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Introduction

Astrophysical and cosmological observations have provided strong evidence that a signi�cant

portion of the Universe is composed of non-luminous matter, known as Dark Matter (DM).

The Standard Model (SM) of particle physics successfully describes the fundamental

particles and their interactions but does not account for any Dark Matter particle candidate.

One of the most supported hypotheses suggests that DM is composed of particles different

from those in the SM. Among the most promising candidates are Weakly Interactive Massive

Particles (WIMPs), which are non-relativistic particles that interact weakly with SM particles.

A stable, weakly interacting particle in thermal equilibrium in the early Universe would be

capable of explaining the observed relic DM density.

The motion of the Sun and the Earth with respect to the rest frame of the Galaxy produces

an apparent "wind" of WIMPs coming from the direction of the Cygnus constellation.

Assuming DM can interact with SM particles, it is possible to exploit the weak interaction

with regular matter measuring the recoils induced by DM interactions. This is known as

direct detection. The fundamental strategy is to expose a large amount of instrumented

mass and wait for DM to produce recoils in it. Direct detection experiments look for

nuclear recoils of low energy, 1-100 keV, with an expected rate below 1 event/kg/year. The

low expected event rate implies detectors with extremely challenging requirements on the

background reduction techniques, such as operating detectors underground to suppress

cosmic rays, using radiopure materials, and implementing active or passive shielding.

The CYGNO project aims to build a large O(30m3) directional detector for rare event

searches, including Dark Matter. The detector uses a gaseous Time Projection Chamber

(TPC), which is sensitive to recoil topology and allows direction measurement. The TPC

is �lled with a gas mixture rich in helium and �uorine at atmospheric pressure, making it

sensitive to both Spin-Independent and Spin-Dependent interactions. A triple Gas Electron

Multiplier (GEM) stack provides ionization signal ampli�cation, and the signals are optically

read out using photomultiplier tubes (PMTs) and scienti�c CMOS cameras, enabling

3D track reconstruction. Several CYGNO prototypes have been built and tested in both

overground and underground environments to assess their performance.

Currently, the CYGNO project is at the end of the R&D phase with the Long Imaging

ModulE (LIME), the largest prototype built, comprising a 50 liters active volume. After
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commissioning overground at Laboratori Nazionali di Frascati (LNF), LIME was installed

underground at Laboratori Nazionali del Gran Sasso (LNGS) in February 2022. This

underground operation marks a signi�cant milestone in the CYGNO roadmap towards

constructing a large-scale TPC for directional Dark Matter searches. LIME is the �rst

CYGNO prototype to be tested in a low-background environment.

This work has been carried out in the context of the CYGNO experiment with the goal of

studying the calibration and stability of the response of the LIME prototype.

Chapter 1 provides an overview of the theoretical framework and experimental

observations that have led to the hypothesis of Dark Matter. It also presents an overview of

WIMP candidates and detection methods.

In Chapter 2, the WIMP-nucleus scattering is described in the context of the direct

detection of DM. In addition a focus on the background sources and reduction techniques are

reported.

In Chapter 3, the CYGNO project and the concept of the detector are described. The

most important results obtained with several prototypes are shown and an outlook on the

future prospect is reported.

In Chapter 4, the LIME prototype is described. Moreover a description of the clustering

algorithm is provided.

Chapter 5 explores the effect of environmental variations on light yield, based on both

overground and underground data.

In Chapter 6, a novel technique for the equalization of the data independently from the

environmental condition is described. Results based on long data taking periods underground

are presented.

Chapter 7 presents a preliminary study of Dark Matter detection limits with the LIME

prototype.

Finally, the Conclusions summarize the results obtained from this work.
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Over the past century, astrophysical and cosmological observations have suggested that some-

thing is missing in the description of the universe. The Standard Model (SM) has several

limitations, including its inability to incorporate gravity and its inadequate explanation for

phenomena such as neutrino oscillations and the lack of strong CP violation. Addition, the

SM does not account for a large amount of non visible matter, known as Dark Matter (DM),

which spans all the scales of the Universe, from single galaxies to the largest structures.

Since the 1930s, there are growing evidence that our cosmos is dominated by this new form

of non-baryonic cold matter [1], which binds galaxies and clusters together and in�uences

cosmic structures up to the largest observed scales.

This chapter provides a comprehensive overview of the evidence supporting the existence

of Dark Matter across various scales, as outlined in Section 1.1. It also introduces po-

tential particle candidates (Section 1.2) and discusses methods for detecting Dark Matter

(Section 1.3).

1.1 Evidence for Dark Matter

In 1904, observing the dark regions in the sky, Lord Kelvin attempted an estimation of the

total amount of matter in our galaxy by applying the theory of gasses for the astronomical

bodies observed in the Milky Way. He reasoned that if the stars in our galaxy can be treated

like particles in a gas, then the number of stars could be inferred from the relationship

between their velocity dispersion and the size of the system. The number of stars founded

from his calculations was about 10 times greater than the astronomical observations. He

concluded that many of our stars might be dark bodies.

In 1933, the Swiss-American astronomer Fritz Zwicky [2] used a telescope at the Mount

Wilson Observatory in California to measure the radial velocities of galaxies (then called

nebulae) in the Coma cluster, a rich cluster of galaxies about 320 million light-years away

from Earth. Applying the viral theorem, Zwicky discovered an unexpectedly large velocity
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dispersion, suggesting that the cluster's density was much higher than the one derived from

luminous matter. In particular, he found a mass-to-light ratio of around 400 solar masses

per solar luminosity, thus exceeding the ratio in the solar neighborhood by two orders of

magnitude. These studies led to conclude that a signi�cant amount of non-luminous matter,

which he believed to be ordinary matter in a non-shining form, must exist in the cluster.

In the 1970's, Vera Rubin et al. and Albert Bosma measured the rotation curves of spiral

galaxies, in particular the rotation curve of the Andromeda Galaxy [3], using optical images.

They discovered further evidence of missing mass: the rotation curves remained �at at

large distances from the galactic center instead of declining as expected based solely on the

distribution of visible matter. By the early 1980s, evidence for this non-luminous matter was

�rmly established on galactic scales, rotation curves of galaxies well beyond their optical

radii were measured in radio emission using the 21 cm line of neutral hydrogen gas.

1.1.1 Galactic rotation curves

The most compelling and direct evidence for Dark Matter at galactic scales comes from

observations of rotation curves in spiral galaxies, such as the Milky Way [4; 5]. In these

galaxies, the majority of stars reside in the central bulge, while the surrounding spiral arms,

made up of stars and gas clouds, follow nearly circular path. The rotation curve represents

the orbital velocities of stars and gas as function of their distance from the galaxy's center [1].

Considering a rotating galaxy as a closed system, an object of massm at radiusR from the

center is subject to a centripetal force equal to the gravitational force exerted by the total

massM (R) enclosed within that radius. This is expressed as:

mv2

R
=

GM (R)m
R2 (1.1)

whereG is the gravitational constant andv is the circular velocity of the object with mass

m. Therefore, the rotational velocity of the constituents of a galaxy can be expressed as a

function of R and the total massM (R) as:

v =

s
GM (R)

R
(1.2)

It is reasonable to assume that the large majority of the mass of a galaxy is located within

a characteristic radiusRc, estimated by measurement to fall between 5 and 10 kpc. So,

for distancesR < R c the mass density can be considered uniform, thereforeM (R) grows
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Figure 1.1Rotation curve of NGC 6503. The dotted, dashed and dash-dotted lines are the contributions
of gas, disk and dark matter, respectively [6].

linearly with the volume and the velocity rises linearly withR. Instead, forR > R c the

massM (R) remains constant and the velocity should decrease as
p

R. The rotation curve

can be measured via the Doppler shift of the 21 cm emission line of neutral hydrogen. A

wide array of rotation curves, extending well beyond the optical limit and reaching down

to 200 kpc, has been measured, exhibiting similar results. The experimental results on the

rotation curve of the galaxy NGC6503 [6] is shown in Fig. 1.1. While the orbital velocity

increases linearly at small radii, it remains �at at larger radii, contrary to expectation. This

�at rotation curve indicates the existence of an additional and invisible mass in the form

of a dark galactic halo surrounding spiral galaxy. This dark halo, which does not interact

electromagnetically, appears to be consistent at �rst order to a spherical distribution with

a density proportional toR� 2. A modi�ed version of Newton's law, called MOND, was

proposed to explain these observations without the need to introduce a new type of matter.

This theory will be illustrated in Section 1.2.1

1.1.2 Gravitational lensing

Another compelling piece of evidence for the existence of Dark Matter comes from mea-

surements of gravitational lensing. According to Einstein's theory of General Relativity,

gravitational lensing occurs when a massive objects lies along the line of sight between an

observer on the Earth and the object under study, as illustrated in Fig. 1.2. The light-rays are
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Figure 1.2 A picture illustrating the gravitation lensing effect. Image credit: NASA, ESA& L.
Calçada [7].

de�ected through their path due to the gravitational �eld. The degree of light bending depends

on the mass of the lensing object; more massive objects generate stronger gravitational �elds

and greater light de�ection. Gravitational lensing provides an alternative method to estimate

the mass of galaxy clusters, distinct from traditional techniques like the viral theorem or

rotational velocity measurements.

In some cases, gravitational lensing can produce multiple images of a single object, such as

arcs or rings, around the massive lens. Assuming spherical symmetry, the de�ection angle�

for a light ray passing at a distancebfrom the lens depends on the massM of the lensing

object and is given by [8]:

� =
4GM
bc2

(1.3)

whereG is the gravitational constant andc the light speed in vacuum. This equation allows

us to measure the mass causing the de�ection.

Gravitational lensing effects can be categorized into strong and weak lensing. Strong lensing

occurs when the mass density of the lens is large enough and its position change in the sky

is small compared to the Earth's velocity resulting in signi�cant de�ection by a large angle.

This effect often leads to observable phenomena like double images, arcs or rings. The effect

are resolvable with telescope in single images [9]. Though strong lensing is easily detectable,

it is relatively rare due to the scarcity of highly massive clusters.

On the other hand, weak lensing is more common and results from smaller de�ection angles.

Directly measuring weak lensing can be challenging, it reveals a mass distribution with a

diffuse component centered on galaxy clusters, atop which peaks corresponding to visible
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Figure 1.3 The optical image, captured by the Magellan and Hubble Space Telescopes, displays
background galaxies in shades of orange and white. In pink the hot intracluster gas, which contains
most of the normal matter in the cluster. Gravitational lensing, seen as distortions in the background
galaxies, reveals that Dark Matter (blue) makes up the majority of the cluster's mass [12].

bodies are superimposed. This suggests that most of the cluster's mass resides in a smooth

Dark Matter halo that extends beyond the visible galaxies, accounting for the majority of the

cluster's total mass.

Weak lensing produces slight distortions in galaxy images due to light bending from less

massive objects [10], and both strong and weak lensing analyses are often combined for a

more comprehensive understanding.

In addition to galaxies and clusters, smaller objects such as individual stars or single planets

can bend the light coming from an object in the background, temporarily increasing the

observed brightness in an effect known as microlensing [11]. Microlensing has been used to

study the structure of our galaxy and was proposed to demonstrate the existence of Massive

Compact Halo Objects (MACHOs), ordinary matter objects like neutron stars, black holes or

brown dwarfs that could account for a fraction of Dark Matter.

A striking demonstration of Dark Matter's presence comes from studying merging galaxy

clusters. By comparing the X-ray emission from hot gas to the mass distribution inferred from

gravitational lensing, one can identify regions dominated by Dark Matter. An example is the

Bullet Cluster, a system of two galaxy clusters that recently collided. The X-ray-emitting hot

gas, representing the bulk of the visible matter, is shown in pink in Fig. 1.3, while the DM

distribution, inferred from gravitational lensing, is highlighted in blue. During the collision,

the hot gas particles, which make up the baryonic matter, interact through gravitational and

electromagnetic forces, causing them to declare and lag behind. In contrast, DM interacts

only through gravity and thus passes through unaffected, resulting in a spatial separation
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between the baryonic and Dark Matter components. This offset provides strong evidence

that Dark Matter constitutes the majority of the mass in galaxy clusters, far exceeding the

amount of baryonic matter.

1.1.3 Cosmological scale

The standard Model of Cosmology, also known as� CDM [13] is currently the most suc-

cessful model for describing the composition and evolution of the universe on large scale.

It is based on a few key assumption: the Universe is composed of radiation (photons and

neutrinos), ordinary matter (baryons and leptons), non relativistic (cold) DM responsible

for structure formation and cosmological constant� [14]. This cosmological constant, as-

sociated with a Dark Energy or vacuum energy, represents a homogeneous form of energy

which is responsible for the observed accelerated expansion. Dark energy or vacuum energy

remains constant in density, even as the Universe expands. General Relativity describes the

behavior of gravity on cosmological scales, and for the Cosmological Principle, the Universe

is statistically homogeneous and isotropic in space and matter at suf�ciently large scales

(� 100 Mpc).

The� CDM model is governed by six independent parameters:

• the baryon and cold dark matter energy densities;

• the angular diameter distance to the sound horizon at last scattering� S, which is the

scale de�ned by the distance sound waves could have traveled in the time before

recombination;

• the amplitude and tilt of primordial scalar �uctuations, i.e. the initial magnitude and

spectral index of density variations in the early Universe, related to the large scale

structure formation;

• the reionization optical depth, i.e. the probability of a photon to scatter during the

cosmic reionization epoch.

The cosmological principle implies a Friedmann Lemaître Robertson Walker metric, that

allows to express the space-time evolution and its geometry as a function of the energy

density of some constituents �uid. Therefore the velocity of the expansion of the Universe

can be expressed as:

H 2 =
� _a

a

� 2
=

8�G
3

� (a) �
k
a2 (1.4)

whereH is the Hubble parameter,a is the scale factor of the Universe,� is the energy density

of the �uid andk represents the curvature of the 4-dimensional space-time. The scale factor
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describes the dimension of the Universe.

