden sector ones. The hidden sector would be “parallel” to the
ordinary one and the communication between the two would be possible through a portal.
For example, the existence of an extra U(1) symmetry has been theorized together with
the corresponding gauge boson, the dark (or hidden) photon. The latter, having a kinetic

mixing with the ordinary photon, would allow a link between the two parallel sectors.



Introduction

DAMIC-M (Dark Matter In CCD at Modane) is a near future direct detection ex-
periment that will reach unmatched sensitivity to hidden sector DM particles, while also
continuing the search for WIMPs at low masses. The experiment will be installed in 2024
at the Underground Laboratory of Modane and will have a target constituted by Charge
Coupled Devices (CCDs). These are silicon-based pixelized sensors, commonly employed
in the astronomical field. CCDs are able to collect the charges created by particle inter-
actions that take place in their silicon bulk. Due to the low level of dark current and
of readout noise introduced on the single charge measurements, these devices can detect
small ionization signals (only a few electrons) from recoiling nuclei or electrons following
the scattering of low-mass dark matter particles. The silicon small nucleus mass ensures
a good sensitivity to nuclear recoils of WIMPs with masses in the range 1-10 GeV, while
silicon small band gap (~1.1 eV) provides sensitivity to the hidden sector DM-electron
interactions. Furthermore, the excellent spatial resolution of CCDs results in the unique
capability to characterize and reject background events from radiogenic sources. The use
of these instruments in the DM search was pioneered by DAMIC at SNOLAB. The exper-
iment consisted of 7 CCDs (4k pixels x 4k pixels, 6 cm x 6 cm) and featured an active
mass of about 42 g. The CCDs were cooled down to a temperature of about 140 K to en-
sure a low level of dark current. The minimum dark current level that has been measured
is about 1072 e~ /pixel/day. The readout noise on a single pixel charge measurement was
1.6 e=. DAMIC-M will introduce several novelties with respect to its predecessor. The
detector mass will be increased by about a factor 17, using ~200 CCDs, each with an
area of 1.5k x 6k pixels (2.25 cm x 9 cm). The background level will reach a fraction of
d.r.u (events/keV /kg/day) against the about 10 d.r.u reached by DAMIC. Furthermore,
a novel CCD technology, based on skipper amplifiers; will allow for sub-electron readout
noise. Standard CCDs are limited by low frequency noise components that don’t permit
to further improve the readout noise to the sub-electron level. Thanks to the skipper
readout, the same pixel charge can be read multiple times in a non-destructive way. Av-
eraging over the N different measurements allows to dump by a factor 1/v/N the readout

noise.

This thesis is inserted in this context of DM search with DAMIC-M. It focuses mainly
on the background estimation via simulations and its characterization via specific exper-

imental measurements.

To lower the DAMIC-M background rate to the foreseen goal, an extensive campaign

of innovation of the detector technology and design is ongoing. Simulations are being ex-
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ploited to optimize the detector design and to drive the material selection and handling.
The author of this thesis was mostly involved in this task. The simulation chain relies on a
Geant4 and a Python based codes. These have been developed by the DAMIC-M collabo-
ration and part of this thesis was committed to their improvement and optimization. The
Geant4 based code is used to simulate the interactions of the particles that pass through
the experimental setup. The Python based code is called WADERS (softWAre for Dark
matter ExpeRiments with Skippers) and has been developed to mimic the CCD response.
For each assessed detector design, a full simulation of the setup is performed. Isotopes
are generated in the bulk or surface of the detector components and the corresponding
background level is predicted, based on the expected isotope activities. The simulations
presented in this work helped to identify the major contributors to the background and
to derive a limit for the exposure time to cosmic rays of the detector components.

Having a complete knowledge of the possible background sources is fundamental for
the DM search. Compton scattered electrons by environmental gamma rays represent a
major source of background for DAMIC-M, since their spectra extend down to the energy
region of interest (eV - keV range). Therefore, a precision measurement of the Comp-
ton spectrum was carried out with a DAMIC-M pre-production CCD, exposed to 60 keV
gamma rays from an 2**Am source. Thanks to the skipper readout, the spectrum was
measured down to 23 eV. The excellent energy resolution of the skipper CCD allowed
to probe characteristic spectral features that could not be resolved in a previous mea-
surement using a DAMIC standard CCD. The author of this manuscript contributed to
the analysis of the data collected in this new measurement. A parametrization of the
Compton spectrum was also derived in this thesis work context.

This thesis is structured as outlined in the following. Chapter 1 introduces dark
matter, the main evidence of its existence and the most popular candidates. Chapter 2
describes the operation of CCDs with a focus on their application in DM experiments like
DAMIC and DAMIC-M. Chapter 3 summarizes the most relevant types of background
for DAMIC-M and the main strategies for their mitigation. Chapter 4 describes the
simulation codes and their features. Chapter 5 offers an overview of all the assessed
detector designs and the main simulation outcomes. Lastly, Chapter 6 focuses on the

Compton scattering measurement carried out by the DAMIC-M collaboration.
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CHAPTER 1

DARK MATTER

The name Dark Matter (DM) refers to the unknown and invisible mass component of
the Universe that so far has been observed interacting only gravitationally with Standard
Model (SM) particles. The word “dark” reflects the lack of knowledge about its composi-
tion or type of interactions, while the word “matter” refers to its gravitational influence
on the standard matter. Despite overwhelming astrophysical and cosmological evidence
exists for DM, it still continues to elude detection strategies. Many different candidates
have been proposed and currently several experiments all around the world are looking
for a trace in their experimental setups to reveal DM elusive nature.

The direct detection is one of the approaches adopted for the DM search. It relies
on the possibility of having a signal from a DM colliding with ordinary matter targets.
Among the experiments that exploit this strategy there are the DAMIC and DAMIC-M
ones, on which this thesis is focused. The two experiments feature a silicon-based target,
which ensures a good sensitivity to low mass DM candidates. DAMIC and DAMIC-M
will be further described in Chapter 2.

This chapter summarizes the many observations that largely support the existence of
such a mysterious type of matter. The main detection strategies and the most popular
DM candidates will be outlined, the latter focusing on those to which both DAMIC and
DAMIC-M detectors are sensitive.

1.1 Evidence of Dark Matter existence

Since the beginning of the 20th century, evidence started to come out suggesting that
luminous stars may not comprise most of the mass of the galaxies, as it was initially
thought. The first mention of “dark matter” came from the French mathematician and
physicist Henri Poincaré. In 1906, he used the term “matiere obscure” [1] referring to
the work of the physicist Lord Kelvin, who first pointed out that many of the starts of
the Milky Way, “perhaps the majority of them”, may be “dark bodies” [2]. The Swiss-

12



1.1. Evidence of Dark Matter existence

American astronomer Fritz Zwicky is often considered as the first to have inferred the
existence of dark matter. In the 1930s, he applied the virial theorem to the Coma galaxy
cluster to relate its potential and kinetic energies [3, 4]. He found evidence of unseen mass
that he called “dunkle Materie” (dark matter). The astronomy community responded to
these results with skepticism and struggled for decades to find a unified solution for this
non-luminous unexplained mass problem. A huge leap forward in the acceptance of the
dark matter existence was made in the 1970s by Vera Rubin and her collaborators [5, 6].
They observed an inconsistency between the measured velocity distributions of stars and
gas orbiting the galactic centre and the expected ones. This can be explained assuming
that the mass of a galaxy has a significant non-luminous dark matter component. Later
on, cosmological and astrophysical measurements related to the large scale structure of
the Universe provided further compelling evidence for the existence of dark matter. In this
context, the precision measurements of the small fluctuations in the Cosmic Microwave
Background (CMB) are particularly relevant. These provided a solid experimental basis
for what today is considered to be the standard model of cosmology, the ACDM model [7].
Within this model, the ordinary baryonic matter constitutes only 5% of the energy—matter
density of the Universe, 25 ~ 0.05, while the cold dark matter (CDM), accounts for 27%
of it, Q¢ ~ 0.271. Finally, gravitational lensing effects also allowed to reveal the presence

in galaxies of a important dark matter mass component.

The most relevant dark matter evidence will be further explored in the following

sections.

1.1.1 Rotation curves of galaxies

One of the most direct evidence of dark matter comes from the rotation curves of
galaxies, i.e., the circular velocity profile of the stars and gas in a galaxy as a function of
their distance from the galactic center. Under some reasonable simple assumptions, it is
possible to derive the mass distribution of galaxies from their rotation curves. In a spiral
galaxy like the Milky Way, the majority of the luminous mass is located in the central

bulge. Outside this region, the tangential velocity v of a star of mass m can be derived

1. Most of the energy-matter density of the Universe is in the form of dark energy, 25 ~ 0.68. The
dark energy is attributed to a non-zero cosmological constant (A) of Einstein’s general relativity equations
and is considered to be the cause of the acceleration of the Universe expansion [7].

13



Part , Chapter 1 — Dark matter

considering the centripetal force in a gravitational field [7]:

mv?  Gm

T~ M), (1.1)

r 72

where M (r) is the total mass within a radius r. Since most of this mass is concentrated in

/2 However,

the central bulge, the tangential velocities of the stars should decrease as r~
in the 1970s, Vera Rubin and Kent Ford found this assumption to be false for the An-
dromeda nebula and other spiral galaxies [5, 6]. In fact, they observed the rotation curves
to be flat at very large galactocentric distances, implying the mass distribution in the

galaxy to be approximately proportional to r, as shown in Figure 1.1. Historically, it was
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Figure 1.1 — Rotation curves for 21 spiral galaxies measured in [6]. @ AAS. Reproduced
with permission.

this observation that did the most to convince the scientific community of the presence
of a significant non-luminous component, known as dark matter, in the outer regions of

galaxies.

1.1.2 Cosmic Microwave background

Measurements related to the large scale structure of the Universe and precision mea-
surements of the small fluctuations in the Cosmic Microwave Background (CMB) provided
other evidence for the existence of dark matter.

The Cosmic Microwave Background represents the relic sea of photons originated in

14



1.1. Evidence of Dark Matter existence
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Figure 1.2 — Planck 2018 temperature power spectrum [8]. The parameter [ indicate the
multiple moment (linked to the angular scale as § ~ 1/1). The best ACDM fit is plotted in
light blue in the upper panel. Residuals with respect to this model are shown in the lower
panel. The position of first peak, related to the curvature of the universe, is consistent
with a flat universe. Credit: [8], reproduced with permission © ESO.

the early Universe when electrons started to be bounded in atoms. This epoch is referred
by cosmologists as recombination, and establish the moment when the Universe, initially
hot and fully ionized, became “transparent”, allowing photons to travel undisturbed with-
out scattering off free electrons [9]. The CMB provides important information about the
temperature fluctuations experienced by the baryon-radiation plasma (baryon? and ra-
diation are in thermal equilibrium) at recombination. In fact, although the CMB has an
almost constant temperature of ~2.73 K, it features very small anisotropies of the order of
pK [10]. These temperature fluctuations are directly correlated to the density anisotropies,
that then growing gave rise to the current large scale structure of the Universe. A huge
hint for the dark matter existence comes from the CMB temperature fluctuations. These
are measured to be %T ~ 107° [8, 10, 11]. However, assuming a universe composed by

only baryons and photons, fluctuations & ~ 1072 — 10~ are required at recombination

2. In cosmology, this word refer to protons, neutrons ed electrons.
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Part , Chapter 1 — Dark matter

to reproduce the current large scale structure [9]. The presence of DM allows to solve this
discrepancy. In fact, DM doesn’t decouple from radiation at recombination like ordinary
baryonic matter, but before, allowing the fluctuations to grow enough until the CMB cre-
ation. In particular, the dark matter decouples from the baryon-radiation plasma before
the so-called equivalence (prior to recombination) [9]. The name equivalence derives from
the fact that the matter density equals radiation density, establishing the transition from
a radiation dominated era to a matter dominated era. From the equivalence on, dark
matter density perturbations are allowed to grow, since gravitational interactions are no
more damped by radiation. On the contrary, ordinary matter and radiation are strictly
coupled until the recombination, and density perturbation cannot grow, due to radiation
pressure.

By decomposing %T in spherical harmonics, the CMB power spectrum can be derived
(Figure 1.2). Its distinctive oscillation pattern (acoustic peaks) is due to the oscillations of
the baryon-photon fluid in the gravitational potential dominated by dark matter density
perturbations [9]. From the relative height of these acoustic peaks, the amount of baryonic
and dark matter can be estimated. The Planck satellite provided the most accurate
measurement of temperature anisotropies in the CMB [8]. Planck results affirm that
about 27% of the energy-matter density is in the form of dark matter, while only the
5% in the form of ordinary matter. This measurement was, and still is, one of the most

compelling evidence supporting the existence of DM and the validity of the ACDM model.

1.1.3 Gravitational lensing

Gravitational lensing is an effect that lays its foundation on the theory of General
Relativity, for which the light path can be bent by mass. The massive body inducing
this deviation is accordingly called a gravitational lens. This phenomenon can cause far
away objects to be observed distorted, elongated or duplicated around a gravitational
lens. While a strong lensing phenomenon leads to easily visible distortions, this is not
the case for weak lensing effects, which rely more on statistical analysis and a proper
characterization of the systematic uncertainties [13]. By observing distortions in a large
number of galaxies, the dark matter distribution in the area can be inferred. Weak
lensing analysis applied to the Bullet Cluster revealed the signature of DM [12]. The
Bullet Cluster was formed in the merger of two sub-clusters, each composed by galaxies,
X-ray emitting hot gas plasma, and potentially dark matter. During the merger, galaxies

behave like collision-less particles, while the fluid-like X-ray emitting plasma experiences
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1.2. Dark matter candidates
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Figure 1.3 — Images of the Bullet cluster merging with the mass distribution reconstructed
using weak gravitational lensing (green contours) [12]. The peaks of the mass distribution
are indicated by the white contours (68.3%, 95.5%, and 99.7% confidence level). On the
right the X-ray image of the bullet cluster (colored regions: blue least dense to white most
dense), taken by the Chandra telescope [12]. © AAS. Reproduced with permission.

ram pressure. By deriving the map of the gravitational potential, it was possible to test
the presence of a component of dark matter. In fact, in its absence, the gravitational
potential is expected to trace the dominant visible matter component, which is the X-
ray plasma. However, the opposite situation was observed, with the mass distribution
deviating significantly from the X-ray one, as shown in Figure 1.3 [12]. This indicated

the presence of a collision-less, non luminous dark matter component.

