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Introduction

Astronomical and cosmological observations indicate that the vast majority of matter in
the Universe does not emit or absorb light. This "dark matter" reveals itself only through
its gravitational effects, from the rotation curves of galaxies to the large-scale structure of
the cosmos. While the evidence for its existence is overwhelming, its fundamental nature
remains one of the most profound mysteries in modern physics.

Among the various theoretical candidates proposed to explain dark matter, Weakly
Interacting Massive Particles (WIMPs) have received particular attention. These hypo-
thetical particles would interact with ordinary matter primarily through gravity and the
weak nuclear force, making them extremely difficult to detect. However, if dark matter
consists of WIMPs with masses in the GeV/c? range, occasional collisions with atomic
nuclei in terrestrial detectors should produce faint but measurable signals in the form of
nuclear recoils with energies of tens of keV.

Direct detection experiments search for these rare interactions by monitoring large
volumes of ultra-pure materials in underground laboratories, shielded from cosmic rays
and other backgrounds. A crucial challenge is distinguishing genuine dark matter signals
from the overwhelming background of ordinary particle interactions. One particularly
powerful discriminant is the directional signature: since the Solar System moves through
the dark matter halo of our galaxy, WIMPs should exhibit a preferred incoming direction
in the laboratory frame. Measuring the direction of nuclear recoils could therefore provide
definitive evidence of a dark matter origin, even with a small number of events.

The CYGNO project pursues this directional approach by developing a gaseous Time
Projection Chamber (TPC) with optical readout, with the goal of scaling up to volumes
on the order of O(30m?). The detector employs a gas mixture of helium and carbon
tetrafluoride (CF4) at atmospheric pressure. Helium maximizes the energy transfer in
WIMP-nucleus scattering for low-mass WIMPs, while CFy provides abundant scintilla-
tion light that enables optical readout of the ionization tracks. This combination allows
the detector to instrument large volumes with low noise, high spatial granularity, and sen-
sitivity to both spin-independent and spin-dependent dark matter interactions through the
fluorine content.

In the CYGNO TPC, ionization electrons produced by incoming particles drift toward
a multi-stage amplification region consisting of three Gas Electron Multipliers (GEMs).
The amplified charge produces secondary scintillation light, which is recorded by both
scientific CMOS cameras and photomultiplier tubes (PMTs). This dual optical readout
enables measurement of the energy deposited along the track and reconstruction of the
complete three-dimensional track topology, which is essential for identifying the charac-
teristic signatures of nuclear recoils and rejecting the dominant background from electron
recoils.

vil
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Several prototypes have been constructed to validate the CYGNO detection concept
for rare-event searches. The largest of these is LIME (Large Imaging Module Experiment),
which is the primary focus of this thesis. After its initial commissioning at the Laboratori
Nazionali di Frascati (LNF), LIME was installed at the Laboratori Nazionali del Gran
Sasso (LNGS), where it began data taking in 2022 and continued operating for three
years. The goals of the experiment include characterizing external backgrounds (from
the laboratory environment and residual cosmic rays) and internal backgrounds (from
radioactive contaminants in detector materials), as well as assessing the detector’s response
to nuclear recoils and validating its directional reconstruction capabilities.

Thesis Outline

e Chapter 1 — Dark Matter. Reviews the astrophysical and cosmological evidence
for dark matter from galactic to cosmological scales and discusses leading theoretical
candidates for its composition.

e Chapter 2 — Direct Detection of Dark Matter. Presents the theoretical frame-
work of WIMP-nucleus scattering, the expected event rates and experimental sig-
natures, and the principal challenges in rare-event searches, with emphasis on direc-
tional detection techniques.

e Chapter 3 — The CYGNO Project. Describes the CYGNO experiment, including
its scientific goals, detection principle, and technological implementation.

e Chapter 4 — LIME: The Largest Prototype. Provides a comprehensive de-
scription of the LIME detector, including its design, commissioning, operation both
overground and underground, and key performance results.

e Chapter 5 — Simulation of the Detector Response. Details the Monte Carlo
simulation framework developed for CYGNO and LIME, describing the complete
chain from primary particle generation to digitized detector response, including val-
idation with overground data.

e Chapter 6 — Electron Recoil Simulation Studies with LNGS Underground
Data. Presents the systematic optimization of simulation parameters and the char-
acterization of detector stability through detailed comparison with experimental cal-
ibration data collected underground.

e Chapter 7 — Validation of Nuclear Recoil Simulation with AmBe Source
Data. Describes the Monte Carlo simulation of neutron interactions from an AmBe
source, the comparison between simulated and experimental data, and the charac-

terization of electron/nuclear recoil discrimination capabilities.

Finally, the Conclusions present a comprehensive summary and discussion of the results
obtained in this work.



Chapter 1

Dark matter

Over the past sixty years, an extensive array of astrophysical and cosmological observations
has increasingly reinforced the hypothesis that the known forces and particles described
by the Standard Model of particle physics are inadequate to fully explain all the matter
in the Universe. These findings indicate the presence of a non-luminous and non-baryonic
component, widely known as dark matter (DM), which interacts gravitationally like ordi-
nary matter but remains invisible to electromagnetic interactions. While it constitutes a
significant fraction of the Universe’s total matter content, its nature remains elusive and
unknown despite decades of intensive experimental and theoretical research.

Dark matter, making up about 84% of the total matter in the Universe, plays a fun-
damental role in the formation and evolution of cosmic structures. The hypothesis of
dark matter stems from a variety of astrophysical and cosmological observations spanning
multiple scales, from individual galaxies to the largest structures in the Universe. These
observations suggest that an ingredient beyond the known particles and forces is required
to explain phenomena such as the rotation curves of galaxies, the dynamics of galaxy
clusters, and the patterns of anisotropies in the Cosmic Microwave Background (CMB).

1.1 Evidence for dark matter

Evidence for dark matter comes from a variety of astrophysical and cosmological obser-
vations, spanning multiple scales of the Universe. These include phenomena such as the
flat rotation curves of spiral galaxies, the dynamics of galaxy clusters, and the anisotropies
in the Cosmic Microwave Background (CMB). Each of these observations provides com-
pelling support for the existence of dark matter, and they will be discussed in detail in the

following sections.

1.1.1 Galactic scale

Galactic-scale observations provide some of the earliest and most direct evidence for dark
matter. Two key phenomena stand out: the rotation curves of spiral galaxies, which reveal
the presence of unseen mass in their outer regions, and gravitational lensing, where the
bending of light by a galaxy’s gravitational field exceeds what can be attributed to its
visible matter. These observations strongly suggest the existence of a significant dark
matter component within galaxies.
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1.1.1.1 Galactic rotation curves

One of the earliest and, to date, most robust pieces of evidence for dark matter comes from
the rotation curves of spiral galaxies, including our own Milky Way. In spiral galaxies, most
stars reside in a central bulge, surrounded by spiral arms composed of additional stars and
gas. The rotation curve of a galaxy specifies the circular velocity, v(R), of these stars and
gas clouds as a function of their distance R from the galactic center.

Under the simplifying assumption of Newtonian dynamics, the centripetal force re-
quired to maintain a circular orbit of a mass m at a radius R must balance the gravitational
force from the total mass M (R) enclosed within that radius:

mv;(R) _GM];%)m, (1.1)

where G is the universal gravitational constant. Simplifying Eq. (1.1]), we obtain:

G M(R)

v(R) = 7

(1.2)

In a simplified model, one typically assumes that most of a galaxy’s mass is concentrated
within some characteristic radius R. (of a few kiloparsecs). For R < R., the enclosed
mass grows with volume if the density is roughly constant, implying that v(R) increases
proportionally to R. For R > R., however, the mass M (R) should be essentially constant,
and the velocity v(R) would then decrease as 1/v/R.

Rotation curves are typically measured via the Doppler shift of characteristic emission
lines, particularly the 21 cm line of neutral hydrogen (HI). These observations often extend
to large galactocentric distances, revealing a nearly universal feature: while the circular
velocity increases as expected at small radii, at large R it remains approximately flat
instead of falling off as 1/ VR.

This flat behavior (see Fig. contradicts the expectation from Eq. if only visible
matter is present. It implies that the total mass M (R) continues to grow with R, even
beyond the luminous edge of the galaxy. The additional, invisible mass is interpreted as
a dark matter halo, commonly assumed to be approximately spherical. Simple estimates
show that the halo density profile must fall off roughly like 1/R? to explain the flatness of
the rotation curves [1].

1.1.1.2 Gravitational lensing

Gravitational lensing offers additional and compelling evidence for the presence of dark
matter. According to General Relativity, massive objects distort the surrounding space-
time; in regions far from such masses, light rays follow straight paths in three-dimensional
space, but in the vicinity of a large mass concentration, their trajectories are bent. Fig-
ure illustrates this phenomenon: when a massive object (the lens) lies between an
observer and a distant source, the potential well associated with the lens distorts the light
rays originating from the source, often producing multiple images or visible arcs of the
background object.

In a simplified description, the bending of a light ray passing at an impact parameter
b from a lens of mass M can be approximated (in the weak-field limit of the Schwarzschild

metric) by
4G M
Y

(1.3)
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Figure 1.1: An example of the rotation curve measurement for the galaxy NGC6503, as
presented in |2|. The solid line illustrates the overall fit to the data, while the dashed line
represents the gas component, the dotted line corresponds to the visible matter, and the
dash-dotted line indicates the dark matter (DM).

(a) A schematic representation of gravita-
tional lensing, showing how light from a dis-
tant source is bent by the gravitational field (b) An example of a horseshoe Einstein ring,
of a massive object. captured by the Hubble Space Telescope.

Figure 1.2: On the left, a schematic showing the working principle of gravitational lensing.
On the right, a Hubble image displaying a horseshoe Einstein ring [3].

where G is the gravitational constant and c is the speed of light in vacuum. By mea-
suring the deflection angle «, it is possible to infer the mass responsible for the lensing.
Different mass scales and distributions give rise to different lensing regimes. Strong lens-
ing produces resolvable multiple images, arcs, or Einstein rings around massive clusters
or galaxies. Weak lensing induces subtle distortions appearing as coherent shape defor-
mations of background galaxies, requiring statistical analysis of many objects. Finally,
microlensing occurs when small lenses (such as a star or compact object) cause little or no
apparent distortion but temporarily alter the observed flux of the background source.

A particularly striking example supporting the dark matter hypothesis comes from
observations of merging galaxy clusters, most famously the Bullet Cluster (1E 0657 —
558). X-ray measurements reveal the hot intracluster gas (which interacts electromagneti-
cally), while gravitational lensing maps the total mass distribution, including dark matter
(i.e.material that does not emit electromagnetic radiation). Figure illustrates how the
X-ray emission (shown in red) does not align spatially with the strongest gravitational
potential wells determined via lensing (depicted in green contours). This offset implies
that the majority of the mass is in a form that does not interact significantly with the
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hot gas (which lags behind the collision), providing clear evidence for a non-collisional (or
effectively collisionless) component consistent with dark matter [4].