If k > 0, the geometry is elliptical and the Universe is said to be closed, ifk < 0 the geometry

is hyperbolic and the universe is said to be open [15]. Setting in Eq. 1.4 the curvature to zero

(k=0), which corresponds to a �at universe, the so-called critical density is obtained:

� c =
3H 2

0

8�G
� 9:20� 10� 27kgm� 3 (1.5)

The energy density of different components can be expressed as dimensionless densities,

normalized to the critical density:


 i =
� i

� c
(1.6)

wherei represents the different energy components.

The Friedmann equation can then be rewritten as:

H 2 = H 2
0

"


 r; 0

� a0

a

� 4
+ 
 m;0

� a0

a

� 3
+ 
 k;0

� a0

a

� 2
+ 
 �

#

(1.7)

Here, the subscript 0 denotes the present time,
 r is the radiation density,
 m is the matter

density, which includes both baryons and DM contributions,
 k is the spatial curvature

energy density and
 � is the dark energy contribution. If the total dimensionless energy

density equals 1 the universe is �at.

Measurements able to constrain
 parameters provides information on the structure of the

Universe and help to quantify the amount of DM.

A primordial phase of cosmic in�ation, a period of rapid accelerated expansion is assumed

following the Big Bang singularity, a point of in�nite temperature and density. During

this period, Gaussian scale-invariant primordial �uctuations are produced from quantum

�uctuations in the in�ationary epoch.

Cosmic Microwave Background (CMB)

A crucial role in determining the DM abundance in the Universe comes from studies of

cosmic microwave background (CMB) radiation. First discovered in 1965 [16], the CMB

radiation originates from the decoupling of photons during the recombination epoch. At this

stage, the Universe became transparent to electromagnetic radiation, allowing photons to

travel freely. These photons persist today and the CMB is observed with a temperature of

(2.726� 0.010) K. Small inhomogeneities in the distribution of its temperature correspond

to �uctuations of the matter density in the early Universe, which led to the formation of the

observed large structures.



10 Physics - Dark Matter

Figure 1.4Temperature anisotropies spectrum in spherical harmonics presented by PLANCK collab-
oration. The blue line shows the� CDM model �t to the experimental data [17].

The Planck experiment provided detailed measurements of the angular power spectrum of

temperature �uctuations within the CMB, which quanti�es how each region deviates from

the mean temperature, expressed through spherical harmonics. These small anisotropies stem

from variations in particle densities during the early Universe as they transitioned between

different state. The intensity and scale of these �uctuation depend on the types of particles

and components present at that time.

By analyzing the power spectrum, cosmologists have determined that our Universe is spatially

�at and undergoing accelerated expansion. Moreover, the evidence indicates that Dark Matter

is non-baryonic, supported by measurements of the abundance of light elements produced

during primordial nucleosynthesis.

In Fig. 1.4 are shown the temperature anisotropies as presented by PLANCK collabora-

tion [17] as a function of the spherical harmonics. The blue line represents the �t of the

� CDM model, the simplest parametric model of the Big Bang that includes both Dark Matter

and Dark Energy. The �rst intense peak in the spectrum corresponds to the oscillation

frequency of energy and matter density, and its position is strongly related to the value of

total curvature of the Universe at the recombination time. The intensity of the subsequent

peaks depends on the total matter content of the Universe, while the shape of the tempera-

ture spectrum is highly sensitive to cosmological parameters. The best �t gives us strong

constraints on the energy density components of the Universe. The relative heights of the

acoustic peaks allow for an estimation of the baryonic matter content, which in turn enables

a calculation of the total Dark Matter density in the Universe. According to the analysis done
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Component Parameter 68% Limits
Radiation 
 r � 9 � 10� 5

Baryonic matter 
 b 0.0489� 0.0003
Non-Baryonic Matter 
 nb 0.2607� 0.0019

Dark Energy 
 � 0.6889� 0.0056
Total 
 tot 0.9993� 0.0019

Table 1.1Summary of the
 parameters from the� CDM model obtained from Planck Collabora-
tion [17].

by the PLANCK collaboration [17] suggests that the Universe is �at, the relative densities

are summarized in Table 1.1.

1.2 Dark Matter candidates

Astronomical and cosmological observations based on gravitational probes are not consistent

with the current picture of the Universe particles and forces content. Several theories have

been proposed to explain these anomalies and are brie�y discussed in the following sections.

Although Dark Matter particles have never been observed, any DM models have to satisfy

speci�c properties based on indirect astronomical and cosmological observations [18]. Firstly,

at the time of decoupling from baryons, DM have been non-relativistic, meaning it consists

of cold Dark Matter (CDM). Hot dark matter, which would have a mass in the range of a few

tens of eV, is predicted to contribute only a small fraction of the total DM density. Even if

some arguments favour warm Dark Matter (WDM) due to its ability to match observations

of large-scale structures in the Universe, most simulations and models still support a CDM

scenario.

Secondly, properties of the cosmic microwave background imply that DM is non-baryonic.

Since DM particles do not emit photons (otherwise they would become visible) they must be

electrically neutral. Strong interaction is also ruled out, since DM would lose energy and

concentrate more in the galactic centres than what is observed.

Experimental observations supporting the hypothesis that DM interacts other than gravi-

tationally do not exist. DM particles should interact with ordinary matter preferably only

weakly, this weak interaction does not refer to the SM electro-weak interaction, but it could

be any form of sub-weak strength type of interaction. DM particles could also interact with

themselves, and this type of self-interactions is in fact rather poorly constrained. Dark Matter

particles should also be either completely stable, or have a lifetime far exceeding the age of

the universe since we still observe its gravitational in�uence today. Recent analysis suggests

a lower bound for DM lifetimes of at least 160 Gyr.
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None of the Standard Model particles satisfy the requirement for Dark Matter particle. While

neutrinos are not baryonic, neutral and only weakly interactive particles, their predicted relic

density does not match observational data. Therefore, it is clear that an extension beyond the

Standard Model is required to account for Dark Matter.

1.2.1 Modi�ed Newtonian Dynamics

Astrophysical and cosmological studies of the Universe are traditionally based on the

application of Newtonian dynamics and General Relativity. However, in 1978, it was

observed that rotation velocities of stars in galaxies remain roughly constant as their

distance from the galactic center increases. [19]. This observation was in contradiction

with expectation, as according to Newtonian dynamics, objects outside the visible mass

distribution should have velocitiesv / 1=
p

r , wherer is the distance from the center. To

explain this discrepancy, a uniformly distributed halo of Dark Matter was proposed, which

could account for both the velocities in galaxy clusters and the rotation velocities of objects

far from the luminous matter in galaxies [20].

An alternative explanation involves modifying the laws of gravity to align with these

observations. One such theory is Modi�ed Newtonian Dynamics (MOND) [21], introduced

in 1983, and its relativistic extension, TeVeS (Tensor-Vector-Scalar gravity) [22]. MOND

attempts to explain the rotation curve of galaxies by altering Newton's gravitational force

law. It introduces a new fundamental acceleration constant,a0, which de�nes the transition

between the Newtonian regime and the so-called deep-MOND regime. When the system's

acceleration is smaller thana0, the gravitational force scales differently than in standard

Newtonian gravity. For accelerations larger thana0, standard dynamics is recovered. This

acceleration constant,a0, is estimated from galactic rotation curve measurements to be about

10� 10cm/s2. MOND can explain the dynamics of galaxies and galaxy clusters, leaving the

Solar System unaffected.

However, MOND fails or needs unrealistic parameters to �t observations on larger scales

such as the formation of cosmic structure or the CMB structure and violates fundamental

laws like momentum conservation and the cosmological principles [23]. While TeVes can

solve some of the conceptual problems of MOND, but it introduces other problems, such as

generating an unstable Universe [24] or failing to simultaneously explain both gravitational

lensing and galactic rotation curves [25].
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1.2.2 Weakly Interactive Massive Particles (WIMPs)

One of the most studied and supported Dark Matter candidates are the Weakly Interactive

Massive Particles (WIMPs) .WIMPs are neutral, massive, stable, weakly -interacting particles

that were in thermal equilibrium in the early Universe and have the correct present-day density

to account for Dark Matter. Furthermore, well-motivated extensions of the Standard Model

of particle physics provide concrete WIMP candidates [26]. WIMPs are expected to interact

with regular matter at the order of the weak interaction scale or below, allowing to relate the

WIMP mass and interaction cross section to the present-day relic density.

In the early universe, DM and SM particles were in thermal equilibrium. At this stage, WIMP

production and self-annihilation balanced each other:

� + �  ! � + � � (1.8)

� + �  ! � + � (1.9)

where� represents a SM particles and� � its antiparticle and� represents a generic WIMP.

As the Universe expanded and cooled down, the DM production rate from the annihilation of

SM particles fell below the expansion rate of the UniverseH . The number of DM particles

is therefore �xed and this thermal relic abundance survives until now. This process, known

as freeze-out, is the most widely accepted mechanism for the formation of WIMPs.

The number density of WIMPsn� , can be described by the Boltzmann equation:

dn�

dt
= � Hn � � h � Avi

�
n2

� � n2
�;eq

�
(1.10)

with H is the Hubble parameter,n�;eq is the number density in equilibrium andh� Avi is the

thermal average of the annihilation cross section �ux. The equation shows how the number

density diminishes in time due to the spatial expansion of the Universe and it is modi�ed by

the annihilation and generation of DM particles.

In cosmology, the total entropy of the Universe remains conserved during the thermal

equilibrium and its densitys is often used to describe the comoving volume of the Universe.

The comoving number density of Dark MatterY� , can be expressed as:

Y � :=
n�

s
(1.11)

The freeze-out moment, which is crucial in determining the present-day WIMP abundance,

occurs when:

n�;F O h� Avi � H (1.12)
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Figure 1.5 The comoving number density Y as a function of temperature during the Universe's
evolution for a WIMP with a mass of 100 GeV/c2. The solid black line shows the Boltzman equation
solution corresponding to the measured DM density parameter
 nb. The colored bands indicate the
effect of varying the annihilation cross section by factors of 10, 100 and 1000 [27].

Fig. 1.5 illustrates the comoving number densityY� as a function of temperature during the

Universe's evolution. The solid black line represents the solution to the Boltzmann equation,

which corresponds to the observed Dark Matter density parameter
 nb. The colored bands

represent the effect of varying the annihilation cross section by factors of 10, 100 and 1000,

illustrating how changes in WIMP interaction rates affect the �nal DM abundance.

Dark Matter particles can be classi�ed based on how relativistic they were at the time

they decoupled from thermal equilibrium. Hot Dark Matter (HDM), with masses up to a few

tens of eV, remained relativistic at decoupling. Due to its large mean free path, HDM could

not form small clumps like galaxies, making it an unsuitable candidate for explaining the

Universe's structure. HDM is only expected to make up a small fraction of the total DM

density, constrained by CMB observations. A familiar example of HDM is neutrinos with

very small mass.

Cold Dark Matter (CDM), on the other hand, decoupled from the thermal plasma early

in the Universe and had low velocities at the onset of matter dominance, allowing density

perturbations to grow and form the large-scale structures we observe today. Non-baryonic

CDM is the most favored scenario.

Warm Dark Matter (WDM) [4], with masses around a few keV, represents an intermediate

case. It was relativistic at decoupling but could still form structures on suf�ciently large

scales. While WDM could explain certain features of the Universe's structure, the most
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Figure 1.6Schematic showing the possible Dark Matter detection channels [29].

widely supported models continue to favor CDM.

WIMPs are a subset of CDM candidates, characterized by their low velocity at freeze-out,

ensuring they do not impact galaxy formation of the large-scale structure.

1.3 Experimental searches for DM

The particle Dark Matter hypothesis can be tested via three processes: production at particle

accelerators [28], indirect detection by searching for signals from annihilation products, or

direct detection via scattering on target nuclei [29], illustrated in the rightwards direction in

the schematic representation of the possible Dark Matter couplings to a particle P of ordinary

matter shown in Fig. 1.6. While the annihilation of Dark Matter particles (downwards

direction) could give pairs of standard model particles, the collision of electrons or protons at

colliders could produce pairs of Dark Matter particles.

1.3.1 Direct detection

Direct detection (DD) experiments [30] aim to detect WIMPs by observing their elastic

scattering off target nuclei in the laboratory. Experiments have to measure the energy

deposited by nuclear recoils from individual scattering events. Since WIMPs have a very

small interaction cross section with matter, these events are rare. Moreover, the energy of the

nuclear recoil is relatively small,� 10-100 keV. To minimize background noise from neutrons

and other particles, these experiments are conducted deep underground, using radiopure

components, and shielding the detectors appropriately.

Due to the kinematics of elastic scattering, the shape of the energy spectrum depends on the
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mass of the target nuclei, and, for Spin-Independent interactions, the normalization of the

spectrum is proportional to the square of the mass number.

Scattering of DM particles off nuclei can be detected through light (scintillation photons

from excitation and later de-excitation of nuclei), charge (ionization of atoms in a target

material) or heat (phonons in crystal detectors). A combination of two such discrimination

techniques is often employed to disentangle a potential WIMP signal from nuclear recoils

and background electron recoils. This is possible because of the different quenching factors

that describe the difference between the recorded signal and the actually measured recoil

energy. Different materials are used in direct detection searches depending on the technique

employed. For example, phonon signals from DM-nuclei scatterings in crystal detectors

provide high sensitivity to low-mass Dark Matter due to their low energy threshold. Direct

Detection will be further discussed in Section 2.1

1.3.2 Indirect Detection

Indirect Dark Matter searches aims to detect the products of Dark Matter annihilation or

decay from astrophysical sources. These searches focus on measuring the rate of reactions

such as DM DM! SM SM, where DM represents the Dark Matter particle (e.g. WIMPs)

and SM represents any Standard Model particle. In many cases, the SM particles produced

in these reactions are unstable and decay into detectable particles. The cross section probed

by indirect searches is most closely related to the process that sets the abundance of the Dark

Matter in the early Universe, assuming that the DM was once in thermal equilibrium.To

properly interpret the results from indirect searches, it's important to understand how Dark

Matter is distributed in halos and which SM particles DM preferentially annihilates into.