1.2 Dark matter candidates

Dark matter is one of the most important Universe ingredients for the ACDM model.
However, another condition is required, that is the necessity for the dark matter to be cold.
From this the acronym “CDM?”. This requirement comes from cosmological simulations
that demonstrated the influence of a cold or hot dark matter candidate on the evolution
of the large scale structure [14]. Being cold means to be non-relativistic during the epoch
of structure formation, in contrast with a hot candidate. Neutrinos represent an example
of hot dark matter, as they remain relativistic throughout the expansion and cooling of
the Universe [7]. Massive particles instead became non-relativistic during the first few
years after the Big Bang [7]. Simulations have shown that hot dark matter particles
would tend to collapse and form very large structures first, and only later would form

smaller (i.e., galaxy-sized) halos through the fragmentation of larger halos (“top-down”
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Part , Chapter 1 — Dark matter

scenario). This is because, at smaller scales, density fluctuations would be washed out
by the random thermal motion of dark matter if relativistic [14]. On the contrary, cold
dark matter particles form structures through a “bottom-up” scenario, beginning with the
smallest halos, which then proceed to form larger halos through a succession of mergers
[14]. By comparing results of simulations with those of galaxy surveys, it was possible
to deduce that the majority of the energy-mass density associated with the non-baryonic
dark matter is due to cold (non-relativistic) matter [14]. Warm dark matter candidates
(WDM) are possible as well, with a mass 2 keV to not damp the growth of density
perturbations [15]. An example of warm candidate is the sterile neutrino, much heavier
and with much weaker interactions than ordinary neutrinos [16]. This particle was never
in equilibrium with the SM thermal bath and could have been produced by oscillations
due to its mixing with the SM neutrinos [15, 16].

QCD axion WDM limit unitarity limit

102eV Sy keV GeV 10Ty My 10 Mg
. m } | — —

““Ultralight” DM “Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) black h()l(jS

non-thermal dark sectors
bosonic fields sterile v
can be thermal

Figure 1.4 — The mass range of allowed DM candidates (not to scale), including both
particle candidates and primordial black holes [15]. M, indicates the Planck mass.

Each dark matter candidate must be consistent with a broad range of observations
on astrophysical and cosmological scales, while also satisfying laboratory bounds. The
requirements for a dark matter candidate can be summarized as follows [15, 17]:

— DM has gravitational interactions with normal matter. Non-gravitational interac-

tions of DM must be very rare;

— DM is very stable, with a life-time comparable to that of the Universe;

— DM is cold (non-relativistic). Warm candidates are also allowed in particular

scenarios;

— DM is collisionless, otherwise non-gravitational interactions within the dark matter

sector would affect the growth of density perturbations.

In the past decades, many candidates have been proposed, which span a wide range

of masses. Figure 1.4 gives a taste of the current DM landscape. The main candidates
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1.2. Dark matter candidates

are described in following sections.

It is worth mentioning that a modified gravity theory (MOdified Newtonian Dynamics,
MOND) framework has also been proposed as an alternative to the dark matter hypothesis
[18]. The MOND paradigm assumes a departure from the Newtonian theory on the
galactic scale and does not require any additional matter content. However, even the
most popular MOND theory, TeVeS [19], gives a notably worse fit to CMB and large scale
structure data compared to ACDM [15].

1.2.1 Weakly Interacting Massive Particles

._
<
@

- - —

Comoving Number Density

10-7
10-18 f

1Q0-1@ f

1o-2 L | R P L
1 10 100 1000

x=m/T (time -)

Figure 1.5 — Comoving number density of a WIMP in the early Universe [20]. The x
parameter indicates the ratio between the mass of the WIMP (m) and the temperature of
the universe (T). The solid curve is the equilibrium abundance. The dashed curves indicate
the relic abundance for different values of the velocity averaged annihilation cross-section

(ov). To reproduce the current dark matter abundance, (ov) ~ 3 -10™26cm?®s™!.
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Part , Chapter 1 — Dark matter

The ACDM standard model of cosmology suggests that a significant fraction of the
cold dark matter in the Universe may be in the form of a new type of Weakly Interacting
Massive Particle (WIMP), with a mass in the few GeV-TeV range. WIMPs are assumed
to have been produced in the early Universe when they were in equilibrium with the
thermal plasma. At that stage, dark matter annihilation into lighter particles and the
inverse process (production) were equally efficient. However, as the Universe expanded,
the temperature of the plasma became lower than the WIMP mass, making impossible
the production processes. The dark matter number density started to drop exponentially,
until the annihilation rate I' became smaller than the Hubble expansion rate (H). Dark
matter thus decoupled from the plasma and reached its relic density. The moment when
I' = H is referred as “freeze-out”. Figure 1.5 shows the evolution in time of the comoving?
number density of a stable particle as the WIMP in the early Universe. The dark matter
relic density is inverse proportional to the velocity averaged annihilation cross section
(ov). In order to reproduce the current dark matter density, (ov) is of the order of the

3571 . This coincidence is usually referred as “WIMP

weak interaction scale, ~ 3-1072% cm? s~
miracle” [20]. By expressing the cross section as a function of the dark matter mass, this
result is compatible with a mass in the range between O(10 — 1000GeV).

WIMPs represent one of the most popular DM candidates, especially in the direct de-

tection field. Section 1.3.3 focuses on the WIMP searches in direct detection experiments.

1.2.2 Hidden sector particles

The interest in the hidden, dark sector is growing more and more, due to the lack
of experimental observations of WIMPs. Dark sector particles populate the sub-GeV
range of the dark matter landscape. Considering the simple thermal relic framework,
with abundance fixed by freeze-out in the early Universe, DM in the MeV-GeV mass
range are allowed if there are light (below the weak scale) dark mediators that control the
annihilation rate [15]. In this way, the annihilation cross section would be large enough to
make the DM mass density not too high with respect to the observed one. This motivated
the assumption of the existence of a dark sector, parallel to the ordinary one described
by the standard model. Such dark sector can contain few or many states, like fermions

or scalars or both, depending on the model, and dark matter can be found among them

3. The comoving coordinate system is used in cosmology to factor out the expansion of the universe.
Therefore, in a comoving coordinate system, particles that don’t move through space have fixed coordi-
nates, even is that space is expanding.
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1.2. Dark matter candidates

[21]. The interaction between the two parallel worlds would take place through a portal,
which may take various forms depending on the type of involved mediator [21]. One
of the best motivated and most studied cases is the portal involving the so-called dark
photon, a spin-1 vector mediator. The latter would be the gauge boson of an extra U(1)
symmetry, in an analogy with the electro-magnetism case. However, unlike the visible
one, the dark photon can be massive. The dark photon mediates the interactions among
the dark sector particles but (if massive?) is also coupled to standard model because of
its kinetic mixing with the ordinary, visible photon [21]. This would lead to detectable
signals and it is therefore of major interest for direct detection experiments (see Section
1.3.3). Of course, the coupling with the SM particles has to be sufficiently small, otherwise
numerous laboratory experiments would have already detected a DM signal. Furthemore,
in case of an ultra-light mediator (mass < keV), the couplings are so small that the
DM would never have thermalized with the SM sector. The DM abundance would be
therefore set by a “freeze-in” mechanism, via SM particle annihilation or decay into DM
particles [22].

Even if in most scenarios dark matter is considered to be one of the fermion or scalar
states of the hidden sector, it is also possible for a massive light dark photon itself to be a
DM candidate [21]. In this scenario, the dark photon would be produced non-thermally in
the early Universe, via a mechanism similar to that of the axion [21] (see Section 1.2.3). A
dark matter dark photon could also have been produced gravitationally, during inflation
[21]. A dark photon can have a mass in the MeV-GeV range, but also sub-eV masses are
possible [23]. The existence of a dark photon dark matter candidate can be probed by
direct detection experiments via its interaction with electrons in the target material. This

is discussed in Section 1.3.3.

1.2.3 Axions

One of the unresolved puzzles in the Standard Model is the lack of any observed CP
(Charge conjugation Parity) violation in the strong interactions described by Quantum
Chromodynamics. This is usually referred as “strong CP problem” In fact, as in the

case of the weak interactions, which are known to violate CP, the strong interactions also

4. If massless, the dark photon does not couple directly to any of the SM currents and interacts with
ordinary matter in a different way than the massive case [21]. The massive dark photon has been receiving
so far most of the attention because it couples directly to ordinary matter and therefore is more readily
accessible in the experimental searches [21].
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contain a CP-violating term in the Lagrangian. For non-zero quark masses, this term
leads to (unobserved) CP-violating effects of the strong interactions. Peccei and Quinn
[24] proposed the introduction of a pseudoscalar field, the axion field, as a solution for
the strong CP problem. The axion particle features a very low mass, below 1073 eV, but
can still act as a non relativistic (cold) particle, due to the misalignment mechanism [25,
26]. In this scenario, the axion field is assumed to have a constant initial value in the
early Universe that is away from the minima of the strong interaction potential. The
expansion rate of the Universe H, being much larger than the axion mass, did not allow
the field to relax to one of the potential minima. However, when H became comparable
to the axion mass (H ~ %), the field started to oscillate. These oscillations behave like
non-relativistic matter [21, 25, 26]. Although in a small mass range ~1075-10%eV, axions

can account for all the dark matter density observed [14].

1.2.4 Superheavy dark matter and primordial black holes

Very heavy DM candidates can be consistent with observations of galactic dynamics,
up to a mass ~ 10 — 10° My 5 [15].

Super heavy particle candidates have been proposed and are typically called WIMPzil-
las [15]. For masses larger than the Planck mass My, DM candidates include composite
objects, such as bound states or nuggets of lighter fundamental particles [15].

The dark matter is usually assumed to be made up of some form of elementary particle.
However, primordial black holes (PBHs) could also provide a fraction of it. These must
have formed well before the recombination epoch in the early Universe, and therefore they
differ from the standard black holes, made up of baryons and formed at the present epoch.
Various constraints restrict the possible PBH mass windows to 10'6-10'" g, 102°-10%* g,
and 10-10® M, [15, 27].

1.3 Dark matter search strategies

Scientists have adopted three different strategies to detect DM particles. Direct de-
tection (DD) experiments look for Galactic DM colliding with underground targets made
of ordinary matter. Indirect detection (ID) experiments, instead, search for SM particles

produced by the annihilation of DM particles localized within the gravitational potential

5. 1 Mg is equal to ~ 2 x 10%° kg.
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wells of the Milky Way and elsewhere. DM is also searched for at colliders between the
products of SM particle collisions (collider production). All these search types are based
on the assumption that the DM interacts with ordinary matter not only gravitationally,
but also in an alternative way: DM-nucleon or DM-electron interactions in DD searches,
DM annihilation to SM particles in ID searches, DM production from SM particles in
searches at colliders. Figure 1.6 shows a schematic representation of the possible dark
matter (X') couplings to an ordinary matter particle (P) on which each detection method
is based. It is worth noting that the various detection strategies provide different and
complementary information about the nature of DM [17, 28]. This will be especially rele-
vant in presence of a signal. Making a comparison between the outcomes of DM searches
at colliders, DD, and ID experiments requires to assume a specific particle physics model.
For example, collider results can be interpreted in terms of fundamental parameters of a
simplified model (e.g., masses, couplings) [17]. Note, however, that collider searches can-
not directly measure a dark matter particle or test its lifetime. Therefore, the definitive
confirmation of a discovery would require a combination with DD and ID results. Making
a link between the outcomes of the DD and ID experiments can be also demanding. In
fact, the ID approach is sensitive only to the annihilation cross section of dark matter
and not to the scattering one. However, there are some exceptions, for example consid-
ering the case of DM captured by the Sun via elastic scattering. The DM can in turn
decay into SM particles, making possible to link the elastic scattering cross section to the
annihilation one [28].

In the next sections, collider, ID, and ID searches are described in more details, with

a focus on the DD approach and the corresponding detection channels.

1.3.1 Indirect detection

In regions of high DM density, an enhanced DM self-annihilation, scattering or decay
into Standard Model particles, could produce a measurable particle flux. The prime goal
of dark matter indirect detection is to recognize these products of dark matter origin and
distinguish them from the astrophysical background. DM particles can gravitationally
accumulate in astrophysical objects such as stars and galaxies. The most favoured sources
to search for indirect signals are the galactic centre and halo and close galaxy clusters
or dwarf galaxies. Milky Way dwarf spheroidals galaxies are ideal targets for an indirect
detection of DM [29]: they are located not too far from Earth (20-200 kpc), they have

a large measured mass to light ratio, which indicates the presence of a large amount of
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Direct detection

X > X
Indirect Production
detection at colliders
A
P P

Figure 1.6 — Schematics showing the possible dark matter detection strategies. X repre-
sents a dark matter particle interacting with an ordinary matter one (P).