6"58M428 36° 30° 24% 18° 12"

Figure 1.3: Composite image of the Bullet Cluster (1E 0657-558), illustrating the sepa-
ration between the hot, X-ray-emitting gas (red) and the principal mass concentrations
inferred from gravitational lensing (green contours). The observed displacement strongly
supports the existence of dark matter that is effectively collisionless during cluster merg-
ers [5].

Overall, gravitational lensing has enabled the reconstruction of mass distributions in
numerous systems, from individual galaxies to massive clusters. These mass maps con-
sistently require additional mass beyond that which is optically visible, reinforcing the
conclusion that a significant fraction of matter in the Universe is dark and does not inter-
act via the electromagnetic force.

1.1.2 Cosmological scale

Two complementary pillars reveal the presence of dark matter on the largest scales: the
hierarchical growth of large-scale structure (LSS) and the fine-grained pattern of the Cos-
mic Microwave Background (CMB). Both are naturally interpreted within the Standard
Model of Cosmology, the ACDM paradigm.

The ACDM Framework The standard model of Big Bang cosmology, known as the
ACDM model, provides the most accurate description of the evolution and composition
of the Universe on large scales. It is built upon the General Theory of Relativity (GR)
applied to the cosmological scale and relies on the Cosmological Principle, which asserts
that the Universe is homogeneous and isotropic on scales larger than ~ 100 Mpc.

The model assumes the Universe is composed of four main energy components: radi-
ation (ultra-relativistic particles like photons and neutrinos), ordinary matter (baryons),
Cold Dark Matter (CDM), and Dark Energy (associated with a cosmological constant A).

The evolution of the background geometry and the statistics of primordial fluctuations
are fully characterized by a minimal set of six independent parameters:

e ph?: The physical baryon density parameter.

e Q.h%: The physical cold dark matter density parameter.
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e O: The angular size of the sound horizon at the last scattering surface (related to
the distance sound waves traveled before recombination).

e A,: The amplitude of the primordial scalar power spectrum.
e ng: The scalar spectral index (describing how density variations scale with distance).

e 7: The reionization optical depth (probability of a photon scattering during the
reionization epoch).

The dynamics of the Universe are described by the Einstein field equations. Assuming
the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric, which describes a flat, open,
or closed spacetime, we derive the first Friedmann equation:

2 2
831G ke
2y (@) _ ot RC
H*(t) = <a) =3 P o (1.4)

where:
e H(t) is the Hubble parameter, measuring the rate of cosmic expansion.

e a(t) is the dimensionless scale factor (normalized such that a(tp) = 1 today), describ-
ing the relative size of the Universe at time ¢.

e p is the total energy density of the fluid filling the Universe.

e [ is the spatial curvature constant (k = 0 for flat, & > 0 for closed, & < 0 for open
geometry).

To analyze the composition of the Universe, it is convenient to define the critical density
pe, which corresponds to the density required for a flat Universe (k = 0):

_ 3H§

= o 920 1072 kgm 3. (1.5)

Pe

The abundance of each energy component 7 is then expressed as a dimensionless density
parameter ; = p;/pe.

By evaluating Eq. at the present time (denoted by subscript ’0’) and normalizing
by HZ, we can rewrite the expansion history as a sum of contributions from different
components. Although the original equation groups all energy into p, the total density
evolves as the sum of species with different equations of state: radiation (o< a~*), non-
relativistic matter (o< a=3), and the cosmological constant (ps = const). Additionally, the
curvature term —kc?/a? can be treated as an effective energy density Q. This yields the
normalized Friedmann equation containing four distinct terms:

H?(a)
3

=m0 (58) + 0o () + 000 () + 0 1.6

where:
e (2, o: Current radiation density (photons and neutrinos).
o Qo= o+ Qo Current matter density (baryons + CDM).

o Oro=—kc?/(a3HE): Effective curvature density parameter.
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Figure 1.4: Snapshot from a cosmological simulation showing the projected matter den-
sity and temperature at different redshifts. Bright regions trace dense clusters; filaments
connect them within the cosmic web .

e Q: Dark Energy density parameter.

The constraint ) €; 0 = 1 applies; observations indicate a flat Universe (4,9 ~ 0), domi-
nated today by Dark Energy (24 ~ 0.69) and Cold Dark Matter ({2, ~ 0.26), with baryons
constituting only ~ 5% of the critical density H§||

Large-scale structure (LSS). The observed web of galaxies and clusters provides com-
pelling evidence for non-baryonic dark matter through its role in amplifying primordial
overdensities and providing the gravitational scaffolding for structure formation.

Cosmological epochs are often referenced by their redshift z, which quantifies the
stretching of photon wavelengths due to the expansion of space and is inversely related
to the scale factor by 1 + z = 1/a(t). Since the Universe expands monotonically, higher
redshifts correspond to earlier epochs. After matter—radiation equilibrium at z ~ 3600
(when the energy density of matter began to dominate over radiation), density fluctu-
ations grew roughly in proportion to the cosmological scale factor a(t) (normalized to
unity today) until non-linear collapse led to the formation of virialised halos (see Fig. .
Baryons subsequently fell into these gravitational potential wells, giving rise to stars and
galaxies.

Cosmological N-body simulations, such as Millennium or Illustris, follow billions of
particles from early initial conditions to the present epoch, successfully reproducing the
filamentary structure and halo mass distribution observed in the Universe.

To this extent, a cold (non-relativistic) dark-matter component is essential: hot DM
would erase small-scale power, producing a top-down formation history in conflict with

observations Eﬂ .
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Cosmic Microwave Background (CMB). The Cosmic Microwave Background
(CMB) is the remnant thermal radiation from the early Universe, providing one of the
most powerful tools to constrain cosmological parameters and serving as the primary
quantitative probe of the ACDM model.

In the early, hot Universe (before z ~ 1100), photons were tightly coupled to baryons
(protons and electrons) via Thomson scattering (e~ + vy — e~ + 7), forming a thermal
photon-baryon plasma. As the Universe expanded and cooled, the temperature eventually
dropped below ~3000 K, allowing electrons and nuclei to combine into neutral hydrogen
atoms. This event, known as recombination, drastically reduced the free electron density
and therefore the Thomson scattering rate I'g.

When T'g fell below the cosmic expansion rate H at z ~ 1100 (corresponding to ap-
proximately 380,000 years after the Big Bang), photons decoupled from matter: their mean
free path increased dramatically, and they began to stream freely through the Universe.
This defines the last scattering surface (LSS), which we observe today as the CMB sky.

The measured spectrum of the CMB is that of a near-perfect black body with temper-
ature T, ~ 2.7255 K . However, the temperature is not perfectly uniform; it exhibits
tiny anisotropies (AT /T ~ 107°) that reflect primordial density fluctuations at the time
of decoupling.

Figure 1.5: CMB temperature anisotropies measured by Planck. Image courtesy of

ESA .

To analyze these fluctuations, the temperature field on the sky is expanded in spherical
harmonics Y}, (6, ¢):

+oo  +1
%(9, qb) = Z z almnm(ea ¢)’ (17)
l

=0 m=—

where the expansion coefficients a;,,, are given by:

AT

o = | 0.0V 0.0 a0, (19)

In practice, the monopole (I = 0, representing the mean temperature) and the dipole
(I =1, dominated by our motion relative to the CMB rest frame) are subtracted, and the
analysis focuses on [ > 2.
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The statistical information is encoded in the angular power spectrum Cj, which mea-
sures the variance of the coefficients ayy,:

G = 2l7+1 Z [ (1.9)

The multipole [ is inversely related to angular scale (6 ~ 7/l): low [ corresponds to large
angular scales, while high [ represents fine details.

Physically, the peaks in the power spectrum (Figure arise from acoustic oscilla-
tions in the photon-baryon fluid before recombination. Gravitational attraction (driven
by dark matter potential wells) compressed the fluid, while photon pressure resisted, cre-
ating standing sound waves. The position of the first acoustic peak is highly sensitive to
the spatial curvature of the Universe (€2i), while the relative heights of subsequent peaks
constrain the baryon density (£2;) and cold dark matter density (£2.).

Multipole moment, /¢
2 10 50 500 1000 1500 2000 2500

6000

5000
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3000

2000

1000 |

Temperature fluctuations [ © K2 ]

90°  18° 1° 0.2° 0.1° 0.07°
Angular scale

Figure 1.6: Angular power spectrum of CMB temperature anisotropies measured by
Planck |12| (data points) and best-fit ACDM model (solid line).

In concert, the large-scale distribution of matter traced by galaxy surveys provides in-
formation on how structures grow over cosmic time, while the CMB anisotropies encode the
initial conditions: the primordial density fluctuations and the composition of the Universe
at the epoch of decoupling. These two probes provide mutually consistent, high-precision
evidence that about 85% of the Universe’s matter is a cold, non-luminous component in-
teracting primarily through gravity, while a cosmological constant drives the present-day
accelerated expansion. The angular power spectrum of CMB temperature anisotropies
measured by Planck (Fig. and its best-fit ACDM model stand as the primary quan-
titative result, precisely constraining the six cosmological parameters and confirming the
necessity of cold dark matter.

The following section will present an overview of theoretical dark matter models, dis-
cussing their strengths and limitations. Subsequently, we will describe the experimental
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techniques used to search for or constrain these models, with a particular focus on direct
detection experiments in underground laboratories.

1.2 Candidates for dark matter

Observational evidence from cosmological and astronomical studies, which is largely based
on gravitational phenomena, is inconsistent with the current standard model describing
the particles and forces in the Universe. This discrepancy indicates that an additional
ingredient is necessary, or at least hypothesized, to adequately account for the measure-
ments. Various theories have been proposed to explain these anomalies; the principal ones
are discussed in the following sections.

1.2.1 Dark matter as a particle

The last few decades have witnessed the completion of the particle spectrum predicted by
the Standard Model of particle physics, notably with the discovery of the Higgs boson at the
LHC in 2012 [13]. Nevertheless, the Standard Model is known to exhibit several limitations,
including the fine-tuning problem associated with the Higgs boson mass, neutrino masses,
the strong CP problem, the matter-antimatter asymmetry, and the absence of gravitational
interactions. Extensions of the Standard Model aim to predict the existence of new forces
and particles, some of which possess characteristics suitable for dark matter candidates.

Based on the observational evidences discussed in Section any viable particle dark
matter model must satisfy the following properties:

1. Non-baryonic: CMB measurements from the Planck satellite imply that dark mat-

ter must be non-baryonic.