The most favored sources for indirect signals are the galactic center and halo, close Galaxy

clusters of dwarf galaxies (dwarf spheroidals), where the density of Dark Matter is expected

to be high. Enhanced self-annihilation, scattering or decay into Standard Model Particles

could produce a detectable particle �ux. The measurement of these secondary particles is a

further detection mechanism denoted as indirect detection.

1.3.3 Colliders

The third classical strategy for WIMP detection involves Dark Matter particles generated

directly in high-energy collisions. The Large Hadron Collider (LHC) can provide in principle

an optimal instrument for pursing this experimental venue.

The vast majority of the searches for new physics at the LHC are designed to look for
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events that, besides the rich hadronic/leptonic activity emerging from the decay chain of the

produced visible particle, are also characterized by a large amount of missing energy, which

could indicate the production of neutral, stable particle (potentially WIMPs) that escape the

detector without interacting. The discovery of one or more visible particles in a channel

characterized by highly energetic jets or leptons, and large missing momentum, would also

imply the discovery of a neutral and stable (at least within the detector bounds) particle,

which could be part of the Dark Matter.

At colliders, the focus is on reactions like:

pp! � �� + x (1.13)

where� represents Dark Matter particles,x could be a hadronic jet, a photon or a leptonically

decayingZ or W boson [31]. These missing-energy events, coupled with visible particles

like jets or leptons, provide potential evidence for the existence of Dark Matter.

Collider searches are particularly useful for exploring regions of parameters space where

WIMP masses are low (below� 4 GeV for Spin-Independent interactions and below

� 700 GeV for Spin-Dependent interactions).
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The search for Dark Matter is one of the greatest challenges in modern physics. As previously

discussed, if Dark Matter is composed by particles which can interacts with Standard Model

particles not only gravitationally, these interactions can be exploited in different ways to

search a DM signature, in particular through direct detection techniques.

Direct detection focuses on measuring the interaction between Dark Matter particles and

SM targets, potentially revealing information about the properties of DM. This approach

typically involves detecting the energy released by a nuclear recoil (NR) that occurs when a

Dark Matter particle scatters off a nucleus within the detector. While this method offers a

way to constrain properties of DM particles, it faces signi�cant limitations due to background

noise and the lack of a de�nitive signature for DM. One major challenge is distinguishing

background events, such as electron recoils (ERs), from signal events, such as nuclear

recoils, particularly at the low energy scales relevant to DM searches, typically around

10 keV. At these energy levels, background and signal events can exhibit similar topological

characteristics within the detector.

2.1 Experimental signatures of Dark Matter

The main method for direct detection of Dark Matter (DM) particles exploits a volume of

material capable of measuring the recoil of ordinary matter after an interaction with a WIMP.

SM particles in a material are electrons and nuclei. While DM could potentially interact

with both, most attention is given to nuclear scattering. WIMPs have a much higher mass

compared to electrons, which results in greater momentum transfer during nuclear recoils

than in electron recoils. Since WIMPs are electrically neutral, their interactions with atomic

electrons, which are much lighter are generally not expected to produce detectable signals.
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2.1.1 DM halo

The Standard Halo Model (SHM) assumes that our Galaxy DM halo is an isotropic isothermal

sphere, with a density pro�le� � r � 2, wherer is the radial distance from the galactic center.

The normalized velocity distribution of DM particles in the rest frame of the Galaxy can be

described by a Maxwellian distribution [32]:

f (v) =

8
>><

>>:

Ne
� v2

v2
p if jvj < v esc

0 if jvj > v esc

(2.1)

whereN is a normalization factor andvp is the velocity dispersion of the WIMPs. Assuming

a perfectly �at rotation curve for the galaxy,vp, can be measured at different distances and

is found to be approximately 230 km/s at the Earth radius [33]. Even though the Maxwell

distribution extends to in�nity, the velocity distribution is typically truncated at a local escape

velocityvesc, above which particles would not be gravitationally bound to our Galaxy, posing

an upper limit on the available velocities for WIMPs detection. Based on measurements from

the Gaia telescope [34] and the RAVE [35] survey,vesc is estimated to be 544 km/s.

Another important parameter is the local DM density� 0, which is commonly taken as

0.3 GeV/cm3, despite the systematic uncertainties.

To calculate the expected rate of WIMP interactions with SM particles on Earth, a coordinate

transformation is needed to translate the velocity distribution into the laboratory frame. In

the WIMP assumption, the DM is cold, therefore non relativistic. Since the velocities of both

the Earth around the Sun and the Sun around the galactic center are also non-relativistic, a

Galilean transformation suf�ces:

f (v; t) = f gal(v + vlab(t); t) (2.2)

wherevlab is the laboratory velocity relative to the Galactic rest frame. The gravitational

potential of the Sun and the Earth is weak enough to affect only WIMPs with less than

40 km/s, which represent a very small fraction. In this transformation, the laboratory velocity

vlab is the sum of the Sun's velocity relative to the Galactic rest frame and the Earth's motion

around the Sun. In some cases, the direct detector is approximated as positioned in the center

of Sun, neglecting Earth's motion. While this approximation affects searches for annual

and daily modulation of signals, it does not signi�cantly impact the recoil distribution or

detection rate, with deviations typically less than a few percent. When only the Sun's velocity

is considered,vlab is approximately 242 km/s.



2.1 Experimental signatures of Dark Matter 21

2.1.2 Scattering kinematics

The expected interaction of the WIMPs with the target nuclei on Earth can be considered at

rest and treated as an elastic collision, where the nucleus recoils with an energyEr . Since

the WIMPs velocity are non-relativistic, the momentumq transferred in the collision can be

written as:

jqj = 2�v cos(� r ) (2.3)

where� is the WIMP-nucleus reduced mass de�ned as:

� =
m� mA

m� + mA
(2.4)

Here,m� is the mass of the WIMP,mA is the mass of the target nucleus,v is the mean WIMP

velocity relative to the target and� r is the angle between the WIMP's initial direction and the

recoiling nucleus in the center-of-mass-frame. The energyEr of the recoiling nucleus is then

given by:

Er =
jqj2

2mA
= 2v2 � 2

mA
cos2 (� r ) (2.5)

The energyE i of the incoming WIMP can be written as:

E i =
m� v2

2
(2.6)

rewriting the energy recoil as a function ofE i , we have:

Er = rE i
1� cos(� r )

2
(2.7)

where r is the adimensional kinematic factor, de�ned as:

r =
4m� mA

(m� + mA )2 (2.8)

This factor represents the ef�ciency of momentum transfer between the WIMP and the

nucleus. The value ofr is maximal (r = 1) when the two colliding particles have the same

massm� = mA . Depending on the angle� r , the energy recoil varies between 0 andrE i .

From Eq. 2.6, the minimum WIMP velocity required to produce a recoil with energyEr is:

vmin =

s
mAEr

2� 2 (2.9)
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2.1.3 Expected event rate

The event rate for WIMP-induced nuclear recoil [36; 37] is determined by integrating the

time product of the incoming DM �ux with the cross section� for the relevant WIMP-nucleus

interaction. This is typically expressed in terms of the differential event rateR, per unit

detector mass, as a function of recoil energyEr and timet:

dR
dEr

(Er ; t) =
� 0

m� mA

Z

v>v min

vf (v; t)
d�
dEr

(Er ;v)d3v (2.10)

here,m� is the Dark Matter mass andd�
dEr

(Er ;v) is the differential cross-section for the

interaction. The WIMP cross-section� and m� are two observable of a Dark Matter

experiment. The velocityv of the DM particle is de�ned in the rest frame of the detectors

andmA is the nucleus mass. The local DM density� 0 andf (v; t) accounts for the WIMPs

velocity distribution in the detector's reference frame. This velocity distribution is time

dependent due to the revolution of the Earth around the Sun. The most common approach

in direct-detection experiments is the attempt to measure the energy dependence of Dark

Matter interactions. The integration in Eq. 2.10 is performed for WIMP speedv that exceed a

minimum valuevmin , which is the minimum velocity required to produce a recoil of energy

Er :

vmin (Er ) =

vu
u
t mAEr

2� 2
�A

(2.11)

where� �A is the reduced mass of the WIMP-nucleus system.

The integral over velocities is weighted by the �ux of DM particlesvf (v; t), wheref (v; t)

represents the galactic DM velocity distributions. Therefore, the expected NR rate depends

on the nuclear properties of the target of choice, on the assumptions about the WIMP's

coupling to SM particles coming from particle physics, and the characteristics of the DM

halo in our galaxy.

2.1.4 Cross section

The interaction between the WIMPs and the ordinary matter is unknown, the differential

cross sectiond�
dq can be split as the product of two terms: an independent term� W A , which

is unknown, the cross section, and theF (q), which include the entire dependence on the

transferred momentumq, the form factor, which is known:

d�
dq2 =

� W A F 2(q)
4� 2

Av2 (2.12)
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where� A is the reduced mass of the WIMP-nucleus system, previously de�ned (Eq. 2.8) and

v the velocity of the WIMP.

Note their local velocity ,� 230 km/s, the De Broglie wavelength associated to a WIMP

with a mass of roughly 10 GeV/c2 is:

� DM =
h
p

� 160 fm (2.13)

The typical nuclear dimension is of the order of few fm, therefore the WIMPs interacts

coherently with the entire nucleus through elastic scattering with low momentum transfer.

The interaction can involve both Spin-Independent (SI) and Spin-Dependent (SD) couplings.

The total cross section can thus be written as the sum of these two components:

� W A = � SI + � SD (2.14)

In the non-relativistic case, the differential cross section, can be written as:

d�
dEr

=
mA

2� 2
Av2

h
� SI

0 F 2
SI (Er ) + � SD

0 F 2
SD (Er )

i
(2.15)

where� SI
0 and� SD

0 are the SI and SD WIMP-nucleus cross section at zero momentum,

denoted by the subscript 0, andFSI andFSD are the form factors for the Spin-Independent

and Spin-Dependent interaction, respectively. The form factor describes the loss of coherence

at higher momentum transfer values, its effect is stronger for heavy WIMPs or heavy target

nuclei.

The SI term can be written as the sum of contributions from protons and neutrons in the

nucleus:

� SI
0 =

4� 2

�
[Zf p + ( A � Z ) f n ]2 (2.16)

wheref p andf n are the effective Spin-Independent couplings to the proton (p) and neu-

tron (n), respectively, whileZ andA are the atomic and mass numbers of the target nucleus.

A reasonable assumption supported by many models is that the WIMP couples equally to

protons and neutrons meaning inf p = f n = f , leading to:

� SI
0 =

4� 2

�
A2f 2 = � SI

n
� 2

A
� 2

n
A2 (2.17)

where� n is the reduced mass ofm� with the mass of a nucleon and� SI
n is the WIMP-nucleon

interaction cross section. The interaction rate is thus proportional toA2, making detectors

with heavier target nuclei more sensitive than those with lighter one, given the same exposure.
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Nucleus Z Odd Nuc. J hSp i hSn i 4hSp i (J+ 1)
3J

4hSn i (J+ 1)
3J

1H 1 p 1/2 0.500 0.0 1.0 0
19F 9 p 1/2 0.447 -0.004 9.1� 10� 1 6.4� 10� 5

73Ge 32 n 9/2 0.030 0.378 1.5� 10� 3 2.3� 10� 1

129Xe 54 n 1/2 0.028 0.359 3.1� 10� 3 5.2� 10� 1

Table 2.1The nuclear spin properties of some of the most relevant nuclei, in terms of sensitivity to
Spin-Dependent (SD) interactions, are summarized [39].

The SD cross section contribution can be written as:

� SD
0 =

32
�

G2
F � 2J +1

J
[ap hSpi + an hSn i ]2 (2.18)

whereGF is the Fermi constant,J is the angular momentum of the target nucleus,ap and

an are the effective Spin-Dependent couplings to proton and neutron, respectively,hSpi

andhSn i are the expectation values of proton and neutron spin inside the target nucleus.

For sensitivity to SD interactions, the target nucleus must have an odd number of protons

or neutrons, since the contribution of all the nucleons typically cancels out. The spin of

the nucleus is carried by neutrons and protons. Example of nuclei with an odd number of

neutrons (ap = 0) include17O, 27Al, 29Si, 37Ge,129Xe, 131Xe, 183W, or in the case with odd

number of protons (an = 0): 1H, 7Li, 19F, 23Na, 127I. The SD cross section of proton and

neutron [38] can be written as:

� p =
24G2

F � 2
pa2

p

�
(2.19)

� n =
24G2

F � 2
na2

n

�
(2.20)

Combining Equations 2.14, 2.17, 2.18, 2.19 and 2.20 the total cross section for a nucleus

containing an odd number of protons can be written as:

� W A = � SI
n

� 2
A

� 2
p

A2 + � SD
p

� 2
A

� 2
p

4hSpi (J +1)
3J

(2.21)

Table 2.1 summaries some of the elements with largest expected spin value [39].

The SD term is usually less than 1, for the majority of nuclei, it makes the SD contribution

negligible with respect to the SI one. Therefore experiments usually quote the results for SD

and SI coupling separately.
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2.1.5 Form factor

At high momentum transfers, the nucleus of the target would appear less and less homo-

geneous and the WIMP would no interact with the nucleus as a whole, but rather with its

constituents.F (q) is the nuclear form factor which plays a critical role in determining the

dependence of the differential cross section on the momentum transfer during the collision.

It depends on the structural characteristics of the nucleus, which are typically approximated

using Fermi's spherical symmetry model. The nucleus is described as a sphere with a de�ned

radiusRn and a skin thickness.