DM, and they are characterized by a small astrophysical background. Possible examples

of dark matter (X) annihilation channels are [28]:

XX = yy,7ZH (1.2)
XX = qq, 22, WTW~. (1.3)

Some of the products decay further into ete™, pp, v-rays, and neutrinos. Standard model
particles can also be produced via DM decay. However, while the annihilation cross sec-
tion depends quadratically from the DM density, decay processes depend only linearly.
Furthermore, DM particles might be gravitationally captured inside the Sun due to the
elastic scattering with its nuclei. The annihilation of captured DM particles can pro-
duce neutrinos that can propagate then out of the Sun and might be detectable with
Earth-based neutrino telescopes. In general, the most convenient SM products to look at
are y-rays and neutrinos, since, being neutral, they point to the source where they were
produced ®. On the contrary, produced charged particles are deflected in the interstellar
magnetic fields. Examples of telescopes, satellites, and detectors looking for DM interac-
tion products are: the MAGIC [30], HESS [31] and VERITAS [32] Cherenkov telescopes,
the XMM-Newton [33] and Chandra [34] X-ray satellites, the Ice Cube [35], ANTARES

6. While neutrinos travel unaffected from the production source, «-rays can be affected by absorption
in the interstellar medium.
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[36], and Super-Kamiokande [37] large neutrino detectors, the AMS [38] and PAMELA
[39] satellites, the Large Area Telescope (LAT) [40]. So far no significant DM signal has

been observed in a indirect detection search.

1.3.2 Production at colliders

Colliders have revealed much about ordinary matter and could play an important
role also for learning more about DM, assuming that it can be produced in SM particle
collisions [17]. DM-SM matter interactions may be feeble because mediated by a heavy
mediator or by a mediator with small couplings to the Standard Model. Therefore, many
high-energy collisions are required to extensively search for these interactions. This makes
the LHC (Large Hadron Collider), the highest-energy collider currently in operation, and
its successors suitable means to look for a DM signature [17]. In 2015-2018, the LHC
achieved a recorded luminosity of 140fb™" for proton-proton collisions but its upgrade,
high-luminosity LHC (HL-LHC), is planned to reach an integrated luminosity of 3000 fb™*
[17].

Collider experiments alone cannot discover DM, but they can indirectly prove the ex-
istence of invisible particles, potential DM candidates. Like neutrinos, DM produced at
colliders would almost always pass invisibly through the detector. Consequently, the pres-
ence of a DM particle would only be inferred by observing events with missing momentum

and energy 7 [17]. Collider can probe reactions of the type:
pp— XX+ (1.4)

where p is the proton, X a dark matter particle, and x can be a hadronic jet, a photon or
a leptonically decaying Z or W boson. Dark interactions at colliders can also be probed
by looking for resonances (e.g, dilepton, dijet), due to a dark mediator decay in SM
particles (e.g., leptons or quarks). The results obtained so far at LHC are consistent
with the Standard Model expectations but further searches will be performed in the next

years [17].

7. In hadron colliders, the quantity of interest for a DM search is the missing transverse momentum
and energy. The transverse plane is the one perpendicular to the colliding beam direction. The missing
energy and moment can only be measured in the transverse plane since the initial momentum of colliding
partons is not known a priori.
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1.3.3 Direct detection

The aim of direct detection experiments is to identify nuclear or electron recoils pro-
duced by dark matter particles in the detector target. The type of recoil depends on the
dark matter candidate. WIMPs are expected to induce nuclear recoils, while hidden sec-
tor particles are explored via their interaction with the electrons in target materials. The
phenomenology linked to each of these candidates is described in the following sections.

A dark matter interaction can induce three types of signals, depending on the detector
technology in use: the production of heat (phonons in a crystal), the release of scintil-
lation photons following the excitation/de-excitation of a target nucleus, and the direct
ionization of the target atoms. Detection strategies focus either on one of the three, or on
a combination of two of these signals. Having two detection channels can be very useful
to discriminate between different particle signals and to reject background events. Figure
1.7 shows a scheme of the possible types of signals, as well as the associated most common

detector technologies.

Charge Coupled Devices

Germanium Directional

detectors detectors

Liquid noble-gas
dual-phase time
projection chambers

Cryogenic
bolometers with
charge readout

Cryogenic Scintillating
bolometers @ WIMP % crystals
Phonons/Heat ‘ Light
Superheated Scintillating cryogenic Liquid noble-gas
liquids bolometers detectors

Figure 1.7 — Possible DM detection channels associated with the corresponding most
common detector technologies. In the image, a WIMP interacting with a nucleus is
represented but the same is valid for a general (DM) particle which releases energy in a
target material.

The signal energy threshold depends on the type of detector in use. For example, the
typical energy scale to create phonons in crystals is of the order of a few meV [28]. To

create an electron-hole pair in semiconductors an energy of a few eV is necessary [28].
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Instead, for liquid noble gases the ionisation energy is of the order of (10-20) ¢V [28]. In
the case of scintillators (solid or liquids), only a small fraction (1-10 %) of the total recoil
energy is transferred to scintillation processes [28]. The lower is the threshold, the smaller

are the recoil energies that can be probed.

Examples of dark matter experiments using scintillator targets are DAMA [41], Anais
[42], and COSINE [43] which employ low radioactivity Nal(T1) crystals.

To collect the phonons induced by a particle interaction, crystal bolometers are used,
cooled down to a temperature of about 10-100 mK. The ionization or scintillation charge
signal can be recorded as well. The SuperCDMS experiment [44] uses germanium and
silicon bolometers to search for dark matter. It measures both the phonon as well as the
charge signal. A similar technique is used by the EDELWEISS experiment [45] constituted
by germanium bolometers. The CRESST-II experiment [46] exploits, in addition to the
phonon signal, also the scintillation light emitted by recoils in CaWO4 crystals.

Liquid noble-gas (argon or xenon) detectors feature high scintillation and ionisation
yields. To exploit both these two detection channels, dual phase (liquid/gas) Time Pro-
jection Chambers (TPCs) are tipically used. This strategy is adopted by the XENON
[47], LUX-ZEPLIN (LZ) [48], and PANDA-X [49] collaborations (using xenon) and by the
DarkSide-50 experiment (using argon). Another technique to detect DM signals consists
in using a Spherical Proportional Counter (SPC) filled with light noble gases (H, He and
N), able to collect the ionization charges created in its inside. This strategy is at the base
of the NEWS-G experiment [50].

Other types of detectors exploited in the DM search are the so-called directional ones.
This name derives from the aim to study the direction of the recoils induced by DM
interactions. To do so, they make use of nuclear emulsions or low pressure gas targets
in TPCs with different electron amplification devices and track readouts, like Multi-Wire
Proportional Chambers (MWPC). DRIFT (Directional Recoil Identification From Tracks)
[51] was the pioneer experiment of this class of detectors, using MWPCs attached to a
TPC filled with electronegative gas.

Superheated liquids are also used as DM target materials in bubble chambers. The
liquids are kept at a temperature mildly below their boiling point such that a local phase
transition will create a bubble (if the energy deposited in the medium is above some
threshold). The PICO experiment [52] is based on this technology.

The DAMIC [53], DAMIC-M, and SENSEI [54] experiments exploit the capability
of Charge Coupled Devices (CCDs) to collect the ionization charges created in their

27



Part , Chapter 1 — Dark matter

silicon bulk. Like SuperCDMS and EDELWEISS, they feature a semiconductor target
but they cannot measure the phonon signal. However, particles can be identified exploiting
the excellent spatial resolution of CCDs. The DAMIC and DAMIC-M experiments are

extensively described in the next chapter, being at the core of this thesis work.

WIMPs scattering off nuclei

The WIMPs are expected to interact with the target material of a direct detection
experiment scattering off nuclei. The elastic scattering of a WIMP with mass between 10-
1000 GeV would produce a nuclear recoil with energy in the range of 1-100 keV [28]. Due
to the low interaction strength expected for a dark matter particle, only single scattering
events are expected. The identification of such interaction events requires a detailed
knowledge of the signal signature, the particle and nuclear physics aspects, as well of
astrophysical parameters such as the dark matter density and the halo velocity distribution
in the Milky Way. The differential recoil spectrum resulting from WIMP interactions can
be written as [28]:

dR Po

gt =
dE( 1) Maxma

do

/v - f(v,t)- d—E(E,v) d®v, (1.5)

where my is the dark matter mass, m4 is the nucleus mass, py is the local dark matter
density, v is the dark matter velocity defined in the rest frame of the detector, f(v,t)
accounts for the WIMP velocity distribution in the detector reference frame, and S—E(E ,V)
is the scattering differential cross section.

Considering the astrophysical aspect, it is common to assume a local DM density of
0.3 GeV/cm?, derived from the mass modelling of the Milky Way, using parameters in
agreement with observational data [28, 55]. However, depending on the profile model
used for the halo, the density can vary from 0.2 to 0.6 GeV/cm?® [28]. Given the constant
DM density, the heavier is a particle, the less particles are available for scattering [28].
The dark matter velocity profile f(v) is commonly described by an isotropic Maxwell-
Boltzmann distribution which is truncated at velocities exceeding the galactic escape
velocity (vese), usually set to 544 km/s [28, 55]. In the rest frame of a DD experiment,
this velocity distribution is time dependent due to the revolution of the Earth around the
Sun.

On the base of equation 1.5, direct detection experiments can exploit the energy,

time or direction dependencies of the signal. The most common approach consists in
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measuring the energy dependence of dark matter interactions. Another strategy is based
on the study of the temporal variation of the differential event rate, looking for the so-
called “annual modulation” signature: as a consequence of the Earth rotation around the
Sun, the speed of the dark matter particles in the Milky Way halo relative to the Earth
reaches his maximum around June 2nd and his minimum in December. Consequently, the
amount of particles able to produce nuclear recoils above the detector energy threshold
is also maximized in June [56]. This is the approach used by the DAMA experiment,
which is the only one to have claimed the detection of a DM signal. This result is in
conflict with the negative ones of all the other experiments, which even using the same
detection technique and target didn’t succeed in confirming the DAMA observation [57].
Directionality is another dark-matter signature which can be exploited for detection, since
the direction of the nuclear recoils resulting from WIMP interactions has a strong angular
dependence. The rate of events scattering in the forward direction is expected to exceed
the rate for backwards scattering events by an order of magnitude. An oscillation of the
mean direction of recoils over a sidereal day is also expected due to the rotation of the

Earth (if the detector is placed at an appropriate latitude) [28].

To interpret the data of DM experiments, further assumptions on the specific particle-

physics model as well as on the involved nuclear-physics processes have to be made. In

do
) dE

of a spin-independent (SI) contribution and a spin-dependent (SD) one. For WIMP spin-

general, the differential WIMP-nucleus cross section, 9% (FE, v), can be written as the sum
independent interactions, it is assumed that neutrons and protons contribute equally to
the scattering process (isospin conservation), while for spin-dependent interactions, only
unpaired nucleons contribute. In the case of a spin-independent and isospin-conserving

dark matter interaction, the differential recoil spectrum takes the following form [28]:

dR po_ (0o - FQ(E) -AQ) /vesc f(v,t)

—(B,t) = —5— d? 1.6
ac " 205 ST (1.6)

where A is the number of nucleons, 4 is the WIMP-nucleus reduced mass, oy is the dark
matter-nucleon cross-section at zero moment transfer, and F' is a form factor taking into
the dependence of the cross-section from the momentum transfer. The v,,;, parameter is

the minimum WIMP velocity that can produce a nuclear recoil with energy equal to the

threshold of the detector (Fyp,):
“Eur
I /W72th_ (1.7)
245
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A useful figure of merit is the maximum energy transferred at the nucleus during the
scattering:

g M _ 2U2m2A if my > map (18)

ma 2@2% ifmy < my.

Considering the maximum v equal to 764 km/s (the galactic escape velocity plus the
Earth velocity), the silicon nucleus mass of ~28 GeV, and a DM mass of 1 GeV, the
resulting recoil energy is of about 0.5 keV. This gives a sense of the importance of having
a light nucleus as a target and a low energy threshold to probe light DM particles. Silicon,
which constitutes the target material for the DAMIC and DAMIC-M experiments, does
not only feature a relatively small nucleus mass, but also a low ionization threshold (~1.2
eV). This makes the silicon-based detectors suitable for the low mass WIMP search.

On the base of equation 1.6, usually DD experiments, in absence of any WIMP signal,
set constraints on the DM-nucleon cross-section as a function of the WIMP mass. The
lower is the minimum cross-section that an experiment is able to exclude, the higher is the
sensitivity. As already mentioned before, having a lighter nucleus target allows to probe
less massive WIMP candidates, even if a smaller A value reduces the overall sensitivity.
Lowering the energy threshold instead would allow not only to extend the sensitivity to
lighter WIMP masses but also to probe smaller cross-sections. The overall sensitivity of
an experiment can be increased by lowering the background level and by increasing the
exposure, i.e, the product of the size of the target and the duration of the experiment.

The parameter space of the WIMP-nuclei interactions is getting more and more con-
strained by DD experiments, as shown in Figure 1.8 for the spin-independent case. Fur-
thermore, experiments are likely to hit the neutrino floor in the next decade, wherein
neutrinos, coherently scattering off nuclei, will become an irreducible background for
WIMP searches. New low mass candidates (sub-GeV), such as the hidden sector ones
(see Section 1.2.2), are being explored. Referring to equation 1.8, it is clear that it would
be very hard to detect such low mass particles via their scattering with nuclei. Therefore,
alternative detection channels, which are discussed in the next section, are being probed.
It is also worth mentioning that a possible solution that has been proposed to extend in
the MeV regime the sensitivity to DM-nucleus interactions is to profit of the so-called
Midgal effect [64, 65]. As a consequence of the latter, a low mass DM interaction with a
nucleus would lead to an additional electronic recoil. This is because the electron cloud
does not follow the recoiling nucleus instantaneously. The electronic recoil could in turn

induce a detectable excitation/ionisation signal above threshold. However, this effect has
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Figure 1.8 — Dominant current exclusion limits of spin-independent WIMP-nucleon cross-
section as a function of the WIMP mass. All nuclear recoil limits are scaled to a local
dark matter density of 0.3 GeV/c®. This plot was produced using the Dark Matter Limit
Plotter application (https://supercdms.slac.stanford.edu/dark-matter-limit-plotter). The
neutrino floor (dashed line) is also shown for a Xenon target [58]. The source of each
experimental limit: DAMIC (blue) [53], NEWS-G (brown) [50], CDMSliteR3 (red) [44],
EDELWEISS-III (orange) [59], CRESST-IIT (pink) [46], DarkSide-50 (purple) [60, 61],
XENONIT (light aquamarine, dark aquamarine) [47, 62, LUX (light green) [63], PandaX-
IT (dark green) [49]. Note that this plot does not included the recent results (July 2022)
from the LZ experiment, which placed the most stringent exclusion limits for WIMP
masses above 9 GeV [48].

yet to be observed experimentally in nuclear scattering.