2. Abundant: Planck data indicate that the dark matter density is approximately
0.26, which is significantly greater than the density of ordinary baryonic matter.

3. Neutral and Color-free: The lack of interactions with photons precludes any
electromagnetic interactions, and the absence of strong interactions ensures that
dark matter does not lose energy and concentrate in galactic centers beyond what is
observed.

4. Weakly Interacting: Although dark matter has been observed to interact gravita-
tionally, any non-gravitational interaction must be extremely weak. This is necessary
not only for the decoupling of dark matter from radiation and baryonic matter dur-
ing Big Bang Nucleosynthesis (BBN), but also to allow for its potential detection.
BBN refers to the epoch in which the temperature and density of the early Universe
permitted the synthesis of light elements such as deuterium, helium, and lithium.
Note that “weakly interacting” here does not necessarily refer to the Standard Model
electroweak force, but to any interaction with a sub-weak strength.

5. Stable or Extremely Long-lived: In order to account for its current abundance
and gravitational effects in the Universe, dark matter particles must be stable or
have an extremely long lifetime.
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6. Warm or Cold: Dark matter relics are categorized based on their energy at the
moment of decoupling from baryonic matter. Hot dark matter models require rela-
tivistic particles (with masses typically on the order of O(10) eV) at decoupling, but
such models are incompatible with the observed formation of large-scale structures
if their abundance is high. In contrast, warm and cold dark matter models, which
involve particles with higher masses and lower kinetic energies (with cold dark mat-
ter being completely non-relativistic), support the formation of galaxies as observed.
However, each scenario modifies the galactic structure in distinct ways, and current
observations of galactic satellites are not yet conclusive in determining the precise
nature of the dark matter population.

As a consequence of these stringent requirements, the modeling of a dark matter particle
necessarily requires an extension of the Standard Model. No particle within the Standard
Model satisfies all the listed properties, not even neutrinos. Although neutrinos are non-
baryonic, neutral, and interact only weakly, their expected relic density does not match
the observations |14].

1.2.1.1 WIMPs (Weakly Interacting Massive Particles)

One of the most widely studied and well-motivated classes of dark matter candidates
are Weakly Interacting Massive Particles (WIMPs). Extensions of the Standard Model
naturally predict new particles that can be produced in the correct abundance as thermal
relics |15]. The basic assumptions behind WIMPs are that they are electrically neutral,
massive, and interact with ordinary matter at or below the weak scale. Starting from these
assumptions, it is possible to relate the WIMP mass and interaction cross section to the
observed relic density.

Early in the history of the Universe, when temperatures were sufficiently high, WIMPs
could annihilate into Standard Model particles (and vice versa) at rates fast enough to
maintain thermal and chemical equilibrium. In this regime, the Boltzmann equation de-
scribing the WIMP number density n, can be written schematically as

—=+3Hn, = — ((fv)(nf< - n;eq), (1.10)
where H is the Hubble expansion rate, (ov) is the thermally averaged annihilation cross
section, and ny eq is the equilibrium number density [16]. As the Universe expanded and
cooled, the WIMP interaction rate eventually became too small to keep up with the Hubble
expansion, causing WIMPs to freeze out of equilibrium. After freeze-out, their comoving
number density remained essentially constant until the present day.

In cosmology, the total entropy of the Universe is conserved during thermal equilibrium,
making the comoving number density

(where s is the entropy density) a convenient variable to track the relic abundance. After
freeze-out, Y, stays constant as the Universe continues to expand.

Particles with the properties outlined above can arise in various extensions of the Stan-
dard Model. Two of the most popular theoretical frameworks that predict WIMP-like



CHAPTER 1. DARK MATTER 11

t (ns)

1 10 100 1000
IIIIlII| T IIIIIII| T IIIIIII| T IIIIIII| 108
-4 [ my=100 GeV
1074 § x 106
-8B E
10 { 104
-8 E_
10 3 102
12 |
1= 102
a
—-14 E
10 10_4
—
10716 - A L

T (GeV)

Figure 1.7: A schematic illustration of the comoving number density of WIMPs as a
function of the inverse temperature (or cosmic scale factor). After a period of thermal
equilibrium, the abundance of WIMPs freezes out once the annihilation rate drops below
the expansion rate of the Universe |17].

particles are supersymmetry (SUSY) and models with extra dimensions (ED). In these
scenarios, stable massive particles with weak-scale interactions naturally appear, provid-
ing compelling candidates for dark matter.

1.2.1.2 Sterile neutrinos

The Standard Model predicts three left-handed neutrinos with zero mass, yet neutrino os-
cillation experiments have confirmed that neutrinos possess a small but non-zero mass [18|.
One elegant solution to this discrepancy is the introduction of a new particle, the sterile
neutrino. Being a gauge singlet, the sterile neutrino interacts with Standard Model parti-
cles solely through a mixing matrix.

By employing the seesaw mechanism, the mixing between the sterile neutrino and the
active neutrinos can be described by a symmetric mass matrix of the form

0 mp
= 1.11
- (8 m9) "

where mp represents the Dirac mass term and Mg is the large Majorana mass associated
with the sterile state. In the seesaw limit (Mg > mp), the resulting mass eigenvalues
become hierarchical,
mp
my ~ M and mpy ~ Mg,

so that the active neutrino masses are significantly suppressed relative to the sterile neu-
trino mass. If Mp is larger than approximately 1keV/c?> and the mixing angles are suf-
ficiently small, the sterile neutrino becomes non-relativistic early enough to yield a relic

density in agreement with the cold dark matter hypothesis.
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The extremely feeble interactions, mediated by the tiny mixing with active neutrinos,
ensure that the sterile neutrino remains stable over cosmological timescales, thus qualifying
as a candidate within the class of Feebly Interacting Massive Particles (FIMPs). In this
scenario, the cross section for interactions with Standard Model particles is so low that
even during the early Universe, sterile neutrinos were effectively decoupled. Their relic
density gradually accumulated as the production processes were suppressed by the rapid
expansion of the Universe.

A key experimental signature of sterile neutrino dark matter is its decay into a
monochromatic photon. Searches for such a signal are currently ongoing [19].

1.2.1.3 Axions and ALPs (Axion-Like Particles)

Axions are hypothetical particles originally proposed to resolve the strong CP problem in
Quantum Chromodynamics (QCD) |20]. The QCD Lagrangian allows a CP-violating term
parametrized by 6, which experiments constrain to be extremely small. The Peccei-Quinn
mechanism introduces a global chiral U(1) symmetry that is spontaneously broken at a
scale f,, dynamically driving 6 to zero.

This mechanism gives rise to a pseudo-Nambu—Goldstone boson whose couplings to
gluons and, via loops, to photons, depend on f,. Despite their low mass, axions can form
a coherent field that behaves as cold dark matter. Their photon coupling also enables
experimental detection strategies, such as axion-to-photon conversion in strong magnetic

fields |21].

1.2.1.4 Dark sector

The dark sector refers to hypothetical particles and interactions beyond the Standard
Model that primarily couple among themselves and interact only weakly with visible mat-
ter [17]. These models may introduce new gauge symmetries and mediators, leading to
rich phenomenology such as self-interactions and exotic radiation.

A common feature of dark sector models is the presence of a portal connecting the two
sectors. Examples include kinetic mixing between a dark photon and the Standard Model
photon [22], as well as Higgs and neutrino portals. These couplings motivate a broad range
of searches, from direct detection to collider experiments, targeting potential signatures of
dark sector physics.

1.2.1.5 Modified Newtonian dynamics (MOND)

Traditional astrophysical and cosmological evidence relies on the application of Newto-
nian dynamics and General Relativity. However, several alternative models suggest that
the observed discrepancies can be explained by modifying the underlying assumptions of
gravitational laws.

These theories, collectively known as Modified Newtonian Dynamics (MOND) |[23],
propose that the discrepancies in gravitational observations stem from a change in the
behavior of gravity in regimes of very low acceleration. Central to the MOND hypothesis is
the introduction of a new fundamental acceleration constant, denoted by ag. This constant
demarcates the transition between the standard Newtonian regime and the MOND regime.
Specifically, when a system’s acceleration « is less than ag, the gravitational force deviates
from the classical Newtonian prediction. Conversely, when a > ag, standard Newtonian
dynamics is recovered.



CHAPTER 1. DARK MATTER 13

The value of ag is typically estimated from the rotation curves of galaxies, with a value
on the order of 1.2 x 1071 ms~2 |2]. Under MOND), the dynamics of galaxies and galaxy
clusters are modified, while the dynamics at the scale of the solar system remain virtually
unaffected.

MOND theories have proven to be quite successful at galactic scales, accurately predict-
ing the dependence of rotation curves on the baryonic mass content of galaxies. However,
challenges arise when attempting to extend these theories across different scales. For in-
stance, describing the structure and behavior of galaxy clusters and the anisotropies in
the Cosmic Microwave Background (CMB) necessitates a relativistic extension of MOND.
These extended models often become less predictive as additional functions and parameters
are required to properly account for the measurements.

While MOND-based theories can successfully describe the dynamics of some galaxy
clusters and individual galaxies, they encounter significant difficulties with more complex
structures and phenomena, such as those observed in the Bullet Cluster and the detailed
features of the CMB [24]. Thus, although MOND provides an intriguing framework for
addressing observational discrepancies, a complete and fully predictive theory remains an
open challenge.

1.2.1.6 Primordial black holes

Gravitational observations indicating a missing component in the Universe can be ex-
plained without invoking modifications to the established laws of gravity. Instead, one
may postulate the existence of astrophysical objects that have yet to be directly observed
or identified. The hypothesis that black holes could form from the collapse of matter in
the early Universe was originally proposed by Zel’dovich, Novikov, and Hawking during
the 1960s [25]. These black holes are theorized to have been produced prior to the epoch
of Big Bang Nucleosynthesis (BBN).

BBN refers to the period in which the temperature and density of the Universe per-
mitted the nuclear fusion of light elements. During this epoch, the fusion products were
not destroyed by the high-energy photons that were thermally coupled with matter. This
phase enabled the synthesis of nuclei heavier than hydrogen and imposes constraints on
the baryonic mass content of the Universe. Since these massive objects are formed before
BBN, they are coupled with the remaining baryonic matter and are not included in the
standard baryonic abundance calculations.

For these reasons, as these massive objects are not accounted for in the predictions of the
Cosmic Microwave Background (CMB), they could represent the missing mass component
of the Universe and may be consistent with the evidences discussed previously, such as
galaxy rotation curves, gravitational lensing effects, and large-scale structure formation.
In fact, primordial black holes (PBHs) with masses greater than 5 x 10'* g have lifetimes
that exceed the current age of the Universe. Moreover, because PBHs do not originate
from the collapse of massive stars, their masses are not bound by a strict upper limit and
can span several orders of magnitude.