For SI interaction, the form factor can be evaluated as the Fourier transformation of the

nucleus radius function:

jFSI (q)j2 =

�
�
�
�
�
9[sin(qRn) + qRncos(qRn)]2

(qRn)6

#2

(2.22)

The radius is approximated as:

Rn '
h
0:91A1=3 +0:3

i
fm (2.23)

where A is the mass number of the target nucleus. For SD interactions, the form factor

includes additional corrections due to the spin structure of the nucleus, making the calculation

more complex. At �rst order, the form factor for SD interactions can be expressed as:

jFSD (q)j2 =

�
�
�
�
�
sin (qRn)

qRn

�
�
�
�
�

2

(2.24)

2.2 Experimental signature

2.2.1 Energy dependence

The shape of the differential event rate depends on several factors, including the masses of

the WIMPs and the target nuclei, as well as the velocity distribution of the WIMPs in the

galactic rest frame. Starting from Eq. 2.5, if we assume isotropic scattering for a WIMP

with kinetic energyE i , then cos(� r ), where� r is the recoil angle, is uniformly distributed

between -1 and 1. Therefore the recoil energy is uniformly distributed between 0 andE i r .

The spectrum is constrained at high energies by the maximum possible energyEmax and

in intensity by the damping effect of the form factor, especially for large A targets. On the
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other hand at lower energies, the distribution is limited by the energy thresholdEthr , which

depends on the characteristics of the speci�c detector employed for the direct search.

2.2.2 Time dependence

The Earth's orbital motion around the Sun induces a time dependence in the WIMP recoil

rate, known as annual modulation [40; 41; 42]. Because of the Earth revolution, the spreed

of the Dark Matter particles in the Milky Way halo relative to the Earth is largest in June.

As result, the number of particles capable of producing nuclear recoils above the detector's

energy threshold is maximized in June and minimized in December.

The temporal variation of the differential event rate can be written as:

dR
dEr

(Er ; t) � R0(E)+ Rm(E)cos[! (t � t0)] (2.25)

whereR0 is the time averaged event rate andRm is the modulated amplitude. The dependence

on time is expressed by a sinusoidal function of frequency! = 2�
year and by the phase of the

modulationt0. A rate modulation would, in principle, enhance the ability to discriminate

against background and help to con�rm a Dark Matter detection.

In order to be sensitive to this signature, an experiment needs a large exposure with a highly

stability in the response over an O(1) year of time.

2.2.3 Directional dependence

Directionality is another Dark Matter signature which can be employed for detection, as

the nuclear recoils resulting from WIMP interactions exhibit strong angular dependence.

The Sun's motion through the galaxy points toward a �xed direction in the sky (roughly

corresponding to the Cygnus constellation), and as the Earth follows this path while orbiting

the Sun, it moves through a "wind" of WIMPs. This leads to a characteristics angular

distribution of nuclear recoils in the laboratory frame that change constantly during the

sidereal day. This directional dependence is re�ected in the differential event rate when

expressed as a function of the angle
 , which de�nes the direction of the nuclear recoil

relative to the average direction of the solar motion:

d2R
dEr d


/ exp

"
� ((vE + vS)cos(
 ) � vmin )2

v2
c

#

(2.26)

wherevE is the velocity of the Earth relative to the galactic rest frame,vS is the velocity of

the Sun around the galactic center,vmin is the minimum WIMP velocity required to produce
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Figure 2.1Magnitude of the daily modulation for seven lab-�xed directions, speci�ed as angles with
respect to the Earth's equatorial plane. The solid line corresponds to zero degrees, and the dotted,
dashed and dash-dot lines corresponds to� 18� , � 54� and� 90� , with negative angles falling above
the zero degree line and positive angles below. The� 90� directions are co-aligned with the Earth's
rotation axis and therefore exhibit no daily modulation. This calculation assumes a WIMP mass of
100 GeV and CS2 target gas.

a nuclear recoil of an energyEr andvc is the halo circular velocity, given by:

vc =

s
3
2

vS (2.27)

The number of recoils along a particular direction in the laboratory frame will change

throughout the day. The amplitude of this daily modulation, shown in Fig. 2.1, depends on

the relative orientation between the lab-�xed direction and the spin axis of the Earth, with

no modulation along directions parallel to the Earth's spin axis. Since most background is

expected to be isotropic, measuring both the direction and energy of nuclear recoils provides

a robust method for identifying WIMP signals and excluding other backgrounds, including

neutral particles.

The dependence of the rate on the cos(
 ) remarks the anisotropic nature of the angular

distribution of the recoils, which manifests in galactic coordinates as dipole. This system, a

right-handed celestial coordinate system in spherical coordinates centered on the Sun, has its

x-axis pointing towards the center of the Milky Way, while the y-axis aligns roughly with the

Sun's peculiar motion relative to the Galactic rest frame. The Galactic plane corresponds to

the equatorial plane, with Galactic longitudel and latitudebresembling terrestrial coordinates.
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Figure 2.2Angular distribution of the energy differential recoil rate for 25 keV �uorine recoils from
100 GeV WIMPs [32].

In this coordinate system, the constellation of Cygnus is located at (l , b) ' (81, 0.5), and an

excess of recoil events at negative longitude, opposite to the motion of the Sun is expected.

Fig. 2.2 illustrates the normalized angular distribution of 25 keV �uorine recoils generated

by 100 GeV WIMPs in Galactic coordinates. The cross marks the laboratory's direction of

motion. For clarity, the angular distribution is depicted based on the direction from which

the recoils originate. The �gure distinctly shows a dipole pattern in the distribution, which is

widely regarded as a "smoking gun" signature for the detection of galactic WIMPs.

2.3 Background sources and reduction techniques

Direct detection experiments aim to detect signals caused by interactions between Dark

Matter particles and ordinary matter, which typically result in nuclear recoils with energies

on the order of a few keV, as predicted by the kinematics. However, the expected event rate is

below one event per kilogram per year, making DM detection a search for rare events. Given

the low expected rate, the experiments are required to keep increasing the target mass and

the time exposure of the detectors.

Detecting Dark Matter is complicated by various source of background noise that can mimic

DM signals. These include cosmic rays and natural radioactivity from the environment and

detector materials, which produce at rates typically from 106 to 108 times larger than the

expected DM signals. The main strategies to suppress these backgrounds involve shielding,

material selection and rejection in data analysis. Neutrons and neutrinos can also induce an

irreducible background of events that resemble WIMPs interactions, making it necessary to

use techniques like directional or topological discrimination.
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Figure 2.3 Muon �ux as function of depth in kilometers water equivalent (km w. e.) for various
underground laboratories hosting Dark Matter experiments [29].

2.3.1 Cosmic rays

One of the main challenges in direct detection experiments arises from cosmic rays, which

interact with Earth's atmosphere producing shower of high-energy particles, mainly muons,

but also pions, neutrinos and neutrons. Muons, in particular, are highly penetrating, they have

energies ranging from MeV to hundreds of GeV, and can generate background events within

the detector's sensitive volume. To reduce cosmic ray background, experiments are conducted

in underground laboratories, where the rock above acts as passive shielding. The shielding

power of the rock also depends on its composition. The depth of these laboratories is usually

expressed in meter water equivalent (m.w.e) that is the water that would reduce by the same

factor the �ux of cosmic rays as measured at the laboratory location. Fig. 2.3 shows how the

muon �ux decreases with depth in various underground labs. Underground laboratories are

usually built by excavating tunnels below mountains, or by exploiting mining facilities. One

of those is the National Laboratories of Gran Sasso (LNGS) of Istituto Nazionale di Fisica

Nucleare (INFN) which hosts different direct DM search experiments, including CYGNO.

Neutrons are the main responsible for the production of NRs in a detector. While hadrons

produced in cosmic rays showers are suppressed by few m.w.e., muons can penetrate much

more, and interact inside the rock producing neutrons via inelastic processes. These neutrons,

called cosmogenic, can have energies up to several GeV and can interact with nuclei in
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the detector target via elastic scattering producing nuclear recoils [43]. This is a dangerous

background because the type of signal is identical to that of the WIMPs.

2.3.2 External background

External background sources refer to those originating outside the experimental setup,

typically from the surrounding environment. Natural radioactivity from the surrounding

rocks remains a signi�cant background source. The main sources of natural radioactivity are

from the decay chains of232Th, 238U, commonly found in the rocks and surrounding natural

environment near the detector,235U and the long-lived isotope40K. These decay chain

include both alpha and beta emitters, often accompanied by gamma emission. Additionally,

anthropogenic and cosmogenic radioisotopes such as85Kr, 137Cs,39Ar, 110Ag and60Co,

present in laboratory objects, also contribute to the environmental radioactivity. These

isotopes can decay in many ways with the emission of alpha particles, electrons, positrons

or 
 . Alphas, positrons and electrons generally are completely absorbed in the materials in

which they are produced, while the
 with energies from tens of keV up to 2.6 MeV can

easily escape and potentially reach the experiment and induce ERs.
 -rays emitted from these

isotopes can interact with the detector medium through the photoelectric effect, Compton

scattering, or pair production. While the photoelectric effect has the highest cross-section

at energies up to few hundred keV, the cross-section for pair production dominates above

several MeV. For the energies in between, Compton scattering is the most probable process.

All these interactions result in the emission of an electron, or electron and positron, which

can deposit its energy in the target medium. Such energy depositions can be at energies of

a few keV affecting the sensitivity of the experiments because this is the energy region of

interest for Dark Matter searches.

Reaction such as (� ,n), where alpha particle induces neutron emission upon absorption

by another nucleus, may occur. These emitted neutrons, known as radiogenic neutrons,

can attain energies up to several tens of MeV and easily escape the material where they

are generated. If they interact with the detector, they can produce both an ER and a NR

background. Radiogenic neutrons also arise spontaneous from spontaneous �ssion processes,

predominantly from isotopes like238U and235U, with energies around a few MeV. The

cosmogenic and radiogenic contribution depend largely on the chosen material and their

inherent alpha activity. Selecting radiopure materials, radiogenic contribution may be reduced

of several order of magnitude compared to the cosmogenic �ux.

A contribution to the environmental radioactivity comes from the radon isotopes produced in

the natural radioactive decay chains as shown in Fig. 2.4. Radon, being a noble gas, does not

chemically bind to the materials where it is produced, consequently it escapes from the rocks
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Figure 2.4Decay scheme of the natural radioactive families of235U, 238U and232Th [44].

where U and Th are abundant and accumulate in the air. In particular,222Rn, a daughter

product in the238U decay chain, has a relatively long half-life of 3.8 days. This allows it

to diffuse over long distances in the air from its emanation site, entering inside the detector

setup.222Rn alpha decays to218Po, which can be produced as ions and adhere to surfaces

due to electrostatic attraction. This adhesion can lead to the accumulation of radioactive

contaminants inside the detector, contributing to the background through alpha, beta, and

gamma emissions.

In order to reduce the background induced by the external gamma and neutrons �uxes,

experiments typically employ passive or active shieldings. The shields can be passive,

used for its stopping power properties , or active, when it is instrumented and signals can

be obtained from the energy deposited in the shield material to characterize the external

background and actively suppress it through vetos. High Z materials are usually employed to

suppress external gamma because interaction cross section scales with a power of Z. Typical

materials of choice are copper (Z=29) and lead (Z=82). Lead offers superior stopping power

due to its higher Z, but may introduce additional background from radioisotope210Pb, which

decay via beta emission. This decay process can produce gammas through bremsstrahlung,

potentially contributing to an additional background. An innovative solution to the radioactive

lead issue involves the use of archaeological lead, such as ancient Roman ingots retrieved

from a sunken ship off Sardinia� 2000 years ago. This ancient lead shows an extremely low

radioactivity thanks to the long time spent underwater, protected from cosmogenic activation,
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and during which the activity of210Pb was highly reduced, given its half-life of 22.3 years.

Material rich in hydrogen, such as water or polyethylene, are employed to slow down and

absorb neutrons thanks to the large kinematic match with H.

In addition to passive shielding, some active methods to reduce the external background

are also often applied, like water Cherenkov tank surrounding the detector. The residual

high energy muons reaching the underground laboratory can pass through the water and

produce the emission of Cherenkov radiation, which is detected by a set of photosensors. To

exclude this possible background, the muons are tagged and the events detected in a time

window close to the detection of the muon are excluded. This technique is used for instance

by XENONnT [45], COSINUS [46] and DarkSide-50 [47]. For the neutron veto system

tanks of liquid scintillator enriched with elements with a high cross section for neutrons

radiative capture (Gd, B) or with water (H) can be used. The neutrons can be tagged by

detecting the light produced by the emitted gammas following the capture. This technique is

used for example by LUX-ZEPLIN [48], XENONnT [49] and DarkSide-20k [50]. In large

dense detecting sensitive volumes neutrons are expected to scatter more than once. Multiple

neutron scattering events are typically excluded from the analysis.

2.3.3 Neutrino background

Another NRs background contribution for DM search experiment is given by neutrinos,

in particular neutrinos emitted by the Sun, produced in the atmosphere by cosmic rays

and coming from the diffuse �ux of the Supernovae. Solar neutrinos are the most intense

source of neutrinos on Earth, they are produced by theppcycle, which mostly induce ERs

of the order of few keV. The main source of coherent elastic neutrino-nucleus scattering

(CE� NS) are the neutrino emitted in the decay of8B which generate NRs of the same

energies, impossible to be singularly discriminated from WIMP induced ones. The neutrino

energies and �uxes span over order of magnitude. In Fig. 2.5 the energy spectrum of the

neutrinos from these different astrophysical source is shown. With increasing target masses

approaching hundreds of kilograms to tons, direct Dark Matter detectors with sensitivity to

keV energies start being sensitive to neutrino interactions.