DM interactions with electrons

As already mentioned, sub-GeV DM candidates, as the hidden sector ones, are gaining
more and more attention in the scientific community. Current DD experiments cannot
look for these particles via their elastic scattering with nuclei. In fact, due to the DM low

mass, the resulting nuclear recoil energy would be too low to be detected. Therefore, it

31



Part , Chapter 1 — Dark matter

is necessary to pursue alternative interaction channels. One of this is the inelastic DM-
electron scattering, which would lead to sufficiently large energy transfers to be detectable
down to DM masses of O(MeV) [22, 66]. Semiconductors are particularly promising target
materials due to their O(1eV) band gaps which allow for the detection of small ionization
signals. Furthermore, semiconductors benefit also of an increased event rate for all DM
masses with respect to targets with higher energy thresholds [66]. In fact, given the
characteristic velocities of DM particles and electrons, ~1 eV recoil energies are typical.
Instead, energy recoils of the same order of the ionization threshold in liquid noble gases,
10-20 eV, require velocities that are only found on the tails of the DM and electron velocity
distributions [66].
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Figure 1.9 — Current 90% C.L. limits on DM-electron scattering through a heavy mediator
(left) or an ultralight mediator (right) [67].

In order to model DM-electron interactions, it is necessary to take into account the
bound nature of the electrons, as well as the crystalline band structure. In the following
the differential event rate is discussed considering a crystal target, as it is the case for the
DAMIC and DAMIC-M experiments. The differential event rate for a DM with mass my

interacting with electrons is [66]:

dR [ dq
ﬁ X O'e/an(mXaqa Ee)’FDM<q)|2|fC(q7E€)|2> (19)

where F, and ¢ are the transferred energy and momentum, respectively, 7, is a reference
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cross section for free electron scattering, n includes properties of the incident flux of
galactic DM particles, Fp)s is the dark matter form factor, and the crystal form factor
fe(q, E.) quantifies the atomic transitions of bound-state electrons. The DM form factor,
Fpu(q), encodes the momentum-transfer dependence of the interaction. It can take
different values, depending on the type of mediator and coupling: Fpy(q) = 1 in case of
a point-like interaction induced by the exchange of a heavy vector mediator or magnetic
dipole moment coupling, Fpy(q) = (ame/q) for an electric dipole moment coupling,
and Fpy(q)= (am./q)? for exchange of a massless or ultra-light vector mediator [66].
The exclusion limits derived by several DD experiments for a DM-electron scattering

interaction are shown in Figure 1.9.
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Figure 1.10 — Constraints on dark photon dark matter absorption. The parameter €
indicates the kinetic mixing between the hidden photon and the ordinary one [67].

Another possible DM detection channel consists in looking for a dark photon absorp-
tion by electrons. This results in a sort of photoelectric effect, leading to the creation
of ionization charges in a target material. Considering the case of a silicon detector, a
non relativistic hidden photon, depositing its rest energy in the target, would be able to
produce charge carriers for masses above the band gap of silicon. The hidden photon

absorption cross section (oy ) can be related to that of the photoelectric cross section (o)
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(68, 69):

ov(E = my)vy =~ k%0, (E = my)c, (1.10)

where E is the energy of the ordinary photon, my is the hidden photon mass, vy the
velocity of the incoming DM, and « is the kinetic mixing between the hidden photon
with its visible, ordinary counterpart (in literature also referred as €). However to take
into account the in-medium dispersion effects of the target material, it is necessary to

substitute £ with an effective mixing parameter kg [68-70]:

2,4
K*my,

mi, — Re[ll(E)])* + (Im[II(E)])*’

KReff = (111)
(

where II(E) is the polarization tensor which is related to the complex conductivity of the
medium 6(F) = 0y + {0y , which is in turn related to the complex index of refraction of
the medium 72 = 1 + i E. Finally the absorption rate of hidden photons can be written
as [68-70]:

I =220 (E=my)e (1.12)

my

where pq is the local dark matter density. Note the lack of dependence of I' on the local
DM velocity, in contrast to regular WIMPs, implying no potential annual modulation in
detection. The current DD constraints on the dark photon dark matter absorption as a

function of the dark photon mass are shown in Figure 1.10.

Nowadays, the Dark Matter search is a very active field. Direct detection experiments
play an essential role in determining the DM particle nature. Impressive improvements
have been done in the last decades in terms of sensitivity to DM interactions. WIMPs,
which once were the most popular candidates, are being more and more constrained.
This drove the interest of the scientific community towards lighter sub-GeV DM particles,
whose parameter space is still relatively poorly constrained. DAMIC-M is a near future
direct detection experiment that aims to explore this un-probed region. The following
chapters describe the operation principle of this experiment and report the improvements

in its conception and characterization.
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CHAPTER 2

DARK MATTER IN CHARGE COUPLED
DEVICES

The Charge Coupled Devices (CCDs) are light sensors commonly used in digital cam-
eras and telescopes for astronomical applications. These instruments can collect and
store the charges produced inside them by particle interactions. Their applicability in
the search for dark matter (DM) was successfully demonstrated by DAMIC at SNOLAB,
which looks for DM particle interactions in the silicon CCD bulk. The silicon low nucleus
mass ensures a good sensitivity to WIMPs with masses in the range 1-10 GeV, while its
small band gap (~ 1.1 eV) provides sensitivity to the hidden sector DM-electron inter-
actions. A near future experiment called DAMIC-M is under development. It will be
installed at the Laboratoire Souterrain de Modane (LSM) in France and will increase by
17 times the mass of its detector with respect to its predecessor. It will employ the so-
called skipper CCDs to achieve sub-electron resolution on the charge measurements [71].
Furthermore, the radiogenic background rate will be lowered by about 100 times with
respect to DAMIC, achieving a fraction of events per keV per kg-day of target exposure.
Due to these features and to a low level of dark current, DAMIC-M will be extremely
sensitive to very feeble ionization signals down to few eV which are expected from DM
interactions with nuclei or electrons in the silicon bulk.

In the following sections, the CCDs are described and presented together with the
DAMIC and DAMIC-M experiments.

2.1 Charge Coupled Devices

Charge Coupled Devices are pixelized ionization collection devices. They were invented
in 1969 by Willard Boyle and George E. Smith who in 2009 were awarded the Nobel Prize
for Physics for the invention of the CCD concept. In [72], Boyle and Smith described the

CCDs as a “new semiconductor device concept” able to store and move charges across an
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array of conductor-insulator-semiconductor capacitors by applying appropriate voltages to
the conductors [72]. Different types of applications were also listed, e.g., memory storage
or imaging. Only in the latter sector the CCDs found their major development. The first
verification of the CCD concept arrived in 1970 with G. F. Amelio, M. F. Tompsett, and
G. E. Smith, which used closely spaced MOS (Metal Oxide Semiconductor) capacitors on
an n-type silicon substrate [73]. Later on, in 1971, M. F. Tompsett submitted a patent
for charge transfer imaging devices, marking the beginning of the CCD application in
the imaging field. In 1975, Kodak created the first digital camera using a CCD, made of
100 x 100 capacitors (also called pixels). In 1976, B. A. Smith demonstrates the capability
of using CCDs in the astronomical telescopic imaging domain. Nowadays, CCDs are still
largely used in this field due to their efficiency and low noise, as well as their size. In
fact, CCDs can reach ~0.7 mm of thicknesses and feature large array of pixels, achieving
also linear dimensions of several cm. The first DAMIC-M CCD prototypes are among the
biggest CCDs ever built, with a length of 9 cm. CCDs can also be exploited to detect
particles, as in the case of the DAMIC and DAMIC-M experiments which are described in
Sections 2.2 and 2.3. In the following, a brief introduction about semiconductor materials,
with a focus on silicon, is reported. The structure and operation of a CCD are then
described, in particular, referring to those of a DAMIC and DAMIC-M device.

2.1.1 Semiconductor materials: Silicon

Semiconductors are at the base of the modern technologies, with silicon being one
of the most common type of employed materials. What first gained the attention of
physicists in the early nineteenth century, is the particular feature of semiconductors to
have a declining electrical resistance with raising temperature, unlike metals [74]. This is
due to the energy band structure® of semiconductors characterized by a conduction band
and a valence band separated by a relatively small? forbidden energy gap (E,). In the
case of intrisic semiconductors at T= 0 K, the valence band can be seen as the ensemble
of the highest occupied energy levels. The conduction band is just above the valence
one, consisting of the lowest unoccupied energy levels. Figure 2.1 (left) schematizes the

band structure of a pure (intrinsic) semiconductor. In the case of silicon, £, = 1.12 eV

1. A band structure arises in crystalline materials, due to the overlap of the wave functions of electrons
of neighbouring atoms. Due to the Pauli exclusion principle, this results in collections of closely spaced
energy levels, called bands [74, 75].

2. In most important semiconductors, the energy gap is less than 2 eV [74].
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Figure 2.1 — Left: band structure in the case of an intrinsic semiconductor. The con-
duction and valence band are shown. Right: band structure in the case of an extrinsic
semiconductor, with additional impurity energy levels (E, for acceptors, E4 for donors).

at T=300 K [74]. Note that the energy gap depends on the temperature and varies by
about 10% between 0 K and room temperature [74]. Its variation with temperature can

be modeled as [76]:
E,(T) = E,(0) — aT?/(T +b), (2.1)

with E,(0) the energy gap at 0 K, and a and b positive constants for silicon. Given the
small energy gap, an electron can be easily promoted by thermal excitation from the
valence band to the conduction band, becoming able to carry current. In particular, the
fraction of excited electrons are of the order of e=%s/2¥8T [74]. An electron promoted to
the conduction band leaves an hole in the valence band, which also contributes to the

conductivity (o) of the material [74]:

o[(Qem)™'] = e(pmne + pppy), (2.2)
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where e is the electric charge, n. (p,) the electron (hole) concentration in the conduction
(valence) band®, p, (u,) the electron (hole) mobility. The latter is defined as the ratio
between the drifting velocity of a charge in an electric field (vp) and the electric field it
self (E) [74]:

p=uvp/E. (2.3)

The reciprocal of the conductivity is the resistivity (p):
p[Qcm] = 1/0. (2.4)

Impurities in the crystal can substantially affect the electrical properties of a semiconduc-
tor, increasing the charge carrier concentrations and thus the conductivity of the material.
Therefore, artificially introducing impurities in the material allows to modify ad hoc its
electrical properties. This procedure takes the name of “doping” and it’s at the base of
the success of semiconductors in the electronic field. A semiconductor is called extrinsic
(in contrast with a perfectly pure intrinsic semiconductor) if impurities contribute in a
significant way to the carrier density (conduction band electrons or valence band holes).
Two types of impurities (dopant) exist, donors and acceptors. The first supplies addi-
tional electrons to the conduction band, the second additional holes to the valence band.
Donors and acceptors are essentially atoms which feature an higher or lower chemical
valence than the pure semiconductor atoms. A common donor (acceptor) for silicon is
phosphorus (boron), which has 1 more (less) valence electron than silicon. By replacing in
the lattice a silicon atom with a donor one would result in 1 electron which is not involved
in the 4 covalent bonds with the neighbouring atoms. An additional energy level is thus
introduced just below the conduction band, with a distance which is far smaller than the
Eqp of silicon (Figure 2.1, right). It is thus necessary to provide a very small amount of
energy to promote the electron in the impurity level to the conduction band. In case of
a silicon lattice with phosphorus impurities, the difference between the conduction level
and the donor level is of 0.044 ¢V [74]. In a similar way, when an acceptor is introduced
in the lattice, a lack of 1 electron involved in the 4 covalent bonds is created. An energy
level is thus introduced just above the valence band, which can be later filled by valence
electrons (Figure 2.1, right). In case of a silicon lattice with boron impurities, the differ-

ence between the valence level and the donor level is of 0.046 ¢V [74]. Silicon doped with

3. In a perfect pure intrinsic semiconductor the concentrations of holes and electrons are the same.
This is not the case if impurities are present in the lattice, leading to a difference in the number of
electrons and holes [74].
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donor (acceptor) impurities is called n-type (p-type) silicon.
The p-n junction

Carrier density

A

p-type n-type

Depletion region

Figure 2.2 — Representation of a p-n junction assuming that the impurity concentration
varies along the x direction. The junction is at x=0. The carrier densities (p, and n.) as
a function of x are shown. d, and d,, define the extent of the depletion layer. The + and
— signs indicate the donor and acceptor ions,respectively.

A p-n junction consists of a semiconducting crystal in which the donor and acceptor
concentrations vary across a given direction (Figure 2.2). On one side there is a prepon-
derance of acceptors (the majority carriers are holes), on the other of donors (the majority
carriers are electrons). This causes the diffusion of carries towards the zone where their
concentration is lower. Electrons diffuse from the n-side to the p-side and holes from the
p-side to the n-side. However, electrons diffusing towards the p-side leave behind posi-
tively charged donors. The same happens for holes that leave behind negative charged
acceptors. This causes the creation of an electric field which points in the opposite di-
rection with respect to the diffusion flow. These two opposite effects finally compensate
each other at thermal equilibrium. The positively and negatively charged regions at the

junction are depleted of any mobile charge and therefore are referred as “depletion region”.
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Any electron or hole entering in this region would be swept out by the electric field. The
extent of the depletion region (d) depends on the acceptor and donor densities (N, NVy),

as well as on the potential difference between the two extremes of the junction (A¢) [74]:

B B €A¢(Na + Nd) V2
d_dn+dp—< ome(N,Ny) ) ’ (2.5)
dnp: ((Na/Nd)ileAgb)l/?’ .
? 27T6(Nd+Na)

where € is the static dielectric constant of the semiconductor, and e the electron charge.
The depletion region can be narrowed or extended by applying an external electric field.
If the direction is the same of the built-in junction electric field (“reverse bias”), then the
depletion region becomes wider. In the opposite situation (“forward bias”), the depleted
region narrows. In the case of an external potential applied (V), the extension of the

depletion region can be calculated as [74]:

v 12

d(V)=d(0) |1 - — , 2.6

V) =01~ 3] 26)

with d(0) is obtained from equation 2.5, A¢ is the potential difference in absence of any
external voltage bias, and V>0 (V<0) in case of forward (reverse) bias.