Although no direct discovery of primordial black holes has been made to date, obser-
vations from gravitational microlensing, gravitational wave detections, and CMB measure-
ments are imposing stringent limits on the parameter space of the fraction of dark matter
in the form of PBHs as a function of PBH mass. Currently, only a mass window between
approximately 10'7 and 102! grams remains relatively unconstrained.
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1.3 Experimental searches for dark matter
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Figure 1.8: Schematic showing the possible Dark Matter detection channels.

The particle Dark Matter hypothesis remains the most compelling to date and can
be tested through three complementary experimental approaches: production at particle
accelerators, indirect detection through the search for annihilation or decay products, and
direct detection via scattering off target nuclei. Figure [I.§ schematically illustrates the
possible interactions between Dark Matter and ordinary matter particles. Reading the di-
agram from left to right, the annihilation of Dark Matter particles could produce Standard
Model (SM) particle pairs; conversely, collisions at accelerators (such as electron-positron
or proton-proton interactions) could generate Dark Matter particle pairs.

1.3.1 Direct detection

Direct detection (DD) experiments aim to observe interactions between dark matter par-
ticles and ordinary matter. In the case of Weakly Interacting Massive Particles (WIMPs),
such interactions occur via elastic scattering off target nuclei within laboratory detectors.
The key features of these experiments include:

e Energy Measurement: DD experiments measure the energy deposited by nuclear
recoils, typically in the range of 10-100keV, which results from the rare scattering
events of WIMPs.

e Low Background Environments: Due to the extremely small interaction cross
section of WIMPs, experiments are conducted deep underground using radiopure
materials and appropriate shielding to minimize background from neutrons and other

particles.

¢ Kinematic Dependence: The recoil energy spectrum depends on the mass of the
target nuclei, and for spin-independent interactions, the signal normalization scales
with the square of the mass number.

e Detection Techniques: Signals from DM-nuclei scatterings can be detected
through:
— Scintillation light from the excitation and subsequent de-excitation of nuclei.
— Ionization charge generated by atomic ionization.

— Phonons (heat) measured in crystal detectors.
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Often, experiments employ a combination of these techniques to distinguish between
potential WIMP signals (nuclear recoils) and background events (electron recoils).

Direct detection methods are particularly sensitive to Dark Matter candidates in the
GeV-scale mass range and will be discussed in further detail in Section

1.3.2 Indirect detection

Indirect detection searches aim to identify the secondary products of Dark Matter an-
nihilation or decay occurring in astrophysical sources. The primary reaction considered
is:

DM DM — SM SM,

where DM denotes a Dark Matter particle (e.g., a WIMP) and SM represents any Standard
Model particle. The key points include:

e Secondary Particle Detection: Many SM particles produced in these processes
are unstable and decay into detectable particles, such as gamma rays, neutrinos, or
charged cosmic rays.

e Thermal Relic Connection: The cross section measured in indirect searches is
directly related to the process that established the Dark Matter relic abundance in
the early Universe, under the assumption that DM was once in thermal equilibrium.

e Astrophysical Sources: The most promising targets for indirect detection are
regions with high Dark Matter density, such as the Galactic center, galactic halos,
nearby galaxy clusters, and dwarf spheroidal galaxies.

Enhanced self-annihilation, scattering, or decay into Standard Model particles could
generate a detectable flux, providing indirect evidence for the existence of Dark Matter.

1.3.3 Collider searches

Collider searches represent the third experimental strategy for WIMP detection. In high-
energy collisions, such as those at the Large Hadron Collider (LHC), Dark Matter particles
could be produced directly. The strategy is characterized by:

e Missing Transverse Energy: Many new physics searches at the LHC focus on
events where, besides the visible hadronic or leptonic decay products, there is a
significant amount of missing transverse energy. This missing energy is indicative of
neutral, stable particles (potentially WIMPs) that escape detection.

e Typical Reactions: A representative collider process is:

pp — XX + T,

where x represents a Dark Matter particle and z is a final state composed of hadronic
jets, photons, or a leptonically decaying Z or W boson.

e Complementarity with Direct Detection: Collider searches and direct detection
experiments probe different regions of the WIMP parameter space. While direct
detection experiments lose sensitivity at very low WIMP masses (below a few GeV /c?)
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due to the reduced nuclear recoil energy, collider searches remain effective in this
regime. Conversely, for higher WIMP masses, the production cross section at colliders
decreases, making direct detection more competitive.

Detection of events with large missing momentum in association with visible particles
would provide compelling evidence for the production of Dark Matter at colliders.



Chapter 2

Direct detection of dark matter

As discussed in Chapter [I} astronomical and cosmological observations indicate that our
understanding of the fundamental particles and forces in the Universe remains incomplete.
Many unexplained phenomena are consistent with the presence of missing mass. Under the
assumption that dark matter is composed of particles with very weak, non-Standard-Model
interactions beyond gravity, distinct experimental signatures arise that enable different
search strategies to be pursued.

Dark matter may be indirectly detected by studying potential excesses of Standard
Model particles produced from dark matter annihilation in space. Unpredicted fluxes of
such particles, including positrons and other charged species, are actively sought in ded-
icated experiments. Alternatively, high-energy collider experiments, which are capable of
producing new particles, are employed in dark matter searches either via direct production
or beam dump approaches. In this thesis, we focus on an alternative approach based on the
direct detection of dark matter by observing the elastic scattering of galactic dark matter
particles off detector materials.

Observations of the Milky Way’s rotational curves imply that our galaxy, like other
spiral galaxies, is embedded in a dark matter halo [26]. Moreover, the peculiar motion
of the Sun and the Earth relative to the galactic center introduces a preferred incoming
direction for dark matter particles in the laboratory frame, a feature that can be exploited
to boost signal detection and to characterize dark matter interactions in case of a positive
signal. Unfortunately, astrophysical constraints suggest that the coupling between dark
matter and Standard Model particles is extremely weak, leading to a very low expected
signal rate. Given the multitude of phenomena capable of mimicking a dark matter signal,
direct detection experiments are experimentally very challenging.

This thesis focuses on the direct detection of WIMPs (Weakly Interacting Massive Par-
ticles) through their nuclear recoil signatures. Section outlines the phenomenology of
WIMP interactions and the fundamental principles that govern direct dark matter detec-
tion. Section then examines the experimental challenges associated with these searches
and highlights the main features and advantages of directional detection techniques.

2.1 WIMPs—nuclei scattering

Within the framework of the WIMP model, the Milky Way is assumed to be embedded
in a halo composed of cold, non-relativistic dark matter particles. The peculiar motion
of the Sun around the Galactic center, combined with the Earth’s orbit around the Sun,
produces an apparent dark matter wind consisting of particles arriving from a preferred

17
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direction. This effect increases the kinetic energy of dark matter particles in the terrestrial
reference frame and enhances the possibility of a detectable interaction between WIMPs
and Standard Model (SM) particles, assuming such particles and interaction exist.

The basic idea behind direct detection experiments is to deploy a target volume of
material capable of measuring the recoil of ordinary matter following an interaction with
a WIMP. The constituents of ordinary matter are electrons and nuclei; while dark matter
may potentially interact with both, the primary focus is on elastic interactions on nuclei.
In fact, it is expected that WIMPs have a mass on the order of O(10 GeV/c?) and the
kinematic coupling is more favorable for nuclei than for electrons [27]. The predicted rates
depend on the assumed WIMP mass and scattering cross section, as well as on astrophysical
parameters and target material properties.

2.1.1 DM halo

The observational data currently available regarding the actual WIMP velocity spectrum
within our galaxy lacks the precision necessary to uniquely determine a specific distribution.
Therefore, it is common practice to adopt a theoretical model for describing the galactic
halo, building upon all the assumptions previously discussed in Chapter[I] The most widely
adopted theoretical framework is known as the Standard Halo Model (SHM). According
to this model, the dark matter halo of our galaxy is assumed to be an isotropic isothermal
sphere. The density profile follows a power law p ~ 7~2, where r represents the radial
distance from the galactic center. Within the rest frame of the galaxy, the normalized
velocity distribution can be characterized by a Maxwellian distribution [28]:

N v|? .
@) &XP <—%) if |v] < Vese

0 if [v] > vese

flv) = (2.1)

In this expression, N represents a normalization constant. The velocity dispersion o, is
connected to the circular speed via the relation o, = % At the Sun’s location, the circular
speed has been measured to be (229.04+0.2) km/s [29]. Although the Maxwell distribution
theoretically extends to arbitrarily large velocities, in practice the velocity distribution
is truncated at a local escape velocity ves.. This cutoff reflects the physical constraint
that particles with velocities exceeding ves. would not remain gravitationally bound to our
Galaxy. Consequently, such particles cannot serve as potential sources of interaction. The
RAVE survey has determined the escape velocity to be ves. = 533757 km/s [30].

Another crucial parameter in WIMP detection calculations is the local DM density.
Its actual value depends significantly on which mass density profile model is adopted for
the Milky Way. When considering a broad range of possible halo profiles, the resulting
values span the range pg = (0.2 — 0.6) GeV/cm? [31-34]. Interestingly, estimates of the
local density obtained through methods that do not rely on detailed mass modeling of
the Milky Way structure are consistent within this range. The value most commonly
employed for the local density is pp = 0.3 GeV /em?, although this choice carries systematic
uncertainties [35].

For the purpose of calculating the recoil spectrum in direct detection experiments, one
must transform the velocity distribution from the galactic rest frame into the laboratory
frame. Given that both the Earth’s motion around the Sun and the Sun’s motion around
the galactic center are non-relativistic, a simple Galilean transformation is adequate for
this purpose. Specifically, f(vr) = fga(V + Vias(t)), where vi, denotes the laboratory
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velocity with respect to the galactic rest frame. This transformation allows us to express
the recoil rate in the laboratory rest frame. It should be noted that the gravitational
potential of the Earth and the Sun would only influence very low energy WIMPs (those
with |v| < 40 km/s) [36], which constitute only a small fraction of the total population.
The laboratory velocity, in this transformation, is obtained by vectorially summing the
local circular speed, the Sun’s velocity relative to the galactic rest frame, and the Earth’s
velocity relative to the Sun [28§].