2.3.4 Internal background

Another signi�cant source of background arises from the intrinsic radioactivity of the ma-

terials used in the detector, target medium and shieldings. Radioactive contaminates in the

detector materials, can introduce many kinds of backgrounds with the emission of alphas,
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Figure 2.5Spectra of the most relevant neutrino sources [51].

electrons, positrons and gamma rays. Unlike the case of the radioactivity of the surroundings,

short-range particles such as alphas emitted close to (or inside) the sensitive volume of the

detector are likely to induce a background event. Therefore, ensuring the radiopurity of the

detector materials is crucial for any direct Dark Matter search experiment.

The radioactive contamination of materials is often inevitable due to inherent production

processes that introduce contaminants. To mitigate further contamination from cosmogenic

activation, materials for ultra-low background experiments are preferably stored underground

to limit surface exposure time. If this is unavoidable, suitable shieldings should be installed

to minimize the interaction of cosmic rays.

2.4 Detector signals

The elastic scattering of a Dark Matter particle off a target medium induces for the case of

the WIMP an energy transfer to nuclei which can be observed through three different signals,

depending on the detector technology in use. These can be the production of heat (phonons in

a crystal), an excitation of the target nucleus which de-excites releasing scintillation photons

or by the direct ionization of the target atoms. Detection strategies focus either on one

of the three signals, or on a combination of two of them. Combining multiple detection

channels enhances the ability to distinguish DM signals from background events, since the

response of media to an interaction is not only proportional to the deposited energy but

depends on the type of particle that deposits the energy. More precisely, the relative size

of two signals depends on the type of particle. This enables the discrimination of nuclear
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recoils from electronic recoils which is an important method to reduce the background of

the experiment. To measure the ionization signal either germanium detectors or gases (low

pressure, for directional searches) are employed while scintillation can be recorded for crystal

and for noble-gas liquids. To detect heat, the phonons produces in crystals are collected using

cryogenic bolometers at mK temperatures. The following section provides an overview of

the primary techniques used for direct Dark Matter detection.

Scintillating crystal High-purity scintillating crystals, such as NaI(Tl) and CsI(Tl), offer

high scintillation light yields, which enable them to achieve low energy thresholds. These

crystals can be assembled into arrays to cover large masses and operate reliably for long

durations. When a charged particle deposits energy in the crystal lattice, part of that energy

is converted into visible or UV light through de-excitation. Dopants like thallium (Tl) are

used to introduce additional energy levels into the lattice, increasing scintillation ef�ciency

at room temperature. The emitted light is typically detected using photomultiplier tubes

(PMTs). However, growing these crystals with high radiopurity is challenging, leading

to signi�cant background noise. Experiments using scintillating crystals include ANAIS-

112 [52], COSINE-100, SABRE [53], and DAMA [54].

Bolometers Bolometers are cryogenic detectors that operate at extremely low temperatures,

typically below 50 mK. They detect the tiny temperature changes caused by particle interac-

tions with phonons. These low temperatures suppress thermal noise and reduce heat capacity,

which is primarily due to lattice vibrations scaling as T3. Both ERs and NRs primarily

dissipate energy as heat, but they differ in their ionization or scintillation responses. NRs

usually transfer less energy to ionization and excitation of atoms compared to ERs. Thus,

bolometers often combine temperature measurements with scintillation light or ionization

charge to differentiate between ERs and NRs based on their different energy loss ratios.

Experiments using bolometers include EDELWEISS-II [55], CRESST-III [56], COSINUS,

and Super-CDMS [57].

Noble liquids detectos Noble liquids like argon and xenon are easily ionized and have

excellent scintillation properties. When an ionizing particle passes through, it excites atoms,

leading to the emission of UV photons with varying decay times. The scintillation pulse

shape, determined by the relative populations of singlet and triplet states, differs between

electronic and nuclear recoils. Experiments instrument large volumes of these liquids with

light detectors to measure primary scintillation. In their liquid form, these detectors can

achieve masses on the order of tonnes. Examples of single-phase noble liquid detectors
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include DEAP-3600 [58] and XMASS [59].

In dual-phase Time Projection Chambers (TPCs), noble liquids are used to measure both

scintillation light and ionization charge. The primary light (S1 signal) is collected by

photosensors, while ionization electrons are drifted by an electric �eld towards a gas-liquid

interface. Here, the electrons are accelerated, generating secondary scintillation (S2 signal)

through electroluminescence, which is also detected optically. By combining S1 and S2,

the energy deposited, particle identi�cation, and interaction position can be determined.

Experiments using this technology include XenonnT [60] and DarkSide [61].

Bubble Chambers Bubble chambers use superheated liquids maintained at temperatures

just above their boiling points. Energy deposits above a set threshold trigger local phase

transitions, nucleating bubbles that grow to macroscopic sizes and can be optically detected.

Bubble nucleation requires a critical energy deposit within a speci�c stopping power range,

allowing operational parameters to be tuned so that only NRs trigger bubble formation.

This renders the detectors insensitive to ER backgrounds. Alpha particles create larger

bubbles (about 10� m), while NRs produce much smaller ones (about 10 nm). Stereoscopic

cameras with millimeter precision are typically used to capture the position and number of

bubbles. Using �uorine-rich liquids, such as C3F8 and C4F10, enhances sensitivity to Spin-

Dependent interactions, while combining these with heavier elements like iodine improves

Spin-Independent sensitivity. However, bubble chambers cannot measure the energy of

deposited events, relying solely on event counts, which limits their ability to characterize

DM mass. The PICO [62] experiment is a leading example of this technique.

Gaseous Detectors Gaseous detectors optimized for pure ionization detection are being de-

veloped with a focus on low-mass DM searches. These detectors offer low energy thresholds

and can provide directional information. Directional detectors often use low-pressure TPCs

to reconstruct angular distributions of events. These setups typically combine a gaseous

TPC with high-resolution readouts for ionization charge or scintillation light detection. The

lower density of the medium results in longer particle tracks, which facilitates directional

reconstruction and enhances ER/NR discrimination based on distinct energy deposition

patterns along the particle track.

2.4.1 Current limits

The observable rate of WIMP-induced NRs depends primarily on two unknown parameters:

the total WIMP-nucleus cross section and the mass of the WIMP. If a positive detection of

WIMP-induced NRs is made, it would identify a region in the parameter space de�ned by
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Figure 2.6Current status of the SI limit on the cross section WIMP [18].

these two variables. In contrast, absence of detected events allows experiments to set upper

bounds on the cross section.

In Fig. 2.6 the current status of the limits on the SI cross section as a function of the WIMP

mass is shown. The DAMA/LIBRA experiment observed an annual modulation of NRs in

the energy range between 2-6 keV with a 2.86 tonne y exposure and 13.7� signi�cance,

consistence with the WIMP hypothesis [63]. To solve this inconsistency some experiments,

such as the aforementioned ANAIS-112, COSINE, SABRE and COSINUS were speci�-

cally designed to replicate DAMA/LIBRA's results by employing the same crystal medium.

These experiments aimed to either con�rm or refute DAMA's claims. Recent analyses

from COSINE-100 [64] and ANAIS-112 [65] have already excluded the DAMA modulation

region. As seen in Fig. 2.6 , the shape of the exclusion limits shows a minimum where

the WIMP mass closely matches the atomic mass of the target, for kinematic reasons. At

higher masses, since the local Dark Matter density is constant, heavier WIMPs become rarer,

leading to a suppression in scattering rates, scaling inversely with WIMP mass,/ 1/m� .

Below the minimum, experimental sensitivity is restricted by the energy threshold, and thus

the exclusion limits rise steeply. For WIMP masses exceeding 3 GeV, noble liquid TPC

experiments, such as XENON, provide the most stringent limits on the cross section. This

is due to their large, high density targets and excellent scintillation properties, which make

reaching the tonne scale easier. In the 1 GeV range, bolometer detectors like CRESST-III

and SuperCDMS dominate due to their exceptionally low energy thresholds, down to tens

of eV. Light nuclei are ideal for probing this mass range, and the future CYGNO detector

is expected to explore WIMP masses as low as 0.3 GeV by utilizing a hydrogen-enriched
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target.

For Spin-Dependent (SD) couplings, the sensitivity is generally about �ve orders of magni-

tude weaker than for SI couplings, due to the limited availability of spin-odd nuclei required

for SD sensitivity. Future generations of experiments are expected to reach sensitivities close

to the neutrino background, which will impose an inherent limit on detection capabilities.

Therefore, the development of new experimental methods that can unambiguously identify

Dark Matter signals, even in the presence of poorly understood backgrounds, is critical.

One promising approach is directional Dark Matter detection, which seeks to address this

challenge.

2.5 Directional Dark Matter search

As discussed in Sec. 2.2.3, WIMP-induced recoils are expected to be aligned opposite to

the direction of the laboratory's motion to the galactic rest frame. In galactic coordinates,

this translate into a dipole-like angular distribution, with the majority of recoils appearing

from the direction of the Cygnus constellation (� 90� ,0). The recoil direction, denoted by

� r , depends on several parameters including the recoil energyEr , the WIMP massm� , the

target massmA and the relative WIMP velocity relative to the targetv according to:

cos�r =

s
mAEr

2� 2v2 =
vmin

v
(2.28)

Here,� is the WIMP-target reduced mass. The angle� r can range between 0� and 90� ,

depending on the target and the recoil energy. Higher recoil energies result in a stronger

dipole feature, i.e.� r close to 0� , but the event rate decrease. On the other hand, at lower

recoil energies, achieving good angular resolution becomes more challenging experimentally.

For larger WIMP-target reduced mass and lower recoil energies and target masses, the

maximum event rate forms a ring around the WIMP arrival direction. Additionally, since

the earth's velocity relative to the galactic rest frame varies throughout the year, so does the

angular distributions of recoils. The difference in angular distribution at the minimum and

maximum velocities introduces an aberration pattern, which is dif�cult to detect and requires

a large number of events to measure appreciably. As a result, the most investigated feature

of WIMP-induced recoils is the dipole shape in the angular distribution, which can provide

positive identi�cation of a WIMP signal with suf�cient exposure and a low energy threshold.

Directional detection, speci�cally the dipole feature in the angular distribution of nuclear

recoils (NRs), is considered one of the most promising methods for detecting galactic Dark

Matter.
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Figure 2.7Directional event rates from a 9 GeV WIMP (blue) and solar neutrinos (red) displayed
in galactic coordinates. The red lines indicates the path of the ecliptic, showing minimal overlap
between the two distribution over the course of the year [66].

Unlike non-directional detectors, directional detectors provide additional angular information

for each recoil event. This extra information signi�cantly enhances the ability to distinguish

between potential Dark Matter signals and background events, especially since background

signals tend to have different angular distributions compared to WIMP-induced recoils. Most

internal and external backgrounds exhibit nearly isotropic distributions in galactic coordi-

nates, as Earth's rotation and the tilt of its axis relative to the galactic plane reduce local

anisotropies. This ensures that background signals are unlikely to mimic WIMP-induced

events, enabling directional detectors to set stronger exclusion limits than non-directional

detectors with the same exposure. This advantage arises because directional detectors can

exclude backgrounds by rejecting the hypothesis of isotropic event distributions, providing a

more powerful tool for probing lower WIMP-nucleon cross sections.

One of the most signi�canct source of directional background is coherent elastic neutrino-

nucleus scattering (CE� ES) from solar neutrino, which non-directional detectors cannot

exclude on an event-by-event basis. However, directional detectors with suf�cient perfor-

mance, could effectively exclude solar neutrino events throughout the year. This is because

the direction of the Sun and the Cygnus constellation never overlap, as shown in Fig.2.7.

2.5.1 Directional Detection techniques

Directional detection techniques need to achieve low energy thresholds with high angular

resolution while also maintaining a large exposure. Low-energy nuclear recoils typically
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produce sub-micrometer track lengths in solids and liquids, making directional measurement

challenging. However, the use of dense liquid or solid targets allows detectors to achieve

large target masses, and thus large exposures. In contrast, gaseous targets have much

lower densities, which reduces the exposed mass compared to solid or liquid targets of the

same volume. Nevertheless, nuclear recoils in gaseous targets can produce track lengths of

approximately 1 mm, allowing for more precise measurement of both the direction and sense

of the recoil. Additionally, gaseous detectors can be operated at pressures below atmospheric

levels, further enhancing their directional capabilities, though this comes at the expense of

reducing the total target mass.

NEWSdm The NEWSdm experiment [67] utilizes an emulsion �lm, composed of silver

halide crystal dispersed in a polymer, which serves as both a target and tracking detector.

The crystals are composed of a mix of elements, including H (1.6%), C (10.1%), N (2.7%),

O (7.4%), Br (32.0%), Ag (44.0%) and I (1.9%). The total density is 3.2 g/cm3. The presence

of both light elements like C, O and N, and heavier element like Ag and Br, enables the

detector to be sensitive to WIMPs of both low and high masses. To minimize external

background, the sensitive volume is enclosed within a shield. Because nuclear emulsion

detectors lack time resolution, the system must be installed on an equatorial telescope to

account for the Earth's rotation, ensuring the detector's orientation remains �xed relative

to the incoming WIMP �ux. The current prototype setup features a 10 g target, housed at

the underground LNGS laboratories, with the goal of testing production, calibration and

analysis techniques while also measuring environmental backgrounds. The passive shielding

is made of 10 cm of lead and 40 cm of polyethylene to shield the detector from environmental

gammas and neutrons respectively.

Assuming 100 background events, the experiment can achieve a sensitivity of approximately

10� 42 cm2 for a WIMP nucleus cross section at 100 GeV with an exposure of 100 kg� year.

The detector's spatial resolution, which reaches O(10) nm using polarization based techniques,

could allow it to probe the neutrino �oor with an exposure of 10 ton� year, assuming zero

background.