The p-n junction is at the base of a CCD structure, described in details in the next
section. CCDs in fact are composed by a p-n junction to which a reverse bias is applied.
The depletion region represents the active volume of a CCD where particles, interacting
with the medium, can free electron and hole pairs, which are immediately driven out by
the electric field.

2.1.2 CCD structure and operation
CCD structure

A DAMIC (or DAMIC-M) CCD consists of a 2D array of coupled MOS capacitors,
commonly called pixels, each of them with an area (x-y plane) of 15 ym x 15 pym. A
DAMIC-M CCD prototype is shown in Figure 2.3 (a). Each pixel features a 3 polysilicon-

metal gates (3-phase CCD structure) on top of an insulator layer?, positioned above a p-n

4. Commonly used insulting materials are SigNy or SiOs.
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Figure 2.3 — (a): DAMIC-M prototype featuring 4k pixels x 6k pixels. The CCD is
mounted on a silicon substrate and wire-bonded to kapton cables that carry signals to
and from the CCD. (b): MOS capacitor (pixel) structure consisting of 3 polysilicon metal
gates, an insulating layer (0.1 pm thick, made of silicon nitride, SizN,), and a p-type
silicon buried channel fabricated over a n-type silicon substrate. The polysilicon gates
are insulated from each other by means of silicon dioxide (SiO2), shown in yellow. The
direction of the electric field on z-axis is also indicated.

junction (Figure 2.3, b). The latter is composed by a thin buried p-channel (1 gm thick)
of boron doped, p-type silicon and by a very thick substrate (~668 pm thick) made of
phosphorus doped, high resistivity, n-type silicon. The high resistivity (~10 kQcm) of the
substrate makes for a low donor density (~10' ¢cm™2), allowing to deplete the junction
over its whole volume (full depletion) at reasonably low values of bias voltages (> 40 V)?®.
This substrate potential Vi, is applied via a contact placed at the backside of the CCD,
generating an electric field across the device and fully depleting it. The depletion region
represents the active region of the CCD where the signal charge from ionization events is
produced. Its substantial thickness allows for high quantum efficiency and mass exposure,
required for a DM search. The backside contact is constituted by a 1 pgm thick in-situ
doped polysilicon (ISDP) layer, having also a gettering function, i.e., absorbing heavy
metals and other impurities from the silicon substrate during manufacturing [77]. These

gettering properties are due to the presence of both the polysilicon and phosphorus %, with

5. For p-buried CCDs, the depletion extent can be calculated via equation 2.6, assuming N, > Ny.

6. As it will be also discussed later on in this thesis, the DAMIC collaboration found that phosphorus,
diffused into the CCD during fabrication, is the cause of ionization charge losses by recombination in the
CCD backside [78].

41



Part , Chapter 2 — Dark matter in Charge Coupled Devices

which the layer is heavily doped. The gettering layer is then capped by polysilicon and

silicon dioxide layers.
Figure 2.4 shows the cross-section view of a pixel, together with the voltage profile.
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Figure 2.4 — Top: Pixel cross section diagram showing its internal structure. The z
coordinate runs along the thickness of the CCD and indicates the depth of the interaction.
A bias voltage Vi, is applied to the backside contact of the CCD, generating an electric
field that fully depletes the device. The basic working principle of a CCD following a
particle interaction is also shown: an incident particle releases energy in the depletion
region, creating electron-hole pairs. These charges then drift following the electric field.
The holes are then collected at the minimum of the potential (see bottom panel). Bottom:
The voltage profile as a function of depth. The minimum of the potential lies close to the
p-n junction location (z = 1 pm), in the p-doped region.

CCD charge creation

Charges can be created in the CCD by the interaction of an incident particle with the
silicon substrate or bulk (see Figure 2.4). A particle, releasing energy in the depletion
region, can promote an electron to the conduction band, assuming that the energy deposit
is greater than the silicon band gap. This leaves an electron vacancy (hole) which acts in

an electric field like a physically charged particle.
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Figure 2.5 — Pair-creation probability distributions 0 K, 100 K and 300 K (former curves
effectively overlap). These lines indicate the probability to ionize the labeled number of
charge pairs for a given deposited energy [79]. Reprinted figure with permission from [79].
Copyright (2017) by the American Physical Society.

The number of electron-hole pairs n., created for a given interaction can be inferred

by dividing the deposited energy E by the mean energy per pair €.:

e = =, (2.7)
€eh

where €., > FEgqp due to the concurrent emissions of phonons during the ionization
process [80]. Like the energy gap, the €., value depends as well on the temperature. In
particular, €., was measured to be 3.66 €V in silicon at T=300 K [80]. For T=123 K,
its measured value increases to 3.74 eV [81]. Another important parameter quantifying
the dispersion of n., for a given E is the Fano factor (F). F is less than 1, indicating a
sub-poissionian dispersion. In [82] F was found to be 0.128 for silicon (T= 130 K). Due
to the statistical nature of the ionization process, for energy deposits > 50 eV, F and ey,
have an almost constant behaviour. Therefore, the probability to create n., for a given

energy deposit can be assumed to follow a gaussian distribution with a standard deviation
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equal to v/ne,Fe., and mean value derived from equation 2.7. However, this is not the
case in the low energy regime. Uncertainties lie especially in the energy range between
E = 2E,,, and the high energy limit. In fact, for £ < 2E,,,, F= 0 and €., = E, being
only one electron-hole pair allowed to be produced [82]. In [79], the probability to ionize
nen charge-pairs as a function of the deposited energy is computed in the low energy
regime, employing a phenomenological model. The resulting pair-creation probability

distributions are shown in Figure 2.5.

CCD charge collection

X
y
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y

Figure 2.6 — Cross-sectional representation of the charge produced by a point-like ioniza-
tion event (star) in the CCD bulk as it is drifted towards the polysilicon gates. The top
and bottom panels represent two different situations in which the interaction takes place
at different depths (z coordinate), referred as z; (top) and z; (bottom). In particular,
21 < 2z9. The x-y distributions of charge on the pixel array following the ionization event
are also shown at the right of the two panels. Because of diffusion, the charge is collected
in multiple pixels, with the lateral spread being positively correlated with the depth of
the interaction.

Once the charges have been produced in the depletion region, the electric field sweeps
the electrons to the backside while pushing the holes towards the top gate structure.
The holes are therefore the signal charges collected and read by DAMIC and DAMIC-M
CCDs. During the drifting (z-axis), charges undergo lateral (x-y axis) thermal diffusion.
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In this way, depending on the strength of the diffusion, they can reach pixels that are
horizontally far away from the one in which they were initially produced. Charge diffuse
following a gaussian distribution with ¢ = \/2Dt,., where ¢, is the carrier transit time and
D is the diffusion coefficient, linked to the carrier mobility via the Einstein relation " [83].
Considering the electric field profile within the CCD substrate, o can be expressed as (for

point-like interactions) [84]:

o =1/—Aln|l - Bz], (2.8)

where A and B are related to the physical properties and operating parameters of the

device and z is the depth of the ionization event. In particular, A and B are given by [84]:

A:i2]€BT’
Pn €

B— < Vi _’_ZD>1’
ZDPn 2

where € is the permittivity of silicon, p, the donor charge density in the substrate, T

(2.9)

the operating temperature, e the electron charge, zp the thickness of the device, V, the
bias applied across the substrate (the potential difference between the charge-collection
well and the CCD backside). These parameters can be also be derived experimentally
as explained in the Section 2.2.3. An important consequence of the relation 2.8 is that
it is possible to retrieve the depth of an interaction by looking at the diffusion spread of
charges. This allows to have a 3D reconstruction of energy deposits, whose x-y coordinates
are already provided by the pixel positions. The diffusion process is schematized in
Figure 2.6.

Once the holes have reached the buried p-channel region (see Figure 2.4), where the
minimum of the potential profile lies, they are held in place until the beginning of the
readout process. The time period when the charge is accumulated in the individual pixels

is commonly called “exposure” and its length is decided by the user.

Readout process: standard and skipper

The exposure phase is then followed by the readout one. By applying to the 3 metal

gates appropriate voltages with the proper sequencing, charges are transferred across

7. The Einsten relation describes the relation between the diffusion coefficient (D) and the carrier
mobility (p): D/u = kgT/e, with kg the Boltzmann constant, 7' the absolute temperature and e the
electrical charge.
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different pixels. Clocks (alternating signals) are used to switch the 3 gate voltages inde-
pendently from low to high or vice-versa, modifying the potential well below the gates. A
voltage is lowered to accumulate charges below the corresponding gate. On the contrary,
it is raised to drift the charge out. This procedure is called “clocking”. Its basic principles

are summarized in Figure 2.7.
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Figure 2.7 — Left: Cross section of two adjacent pixels. The clocking direction is indicated.
To each polysilicon gate a different voltage value (V1, V2, V3) is applied. Right: In
order to trasfer charges between pixels, the 3 gate voltages are changed over time. The
voltage sequence is reported and divided in states. In state 1, the charges are held in the
pontential well created below the gate 2 (to which the potential V2 is applied). In state
2, the potential V1 is lowered, allowing the charges to spread below the gate 1. In state 3,
charges reach the gate 1. At this point the charges are transferred to the adjacent pixel,
by switching from high to low and vice-versa the gate voltages, as just explained. Finally,
in state 7, the charges have reached the gate 2 of the second pixel.

Vsub

The clocks that transfer charge across one column (i.e., in the y direction) are called
parallel (vertical) clocks, while the clocks that transfer charge across one row (i.e., in the
x direction) are called serial (horizontal) clocks. Vertical pixels are connected with each

other, allowing charge to be transferred along a column. On the contrary, channels stops,
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consisting of n-type implants between columns ®, prevent charge from moving horizontally.
During the readout phase, the entire rows (y-axis) are shifted simultaneously in the parallel
direction towards a horizontal “serial register” (basically the first row of the CCD array).
A “transfer gate” (TG) regulates the flow of charges into the serial register thanks to
the creation of a potential barrier?. Only when the TG is open, charges can enter into
the serial resister. Once in the serial register, the charge is moved in horizontal direction
(x-axis) towards the readout amplifier thanks to horizontal clocks. Also in this case the
charge transfer is based on a 3-phases clocking procedure. Horizontal clocks are about
100 times faster than the vertical ones. In particular, the widths of the parallel and serial
clocks are in the order of 10 us and 0.1 us, respectively. This ensures that an entire row
is emptied (read out) before the next one flows through the TG. The 2D pixel array,
together with its principal elements, is sketched in Figure 2.8.

The CCD 3-phase structure allows to maximize the efficiency of the charge transfer
between pixels. However, due to potentially non-optimized clock voltage potentials and
lattice traps and impurities, a small fraction of holes can be lost. The quantity measuring
the fraction of charge lost over a single transfer is called “Charge Transfer Inefficiency”
(CTI) and is of the order of 107 for scientific-grade CCDs, like DAMIC ones [83].

When the charge exits the serial register, before reaching the readout amplifier, it
passes through a series of successive gates, the Summing Well (SW), the Output Gate
(OG), and the Sense Node (SN). Figure 2.9 (inset) shows all the relevant components in

a conventional CCD.

In the SW, the charge of multiple pixels can be collected. For example, it may be
necessary, in order to increase the signal to noise ratio, to measure in one time the charge
accumulated in different pixels of the serial register. This operating mode is called “serial
binning”. Performing a “parallel binning” is possible as well. In this case the charge of
multiple rows is accumulated in the serial register before the activation of the horizontal
clocks. The OG controls the flow of charge between the SW and the SN, where pixel
charge is measured. Raising the SW voltage level above that of the OG allows the charge
to transit into the SN. The latter basically consists in a capacitor with capacitance equal

to Cg, whose potential is set to a bias voltage reference Vz. When the charge flows into

8. Channel stops are implanted deeper than the buried-channel, reaching the substrate silicon.

9. If the potential well state is set to low, then the gate is open and thus charges can enter into the
serial register. On the contrary, if the potential well state is set to high, then the gate is closed, not
allowing any charge to pass through.
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Figure 2.8 — View of the 2D pixel array, showing its principal elements. Channel stops
prevent charge to move horizontally (x axis) between pixels of the same row. Charges are
instead allowed to move vertically (y axis), between pixels belonging to the same column.
A transfer gate regulates the flow of holes into the serial register, the first row of the CCD
array. Once in the serial register charges are moved horizontally towards the readout
amplifier.

it, it causes a change in the SN potential equal to:

AVg = é?s ~ O(1uV). (2.10)

This small £V signal is then amplified by an output transistor and constitutes the Video
signal which is sent out of the CCD. Before performing the next measurement, the charge
in the SN is drained via a reset pulse, which is also detected by the output amplifier and
which resets the SN potential to V1. However, this process can inject spurious charge
into the SN. To solve this issue, the charge in the SN is measured two times:

— right after the reset pulse, when a charge packet is still in the SW, over an inte-

gration time equal to 7;,;. A pedestal value is thus obtained;

10. The SN potential is reset to Vi via a transistor (called also reset switch) which is connected to a
reset gate (RG). If the state of the RG is set to high a reset pulse is produced.
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Figure 2.9 — Simplified circuit diagram of a DAMIC CCD readout stage. The key com-
ponents are shown and labelled: the pixel array, the serial register, the summing well
(SW) and the output gate (OG), the sense node (SN), the reset switch (RS), the reset
gate (RG), and the readout amplifier (RA). H1, H2, H3 are the serial horizontal clocks
which drive the charges into the SW. The holes are then transferred via the output gate
to the SN. The inset shows a micrograph of a conventional CCD Courtesy of the Pacific
Northwest National Laboratory (PNNL).