It is important to recognize that the SHM does not provide a fully accurate description
of the Milky Way’s dark matter halo. The assumption of an isotropic, isothermal sphere in
perfect dynamical equilibrium is an idealization that does not capture the full complexity
of reality. In cold dark matter cosmological scenarios, structures emerge through hierarchi-
cal formation processes. This leads to DM halos that exhibit triaxial geometry, anisotropic
velocity distributions, and complex phase-space substructure [37]. High-resolution numer-
ical simulations of galaxies comparable to the Milky Way show velocity distributions that
deviate considerably from the simple Maxwellian form. Various functional forms that in-
corporate these deviations from the SHM have been proposed and investigated through
detailed simulations |38-46|. Nevertheless, despite its limitations, the SHM continues to
serve as a standard benchmark for computing the expected event rate in WIMP search
experiments.

2.1.2 WIMP-nucleus scattering rate

According to [27], the expected rate per unit mass for an interaction between galactic
WIMPs and atomic nuclei can be estimated by a simplified expression of the form:

Ny Po 3
—— oya v — f(v) d°v, 2.2
Amol X my, ( ) ( )

dR =

where Ny is Avogadro’s number, pg is the local dark matter density at Earth, A,y is the
molar mass of the target atom, o, 4 is the WIMP-nucleus cross section, m, is the WIMP
mass, and f(v) is the velocity distribution of WIMPs in the galactic rest frame.

Integrating over the velocity distribution and assuming a standard isothermal halo with
local density pg = 0.3 GeV em ™2 and a Maxwellian distribution (as described in Sect. ,
the total interaction rate for a WIMP of mass m,, scattering elastically off a target can be
approximated as

00 events 00 100 GeV OxA
R~ —N ~ 0.1 2.3
My ™ {oxav) tyr <0.3 GeV Cm_3> < My 10-4% cm? )’ (23)

where Np = NoMget /Amor is the total number of target nuclei in a detector of mass Met,

and (o, 4v) represents the velocity-averaged cross section:

(oyav) = /O’XA(’U)Uf(V) d3v. (2.4)

For example, for a 32Xe target, Ny ~ 4.6 x 10?” nuclei/tonne. Signals at the level of a
few-tenths of an event per tonne and per year dictate stringent requirements on background
suppression, typically requiring background rates at least one to two orders of magnitude
below the expected signal in the recoil-energy window of interest.

To move beyond these simplified estimates, one needs a more complete expression for
the differential scattering rate. Per unit target mass, it can be written (in double-differential
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form) as
d’R _ 00 / £v) dZUXA
dER dQR my Mtot v > Vmin (ER) dER dQR

lv| d®v, (2.5)
where:

e f(v) is the normalized velocity distribution in the lab frame,

® Unin(ER) is the minimum WIMP speed to induce a recoil of energy ER,

d? . . . . .
° mﬁi&‘&% is the differential cross section for WIMP-nucleus scattering,

o Moy is the total detector mass (often factored out, depending on how R is defined).

The velocity integration is restricted to those WIMPs with |v| > vpyin; this lower cut-
off depends on the recoil energy and kinematics. The expected recoil spectrum depends
not only on nuclear properties (such as mass, spin, and response functions) but also on
astrophysical parameters related to the Galactic dark matter halo.

2.1.2.1 Scattering kinematics and recoil energy

Under the standard halo model (SHM) |47], WIMPs travel at non-relativistic speeds (on
the order of a few hundred km/s). In the Earth/lab frame, the target nucleus is taken
to be at rest before the collision, while the WIMP approaches with velocity v. Because
v K ¢, the energy and momentum transfer can be approximated via simple two-body
elastic scattering formulas .
For a WIMP-nucleus system, the momentum transfer ¢ is often expressed in terms of
the reduced mass fi, 4:
q R flyAU, (2.6)
my M4

My +MA
nucleus can recoil with an energy

where p, 4 = and M 4 is the target nucleus mass. In the center-of-mass frame, the

2
Er = Fxa v? (1 — cosfem), (2.7)
My

where Ocyp is the scattering angle in the center-of-mass frame. The initial WIMP kinetic
energy is F; = %mxzﬂ, so one can rewrite EFg in terms of E; and a dimensionless factor

that depends on the scattering angle and the mass ratio:
Er = aE;, where0<a<l (2.8)

The maximum momentum transfer (and thus maximum recoil energy) occurs when
fcm = m, corresponding to a head-on collision and optimal momentum transfer.
From these relations, one obtains the minimum velocity vmi, (Fr) necessary to produce
a recoil of energy Erg:
My ER
2 pi A '

vmin(ER) — (29)

This threshold velocity defines the lower limit of the integration in Eq. (2.5)) .
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2.1.2.2 Cross section

The WIMP-nucleus differential cross section encapsulates the underlying microscopic scat-
tering process. At non-relativistic energies, one usually assumes that the total cross sec-
tion can be factorized into a spin-independent (SI) term (often called scalar) plus a spin-
dependent (SD) term [48|, possibly with additional subdominant contributions depending
on more exotic WIMP interactions:

OyA = O';S/{) —i—U)((SAD). (2.10)
Because dark matter velocities are low, the momentum transfer is typically small enough
that the WIMP interacts (to first approximation) coherently with the entire nucleus. How-
ever, nuclear structure effects reduce this coherence for larger ¢, as described by form
factors.

In the SI scenario, the WIMP couples effectively to the total number of nucleons within
the nucleus. At zero momentum transfer (¢ = 0), the scattering amplitude adds coherently,
leading to a cross section proportional to A2 if proton and neutron couplings are equal [48].
Thus, the SI component at ¢ = 0 often takes the form

2
o g=0) = o (’;A) 2 (2.11)
XN

(ST)

where o5, 7 is the effective WIMP-nucleon cross section and iy, the reduced mass of
the WIMP-nucleon system. Because of the A? scaling, heavier elements provide greater
sensitivity to SI scattering for a fixed exposure.

For spin-dependent interactions, the WIMP couples to the net spin of the nucleus.
Nuclei with even numbers of both protons and neutrons have total spin J = 0, so isotopes
with an unpaired nucleon are required. The cross section at ¢ = 0 can be written [48]:

2
U;SAD) (g=0) = oD ('MXA> [nuclear spin factors|, (2.12)

Hxn

where the nuclear spin factors are determined from nuclear shell model calculations. Typ-
. (SD) . . .

ically, o5,/ is quoted separately for proton and neutron couplings, as target isotopes may
be sensitive to one more than the other. In many theoretical models, the SD interaction is

1271 are

subdominant compared to SI, though targets with non-zero spin (such as *F or
specifically chosen to explore this channel.

At finite momentum transfer, the cross sections in Egs. and must be
modified to account for nuclear structure effects. This is achieved by multiplying the

zero-momentum-transfer cross section by the square of the appropriate form factor:

oxa(@®) = oyalg=0) x F*(¢), (2.13)

where F(q?) is normalized such that F(0) = 1. The momentum transfer ¢ is related to
the recoil energy through ¢> = 2M4FEpg, making the form factor an energy-dependent
suppression factor. Consequently, the differential cross section entering Eq. (2.5) becomes

d2O'XA
dER dQR q=0

dQO'XA

— x4 F2(2MAER). 2.14
dEn dOn x F*(2MAER) (2.14)

(ERr) =

The specific functional form of F(g?) depends on whether the interaction is spin-
independent or spin-dependent, as discussed below.
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Spin-independent form factor. For SI scattering, a widely adopted analytical approx-
imation is the Helm form factor [49], written as

Falg?) = 3280 ol 1 gay2], (215)
qRy

where j; is the spherical Bessel function of the first kind, R,, ~ 1.2 A'/3 fm approximates the

nuclear “sharp” radius, and s =~ 0.5 fm is the nuclear skin thickness. Physically, Fs1(¢?) < 1

at higher momentum transfers because the WIMP effectively probes smaller portions of

the nucleus.

To estimate when significant loss of coherence occurs, one compares the de Broglie
wavelength of the momentum transfer to the nuclear size. For typical targets with A > 20,
form-factor suppression becomes relevant at recoil energies on the scale of tens of keV.
Heavier nuclei (such as xenon or tungsten) experience stronger suppression at lower Ep
since R, is larger.

Spin-dependent form factor. For SD scattering, the situation is more involved. The
nuclear spin is carried by unpaired nucleons, so nuclear shell models must be invoked to
calculate detailed spin structure factors Sy(¢*) and S,(q?) for protons and neutrons [50].

These define ) ) ) )
Sp(q ) <Sp> + Sn(q ) <Sn>
(2J+1) ’

where J is the total nuclear spin. In general, the SD form factor falls off with increasing

FsgD(q2) ~

(2.16)

q, often faster than in the SI case, since only one or a few nucleons effectively contribute
to the net spin.

2.1.3 Experimental signatures

When a Weakly Interacting Massive Particle (WIMP) scatters elastically off a nucleus in a
terrestrial detector, three primary experimental features may be exploited to identify the
resulting nuclear recoils (NR) as potential dark matter events: the recoil energy spectrum,
the annual modulation of the event rate, and the angular dependence of the recoil distri-
bution. Each of these observables provides a distinct experimental handle to discriminate
a WIMP-induced signal from various backgrounds.

2.1.3.1 Recoil energy spectrum

The nuclear recoil spectrum induced by WIMPs typically follows an approximately
exponential-like shape [27]. For a given WIMP kinetic energy FEj;, the differential rate
dR/dE, can be parameterized as

dR — B,/ Eo
dE, x e , (2.17)

where the characteristic energy scale Ey depends on the WIMP mass m, and the target
nucleus mass M4. In a Maxwell-Boltzmann velocity distribution, this form is modified
by the high-velocity cutoff: WIMPs exceeding the local galactic escape velocity ves. are
absent, producing a sharp drop in the recoil spectrum at higher F,.

Heavier WIMPs tend to generate higher-energy recoils, while lighter WIMPs produce
softer spectra. These kinematic effects influence both the optimal choice of target material
and the mass range to which a given experiment is most sensitive.
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2.1.3.2 Annual modulation

Because the Earth orbits the Sun at ~ 30km/s while the Sun moves through the Galactic
halo at ~ 220-250km/s, the relative velocity of WIMPs in the laboratory frame varies
over the year [47]. This leads to a small annual modulation in the event rate:

dR 1) = dR
dE,"’  dE,

(0) [1 + Ry, cos(w (t — to))} , (2.18)

where w = 27 /T, with T' ~ 1 year, and ¢ty is the phase offset (typically in late spring). The
modulation amplitude R,, is expected at the percent level. This signal is actively searched
for by experiments like DAMA /LIBRA [51], and, if confirmed, would provide a distinctive
though not conclusive signature of dark matter.