DRIFT DRIFT (Directional Recoil Identi�cation From Tracks) [68] is one of the pioneer-

ing experiments in direction Dark Matter detection. It uses a dual Time Projection Chamber

(TPC) �lled with low-pressure gas and equipped with Multi Wire Proportional Counters

(MWPC) for charge ampli�cation and readout. The two TPCs share a common aluminized

Mylar cathode (0.9� m thick), creating two separate sensitive volumes. Each TPC is read out

by a MWPC that consists of an anode plane with 522 stainless steel wires (20� m diameter,
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2 mm pitch) for the x coordinate and grid planes with 100� m wires (2 mm pitch) for the

y-coordinate.

The detector uses a gas mixture of CS2:CF4:O2 (30:10:1 Torr) in negative ion drift mode.

It operates underground at the Boulby mine in the UK, with additional plastic shielding

to reduce neutron backgrounds. The DRIFT experiment demonstrated sensitivity to the

head-tail (HT) directional signature of the nuclear recoils down to 39 keVnr using a252Cf

neutron source.

NEWAGE The NEWAGE experiment [69] (NEw generation WIMP search with an Ad-

vanced Gaseous tracker Experiment) uses a micro-TPC �lled with CF4 gas at 100 mbar,

operated underground at the Kamioka laboratory in Japan. The detector ampli�es ioniza-

tion signals using Gas Electron Multipliers and reads them with a low-radioactivity� -PIC

(micro-pixels) plane, which also provides additional charge ampli�cation. Signals from the

anode and cathode strips are recorded by a 100 MHz fast-ADC capturing both charge and

time-over threshold information, enabling 3D track reconstruction.

NEWAGE achieved an energy threshold of 50 keVee with an angular resolution of approxi-

mately 40� . After 318 days of data taking, the experiment set a 90% con�dence level limit

on the SD WIMP-proton cross section of 25.7 pb for a WIMP mass of 150 GeV, based on

forward-backward asymmetry in galactic coordinates.

DMTPC The DMTPC [70] (Dark MAtter Time Projection Chamber) experiment uses a

low-pessure TPC �lled with CF4 gas (30-100 Torr), with external optical readouts (CCD,

PMTs) and charge readouts. Electrons from primary ionization are ampli�ed between closely

spaced ground and anode mesh planes under a high electric �eld, producing secondary

scintillation light detected by CCD cameras and PMTs. This setup allows for the measurement

of the energy of each event (from the total light) and the 2D shape of the tracks (from the

pixelated light sensor). PMTs and charge readouts provide tentative 3D track reconstruction.

Various DMTPC prototypes were initially operated at MIT and later underground at WIPP in

the USA. The experiment reported recoil direction measurements, achieving an HT ef�ciency

of about 75% at 200 keV. Initial limits on the Spin-Dependent WIMP-proton cross-section

were also set using a 10-liter detector.

D3 The D3 [71] (Directional Dark Matter Detector) project focuses on developing TPCs

with highly segmented pixelated charge readouts. The readout chips used in these detectors

feature pixel sizes of 50� 400� m and 50� 250� m, with each pixel incorporating an ampli�er,

discriminator, shaper, and digital control. Using a double GEM stack with a gain of ap-
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proximately104 and low electronic noise, the detector achieves nearly 100% single-electron

ef�ciency. Measurements from a small 4.5 cm drift chamber �lled with He:CO2 or AR:CO2

gas mixtures at atmospheric pressure demonstrated spatial resolution of� x = ( 197� 11) � m

and� y = (142� 9) � m, as well as angular resolutions around 1 degree for alpha tracks. A

larger detector, CYGNUS-HD, with a 40 liter active volume is under development, aiming to

scale up to a cubic meter for future experiments.

CYGNUS CYGNUS [72] is a proto-collaboration aimed at constructing a network of

modular, multi-site, and multi-target Galactic Observatory based on gaseous TPC using a

directional approach to search for DM within the neutrino fog and to study solar neutrinos.

Organizing the experiment in a modular and multi-site manner alleviates some of the issues

regarding the very large volumes needed for a gas target to reach the required mass. A

globally distributed experiment offers additional advantages, such as mitigating seasonal or

location-speci�c background noise and overcoming site-speci�c restrictions on detector size.

Past and ongoing directional detection experiments and R&D efforts such as DRIFT,

MIMAC, D 3, DMTPC, NEWAGE and CYGNO have demonstrated the low-density gas TPC

concept, and have made many impressive technological advances over the years. In the next

chapter the development and principles behind the CYGNO detector are described. This

includes the choices related to detector design, gas mixture, ampli�cation techniques and

readout system.
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The CYGNO project is developing a directional detector aimed to search for Dark Matter

and rare events at low energy. The CYGNO experimental setup involves a high resolution

Time Projection Chamber (TPC), �lled with a gas mixture of helium (He) and carbon tetra�u-

orine (CF4) operated at atmospheric pressure and room temperature. The primary charge

ampli�cation is achieved through Gas Electron Multipliers (GEMs). A regular feature of

this system is the production of scintillation light during charge multiplication, enabled by

the presence of CF4 in the gas mixture. The CYGNO's innovative approach lies in the use

of optical readout to capture this scintillation light. Scienti�c CMOS (sCMOS) cameras

are employed to image large areas with high granularity. By combing images from sCMOS

camera with signals from photomultiplier tubes (PMTs), CYGNO aims at achieving a 3D

particle tracking with directional capabilities down to O(1) keV energy.

Time Projection Chambers based on Micro Patter Gaseous Detector (MPGD) and optical

readout represent ideal candidates for high resolution particle tracking. MPGDs allow to

equip large surface, ensuring very good spatial and timing resolution.

Several prototypes of increasing size have been developed to study this experimental tech-

nique and evaluate its performance.

CYGNO is part of the proto-collaboration CYGNUS, a joint effort between different interna-

tional groups. Together, they aim to build and operate a multi-site galactic directional recoil

observatory to explore the Dark Matter hypothesis beyond the neutrino fog and detect solar

and supernova neutrinos at the ton scale [72].
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3.1 Interaction with the matter

When a charged particle traverses a medium, it primarily loses energy through two mech-

anisms: inelastic collisions with atomic electrons and elastic scattering off nuclei. Other

processes are relevant only at high energy, such as the emission of Cherenkov radiation,

nuclear reactions and bremstrahlung. For most particles, the majority of the energy is lost in

the inelastic collisions with the atomic electrons except when the particle's mass is similar

to that of the target nucleus, as in the case of nuclear recoils. Low energy NRs lose energy

through nuclear stopping (collisions with atoms) and electronic stopping (collisions with

electrons). This means that when an ion or recoiling nucleus moves through the medium, its

energy is distributed between kinetic energy transferred to nearby atoms and energy used to

excite or ionize electrons.

The energy partition depends on the masses and charges of the interacting particles and

the ion energy. Heavier ions at lower energies tend to lose more energy through nuclear

stopping, resulting in less ionization. Detectors that rely solely on ionization or scintillation

are particularly affected by this, leading to a phenomenon called quenching, where the

ionization signal is reduced.

Elastic collisions with nuclei dominate energy loss at lower energies, while inelastic colli-

sions with electrons are responsible for generating a detectable signal, particularly in Time

Projection Chambers (TPCs), which measure the energy lost to ionization or excitation. Since

inelastic collisions are inherently statistical, calculating the exact behavior of energy loss

requires quantum mechanical methods. However, in practice, this energy loss is typically

averaged over the particle's path, described by the stopping power, denoted asdE=dx.

Low-energy electrons primarily lose energy via collisions with atomic electrons, while radia-

tive losses like bremsstrahlung become signi�cant only for electron energies much greater

than 1 MeV. Although elastic collisions with electrons are less frequent, they still occur,

causing the electron to lose energy and change direction with each collision. This results in

an electron recoil (ER) track characterized by uneven energy deposition, with most of the

energy deposited near the track's end, and a curly, irregular shape due to multiple trajectory

deviations.

In contrast, at the low energies relevant to DM searches, NR stopping power decreases with

energy, meaning most energy is deposited early in the particle's path. This behavior contrasts

with higher-energy particles, which deposit most of their energy at the end of their path,

forming a Bragg peak. This creates an asymmetry in the track pro�le that can be used to infer

the direction of the particle's motion, a characteristic known as the head-tail (HT) effect.

Photons interact with matter primarily through three processes: photoelectric effect, Compton
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scattering and pair production. In the photoelectric effect, which is dominant at low energy

range around 1 MeV, a photon transfers its full energy to an atomic electron. If the photon's

energy exceeds the electron's binding energy, the electron is ejected with the remaining

energy as kinetic energy. After this ejection, secondary effects can occur. For instance, an

electron from an outer shell may �ll the vacancy in the inner shell, releasing the energy

difference as an X-ray of characteristic energy. This energy can be transferred to another

electron, ejecting it via the Auger effect. The cross-section of the photoelectric effects scales

approximately as/ Z 5, whereZ is the atomic number of the material. Compton scattering,

becomes dominant in the medium energy range, around 1 MeV. In this process, a photon

scatters off a nearly free atomic electron, transferring a portion of its energy to the electron.

The energy transferred depends on the photon's scattering angle. The recoiling electron

can absorb a signi�cant fraction of the photon's energy, resulting in electron recoils up to

a few hundred keV. The cross-section for Compton scattering scales linearity withZ . At

higher photons energies, much greater than 1 MeV, pair production becomes the dominant

interaction mechanism. In this process, a photon is converted into an electron-positron pair

upon interacting with the Coulomb �eld of a nucleus. This process requires a threshold

photons energy of 1.022 MeV, corresponding to the combined rest mass of the electron and

positron. The residual energy between the initial energy of the photon and the sum of the

rest masses of the pair and the energy of the recoiling nucleus is available as kinetic energy

for the electron and the positron, which further interact in the detector. The cross section for

pair production scales asZ 2. In Fig. 3.1 the behavior of the photon interaction cross section

various energy ranges is illustrated, showing how different processes dominate at different

photon energies.

3.2 Detector strategy

The CYGNO collaboration is developing a detector based on a gaseous Time Projection

Chamber (TPC) �lled with a mixture of helium (He) and carbon tetra�uoride (CF4). The

detector operates at room temperature and atmospheric pressure. Since the charge generated

during ionization is typically too small to be directly detected, a three stage ampli�cation

process using 50� m Gas Electron Multipliers (GEMs) is employed. During the primary

electrons ampli�cation process through the interaction of them with CF4 molecules light is

generated. The signal is then optically readout using a scienti�c CMOS camera and photo-

multiplier tubes (PMTs). The detector's performance is in�uenced by both the properties of

the gas mixture and the characteristics of the ampli�cation and readout systems.

The CYGNO project combine the following innovative strategies:
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Figure 3.1Cross-section behavior for photon interactions as a function of photon energy and material
atomic number.

• Gas mixture: He:CF4 gas mixture provides sensitive to both Spin-Independent (SI)

and Spin-Dependent (SD) coupling to Dark Matter, thanks to the presence of �uorine.

The CF4 scintillation properties are optimal for optical readout due to its high light

yield and emission wavelength in the visible range. The addition of 60% helium to

CF4 ensures a low gas density, comparable to that of air, while also contributing to the

long-term stability of the detector. This low-density environment allows both electron

and nuclear recoils to travel relatively longer distances, enhancing the reconstruction

of their direction;

• GEM ampli�cation: GEMs are a type of Micro-Pattern Gas Detector (MPGD) that

provide high charge ampli�cation, enabling low energy detection thresholds. They

also offer high granularity, making them well-suited for integration with the sCMOS

camera sensor and optical system used in the CYGNO setup. Furthermore, GEMs

are among the few MPGDs that can be manufactured in large sizes, making them an

essential feature for the future stages of the experiment;

• Optical readout: The scintillation light produced by the CF4 is detected using sCMOS

camera and PMTs. Optical sensors offer a signi�cantly high signal-to-noise ratio,

while charge readout is accompanied by electronic noise which can be problematic

for very low energy deposits. Furthermore, positioning the readout sensors outside the

sensitive volume minimizes both radioactivity and gas mixture contamination. The
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sCMOS cameras provide high-resolution 2D imaging over large areas. Due to their

long acquisition times, they effectively yield a 2D projection of all recoil tracks on

the GEM plane (x-y plane), enabling the extraction of track topology and directional

information. The PMTs sample the light produced by the track as primary electrons

gradually pass through the ampli�cation plane. This allows the PMTs to measure the

relative extension of the track along the drift direction (i.e., thez-coordinate). By

combining camera data with PMT signals, full 3D reconstruction of particle recoils is

achieved, along with precise energy measurements, using two distinct photosensors.

The 3D topology of the recoils is particularly valuable, as it serves as a key parameter

for discriminating signals from background events, speci�cally, nuclear recoils from

electronic recoils, and enhances the directional capabilities of the detector.

• Atmospheric pressure operation: Operating at atmospheric pressure provides a favor-

able volume-to-target-mass ratio, making the detector more cost-effective and scalable.

Among all directional detectors, CYGNO is the only directional dark matter search ex-

periment operating at atmospheric pressure. This enhances the experiment's exposure

without compromising recoil track lengths, thanks to the low gas density;

In the next Sections, each of these concepts will be examined in detail, providing insights

into how they contribute to the overall effectiveness and innovation of the CYGNO project.

3.2.1 Time Projection Chamber (TPC)

Liquid and gaseous Time Projection Chambers have been successfully proposed and exploited

in last decades for every different applications, from High Energy Physics experiments on

colliders to the Dark Matter (DM) searches. TPCs are three-dimensional tracking detectors

that can provide detailed information about a particle's trajectory and its speci�c energy loss.

When a charged particle interacts in the medium, ionization occurs. The ionized electrons

recombine shortly after the interaction. If an electric �eld is present, the primary electrons

are moved, to not recombine with the ionized atoms and they drift towards the anode, where

they are eventually ampli�ed and collected (Fig. 3.2).