— after the charge trasfer through the OG into the SN, over an integration time equal
to Tine. A signal value is measured.

Subtracting the pedestal value to the signal one significantly suppresses the reset noise.
This technique is called “Correlated Double Sampling” (CDS) [85] and has also the ad-
vantage to reduce the contribution of high-frequency noise components (unrelated to the
reset noise). In fact, the high frequency (f > 7;,}) variation of the Video signal ampli-
tude can be compensated for by the CDS integration!'. On the contrary, the CDS is
not effective in suppressing low frequency noise components. Figure 2.10 shows the CDS
method applied on Video signals, obtained in an ideal case and in presence of high- and

low-frequency noise components.

11. The optimal 7;,,; can be found experimentally, by selecting the one ensuring the lowest noise (noise
of the entire electronics chain).
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Figure 2.10 — (a): CCD Video signal, during the readout of a single pixel charge. The
reset pulse is visible, indicating the end of a pixel measurement. The summing well pulse
denotes the moment when the charges flow into the SN. The video signal is integrated over
a time equal to 7;,; before and after the SW pulse, obtaining a pedestal and signal value.
By subtracting them, the final signal is retrieved. The time needed to readout a pixel is
usually of the order of 10 us. DAMIC at SNOLAB used a 7;,;= 40 ps. (b): Examples
of video signal in 3 different regimes [86]: no noise (top), high frequency noise (middle),
and low frequency noise (bottom). The correlated double sampling strongly suppress
high-frequency noise components, but it is not effective in removing low-frequency ones.

The readout procedure described so far is referred as standard or conventional readout.
However, DAMIC-M CCDs, unlike DAMIC ones, will be equipped with skipper amplifiers,
conceptually devised by Janesick et al. in the early ‘90s [87]. The skipper amplifiers allow
to perform multiple non-destructive measurements of the same pixel charge (NDCMs,
also called “skips”), in contrast with the destructive nature of standard readout. This
is achieved by using a floating gate as SN, instead of a floating diffusion gate. In this
way, the charge accumulated in the node doesn’t make contact with the measurement

apparatus, unlike in the standard case 2.

The charge still induces (electrostatically) a
voltage measured by the output amplifier, but there is no contact that forces the charge
to be flushed (destructively) when the floating gate potential is set back to Vg. The charge
can therefore be moved back and forth from the sense node and the SW, by transforming
the OG from a fixed bias to a clock (see Figure 2.11). For example, by changing the bias

voltage of the latter to be higher than the SW one and lower than the SN one, the charge

12. In the standard case, the SN is directly connected, usually via a metal contact, to the readout
amplifier and the reset switch.
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2.1. Charge Coupled Devices

can be driven back from the SN to the SW. The charge is then moved again into the SN
for a new measurement. This cycle is repeated as many times as the desired number of
skips. Then, thanks to the introduction of a new Dump Gate (DG) and a new Drain

potential V..., the charge is cleared out.

Vr
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Figure 2.11 — Simplified circuit diagram of a skipper CCD readout stage. H1, H2, H3 are
the serial horizontal clocks which drive the charges into the SW. RA indicates the readout
amplifier and RS the reset switch. Charges are moved back and forth from the SN to
the SW by raising or lowering the OG potential. This cycle is repeated as many times as
the desired number of non-destructive measurements. Charge is then cleared out via the
Dump Gate (DG).

The main advantage of using skipper amplifiers is the reduction of the readout noise,
in particular, of the low frequency noise components that constitute the main limitation
for standard CCDs. In fact, the pixel charge (@) can be thought to be distributed
following a gaussian distribution centered in the charge value (pg) and spread with a

standard deviation equal to the readout noise (0,;;):

Qpiz = Gaus(pq, opix)- (2.11)
Assuming to read the same pixel multiple times (Ngps) and in independent ways, the
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Part , Chapter 2 — Dark matter in Charge Coupled Devices

final charge can be retrieved by averaging over all the measurements:

s 1 Nskips
= )i, 2.12
sz:c Nskips Z:z:l (Qp ) ( )

with @), having a standard deviation equal to 0y, /+/Nskips- Since standard CCDs feature
a readout noise of about 2 electrons, skipper amplifiers can potentially achieve sub-electron
noise levels by choosing the proper number of skips. The low frequency noise components
are reduced by employing a shorter integration time to measure the pedestal and the signal

levels, as shown in Figure 2.12. However, the main drawback of using skipper amplifiers

Regular CCD Skipper CCD
signal

phelcharge _pedestal_ || JUUUUUUuuuuuy
measurement =
high frequency | |
noise

low frequency
noise

Figure 2.12 — Comparison between the measurement of a pixel charge in case of a standard
(left) or skipper (right) readout procedure [86]. For a skipper CCD, the contribution of
the low frequency noise is visibly smaller than for a standard CCD.

is that the time needed to read a whole CCD significantly increases with respect to the
standard case. For example, a DAMIC CCD (4k pixels x4k pixels) can be efficiently read
in 12 minutes with a ~2 electrons noise level. To reduce it by 10 times, to 0.2 electrons,
100 skips are needed. This would imply 1200 minutes to read out the CCD.

2.1.3 CCD images

The Video signal from the output amplifier is digitized by a 16-bit Analog to Digital
Converter (ADC), with dynamic range values between 0 and 65535 ADU. This digital
information is then transmitted via optical fibers to the DAQ machine, where it is stored

in the form of a FITS (Flexible Image Transport System) file. The latter thus contains the
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2.1. Charge Coupled Devices

final CCD image, which consists of a 2D stacked history (projected on the x-y plane) of all
the ionization events taking place in the device, with each pixel value being proportional
to the number of collected carriers. An example of CCD image is shown in Figure 2.13 (a).
Note that each pixel is 15 ym wide in the x and y directions. Given the excellent spatial
resolution of CCDs, particles interacting in the device can be distinguished by the shape
of their tracks, as shown in Figure 2.13 (b). A track is also referred as cluster, consisting

in a set of contiguous pixels. Low energy electrons and nuclear recoils, whose physical
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Figure 2.13 — (a): A raw CCD image visualized via the SAOImageDS9 tool. Image
acquired at the LPNHE laboratory in Paris [86]. The gray-scale indicates the pixel charge
values in ADU. (b): Reconstructed particle tracks observed in CCD images, including
electrons, muons, « particles, and diffusion-limited clusters [86].

track length is <15 pum, produce the so-called “diffusion limited” clusters, since their
spatial extension is dominated by charge diffusion. Higher energy electrons, instead, lead
to extended tracks, featuring a worm like shape. Alpha particles in the bulk or from
the back of the CCD produce large round structures due to the plasma effect [88]. The
local electric field within the plasma is greater than the electric field applied across the
substrate. Therefore, for interactions deep in the substrate, where the electric field is only
along z, the charge carriers diffuse laterally toward regions of lower charge concentration
until the substrate electric field becomes dominant. This brings to highly-diffuse, round

clusters. Alpha particles can also feature “bloomed” tracks, elongated in the y direction
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Part , Chapter 2 — Dark matter in Charge Coupled Devices

(not shown in Figure 2.13, b) [89]. This happens when particles strike the front of the
CCD and deposit their energy less than 20 ym below the gate. In this case, the high-
density charge cloud created by the alpha particles can easily overcome and spillover the
potential barriers between vertical pixels, while it is harder for it to overcome the potential
barrier of the vertical channel stops between columns. Cosmic muons passing through the
CCD leave a straight track with a wider width where the particle crossed the back of the
CCD, due to diffusion.

The size of an image depends on the user desire. It is possible to readout all the

pixels of the CCD or only a fraction!?.

Furthermore, an image can also exceed the
physical dimension of a CCD. The extra pixels are called “overscan” pixels and consist
of additional measurements performed by the device beyond its physical length (in x or
in y). Overscan pixels on the x-axis, having almost no charge due to the short exposure
time, can be used to retrieve information about the baseline (or image pedestal), the ADU
value corresponding to no charge, as described in Chapter 6. The image visual inspection
is a fundamental step during the characterizing or testing of a CCD, and allow to identify
the presence of anomalies like hot regions, glowing, CTI, and pedestal fluctuations.
Furthermore, CCDs can be equipped with up to 4 amplifiers, one in each corner of
the device. These can be used simultaneously or not, depending on the user necessity.
Further details on the procedures followed to acquire, analyze and inspect CCD images
will be provided in Chapter 6, for the specific case of Compton scattering measurement

carried out by the DAMIC-M collaboration.

2.1.4 Sources of noise for a CCD

Several source of noises exists, which can affect a CCD charge measurement. These

are summarized in the following.

Output amplifier noise (or readout noise): to this group belongs the reset noise,
which, as already mentioned before (Section 2.1.2), is introduced with the creation of the
so-called reset pulse and can be suppressed via the correlated double sampling technique.
Furthermore, it shows a temperature dependence of the type o< VT [85]. Other types
of amplifier noise are the thermal white noise and flicker noise (or 1/f noise). The for-

mer dominates at high frequency and is described by the Johnson white noise equation,

13. For example, it might be useful in terms of noise, to acquire smaller images than the CCD size (see
Chapter 6).
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2.1. Charge Coupled Devices

showing as well a o< v/T dependence [85]. The flicker noise is the main limitation for the
noise improvement in standard readout CCDs. It is due to random trapping and emission
of charge carriers near CCD interfaces, like the silicon - silicon oxide ones, and it is the
dominant type of noise at low readout frequency [85]. It can be significantly suppressed

with the skipper readout.

Charge Transfer Inefficiency (CTI): it quantifies the fraction of the charge lost while
being transferred across different pixels, as already mentioned in Section 2.1.2. Theoreti-
cally, the amount of charge lost can be calculated according to a Poisson distribution:

S;(NpCTI)"
SNpin = (’;') exp{(—NpCTI)}, (2.13)

where S; is the charge in the initial target pixel, n the trailing pixel number following the
target one (the target pixel has n=0), and Np the number of pixel transfers [85]. CTI can
induce a deformation in the topology of a cluster (ensemble of contiguous pixels), which
would feature a tail of deferred charges in the opposite direction with respect the one of
the charge transfer. Furthermore, a charge can be detached from the original packet and
be reconstructed as a distinct cluster. CTI can be caused by defects, impurities in the
CCD, as well as not proper clock settings (e.g., the difference between the low and high

clock rail voltages).

Dark current (DC): this includes processes of thermal (intrinsic dark current), en-
vironmental (extrinsic dark current) and operational origins which cause the creation of
spurious charges in the pixels. Intrinsic dark current can be classified into bulk and sur-
face contributions, the former occurring in the silicon bulk and the latter at the interfaces
between the CCD layers. Both are strongly temperature dependent. The bulk component
is expected to be the dominant one and it is also refferred as “depletion dark current” [80].
This is driven by imperfections and impurities, which add energy levels into the band gap
of silicon [80, 90]. The temperature (T) dependence of the depletion dark current rate

is found proportional to T3/2e~Foar(T)/2k5T

, where Fy,, is the band gap of silicon and kg
the Boltzmann constant [80, 85, 90]. In order to reduce this noise source, DAMIC CCDs

(and the future DAMIC-M ones) are cooled down to temperatures < 140 K 4. The bulk

14. Note that there is a low temperature limit (around ~70 K) under which the CCD ceases to work.
At this temperature the dopant atoms do not ionize and form potential wells. Therefore, the structure
of the crystal is frozen and any created electron-hole pairs will recombine [85].
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DC depends also linearly on the depletion region width and on the pixel area [85, 90].
Extrinsic dark current is instead due to external sources of few-electron signals, as the
Cherenkov radiation. The emission of infrared light by the output amplifier causes the
so-called glowing dark current, visible in the CCD images as an excess of charge near the
amplifier. Clock Induced Charge (CIC) can be also be considered a type of dark current,

due to spurious carriers generated by clocks during charge transfer [80, 85].

Pick-up Noise: this is caused by external sources of electronic noise, for example due
to electromagnetic interference or improper electrical grounding [85]. Possible strategies
to reduce these types of noise include the use of EM shielding and the optimization of the

grounding system [85].

2.2 DAMIC at SNOLAB

The Dark Matter In CCDs (DAMIC) experiment is the first dark matter detector to
employ a multi-CCD array [78].

DAMIC story starts in 2012, when the detector was deployed at the SNOLAB labora-
tory in Canada in the Creighton active mine [91]. The overburden of the site (2 km, 6010
meters water equivalent) efficiently shields the experiment from cosmic ray muons, reduc-
ing their flux to a negligible level of <0.27 m™2 d~! (about a factor 5 x 107 lower than the
flux at sea level) [84]. Throughout 20142016, an active R&D program was carried out to
demonstrate DAMIC capabilities consisting of radioactive background studies, calibration
measurements, and first dark matter searches (WIMPs, hidden sector) [70, 84, 89]. Such
studies demonstrated the stable, low-noise and low-background operation of DAMIC in
a deep underground laboratory and therefore the feasibility of the use of CCDs for the
dark matter search. Furthermore, these studies proved DAMIC sensitivity to energy de-
positions as small as the band gap of silicon from dark matter interactions. In the years,
DAMIC deployment was modified and upgraded for lower backgrounds, more CCD detec-
tors, and longer exposure. The final detector configuration was installed in January 2017.
The results of the latest setup include the search for hidden-sector dark matter particles
from its interactions with electrons [92] and the most sensitive search for silicon nuclear
recoils from the scattering of light-mass WIMPs (1-10 GeV) [53].

All the results obtained by DAMIC laid the foundations for the DAMIC-M experiment,

later described in Section 2.3. This section summarizes all the results obtained by the
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2.2. DAMIC at SNOLAB

experiment at SNOLAB.