2.1.3.3 Angular dependence and directional detection

An even more striking signature arises from the anisotropy of the recoil directions. As the
Sun (and Earth) move through the Galaxy, WIMPs are expected to arrive predominantly
from the direction of the constellation Cygnus [52|. Consequently, nuclear recoils should
exhibit a dipole distribution, peaking opposite to the average WIMP wind. At any fixed
instant in time, the angular dependence of the recoil rate can be expressed as

1 &R
Ry dE, dcos ¢ X

2 VE €08 ¢ — Vmin (Er) :
vp COs ¢ — vmin(E,n)} exp[—( = 2 Foro? ) },

(2.19)
where vy is the Earth’s velocity relative to the dark matter halo at that moment, vy (E;)
is the minimum speed required to produce a recoil of energy FE,, vy is the characteristic
WIMP velocity dispersion, and ¢ is the angle between the incoming WIMP and the recoil
direction.

This directional anisotropy represents a substantially stronger signal than the annual
modulation effect. While the seasonal variation in the total rate amounts to only ~ 3% over
the course of a year [47], the angular distribution exhibits a forward-backward asymmetry
of order unity: recoils are expected to be several times more frequent along the direction
of the WIMP wind than in the opposite direction. This makes directional detection a
particularly powerful discriminant, albeit technically more demanding.

A measurement of recoil tracks or directions enables a strong discrimination between
a true WIMP signal, which should cluster from the incoming wind direction, and isotropic
backgrounds like those induced by environmental radioactivity or solar neutrinos. Pro-
totypes of directional dark matter detectors (e.g. low-pressure TPCs, nuclear emulsion
chambers, etc.) aim to exploit this anisotropy as a "smoking gun" signature of galactic
dark matter. Although technically challenging, directional detection is regarded as one of
the most robust methods to confirm a dark matter origin of nuclear recoils.

In addition to the annual modulation, directional detectors can exploit a daily modula-
tion of the recoil direction caused by Earth’s rotation. As the Earth rotates with a period
of one sidereal day (~ 23.93 hours), the direction of the incoming WIMP wind in the
laboratory frame changes continuously [52]. At any given location on Earth, the apparent
direction from which WIMPs arrive sweeps through the sky over the course of a day. This
daily rotation of the preferred recoil axis provides a distinctive time-varying signature that
is extremely difficult for isotropic backgrounds to mimic, making it a powerful discriminant
for WIMP signals in directional detectors.
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2.2 Experimental challenges and detection techniques

Direct searches for particle Dark Matter (DM) pose a double challenge. On the one hand,
the expected scattering rate of a WIMP on ordinary matter is extraordinarily small, as
shown in Eq. ; on the other, the hoped-for recoil signal releases at most a few-keV
of energy, barely above the detection threshold of even the most sensitive instruments.
Consequently, collaborations must accumulate exposures of > 10% t yr while guaranteeing
that any other interaction able to mimic the nuclear recoil (NR) signature is suppressed
to an almost vanishing level. The present section surveys the origin and phenomenol-
ogy of background sources that limit the discovery reach and introduces basic mitigation
strategies. Directional detectors, which can reconstruct the track of a WIMP-induced NR,
receive special attention because they exploit the angular anisotropy of the WIMP signal
to discriminate against isotropic backgrounds (see Sect.. A comparative review of
the available detector technologies is postponed to Sect.[2.3]

A nuclear recoil (NR) generated by the scattering of a WIMP can be faked by two broad
classes of background events, both of which must be suppressed or rejected to maximise
sensitivity:

e Electromagnetic backgrounds. These are electron recoils (ERs) or ER-like sig-
nals produced by low-energy electrons in the sensitive volume. The primary sources
are (i) direct interactions of cosmic radiation (especially penetrating muons), (ii)
electrons from f decays of radioactive impurities, and (iii) v and X-rays from ra-
dioactive impurities interacting via Compton scattering or photoelectric effect with
atomic electrons of the target medium. Passive shields can attenuate much of this
flux. However, a fraction of the background can be generated by internal materi-
als as well (although very pure materials are usually used). The surviving events
can be statistically distinguished from NRs through particle-ID observables such as
scintillation timing or charge-light ratios. Unfortunately, these analytical techniques
lose efficiency as the deposited energy approaches the sub-keV regime, making the
rejection of ERs increasingly challenging.

e Neutral backgrounds. Neutral particles that scatter elastically off nuclei give rise
to NRs that are practically indistinguishable from a WIMP interaction. The most
relevant contributors are radiogenic or cosmogenic neutrons and neutrinos (via co-
herent elastic ¥—nucleus scattering). In addition, « particles (and, more generally,
any moving heavy ion) can mimic a NR if the energy they deposit in the active
medium falls within the same low-energy window expected for a WIMP signal. A
particularly relevant source of a-induced backgrounds is the radioactive contamina-
tion of internal detector materials, where o decays from natural radioactive chains
(e.g. 238U, 282Th, and 21OPO) occurring on or near the surfaces of detector compo-
nents can produce low-energy nuclear recoils that are difficult to distinguish from a
genuine WIMP signal.

These two background categories are the macroscopic consequence of how photons,
electrons, neutrons, neutrinos, and charged hadrons interact in a detector. The following
paragraphs review the underlying microscopic processes that ultimately generate ER- or
NR-like events in dark-matter experiments.
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2.2.1 Interaction of particles with matter

Understanding the interaction mechanisms (photon absorption and scattering, neutron
elastic and inelastic processes, neutrino scattering, and charged particle energy loss with
quenching) is essential for designing effective shielding, identifying signal and background
channels, and correctly interpreting the energy spectra observed in dark-matter detectors.

A clear picture of how the most common particles deposit energy in bulk matter is
essential when designing the shielding and analysis strategy of any dark-matter experiment.
In the following subsections, only a few topics particularly relevant in this discussion are
outlined.

2.2.1.1 Photon interactions

Photons interact with matter through three main processes that dominate in different
energy ranges. Below roughly 100 keV, the photoelectric effect dominates, in which a
photon is completely absorbed by an atom and a bound electron is ejected with kinetic
energy F, = E, — Ep, where Ep is the binding energy. The cross-section scales strongly
with atomic number as ope o Z°/ E3'5 [53,|54], making high-Z materials effective for photon
shielding.

Between approximately 100 keV and 2 MeV, Compton scattering becomes the dominant
mechanism. In this process, a photon scatters inelastically from a quasi-free electron,
transferring part of its energy according to the Klein-Nishina formula [55]. The scattered
photon energy is given by

Ey = b
L (Ey/mec?)(1 — cosB)’

(2.20)

where 6 is the scattering angle. The Compton cross-section scales linearly with atomic
number, o¢ « Z, and depends on electron density.

Above a threshold of 2m.c? = 1.022 MeV, pair production becomes energetically
possible and dominates at higher energies. In the Coulomb field of a nucleus, the pho-
ton converts into an electron-positron pair. The cross-section increases approximately as
opp < Z%In(E,) 53, [56]. The subsequent positron annihilation produces two 511 keV
photons, contributing to the electromagnetic cascade.

Each of these mechanisms ultimately produces electron recoils (ER) through ionization
and excitation of the medium. The resulting scintillation time profile and charge-to-light
ratio exhibit characteristic signatures that enable discrimination from nuclear recoils in
dual-phase time projection chambers [57} 58].

2.2.1.2 Neutron interactions

Neutrons, being electrically neutral, do not suffer electromagnetic interactions and can
traverse substantial thicknesses of material, making them particularly challenging back-
grounds in dark-matter searches. Their interaction mechanisms depend critically on kinetic
energy.

At thermal and epithermal energies (E, < 0.5 e€V), radiative neutron capture (n,~)
reactions dominate. In these processes, a neutron is absorbed by a nucleus, forming a
compound nucleus in an excited state which subsequently de-excites by emitting one or
more gamma rays [59]. The cross-section follows the 1/v law, o(,, ,) o 1/v/E,, and can be
extremely large for certain isotopes (e.g., 1B, 13Cd, "Gd). The emitted photons, often
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in the MeV range, then interact via the mechanisms described above, ultimately producing
electron recoils. Materials with high thermal neutron capture cross-sections are therefore
used in neutron shielding (e.g., borated polyethylene) but must be carefully positioned to
avoid generating photon backgrounds near the detector [60].

In the intermediate energy range from a few eV to several MeV, elastic scattering off
nuclei becomes the primary interaction channel. In these collisions, described by (n,n)
kinematics, momentum and energy conservation require:

4A cos? 0.,

Er = nWa

(2.21)
where F'R is the nuclear recoil energy, A is the target mass number, and 6., is the center-of-
mass scattering angle [61]. For isotropic scattering in the center-of-mass frame, the average
recoil energy is (Egr) = E,A/(1 + A)%2. Lighter nuclei therefore provide more efficient
neutron moderation. The elastic scattering cross-section exhibits resonance structure at
certain energies, particularly for medium and heavy nuclei, and generally decreases with
increasing neutron energy above the MeV range [62].

Crucially, nuclear recoils from elastic neutron scattering are practically indistinguish-
able from WIMP-induced recoils based solely on recoil energy, making neutron back-
grounds the most pernicious for dark-matter experiments. Discrimination strategies rely
on multiple-scatter identification (neutrons can scatter multiple times, WIMPs typically
scatter once) |63, vetoing systems, and statistical analysis of spatial and temporal distri-
butions.

Above approximately 1 MeV, inelastic scattering (n,n’y) becomes increasingly proba-
ble. In this process, the neutron excites the target nucleus to a discrete energy level, which
subsequently decays via gamma emission. The threshold energy depends on the excitation
energy of nuclear levels and the target mass. For example, the first excited state of 12C
at 4.44 MeV can be populated by neutrons with E,, > 4.8 MeV [64]. The emitted photons
contribute to the electromagnetic background.

At still higher energies (typically above 5—10 MeV), other reaction channels open,
including (n,2n), (n,p), (n,a), and for fissile isotopes such as 23U and ?**U, neutron-
induced fission [62]|. Fission reactions can release large amounts of energy (~ 200 MeV)
in the form of fission fragments, neutrons, beta particles, and gamma rays, all of which
contribute to backgrounds.

Fast neutron spectra and interaction cross-sections used in Monte Carlo simulations
of dark-matter detectors are typically taken from evaluated nuclear data libraries such as
ENDF/B-VIIL.O [62] or JENDL-4.0 [65], which compile experimental measurements and
theoretical calculations for all relevant isotopes and energy ranges.

2.2.1.3 Neutrino interactions

Neutrinos interact only via the weak force, with extremely small cross-sections, typically
below 1044 ¢cm? at MeV energies. However, in tonne-scale detectors operating for years,
even these rare interactions become relevant.