Gaseous TPCs constitute a promising approach to directional DM searches enabling a set of

crucial features:

• The third coordinate can be evaluated from the time measurement: therefore TPCs are

inherently detectors capable of acquiring large sensitive volumes with a lower amount

of readout channels;

• Gaseous detectors can features very low-energy detection thresholds. A single electron

cluster can be produced with energy releases of the order of few tens of eV;
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• A measurement of the total ionisation indicates the energy released by the recoil and

the pro�le of the energy deposit along the track can be measured with high precision;

• Depending on the energy and mass of the recoiling particle and on the gas density, the

track itself indicates the axis of the recoil, and the charge pro�le along it encodes the

track orientation (head-tail), providing an addition powerful observable for the DM

searches;

• A large choice of gasses can be employed in TPCs, including light nuclei with an

odd number of nucleons (such as �uorine), which are also sensitive to both Spin-

Independent (SI) and Spin-Dependent (SD) interactions in the O(GeV) mass region;

• A room-temperature and atmospheric-pressure detector results in operational and

economical advantages, with no need for cooling or vacuum sealing. These choices

allow for a simpler technology and experiment realization and more straightforward

scaling when compared to cryogenic solutions currently dominating the DM direct

search scene;

TPCs up to 100 m3 [73] of active volume have already been successfully operated,

showing the feasibility of very large detectors with large active masses.

The low-pressure gas TPC is the most mature directional technology. In this scheme, the

WIMP-induced recoil generated a track of ionization in the gas volume, and an electric

�eld transports the resulting charge to an ampli�cation and readout plane. The full three

dimensions of a recoil track can be reconstructed by combining the 2D measurement of the

ionization charge distribution on the readout plane, with the third dimension inferred by

sampling the transported signal as a function of time. The projection of the track along this

third dimension, parallel to the drift �eld, is found by multiplying the duration of the signal

with the known drift velocity of the charge in the gas. Early works in directional detection

used Multi Wire Proportional Chambers (MWPCs), which provide both gas ampli�cation

and spatial information.

3.2.2 Gas mixture

In the CYGNO experiment, the choice of gas mixture plays a critical role in determining the

detector's performance and the sensitivity to DM coupling to SM particle. The gas mixture is

composed of He:CF4 in proportion 60:40, the ratio has been optimized in order to maximize

the detector's performance in terms of energy resolution, photon yield spatial resolution

together with the physic case, i.e. low WIMP masses for both SI and SD, as reported in [74].

Previous studies [74], indicate that small amount of CF4 helps to mitigate excessive charge
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Figure 3.2Sketch of a TPC.

production during the signal ampli�cation process, which can destabilize the detector's

electrostatic con�guration and lead to inef�ciencies like dead time.

Tetra�uomethane, CF4, emits scintillation light also in combination with noble gasses. The

light emission spectrum actually comprises two continua, with peaks centered around 290 nm

(UV region) and 620 nm (visible region), respectively [75]. The visible orange emission

comes from the de-excitation of a Rydberg state of the neutral CF�
3, originated from the

fragmentation of CF4 with an energy threshold of 12.5 eV. The UV region shows two main

peaks, around 240 nm and 290 nm, coming from the different contributions of several excited

ionic species that are produced by the dissociative ionization of CF4, with a threshold of

15.9 eV. Thanks to the large characteristic scattering cross section of electrons, gas mixtures

with CF4 presents also very low diffusion during drift which improves the accuracy of 3D

tracking within a TPC.

A low electron diffusion coef�cient in the gas is a key factor in maintain high-quality 3D

tracking in a Time Projection Chamber. Reduced diffusion enables the construction of a

detector with a longer drift �eld, i.e., a larger volume, while preserving tracking performance.

Helium is a noble gas, it is chemically stable and inert and it can provide large gains especially

when coupled with other molecular gasses. Its low density allows the experiment to operate

at atmospheric pressure, extending the detector's sensitivity to DM particles with masses

under 10 GeV/C2. In particular, the helium maximizes sensitivity to WIMP masses of few

GeV/c2 for SI coupling. The large presence of �uorine atoms in the CF4 provides sensitivity

to SD coupling also at low WIMP masses, thanks to its relative lightness. CYGNO results

one of the few experiments in the �eld simultaneously sensitive to both SI and SD coupling

at WIMP masses bellow 10 GeV/c2.

Diffusion coef�cients (Fig. 3.3) and drift velocities (Fig. 3.4) for the gas mixture under

different electric �elds were calculated using Gar�eld [76] simulations. The transverse

diffusion coef�cient is around 130� /cm at a drift �eld of 500 V/cm. The energy needed for
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Figure 3.3 Transverse (on the left) and longitudinal (on the right) diffusion coef�cients for the
mixtures as a function of the electric �eld [74].

Figure 3.4Electron drift velocities as evaluated with Gar�eld [74].

ionization (W value) is approximately 46.2 eV [77].

Ongoing research within CYGNO is exploring other gas mixtures, including hydrogen-rich

gases like isobutane or methane, and investigating the potential addition of electronegative

gases for further improvements in detection modes.

3.2.3 GEM

The CYGNO collaboration chose Gas Electron Multipliers (GEMs), because they can reach

large gains and can be stacked in multiple ampli�cation stages while maintaining a high

granularity, which prevents an excessive degradation of the track's shape. GEMs are a type

of Micro Pattern Gas Detector (MPGD), initially proposed by F. Sauli in 1997 [78]; and

it was widely studied and improved since then. GEM detectors are nowadays an af�rmed

technology, employed in many experiments worldwide.

GEMs allow to amplify the charge drifting through the channels, it is based on two metal
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Figure 3.5Electron microscope picture of a section of typical GEM electrode, 50� m thick.

layers separated by a thin insulator with regularly double-conical. Electrons generated in the

upper gas volume drift into the channels, thanks to the high electric �eld, the avalanche takes

place generating second electrons. The ions generated in the avalanche drift along the central

�eld lines, avoiding charging up problems.

Unlike other gaseous detectors, the negative signal on the anode is generated only by the

collection of electrons, without a contribution from the slow positive ions. This make the

device potentially very fast and minimize space charge problems. Ions do not participate to

the signal induction: they slowly drift back towards the top GEM electrode and the drift. The

signal generated by the movement of positive charges is totally shielded by the GEM foil,

therefore no ion tail is contained in the typical GEM signal.

The material employed to realise the GEM can vary, but the most common are �berglass

or polyamide, such as Kapton, for the insulator sheet, and copper for the metallic coating.

GEMs can be realised with various thicknesses, from very thin 50� m to 1 mm (Fig. 3.5). For

thinner GEMs, the hole diameter is typically 70� m wide, as smaller holes do not signi�cantly

enhance the effective gain due to the very large charge density in the hole. The pitch, i.e.

the distance between holes, is typically 140� m. Such tiny holes are usually fabricated via

chemical etching, which results in a double-conical-shape hole, with a narrower diameter in

the center. Holes with diameters> 300� m, are fabricated through the mechanical drilling

of the foil, producing cylindrical holes. Thanks to their structure, GEMs allow for a good

spatial resolution, which preserve thex-y characteristics of the electron cloud resulting from

an incident particle. The secondary electrons produced by a GEM can be collected by an

anode or sent to another GEM for a second ampli�cation stage. Stacking multiple GEM

layers increases the gain, achieving total gain of the order of 104 to 106. The advantage of a

multiple structure is that the overall gain can be obtained with each foil operated at a lower

voltage, reducing the risk of discharges. Foils can either be supplied with a dedicated voltage
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line each, or with a single voltage source and a resistive distribution chain. For these reasons,

CYGNO employs a stack of three 50� m GEMs to achieve the necessary ampli�cation for

low-energy event detection. The small size and high granularity of GEMs preserve the shape

and characteristics of the electron cloud produced by an incident particle.

3.2.4 Optical readout

In the search of Dark Matter, a promising approach involves optically reading out the gas

electroluminescence produced during electron multiplication [79; 80; 81; 82; 83].

When a charged particle interacts with the medium, it can ionize the atoms and the molecules

and it can also excite them. In the de-excitation processes, photons are emitted. The amount

and spectrum of this light depend on the gas mixture, its density and the presence of an

electric �eld. The emission spectra correspond to the second continuum spectra observed

in rare gas discharges. In most common gas mixture, the number of emitted photons per

avalanche electron can vary between 10� 2 and 10� 1.

The idea of detecting scintillation light produced during the electron multiplication process

was proposed in the 90's. Using an optical readout system allows sensors to be placed outside

the sensitive volume of the detector, which reduces contamination from radioactivity and the

gas itself. However, this approach limits the number of photons collected due to solid angle

coverage. In CYGNO, this photon collection loss is compensated by the high gain achieved

using a triple GEM structure. Proper lenses are employed to capture images over large areas

of about O(1) m2 using a single sensor.

As a directional detector, CYGNO aims to measure the direction of particle recoils along

with their energy, requiring full 3D track reconstruction. This is accomplished by using two

optical sensors: a scienti�c CMOS (sCMOS) camera, which captures thex-y projection

of the particle tracks, and a set of PMTs that measure the integrated energy and the track

development along thez-axis (drift direction).

Optics

To image a large sensitive area on a single sCMOS sensor, focusing lenses are necessary.

A single camera, paired with the proper optic system, can capture images of areas as large

as approximately O(1) m2, maintaining high granularity. All CYGNO prototypes utilizes a

Schneider Xenon lens with focal length f = 25.6 mm and an aperture ratio of 0.95, providing

0.85 transparency in the optical band was exploited. The sensor must be placed 60 cm away

from the last ampli�cation plane in order to capture images of areas measuring 33� 33 cm2.

With this setup, the LIME prototype (Section 4.1) achieves an effective granularity of
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152� 152� m2.

A schematic representation of an optical system featuring a thick lens, projected onto the

plane formed by the optical axis and an orthogonal axis is shown in Fig. 3.6. OP represents

the object plane where the source being focused is positioned, SP the sensor plane where

there is the photosensor, EP and XP the entrance and exit planes where photons enter and

exit the lens, respectively. H and H0represent the hyperfocal planes, corresponding to the

position of a thin lens exhibiting similar optical behavior to that of a thick lens [84]. The

radius of the lens opening (D) represents the area through which photons are accepted, which

can be modi�ed by manually adjusting the aperture.

The in�nitesimal area of the photon-emitting object is denoted bydA, u is the tangent of the

opening angle,s represents the distance between the object and the hyperfocal plane H, and

s0 represents the distance between the sensor and the hyperfocal plane H0, f F is the focal

distance, F is the focal point, and in the general case F = F0andf F = f 0
F = f . The Fig. 3.6

represents the functioning of a typical thick lens, where photons within the yellow region to

the left of EP reach the lens and are focused onto the sensor.

If OP, EP, XP and SP are parallel, the photons �ux� reaching the lens from an areadA of

the source is given by:

� = �LdAu 2 (3.1)

whereL is the luminosity of the source. The fraction of solid angle
 f covered by the lens is

de�ned as the �ux de�ned in equation 3.1 per the total �ux (� tot ):


 f =
�
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We de�ne sep as the distance between the hyperfocal plane and the entrance plane. If

s � sep, which is the case of CYGNO, the relationship between the distancess ands0 to the

magni�cationI can be considered identical to linear optics of thin lenses:
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wherey andy0are the object and image dimensions respectively. Combining equations 3.1,

3.3 and 3.4 we obtain
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Figure 3.6Schematic of a lens in the Gaussian approximation. The yellow band refers to the amount
of solid angle covered that emitted from the object plane (OP) is focused on the sensor plane (SP) [84].

where N = D/f is f-number of the aperture ratio. The typical solid angle covered with

the Schneider lens and the ORCA Fusion camera, signi�cantly reduces the number of

photons that reach the active sCMOS sensor. An extremely high gain is required from the

ampli�cation stage, which necessitates the utilization of a stack of three GEMs.

The photons �ux computed was derived assuming a source placed on the optical axis; off-axis

photon sources experience a decrease in �ux due to the vignetting effect. The �ux from a

source is given by:

� = �LdAu 2cos4� (3.6)

where� is the angle between the optical axis and the direction connecting the source with

the center of the lens entrance (EP).

This cause anx-y non-uniformity in the light yield, called vignetting, and can be corrected in

the CYGNO image analysis.

Scienti�c CMOS

In recent years, signi�cant advancement have been made in light sensor technology. Particle

physics experiments, particularly those involving Time Projection Chambers (TPCs) using

scintillating gas mixtures, now frequently utilize high-performance pixelated light sensors.
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The most wiedly used light sensors for digital imaging are currently charged-coupled devices

(CCDs) and active pixel sensors (APSs), especially those developed on complementary

metaloxide semiconductors (CMOS). Both types of sensors convert light into electric charge

and subsequently process it into electronic signals. In CCD sensors, each pixels consist

of Metal-Oxide -Semiconductor (MOS) capacitors, biased into the depletion region where

incident photons are converted into electrons. The capacitor array is placed on top of a

transmission layer which acts as a shift register. After the image is captured, the charge

produced in each pixel is transported to its neighbor, repeating the process until the charge

reaches an ampli�er, where it is converted into a voltage. This voltage can either be stored

as a continuous analog signal or sampled and digitized. The CCD sensors allow nearly the

entire pixel area to capture light, resulting in high output uniformity, which is critical for

image quality.

CMOS sensors, on the other hand, perform charge-to-voltage conversion individually within

each pixel using a pinned photodiode. These sensors often incorporate additional components

like ampli�ers, noise-correction circuits, and digitization features. While CMOS sensors

have slightly lower uniformity due to the individual pixel processing, they support massively

parallel data processing, allowing for high-speed operation and greater overall bandwidth.

Due to their low noise, high granularity, and potential for further technological improvements,

CYGNO has chosen to use scienti�c CMOS (sCMOS) cameras. These cameras offer precise

x-y projection measurements of events occurring within the gas, along with quantitative

measurements of the light emitted. This capability provides not only the location of the

events but also the release density along the tracks that it is useful for particle identi�cation.

With the bulk of the photons sensitive region made of silicon and the protective window of

the sensor composed of glass, sCMOS cameras have large sensitivity in the optical range.