2.2.1 DAMIC detector

o { Electronics, |
Polyethylene ' Vacuum &
Shielding | | Cryoli

11675 um thick;
I 6cm x 6cm

Cu Vacuum
Vessel

iy
Cu Box
with CCDs

Figure 2.14 — Final DAMIC at SNOLAB detector configuration, with labelled components
[80].

DAMIC final configuration consists of an array of 7 CCD modules in a tower-like
configuration '® [78]. Modules are inserted into slots of a copper box with wall thickness
of 6.35 mm. The box acts as mechanical support but also as a cold IR (infrared radiation)
shield during operation. A CCD module is composed by a CCD package installed in a
copper support frame. The Fermi National Accelerator Laboratory (Fermilab) took care
of the CCD packaging. A CCD sensor is glued, together with a kapton flex cable, onto a
silicon support made from high-resistivity silicon wafers (of the same origin as those used
for CCD fabrication). The CCDs are then wire-bonded to the cables that deliver signals
from (CCD output signal) and to (clocks and bias voltages) the devices.

15. The array initially consisted of 8 CCDs. However, one of them was disconnected soon after instal-
lation due to luminescence from one of the amplifiers, which was producing unwanted charge throughout
the CCD array.
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The CCDs were developed by the Lawrence Berkeley National Laboratory (LBNL)
MicroSystems Lab [83]. Each CCD features an array of 4116x4128 pixels (62 x 62 mm?),
a thickness of about 0.675 mm (only 0.669 mm active), and a mass of 5.9 g. Fully depletion
is achieved with a substrate bias of 70 V. The readout noise achieved by DAMIC CCDs
is of about 1.6 electrons, by using the CDS technique with optimized integration time
(40 ps) to suppress high-frequency noise. DAMIC CCDs have the lowest dark current

ever measured in a silicon detector, < 2 x 1072% A /cm?

at an operating temperature
of 140 K. More details about the specific CCD structure and operation are reported in

Section 2.1.2.

The topmost CCD module (CCD 1) was fabricated with ultra-low radioactivity copper,
electro-formed by PNNL [93]. Furthermore, it is shielded on top and on bottom by two
2.5 cm thick ancient lead bricks. The latter come from an ancient Spanish galleon, sunken
more than 300 years ago. Therefore, these bricks feature negligible 2!°Pb content as well
as low contamination from cosmic activation and radon deposition, having been protected
from them in the deep sea for centuries and having been later stored underground. More
details about low background materials, like electro-formed copper and ancient lead, are
reported in Section 3.3.5. An additional ~1 mm thick electro-formed copper plate is
placed on top of the lower ancient lead brick. CCD1 thus features a lower background
environment with respect to the other devices. Profiting of this, its data was used to
cross-check the radioactive background model for the dark matter search, constructed
using the other CCD events (see Section 2.2.5).

All the other copper components of the CCD modules and box, not made of electro-
formed copper, were machined from oxygen-free high conductivity (OFHC) copper. These
parts were cleaned and passivated with ultra-pure water and acids in order to reduce the
radiogenic contamination on their surfaces.

An 18 c¢m thick cylindrical ancient lead block shields the copper box from the Vacuum
Interface Board (VIB), to which the kapton cables are attached. The cylindrical lead
block has a central hole to let through a copper cold finger, needed to cool down the
copper box to temperatures in the 120-150 K range.

All the components are contained in a copper cryostat held at pressures of 10~ mbar.
CCDs have to be cooled down in vacuum, since an open-air environment would bring to
thermal losses and humidity in the air would condensate and freeze on the device surfaces,

causing a short-circuit.

The vacuum vessel is surrounded by a lead castle about 20 cm thick, with the innermost
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5 cm being ancient lead and the outer lead being low-radioactivity. In this way, the CCDs
are shielded in all the directions from high energy environmental photons by at least 18
cm of lead. Furthermore, all ancient lead surfaces were cleaned in an ultra-pure dilute
nitric acid bath, to further reduce their background contribution. Finally, a 42 c¢cm of
polyethylene shield is placed around the lead one and above the cryostat flange to shield
against external neutrons.

The apparatus is then enclosed in an hermetic box and flushed with pure nitrogen to
free its volume from radon.

The VIB is then connected to the CCD controller located outside the shielding. The
controller transmits the clock and bias voltages to the CCDs and processes the CCD
output signal. Finally, the CCD controller is programmed by a DAQ computer.

Figure 2.14 shows the DAMIC setup at SNOLAB.

2.2.2 Energy calibrations

A series of measurements were carried out by using radioactive and optical sources to
calibrate the detector response to electron and nuclear recoils.

DAMIC CCDs energy response was initially evaluated on surface using X-ray fluores-
cence light from Al, Cr, Fe, Mn, O and Si for energies >0.5 keV [84]. Figure 2.15 (a)
shows the energy spectrum measured by a DAMIC CCD exposed to a *>Fe source. The
low-energy response was instead investigated later at SNOLAB using visible photons from
a red light-emitting diode (LED) [84]. These measurements demonstrated the linearity of
the CCD to be within 5% down to detector threshold (~ 40 e¢V) [84] and are summarized
in Figure 2.15 (b). Additional investigations were carried out by measuring on-site the
copper (8 keV) and lead (10.8, 12.7, and 13.0 keV) fluorescence lines from parts of the
apparatus. Further insight on CCD response to electron recoils was provided by studying
the spectrum of Compton scattered electrons using ?**Am and °’Co sources [82]. The
same measurement was carried out by the DAMIC-M collaboration with a skipper CCD
and it is the topic of Chapter 6.

The DAMIC CCD response to a particles was also calibrated using an 24! Am source.
The energy scales from a-induced and electron-induced ionization were found to be within
3%, with an « energy resolution of 50 keV at 5.5 MeV [89].

A recoiling silicon nucleus in the CCD bulk deposits only a fraction of its energy
through ionization, producing a significantly smaller signal than a recoiling electron of the

same energy. Therefore the knowledge of the nuclear recoil ionization efficiency, which
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Figure 2.15 — (a): Spectrum obtained with a *’Fe source illuminating a CCD from the
back [91]. The two main X-rays from the source are the Kaw and Kf from the daughter Mn
nucleus. The source holder is made of aluminum, which is the origin of the fluorescence Al
K X-ray observed. While the main Ka and Kf peaks are formed by X-rays that deposit
their full energy in the CCD, the Mn escape lines are due to partial energy deposits.
In fact, if a Si fluorescence X-ray is produced (1.7 keV), it will likely “escape” from the
original point of interaction. The silicon X-ray can be then absorbed by the CCD at some
other pixel location or escape from the sensor entirely. (b): Linear constant k(E) relating
the CCD output signal to the ionization generated in the substrate [84]. Values are given
relative to the k value measured at 5.9 keV. The linearity of the CCD energy response
is demonstrated down to 40 eVee. The average energy needed to generate an e-h pair is
assumed equal to 3.77 eV. Reprinted figure with permission from [84]. Copyright (2016)
by the American Physical Society.

relates the ionization signal in the detector (in units of eVee) to the kinetic energy of the
recoiling nucleus (in units of eVnr), is fundamental to properly interpret the measured ion-
ization spectrum in terms of nuclear recoils induced by WIMPs. Dedicated measurements
were carried out by exposing a CCD (developed in the R&D efforts of DAMIC) to neu-
trons from an 24Sb-Be photoneutron source [94]. The nuclear recoil ionization efficiency
in silicon was thus obtained for nuclear recoils between 0.7 keVnr (0.06 keVee) and 2.3
keVnr (0.4 keVee), a range previously unexplored and relevant for the direct detection of
low-mass WIMPs (Figure 2.16). Therefore, this measurement allowed to have a complete
understanding of the response of the detector to a potential WIMP signal interacting with
silicon nuclei. A similar measurement is being performed by the DAMIC-M collaboration

to characterize the nuclear recoils in a skipper CCD.
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Figure 2.16 — lonization signal (E.) as a function of nuclear recoil energy (£,) in silicon
obtained in [94]. The gray band represents the 1o uncertainty on the measurement.
Results from previous experiments are also shown, together with the prediction from the
Lindhard model [95, 96]. A deviation is observed between the theoretical model and the
experimental measurement. Reprinted figure with permission from [94]. Copyright (2016)
by the American Physical Society.

2.2.3 Depth calibration

As already mentioned in Section 2.1.2, by looking at the diffusion spread of charges,
it’s possible to reconstruct the z coordinate (depht) of the energy deposits. In order to do
so0, it is necessary to determine the diffusion parameters of equation 2.8, describing the
relation between the diffusion spread and the interaction depth. DAMIC retrieved these
parameters experimentally by fitting muons tracks [78, 84]. In fact, cosmic muons passing
through the CCD leave a straight track of minimum ionizing energy. The orientation of
the track is immediately evident by looking at its width variation: the end-point of the
track on the back of the CCD is much wider than the end point at the front due to charge
diffusion (see Figures 2.13 (b) and 2.17). By using surface laboratory images, a fit to
the charge distribution of the observed muons was performed, convolving the cosmic ray
trajectory with a gaussian spread using equation 2.8. A percent-level deviation from the
theoretical diffusion spread was found in data, proportional to the event energy (E). To

take this into account a multiplicative linear correction was applied to the spread (o) of
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Figure 2.17 — Muon track observed in cosmic ray background data acquired on the surface
[84]. The large area of diffusion on the top left corner of the image is where the muon
crossed the back of the CCD. Conversely, the narrow end on the bottom right corner is
where the muon crossed the front of the device. The reconstructed trajectory is shown by
the long-dashed line. The short-dashed lines show the 30 band of the charge distribution
according to the best-fit diffusion model. Reprinted figure with permission from [84].
Copyright (2016) by the American Physical Society.

equation 2.8:

o= \/—Aln|1—Bz|(a+BE). (2.14)

An example of fitted muon track is shown in Figure 2.17. This procedure was also used
to obtain the diffusion parameters related to the skipper CCD used for the Compton

scattering measurement, described in Chapter 6.

2.2.4 Dark matter search

The initial goal of the DAMIC experiment was to look for the interaction of light
WIMPs with silicon nuclei in the bulk of scientific-grade charge-coupled devices. In fact
the relatively low mass of the silicon nucleus, as well as the low read-out noise of the de-
tector, make the CCDs ideal instruments for the identification of the nuclear recoils with
keV-scale energies from WIMPs with masses <10 GeV [53]. The DAMIC scientific pro-
gram was then extended to the search of hidden sector particles, which couple weakly with
ordinary matter through, for example, the mixing of a hidden-photon with an ordinary
photon. Therefore, unlike WIMPs candidates, hidden sector candidates also interact with

electrons in the target material, with sufficiently large energy transfers to be detectable
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down to DM masses of ~MeV [92]. In addition, hidden photon DM particles with masses
above the band gap of silicon, ~1.2 €V, can be probed through absorption by electrons

in detection targets.
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Figure 2.18 — 90% C.L. upper limits on the DM-electron free scattering cross section as a
function of the DM mass m, for a dark matter form factor Fpy < ¢”"(n =0, 1, 2), with
q indicating the momentum transfer between the DM and the electron [92]. DAMIC at
SNOLAB results [92] are shown as a solid blue line. Limits from protoSENSEI at MINOS
[97, 98] (dotted line), CDMS-HVeV surface run [99] (dashed line), and an analysis of
the XENON10 data [100] (dashed-dotted line) are also shown for comparison. Reprinted
figure with permission from [92]. Copyright (2019) by the American Physical Society.

By exploiting its extremely low levels of leakage current (2-6x10722A cm~2), DAMIC
was able to place constraints on a so-far unexplored parameter space for hidden sector
dark matter masses between 0.6 and 100 MeV (Figure 2.18) [92]. Furthermore, it reported
the best direct-detection constraints on hidden-photon dark matter with masses in the
range 1.2-30 ¢V (Figure 2.19) [92].

DAMIC data excluded spin-independent WIMP-nucleon scattering cross sections as
low as 3x1074 e¢m? for WIMPs with masses from 7 to 10 GeV, placing the strongest
constraints from a silicon target on the existence of WIMPs with mass <9 GeV (Figure
2.20) [53]. These results provided further insights for the interpretation of the excess of
nuclear-recoil events observed by the CDMS silicon experiment in 2013 and which could
be attributed to the scattering of WIMPs with mass ~9 GeV [104]. In fact, DAMIC
limits excluded with the same nuclear target a significant fraction of the parameter space
corresponding to a dark matter interpretation of the CDMS excess.

As can be observed from Figure 2.20, there is a discrepancy between the placed ex-
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Figure 2.19 — 90% C.L. constraints upper limits on the hidden-photon DM kinetic mix-
ing parameter x (mixing of a hidden-photon with an ordinary photon) as a function of
the hidden-photon mass my [92]. DAMIC results are shown as a solid blue line [92].
Direct-detection limits from protoSENSEI at MINOS [97], an analysis of the XENON10
[101] data, a dish antenna [102], and astrophysical solar limits [101, 103] are also shown
for comparison. Reprinted figure with permission from [92]. Copyright (2019) by the
American Physical Society.

clusion limit and the expected sensitivity. This is due to a statistically significant (3.7 o)
excess of ionization events over the background model (see Section 2.2.5) measured above
the analysis threshold of 50 eVee and below 0.20 keVee (Figure 2.21). The excess is popu-
lated by events produced in a uniform way in the bulk of the CCDs. Note that the depth
was determined by looking at the diffusion spread of clusters. The statistical significance
of the excess is driven by events with diffusion spread o ~ 0.2 pixels. Events from the
CCD backside are thus excluded as origin of this signal. An analysis showed that these
events were unlikely to have originated on the surface of the CCD [53]. The excess am-
plitude (s) is of 17.1 + 7.6 events, leading to a rate of a few events per kg-day. Although
many systematic checks and many hypothesis were explored, the origin of these events
(e.g., whether they are electronic or nuclear recoils, or some unexpected instrumental
effect) remains unknown. An R&D program is currently ongoing to explore the causes of
this excess using skipper CCDs, deployed in the DAMIC cryostat at SNOLAB. Skipper

64



2.2. DAMIC at SNOLAB

109 g
= ¥ ——— DAMIC (2020)
1073 R . +1 ¢ expectation
E - - - - DAMIC (2016)
10739 E LN } .
Ng : ---u .;:\ ________
=10 e R
A &
1074 =
E BEEE CDMS Si
L ——— CDMSlite
10— CRESSTII —— PICO-60
E DarkSide-50 — XENONIT
-43 | 1 1 1 1 1
10 L : =
m, (GeV ¢™)

Figure 2.20 — Upper limit (90% C.L.) on the WIMP-nucleon cross section obtained by
DAMIC in [53] with a 11 kg-day exposure (solid red line). The expectation +10 band, if
only known backgrounds are present in DAMIC data set, is shown by the red band. For
comparison, 90% C.L. exclusion limits from a previous result with a 0.6 kg-day exposure
is included, together with results from other experiments and the 90% C.L. contours for
the WIMP-signal interpretation of the CDMS silicon result [104]. Reprinted figure with
permission from [53]. Copyright (2020) by the American Physical Society.