Neutrinos can interact through elastic scattering on atomic electrons (ve~ — ve™) [66],
producing electron recoils with energies up to Ee max ~ 2E3 / (mec2 +2E,) for E, > MeC?.
Solar neutrinos from pp fusion (E, < 420 keV) and ®B decay (E, < 15 MeV) produce a
continuous electron-recoil spectrum [67].
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More importantly for sub-keV threshold detectors, coherent elastic neutrino-nucleus
scattering (CEvNS) was predicted by Freedman 68| and first observed by the COHERENT
collaboration in 2017 [69]. In this process, the neutrino scatters off the entire nucleus
coherently, with a cross-section that scales as ocpyng o< N2 where N is the neutron number.
The differential cross-section is given by:

do  GEM
dEr  4rm

(2.22)

(N — (1 —4sin®6w)Z)” F*(Eg) <1 - MER) ,

2E?

where G is the Fermi constant, M is the nuclear mass, 0y is the weak mixing angle, and
F(ER) is the nuclear form factor [70].

Solar (pp, "Be, ®B), atmospheric (E, ~ GeV), and diffuse supernova neutrinos generate
an irreducible nuclear-recoil spectrum in dark-matter detectors [71]. This “neutrino floor”
represents a fundamental sensitivity limit for non-directional WIMP searches, occurring
at cross-sections near 107%® cm? for WIMP masses around 6 GeV/c? in xenon targets
and somewhat higher for lighter or heavier WIMPs |72|. Directional detection strategies
could in principle discriminate WIMP-induced recoils from the largely isotropic neutrino
background [73].

2.2.1.4 Charged particle interactions and quenching

Charged particles such as electrons, muons, protons, alpha particles, and heavier ions lose
energy primarily through ionization and atomic excitation as they traverse matter. The
mean energy loss per unit path length is described by the Bethe-Bloch formula |74} |75]:

dE _47re4z2n 2mv? 2 2
() ], e

mev?

where z is the projectile charge, v its velocity, n the electron density, and I the mean
excitation energy of the medium. For electrons, radiative losses (bremsstrahlung) become
important at high energies, with the critical energy (where ionization and radiation losses
are equal) given approximately by E. =~ 610 MeV /Z [76].

For nuclear recoils and slow heavy ions, however, the energy deposition process is
fundamentally different. A large fraction of the kinetic energy is dissipated through elastic
collisions with nuclei in the lattice, producing phonons (lattice vibrations) that do not
contribute to ionization or scintillation signals. Only the fraction of energy deposited in
electronic excitation and ionization is detectable.

The quenching factor (QF), also called the relative scintillation efficiency or ioniza-
tion efficiency depending on the measured quantity, quantifies this effect:

_ Lnr(ER)

QF(ER) = Lon(En)’

(2.24)
where Lyr and Lgg are the light or charge yields for nuclear and electron recoils of the
same energy, respectively |77]. Typical values range from 0.1 to 0.3 for liquid noble gases,
meaning that a 10 keV nuclear recoil produces the same signal as a 1—3 keV electron recoil.

The physical origin of quenching was first described by Lindhard and colleagues [78],
who partitioned the recoil energy into electronic stopping (v) and nuclear stopping (1 —v):

W(Zg) = 9

= T k@’ (2.25)
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where k & 0.13322/3471/2 is a material-dependent parameter, ¢ = 11.5EgZ /34 ! is a
reduced energy, and g(e) = 3¢%15 + 0.7¢%6 + ¢ is the Lindhard function |78]. This model,
originally developed for crystalline semiconductors, provides a semi-empirical framework
that has been extended to liquid and gaseous targets.

In liquid noble gases (argon, xenon), the quenching factor has been measured experi-
mentally using mono-energetic neutron beams and nuclear recoil sources |79-81]. The QF
exhibits energy dependence, generally decreasing at lower recoil energies, and depends on
the collection field strength due to electron-ion recombination effects |82} [83].

For gaseous detectors, quenching is generally less severe than in liquids. In gas-phase
noble gases, Hitachi and colleagues |77] showed that the scintillation quenching factor
depends on gas density, electric field, and recoil energy. For low-pressure gas TPCs like
CYGNO, the longer mean free paths and different recombination dynamics lead to QF
values closer to unity, potentially improving sensitivity to low-mass WIMPs [84].

The accurate measurement and modeling of quenching factors remains an active area
of research, as uncertainties in QF directly propagate to uncertainties in reconstructed
WIMP masses and interaction cross-sections |85]. Modern dark-matter experiments invest
significant effort in calibrating their nuclear recoil response using neutron sources (e.g.,
AmBe, ?2Cf, D-D generators) and comparing results across different target materials and
detector configurations |81}, |86).

2.2.2 Cosmic rays

One of the most significant and unavoidable sources of background in underground dark
matter searches originates from cosmic radiation. Primary cosmic rays, composed predom-
inantly of protons (about 90%) and « particles (helium nuclei, about 9%), continuously
impinge on the Earth’s atmosphere with energies ranging from a few MeV up to and beyond
10?Y eV. When these high-energy particles collide with nuclei in the upper atmosphere, they
initiate a cascade of secondary particles, forming extensive air showers composed primar-
ily of mesons (pions and kaons), photons, electrons, and muons, as well as atmospheric
neutrinos generated from meson decay.

The hadronic component of these showers, comprising mainly charged pions and kaons,
is efficiently absorbed within the first few metres of rock or dense material due to their
strong interaction cross section. In contrast, muons, being minimum ionizing particles
with a relatively long lifetime (7, ~ 2.2 us), can penetrate several kilometres underground,
even through dense shielding. For this reason, muons represent a significant source of
background in deep underground laboratories, as illustrated by the strong dependence of
the muon flux on depth shown in Fig.

Once underground, cosmic-ray muons can contribute to the background through several
mechanisms. First, they produce secondary neutrons via inelastic scattering, spallation,
and photo-nuclear interactions with the detector materials or surrounding rock. These
neutrons, if not properly moderated and tagged, can mimic nuclear recoil signals and
thus be indistinguishable from potential dark matter interactions. Second, muons can
activate detector components through nuclear reactions, leading to the formation of long-
lived radioactive isotopes such as % Ge and 4?V. These isotopes decay via 8 or 3 emission,
potentially producing background events in the energy region of interest.

To mitigate these effects, modern experiments employ active veto systems such as
water Cherenkov detectors or liquid scintillator panels, instrumented with photomultiplier
tubes (PMTs). These systems are capable of tagging more than 99.5% of through-going
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Figure 2.1: Muon flux as a function of depth, expressed in kilometers of water equivalent
(km w.e.), for several underground laboratories hosting dark-matter experiments [87].

muons. However, muon-induced neutrons may be produced at significant distances from
the detector, or be delayed with respect to the parent muon, making them difficult to
associate with a specific muon tag. For this reason, passive shielding (often composed of
hydrogen-rich materials like polyethylene) is employed in conjunction with veto systems,
and timing cuts are implemented in the analysis to reject delayed coincidences.

2.2.3 External backgrounds

External backgrounds originate outside the detector assembly, in the laboratory environ-
ment that hosts the experiment. Even at great depth, where overburden rock suppresses
the cosmic-ray flux by several orders of magnitude, the natural radioactivity of the sur-
rounding cavern remains a major source of photons and neutrons that can mimic WIMP
signals.

Natural 4 rays come mainly from the decay chains of 232Th, 238U and ?3°U, together
with the long-lived isotope 4°K. Smaller contributions arise from anthropogenic or cosmo-
genic radionuclides such as 8°Kr, 137Cs, 39Ar, 119Ag™ and %9Co, which are often present
in laboratory equipment and create a diffuse, almost isotropic flux capable of inducing
electron-recoil backgrounds in the active volume [88]. Beta particles from these decays
travel only a few millimetres in solids or liquids and are mostly absorbed on the spot,
whereas the accompanying v rays can escape and penetrate the detector.

Radiogenic neutrons are produced when « particles from the same decay chains trig-
ger (a,n) reactions in light nuclei, yielding neutrons with energies up to about 10 MeV.
Spontaneous fission of 22U (and, to a lesser extent, 23°U) provides an additional source.
Because neutrons interact chiefly through elastic scattering, they can traverse shielding
materials and generate nuclear recoils that are practically indistinguishable from a WIMP
signal.

Another concern is radon. 2?2Rn, a noble gas in the 233U series with a mean lifetime
of 3.8 d, diffuses out of rocks, accumulates in cavern air and can enter the detector. Its
charged progeny (2!8Po, 2!4Pb, and others) plate out on detector surfaces and add localised
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a,  and ~y activity unless rigorous mitigation measures (air recirculation, charcoal traps,
nitrogen or argon purges) are in place [89).

Several techniques are used to suppress these backgrounds. First, passive «y shields of
high-Z material (typically lead outside and ultra-clean copper inside) attenuate external
photons; archaeological lead, recovered from ancient shipwrecks, is sometimes chosen to
minimise the 21°Pb content thanks to its 22.3-yr half-life |[90]. Second, hydrogen-rich
neutron moderators such as water or polyethylene slow down fast neutrons via elastic
scattering. The mean fractional energy loss per collision,

AFE . 4A A— Mtarget
E  (1+A4)2% M,

is maximal for hydrogen (A = 1). About 13 cm of polyethylene reduce the radiogenic neu-
tron flux by an order of magnitude |91]; adding boron or gadolinium enhances capture of the
thermalised neutrons. Finally, active vetoes (water-Cherenkov tanks or liquid-scintillator
panels instrumented with PMTs) surround the detector and tag muons with efficiencies
above 99.5 %. The same systems detect neutron captures on Gd or B, providing a power-
ful handle to reject single-scatter nuclear-recoil candidates.

Sustained ventilation, inert-gas purges and cooled adsorption traps complete the strat-
egy by keeping radon concentrations in the experimental hall and inside the detector at
the lowest practical level.

2.2.4 Internal backgrounds

Internal backgrounds originate inside the experiment itself and are mainly due to the intrin-
sic radioactivity of detector materials, the target medium and the surrounding shielding.
Unlike external radiation, many of the decays involved have very short ranges: an o emitted
near or inside the active volume can deposit all its energy where it is produced, mimicking
a nuclear recoil if only a fraction is observed.

Screening of construction materials. The first line of defence is a careful selection
of radiopure components. Four complementary techniques are widely used to assay trace
contaminants:

e Neutron activation analysis (NAA) is a non-destructive method applicable to solids
and liquids. A sample is irradiated with neutrons and the subsequent « emission is
measured to infer primordial isotopes such as 233U, 232Th and %K. Sensitivities
reach 1072 uBqkg ™! with tens of grams of material and run times of a few weeks .

o Inductively-coupled plasma mass spectrometry (ICP-MS) is destructive: the solid is
dissolved or a liquid sample is nebulised and fully ionised in a high-temperature
argon plasma. The ion beam is analysed by mass, yielding isotope concentrations

1

with sub-puBqkg™" sensitivity on milligram quantities in a matter of days [90].

e Alpha spectrometry measures the discrete « energies of surface contaminants. Be-
cause the « range is only a few tens of micrometres, the technique probes the outer
layer of the sample; typical sensitivities are at the mBqkg™! level with exposures of
a few months.

e Gamma spectrometry with high-purity germanium (HPGe) detectors identifies char-
acteristic v lines from most long-lived radionuclides. It is non-destructive and suited
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to bulk solids but requires large samples and measuring times of weeks to months;
activities down to 10-100 pBqkg ™! can be reached underground . Although HPGe
gamma spectrometry may have lower absolute sensitivity compared to some of the
techniques listed above, it provides unique information on the composition of radioac-
tive decay chains, including the ability to identify possible departures from secular
equilibrium among daughter isotopes, which is essential for a complete characterisa-

tion of the radioactive content of detector materials.