The quantum ef�ciency (QE) of these sensors can reach up to 80% at around 600 nm, which

aligns well with the peak emission in the visible range from the He:CF4 gas mixture used

in CYGNO [75]. Notably, the QE of sCMOS sensors is signi�cantly higher than that of

common PMTs, and their wavelength sensitivity matches well with the emission properties

of the gas mixture. To overcome the poor timing information provided by the sCMOS, a

combined light readout with a fast PMT is exploited in order to provide a 3D reconstruction

of the track.

Recoil ranges of both electrons and ions in the gas mixture were simulated using

GEANT4 [85] and SRIM [86], respectively. Helium nuclear recoils appear as bright spots

less than 1 mm across at energies up to 100 keV, while electronic recoils below 10 keV show

a more diffuse, spot-like pro�le. At higher energies, electronic recoils can extend to several

centimeters. An example of image acquired with the sCMOS camera is shown in Fig. 3.7.
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Figure 3.7Example of an image acquired with the sCMOS camera.

Discriminating between electronic (ER) and nuclear recoils (NR) at low energies presents

a challenge, as their track shapes become similar. The key distinguishing feature is track

density, the ratio of total light emitted to the size of the recoil spot. CYGNO employs

measurements of speci�c energy loss (dE=dx) along the track, facilitated by high-resolution

data from sCMOS cameras and PMTs, to differentiate between ERs and NRs.

Photonmultpliers Tubes

In TPC with optical readout, devices that can detect photons and convert them into an

electrical signal at the anode play a critical role. Photmultipliers tubse (PMTs) are designed

to detect very faint light, even as little as a single photon, and can handle a wide range of

light intensities. It consists of a photocathode made from a photosensitive material. When

a photon strikes the photocathode, an electron is emitted via the photoelectric effect. To

optimize light transmission, the photosensitive material is applied as a thin layer on the inside

of the PMT window, typically made of glass or quartz. The ef�ciency of photon-to-electron

conversion is not perfect, and the fraction of photons converted to electrons is referred to as

the quantum ef�ciency (QE).

Once an electron is emitted, it is accelerated by an applied electric �eld and directed towards

the �rst electrode, called a dynode. When the electron hits the dynode, it transfers energy to

the dynode material, causing multiple secondary electrons to be emitted. These secondary

electrons are then accelerated towards the next dynode, where the process repeats, generating

more electrons at each stage. This cascading effect produces a large number of electrons,

typically ranging from 107 to 1010, suf�cient to represent the original scintillation event. At
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Figure 3.8Schematic of the photomultiplier tubes and its operation [87].

the anode, this electron cascade is collected, creating a current that can be ampli�ed and

analyzed. A schematic representation of the PMT and this ampli�cation process is shown in

Fig. 3.8. The output current from the PMT is directly proportional to the number of incident

photons, allowing it to provide not only information about the presence of particles but also

the energy deposited during the scintillation event.

PMTs can be operated using either positive or negative high voltage, as long as the dynodes

are at a positive potential relative to the photocathode. For ef�cient photoelectron collection,

the voltage difference between the photocathode and �rst dynode is often several times

greater than the dynode-to-dynode differences. A resistive voltage divider is used to supply

these voltage differences from a single high-voltage source. The direct current through the

voltage divider is determined by the ratio of applied high voltage to the total resistance of

the divider string. Keeping the current small helps minimize heat dissipation issues. Even in

the absence of illumination, a small current called the dark current �ows through the PMT.

This current arises from various sources, including thermionic emission from the cathode

and dynodes, leakage currents, radioactive contamination, ionization, and other light-related

phenomena.

The sensitivity of a PMT to different wavelengths of light and its quantum ef�ciency depend

on the materials used for both the front window and the photocathode.

PMTs also preserve the timing information of the original light pulse. When exposed to a

short-duration light pulse, a typical PMT will produce an electron pulse with a time width

of just a few nanoseconds. The effective decay time for CF4 is measured to be less than

15 ns [88]. This timing structure is directly related to the position of the electrons along the

drift direction, which in turn re�ects the spatial structure of the original particle track along

thez-axis. This information complements thex-y projection of the tracks detected by the

sCMOS camera, enabling full 3D reconstruction of the events.
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The integral of the PMT signal is proportional to the total light emitted by each event,

providing an independent energy measurement that complements the energy information

from the sCMOS camera.

3.3 Gain in gas detectors

When a charged particle passes through the detector, it ionizes the gas along its path. This

process, known as primary ionization, produces free electrons and ions. However, only a

fraction of the particle's energy is spent for ionization, and the total ionization yield can be

described by the parameterW, representing the average energy required to create a single

free electron:

W hNI i = L

*
dE
dx

+

(3.7)

WherehNI i denotes the average number of ionization electrons created over a path length

L and
D

dE
dx

E
is the average energy loss per unit path length of the particle. The value ofW

depends on the gas, its composition and density, and on the nature of the incident particle.

Experimentally it is found that for electrons above a few keV and alpha particles above a few

MeV, W is generally independent of the initial energy.

In the case of a Time Projetion Chamber, an electric �eld is applied between the cathode

and the anode, guiding the primary electrons toward the anode. During the drift, electrons

can be neutralized by ions, absorbed in the walls or attached to electronegative molecules.

Therefore, as the electrons drift, some may be absorbed by the gas. The number of electrons

is in�uenced by the gas's absorption length, de�ned as:

N = N0e� d=labs (3.8)

whereN0 is the number of primary electrons,d is the drift length andlabs is the absorption

length.

As electrons traverse the gas, they undergo frequent collisions with gas molecules, which

limit their average velocity, called drift velocity. Due to these random collisions, an initial

electron cluster will spread over time into a Gaussian distribution with the spread given by:

� x =
p

2Dt (3.9)

whereD is the diffusion coef�cient andt is the drift time in a given directionx. While

electron diffusion is typically considered symmetric, high electric �elds can lead to an

asymmetry where the longitudinal diffusion coef�cient,DL , in the drift direction becomes
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smaller than the transverse diffusion coef�cient,DT [89]. This discrepancy arises because

electron energy gains between collisions vary depending on the alignment of their motion

with respect to the electric �eld, particularly in gases where the mean free path is long.

Therefore, the drift �eld's asymmetry in a TPC causes differing diffusion between the drift

and transverse directions, resulting in an electron cloud with a 3D Gaussian distribution. The

spreads are:

� x;y =
q

2DT t (3.10)

for the transverse plane and

� z =
q

2DL t (3.11)

for the drift direction.

3.3.1 GEM gain

When electrons enter a GEM hole, they undergo localized multiplication, resulting in an

electron avalanche. With a suitable gas mixture, the excited gas species can also emit photons

over a very short distance. Due to the GEM's optical transparency, these photons can exit

through the channel and be detected, contributing to the signal. The high gain of the GEM

enables a large number of photons to be emitted per incoming electron [90].

GEMs can be cascaded to increase gain, this con�guration effectively suppresses ion feedback,

preventing the accumulation of positive charges in the interaction volume and maintaining

stability [91].

Multiple GEMs achieve higher gains compared to a single GEM because the charge between

stages is distributed across several holes, each acting as an independent ampli�er. What

matters is therefore the amount of charge in the hole, or, equivalently, the charge density.

The charge exiting from the considered volume is composed by the same amount of charge

entering from the neighboring volume. This is valid when several holes are uniformly

affected by the see amount of charge, as it happens for the high �ux measurement.

The electric �eld increases in front of the ion cloud, upstream of the avalanche region,

before all the primary electrons have been fully ampli�ed. In this intensi�ed region, new

incoming electrons generate additional electron-ion pairs, further aggravating the electric �eld

distortion. Some electrons in the highly ionized region diffuse against the drift, populating

the high-�eld region ahead of the ion cloud, thereby worsening the �eld distortion even more.

This distortion drives ionization towards the cathode, increasing the ionization rate over time.

As the electrons drift through the �eld cage, they diffuse and reach the GEM, where they

trigger avalanche multiplication over a larger area than the original ionization region.

Thanks to the high electric �eld inside the GEM holes, an electron avalanche develops with a
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typical factor on the order of 102. The gain per GEM,GGEM , can be expressed as a function

of the applied voltage VGEM :

GGEM = aebVGEM (3.12)

Wherea andbare parameters dependent on the speci�c detector setup and gas mixture.

As the electron avalanche progress in the GEM, photons in the visible spectrum are emitted

via the gas molecules de-excitation process. Studies with a He:CF4 gas mixture at a 60:40

ratio [75] report around 0.07 photons per secondary electron above 400 nm, which was also

con�rmed by recent measurements done within the CYGNO collaboration. However, only

a portion of these emitted photons reach the sensor, as some are lost due to the lens optics,

which vary depending on the event's position on the GEM plane.

3.3.2 Gas gain

To ensure a detectable signal in a small gas volume, it is desirable the gas gain not to be too

low. Operating in high-gain mode offers certain advantages, such as simplifying the task of

the ampli�cation electronics. This optimization requires a knowledge of distortion due to

space charge effects which can be estimated by modeling gas avalanches. In particular, this

modeling relies on knowledge of the Townsend coef�cient as a function of the electric �eld.

The mean free path for ionization describes the average distance an electron travels between

ionizing collisions. Its inverse, the number of collisions per cm, is the �rst Townsend

coef�cient, denoted as� . This coef�cient is a fundamental parameter that determines the

gas gain. The value of� depends on several factors, with the main ones being the gas

composition, the electric �eld strength and the gas pressure. The addition of polyatomic

molecules to noble gas mixtures raises the required electric �eld for achieving similar gains,

due to the presence of various excitation, vibrational and rotational levels [92].

The presence of contaminants such as O2, N2 and H2O, which are commonly present during

experimental operation, can in�uence the performance of GEM detectors, especially in terms

of signal ef�ciency and ampli�cation gain. Common sources of impurities include detector

components and the gas system itself, and these contaminants can be mitigated by using gas

puri�er modules.

Increasing gas �ow signi�cantly improves GEM gain. It has been observed that low gas

�ows lead to a performance drop due to impurity buildup in the detector. This accumulation

decreases exponentially as gas �ow increases, allowing for higher gains as the same applied

voltage. Oxygen, being a common impurity, has a particularly strong effect because of its

high electron attachment coef�cient, which leads to electron capture during the avalanche

process. The presence of O2 limits both primary ionization and the development of the
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electron avalanche [93]. Even small amounts of electronegative gases in the mixture can

signi�cantly alter the drift properties and overall detector performance. Oxygen, due to

its high electron attachment probability (attachment coef�cient ofh = 2:5 � 10� 5), can

inhibit the avalanche multiplication process and lead to the formation of ozone O3 during the

avalanche. Ozone, in turn, acts as a strong absorber of ultraviolet photons and can quench

discharges, limiting the charge multiplication process.

Another contaminant like H2O, being electronegative molecule, tend to capture free electrons

in the avalanche, reducing the overall gain. Increasing the gas �ow reduces the concentration

of these molecules, helping maintain higher detector performance.

The gain, charge multiplication factor, is given by the Townsend equation:

G = e�x (3.13)

wherex is the distance over which the multiplication avalanche occurs and� is the Townsend

coef�cient, which depends on the ratioE=� , with � being the gas density. From the ideal gas

law:

� / 1=� / T=P (3.14)

The gain dependence on temperature (T) and pressure (P) is then expressed as:

G(T=P) = AeB T
P (3.15)

whereA andB are parameters that are experimentally determined. In controlled environments

with small �uctuations, a �rst order approximation of 3.15 is possible, giving a good behavior

of the gain:

G(T=P) = A + B
T
P

(3.16)

In this thesis (Chapter 5), the impact of impurities and pressure variations on the detector's

gain is analyed for the LIME prototype.

3.4 TimeLine

The CYGNO project aims at developing a O(30) m3 detector using an innovative approach in

astroparticle physics, particularly for directional DM searches. The experiment involves an

underground Time Projection Chamber with high-resolution optical readout, exploiting all

TPC features. It employs Gas Electron Multipliers at atmospheric pressure with He:CF4 gas

mixture, designed for detecting rare processes with energy releases ranging from hundreds

of eV to tens of keV.
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Figure 3.9The CYGNO experiment timeline.

To achieve this, the experiment is progressing through prototypes of increasing size. The

CYGNO timeline consists of three main phases, as illustrated in the Fig. 3.9. Currently,

the experiment is nearing the completion of PHASE_0, the R&D stage. During this phase,

multiple prototypes were constructed to evaluate and optimize CYGNO's performance,

leading to the installation of the LIME detector underground. The next stage, PHASE_1, will

focus on scaling up the technology by deploying a 0.4 m3 demonstrator, CYGNO-04, with a

modular readout system. This phase will also serve as a test for material radiopurity. The

�nal goal is PHASE_2, which involves constructing a large-scale detector with a sensitive

volume of tens of cubic meters.

It is important to stress here that the project was discussed and approved only up to PHASE_1

which is currently starting.

3.4.1 PHASE_0

To optimize the experimental technique, three main prototypes were developed. The �rst,

ORANGE (Optically Readout GEM), explored the optical readout capabilities of GEMs for

3D tracking. It featured a triple 10� 10 cm2 GEM stack with 2 mm spacing and a 1 cm

drift gap, resulting in a sensitive volume of 100 cm3. The emitted light was detected by a

Hamamatsu ORCA-Flash 4.0 camera, positioned 20 cm away from the last GEM layer with

a geometrical acceptance of 3.46� 10� 2 (Fig. 3.10). ORANGE provided the �rst test for

track image reconstruction and assessed light yield performance, demonstrating 3D track

measurement using PMTs [94].

Subsequently, to explore the feasibility of using TPCs for directional Dark Matter searches

and to test CYGNO experimental approach with longer drift length, the LEMOn (Long

Ellipticall MOdule) detector has been developed [95]. A 7 liters active volume TPC with a
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