CCDs in fact will allow to push down the detector energy threshold and thus will be able
to probe the excess spectrum down to lower energies. DAMIC-M, with its ~200 CCDs,
will provide further insight into this low energy range in a completely new location and

setup.

2.2.5 Background characterization

A comprehensive radioactive background model for the dark matter search was con-
structed for DAMIC, by taking advantage of the the well-characterized depth and energy
resolution of the detector and using detailed Geant4 based particle-transport simulations.
Both bulk and surface backgrounds from natural radioactivity were modelled down to 50
eVee [78]. This laid the foundation for the background characterization for the DAMIC-M

experiment.
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Figure 2.21 — Energy spectrum of the best-fit generic signal (red lines) overlaid on the
background-subtracted data (markers), obtained with DAMIC data (11 kg-day exposure)
[78]. The fit spectrum including the detector response is shown (solid line), together with
the spectrum corrected for the detection efficiency (dashed line). The red shaded region
represents the 1o uncertainty from the likelihood-ratio tests. For reference, the equivalent
nuclear recoil energy (keVnr) is also shown on the top axis. The signal is assumed to have
an exponentially decreasing spectrum with decay energy € and amplitude s.

The current background level of DAMIC is of 12.28 d.r.u (events/kg/keV /day) for
CCDs 2-7 and 8.28 d.r.u for CCD 1, measured between 1-6 keVee. DAMIC determined
the relative contributions of various radioactive background sources, indicating cosmo-
genic tritium in the bulk of CCDs and 2!°Pb deposited on the surfaces of the CCDs as
the dominant ones. Cosmogenic isotopes and 2'°Pb in the OFHC components are also
found to be major contributors. This highlighted the necessity for future experiments like
DAMIC-M to limit the cosmogenic activation of the silicon and copper components as
well as the exposure of the detector surfaces to radon, including those of wafers prior to
CCD fabrication. Furthermore, DAMIC analysis revealed the presence of a partial charge
collection (PCC) region on the backside of the CCDs, which causes a significant distortion
of the spectrum at low energy (especially affecting the spectrum from 2'°Pb decays on the
backside of the CCDs). As anticipate in Section 2.1.2, this is due to the diffusion of phos-
phorous from the backside ISDP layer into the high-resistivity bulk silicon. In fact, the
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concentration of phosphorus (P) donors changes the mobility and lifetime of the minority
charge carriers (holes) and the electric field profile near the back of the CCD, as shown in
Figure 2.22. High phosphorus concentration, as it is the case at the CCD backside, brings
to a short carrier lifetime and charge recombination. At intermediate concentrations,
however, charges, having longer lifetime, only partially recombine and can be collected at
the CCD gates. Therefore, phosphorus, diffusing in the CCD active region, can induce
partial collection of charges created by ionization events in the back of the CCD [78].
Note that the PCC effect was also taken into account in the DAMIC analysis. A possible
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Figure 2.22 — Properties determining the charge transport and recombination in silicon
(dashed lines) in normalized units of 102° cm™3 (donor P concentration), 55x10° um?/V /s
(mobility), 0.1 V/um (electric field), and 1.2x10° s (lifetime) as a function of depth from
the CCD backside (z”) [78]. The calculated charge collection efficiency is shown by the
solid black line. The position of the original wafer surface is denoted by the vertical
dotted grey line. For z” < 8.8 um, there is a field-free region where diffusion is the only
mechanism that allows charges to reach the fully depleted active region. If the carrier life
time is short, as it is in the case of high P concentration, charges immediately recombine.
At intermediate P concentration, the carrier lifetime is sufficiently long. Therefore, some
of the charge diffuses into the active region before recombining, creating the PCC region.

solution for DAMIC-M would be to remove ~10 um from the backside of the CCDs after
fabrication. Further details about the relevant sources of background for a dark matter
experiment like DAMIC or DAMIC-M are extensively discussed in Chapter 3.
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2.3 DAMIC-M

DAMIC-M is the successor of DAMIC and will be installed in 2024 at the Laboratoire
Souterrain de Modane (LSM) in France, under 1800 m of rock. DAMIC-M will feature
~200 CCDs, reaching a mass of about 700 g. A first conceptual design of the detector
is shown in Figure 2.23. A vacuum copper cryostat will host the CCD stack, which will
be cooled down to a temperature of about 100 K to decrease the level of dark current.
The setup will be screened from external gamma rays and neutrons using a lead and a
polyethylene shields. In the conceptual design, the DAMIC shield is taken as reference but
the exact size and thickness will be optimized for LSM conditions and stricter DAMIC-M

background requirements.

Cryostat

Figure 2.23 — First conceptual design of DAMIC-M in its clean room at LSM, next to
the SuperNEMO experiment [105]. The external shielding consist of about 40 cm of
polyethylene (outermost part, in white, violet, and pink) and 20 cm of lead (with the
innermost part in ancient lead shown in orange). A cylindrical cryostat contains the CCD
stack. Its cooling is provided by a copper cold finger connected to a liquid nitrogen dewar
located outside the shielding.

While capitalizing on DAMIC experience, DAMIC-M will take a huge leap forward

in the sensitivity to dark matter by innovating the detector technology. Conventional
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CCDs will be replaced by skipper CCDs, allowing to break the sub-electron noise barrier
(see Section 2.1.2). A new custom acquisition system is being developed in order to
reduce the noise introduced by the external electronics. This consists of a control board,
providing the signals necessary for the CCD to work (bias voltages and clocks), a front-
end amplifier improving the signal-to-noise ratio of the CCD output signal, an analog-to-
digital converter, performing the signal transition from the analog to the digital domain,
and finally a motherboard, allowing the communication of the user with the electronics.
Although not finalized yet, many advancements have been done concerning the electronics

and the acquisition system and promising results have been obtained [106].

As already mentioned, the background goal for DAMIC-M is of a fraction of d.r.u
(events/kg/day/keV), a factor ~100 lower than the one achieved by DAMIC. The accom-
plishment of this challenging goal requires an accurate background control and optimiza-
tion of the detector design. The components nearest to the detector will be made of low
background materials like ancient lead and electro-formed copper. New low radioactivity
flex cables will be used, produced using radiopure copper-polyimide laminates and by
mitigating background contributions during fabrication. Geant4 simulations are being
exploited to drive the detector conception and the material selection and handling. The
author of this thesis was principally involved in this task to which Chapter 5 is devoted.
There, all the explored detector designs and the associated background budgets will be
discussed. It worth noting that, at the time of writing, the possibility of using the external
shielding of the Edelweiss experiment [107] was being investigated. Edelweiss is a direct
detection dark matter experiment using germanium bolometers which operated at LSM.
The use of the Edelweiss shield will imply further modifications in the detector design
and related simulations. As presented later in this thesis, to limit the cosmogenic isotope
contribution to the background, simulations results restrict to 10 days the exposure time
to cosmic rays of the electro-formed components and to 3 months the one of the OFHC
copper ones. All the detector materials will be shipped avoiding airplane trasportation
and will be shielded against cosmogenic activation. To this purpose, a custom-made
shielded container was designed for transatlantic journeys 6. As also highlighted by the
DAMIC results, controlling the exposure time of silicon is pivotal. A great effort has been
done by the DAMIC-M collaboration in reducing the cosmogenic activation of the silicon

wafers that will be later on used for the CCD production. The silicon ingot was produced

16. The container consist of a 20’ standard dry container with inside a ~15 t iron shielding. In the
latter, a cavity 50 cm x 40 cm x 110 cm will host the CCD packages and the electro-formed components.
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at TOPSIL (Denmark), stored underground at the Boulby laboratory, and then cut into
wafers by Shin-Etsu Handotai Europe (Scotland). Wafers were finally shipped to Canada
and they are currently stored at SNOLAB. CCDs will be fabricated by Teledyne DALSA
(Canada). So far, the DAMIC-M collaboration succeeded in reducing the exposure time
to cosmic rays of the wafers from the initially foreseen 3 months to 15 days. A dedicated
shielding will be also used during the production of CCDs to further reduce their acti-
vation. Furthermore, a radon-free clean room at LSM will host the CCD packaging and

test facilities to reduce surface contamination. Background mitigation techniques will be
described in more details in Chapter 3.
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Figure 2.24 — (a): Sensitivity (90% C.L.) on the WIMP-nucleon spin-independent scat-
tering cross section obtained for DAMIC-M compared to other dark matter experiments
exclusion limits. The Midgal projection comes from [65]. (b): Kinetic mixing parameter

€ as a function of the dark photon mass m 4/, assuming the dark photon constituting all
of the dark matter.

The DAMIC-M pre-production CCDs demonstrated to have single electron resolution
and low dark current level in the testing procedures. They are currently being exploited
in calibration measurements (like the Compton scattering measurement, see Chapter 6)
and in the DAMIC-M prototype installed at LSM, called Low Background Chamber. The
latter will allow to open the way for DAMIC-M and is described in the following section
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Figure 2.25 — (a): DAMIC-M sensitivity (90% C.L.) for a DM-electron interaction via a
light dark photon mediator. The yellow curve corresponds to a freeze-in scenario. (b):
DAMIC-M sensitivity (90% C.L.) for a DM-electron interaction via a heavy dark photon
mediator. The orange and yellow curves correspond to a freeze-out scenario for a fermion
DM (orange) and for a scalar DM (yellow). Exclusion limits from other dark matter
experiment are shown for comparison.

(Section 2.3.1). To push down the level of dark current, DAMIC-M CCDs will employ
the continuous readout mode. Images will be acquired continuously, lowering basically to

0 s the exposure phase.

The DAMIC-M scientific program covers a broad range of dark matter masses from
1 eV to 10 GeV, progressing in the search for GeV-scale WIMP dark matter and hidden-
sector particles (eV-scale hidden photons and MeV-scale hidden sector particles). Strength-
ened by the increased mass and the lowered background and noise levels, DAMIC-M will
reach unmatched sensitivity to the dark matter candidates of the so-called hidden sector
with masses 1 MeV to 1 GeV. The expected sensitivity of DAMIC-M to WIMPs and

hidden-sector particles is shown in Figures 2.24 and 2.25 for an expected exposure of

1 kg-y.
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2.3.1 The Low Background Chamber

The Low Background Chamber (LBC) is the DAMIC-M prototype, installed at the
end of 2021 at the LSM. Figure 2.26 shows the setup inside the DAMIC-M cleanroom at
LSM. The Low Background Chamber is meant to help to define the background mitigation
techniques and the logistics for DAMIC-M. Another important objective of the prototype
is to probe the electronics chain, for example by performing grounding checks. A first
dark matter search will be carried out with the LBC data which will then leave the floor
to DAMIC-M.

2 skipper CCDs

4000 pixels x 6000 pixels

copper box

kapton cable

& closed shielding ||

Figure 2.26 — Low Background Chamber installed at the LSM with labelled components.
The external shielding is made of polyethylene and lead and it is shown in the open and
closed configuration on the left. 20 cm of polyethylene and 15 cm of lead screen from the
above and laterally the upper cylindrical part of the cryostat (housing the CCD box).
The vacuum pump is visible in red, as well as the cryocooler in blue. The cryostat is
made of oxygen-free high thermal conductivity (OFHC) copper. Inside it, the lead layers
(~2 cm thick) are shown in black, shielding the CCD box. The parts in ancient lead are
highlighted in blue. The latter contains the two skipper CCDs and is made of OFHC.
It will later on be substituted with a one in electro-formed copper. The entire setup is
sustained by a stainless steel structure.

The detector features two high-quality 4k x 6k skipper CCDs and is expected to achieve
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a background rate similar to that of DAMIC (~10 d.r.u) in an initial phase. The back-
ground level will be then further improved to O(1 d.r.u) in a second phase. A CCD
controller (referred also as “Leach”) produced by Astronomical Research Cameras Inc.
[108], provides all CCD control signals, biases, and clocks, necessary for the exposure and
readout phases. The “Leach” system will be then substituted by the DAMIC-M custom
electronics. The CCDs are enclosed in a box made of oxygen-free high thermal conduc-
tivity (OFHC) copper, which supports the devices while acting as a cold IR shield. This
will be later on changed with one made of electro-formed copper. CCDs are cooled down
to a temperature of about ~120 K with the use of a cryocooler. The CCD box is then
surrounded by lead bricks, with the innermost ones made of ancient lead. The internal
shields and the CCD box are enclosed in a OFHC vacuum copper cryostat. Finally, the
setup is protected from external gammas and neutrons by a shield made of lead (most
internal part) and polyethylene (most external part). CCDs, DAQ, and instrumentation
can be all run remotely and are constantly monitored with a slow control system. All
LBC components were chemically cleaned to remove any surface contamination from the
radon progeny. Assays were carried out to measure the material radioactive contamina-
tion. The design was optimized via simulations performed by using the software described
in Chapter 4, the same employed to assess