Material purification. Where no sufficiently clean commercial alternative exists,
raw materials are further treated. Metal parts are de-contaminated by chemical etching or
electropolishing, which remove the outer layer where most surface impurities reside. High-
purity crystals are obtained by zone refining or zone melting, in which a narrow molten
region sweeps through the ingot and drags impurities to one end that is later discarded. For
noble gases such as xenon and argon, cryogenic distillation columns separate chemically
similar isotopes, reducing krypton (and the 3 emitter 8°Kr) or the cosmogenic isotope 3°Ar
to the part-per-trillion level. To prevent cosmogenic activation, sensitive components are
stored and machined underground whenever possible and their exposure to surface cosmic
rays is minimised during transport.

Detector-level mitigation. After construction, a fiducial volume cut eliminates
events occurring close to the vessel walls where most residual activity remains; this requires
at least a two-dimensional, and ideally a full three-dimensional, position reconstruction.
Residual electron-recoil events are statistically rejected by comparing the relative amounts
of ionisation, scintillation and (where measured) phonon production, which differ for elec-
trons and nuclei. The only nuclear-recoil background that cannot be shielded is due to
neutrinos producing coherent elastic neutrino—nucleus scatters; this ultimate limitation is
discussed in Section 2.2.5

2.2.5 Neutrino background and the neutrino fog

As direct detection experiments push toward ever-lower cross sections and higher exposures,
neutrinos become an increasingly relevant and ultimately irreducible background. This
arises because neutrinos, though weakly interacting, can scatter coherently off atomic nuclei
via the process of coherent elastic neutrino—nucleus scattering (CEvNS) [68]. In this regime,
the wavelength of the incident neutrino is larger than the size of the nucleus, and the
scattering amplitude adds coherently across all nucleons, enhancing the cross section with
an approximate N2 dependence. The resulting nuclear recoils are indistinguishable from
those produced by WIMP interactions on an event-by-event basis, thus posing a significant
challenge for future direct detection experiments.

Several astrophysical neutrino sources contribute to this background. The most promi-
nent are solar neutrinos, particularly those from the pp chain and 8B decays, which domi-
nate at low energies and generate recoil spectra that overlap with the signal expected from
light WIMPs. At higher energies, atmospheric neutrinos (produced in cosmic-ray inter-
actions with the atmosphere) become relevant and can mimic the signatures of heavier
WIMPs. A subdominant but non-negligible contribution comes from the diffuse supernova
neutrino background (DSNB), the integrated flux from all past core-collapse supernovae.
These sources together span a broad energy range and result in a continuous, direction-
dependent recoil spectrum that current detectors are only beginning to probe.
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The presence of this irreducible background leads to what is often called the "neutrino
floor", a term introduced to indicate the sensitivity limit below which a potential WIMP
signal becomes statistically degenerate with fluctuations in the neutrino-induced recoil
spectrum [71]. However, this limit is not absolute: it depends on detector target, exposure,
energy threshold, and systematic uncertainties in the neutrino flux and recoil modeling. A
more accurate characterization of this limit has led to the concept of a "neutrino fog" [92],
which refers to a statistical region where discovery is still possible but becomes progressively
more difficult due to overlapping signal and background likelihoods.

From an experimental standpoint, the neutrino background is particularly challenging
because it cannot be eliminated through passive shielding, as neutrinos penetrate the
Earth with minimal interaction. This makes them fundamentally different from other
backgrounds such as gammas, neutrons, or radon progeny, which can be suppressed with
shielding materials, cleanliness protocols, or veto systems. Instead, new detection strategies
must be developed to maintain discovery potential in the presence of the neutrino fog.

Several mitigation approaches are under study. The most promising is the use of
directional detectors, which aim to reconstruct the recoil direction of the scattered nucleus.
Since solar neutrinos arrive from a known direction (the Sun) while the WIMP "wind"
is expected to come from the direction of the Cygnus constellation, a sufficiently precise
angular reconstruction could allow separation of signal and background. This would require
detectors with sub-millimeter spatial resolution and low-energy thresholds, which remains
technically demanding but feasible in gaseous TPCs or nuclear emulsion-based detectors.

Other approaches rely on target complementarity: since different nuclear targets have
different neutrino response functions, combining data from multiple detectors (e.g., xenon,
argon, fluorine) could help disentangle a WIMP signal. In addition, improving the accuracy
of solar and atmospheric neutrino flux models, or measuring them independently, would
reduce systematic uncertainties and sharpen the statistical contrast between WIMP and
neutrino-induced events.

2.3 Direct dark matter searches

Direct detection experiments aim to observe the scattering of dark matter particles, par-
ticularly WIMPs, off nuclei in terrestrial detectors. The fundamental principle underlying
these searches is the elastic scattering process between a WIMP and a target nucleus, which
produces a nuclear recoil that can be measured through various detection channels. The
expected signal is extremely rare, making these experiments some of the most challenging
endeavors in modern physics.

The search for direct evidence of dark matter has evolved significantly over the past
decades, with increasingly sophisticated detector technologies pushing the sensitivity to
ever-lower cross-sections. These experiments must contend with numerous backgrounds
while searching for a signal that manifests as nuclear recoils with energies typically in the
keV range. The current generation of experiments has achieved remarkable sensitivity,
excluding large regions of the parameter space defined by WIMP mass and cross-section.

2.3.1 Current limits

The current landscape of direct detection experiments provides stringent constraints on
the properties of WIMPs, particularly for spin-independent (SI) and spin-dependent (SD)
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interactions. Figure shows the current status of SI limits on the WIMP-nucleon cross-
section as a function of WIMP mass, based on the Standard Halo Model assumption and
nuclear recoil searches.
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Figure 2.2: Current status of the SI limits on the cross section WIMP mass parameter
space based on SHM assumption and nuclear recoils searches. The figure shows results
from various experiments including XENON1T, LUX, PandaX, CRESST-III, SuperCDMS,
and others. The shaded regions indicate excluded parameter space \\

For spin-independent interactions, the most stringent constraints come from liquid
xenon time projection chambers, particularly the XENONI1IT and LUX-ZEPLIN exper-
iments. The best current limit reaches approximately 3 x 10747 cm? at WIMP masses
around 100 GeV . This remarkable sensitivity results from the combination of large
target masses, excellent background rejection capabilities, and long exposure times achieved
by these experiments. The shape of the exclusion curves reflects the kinematics of WIMP-
nucleus scattering: the limits are strongest when the WIMP mass is comparable to the
target nucleus mass, where the energy transfer in collisions is most efficient.

At higher WIMP masses, the limits rise due to the decreasing number density of WIMPs
for a fixed local dark matter density, which goes as 1/m,. At lower masses, the limits rise
more steeply because the nuclear recoils become softer and eventually fall below the energy
threshold of the detectors. This threshold dependence explains why different detector tech-
nologies dominate different mass ranges: liquid noble gas detectors excel at masses above
a few GeV, while cryogenic bolometers with their ultra-low thresholds extend sensitivity
down to sub-GeV masses.

An interesting tension exists in the field due to the DAMA /LIBRA experiment, which
has reported an annual modulation signal consistent with WIMP interactions over many
years of data taking, with a total exposure of 2.86 tonxyears and a significance of 13.7¢
in the 2-6 keV energy range [94]. However, this result appears inconsistent with the null
results from other experiments that have already explored regions with lower cross-sections.
Several experiments using the same Nal(T1) target material, including ANAIS-112 [95],
COSINE-100 , SABRE , and COSINUS , are attempting to verify or refute the
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DAMA claim. Recent 90% confidence level upper limits from COSINE-100 and ANAIS-
112 already exclude the parameter space favored by DAMA under standard assumptions,
deepening this puzzle.

For masses above approximately 3 GeV, the field is dominated by dual-phase liquid
noble gas TPCs, primarily xenon-based detectors. These experiments benefit from the high
density of the target, excellent scintillation properties, and the ability to scale to multi-ton
masses relatively efficiently. The combination of primary scintillation and ionization signals
in these detectors provides powerful discrimination between nuclear recoils and electron
recoils, which is crucial for background rejection.

At lower masses, around O(1) GeV and below, cryogenic bolometers achieve the best
sensitivity due to their exceptionally low energy thresholds, reaching down to O(10) eV in
some cases. Experiments like CRESST-III [99] and SuperCDMS [100] utilize light target
nuclei, which are better matched to low-mass WIMPs for kinematic reasons. Future direc-
tional detectors like CYGNO aim to probe the region around O(1) GeV and potentially
down to ~0.3 GeV with hydrogen-enriched targets.

The spin-dependent sector shows weaker constraints, typically about five orders of mag-
nitude less sensitive than the SI case, as illustrated in Fig. 2.3l This reduced sensitivity
arises from two main factors: the limited availability of nuclei with unpaired spins, and
the absence of the coherent enhancement factor A% (where A is the atomic mass number)
that amplifies SI cross-sections for heavy nuclei. For SD WIMP-proton interactions, the
PICO collaboration [101] provides the leading constraints thanks to their large exposures
with dense superheated liquids in bubble chambers and high SD sensitivity due to the
high fluorine content in their target. For SD WIMP-neutron interactions, the LUX exper-
iment [102] sets the best limits, benefiting from xenon’s natural isotope ?°Xe, which has
a large SD coupling to neutrons, and the high density that enables large exposures.

Several recent experiments have reported low-energy excesses that initially generated
significant interest as potential dark matter signals. These include anomalous events
observed by XENONI1T [103], DAMIC [104], SuperCDMS [100], CRESST-IIT [99], and
EDELWEISS [105]. However, with increased exposure, improved analyses, and better un-
derstanding of backgrounds, all of these excesses have been subsequently excluded as dark
matter signals and attributed to previously unaccounted background sources. This pro-
gression underscores the importance of patience and thorough background characterization
in direct detection experiments.

2.3.2 Directional dark matter search

Directional detection represents a qualitatively different approach to searching for dark
matter, one that promises to overcome the neutrino floor and provide definitive evidence
for a galactic dark matter signal. The key insight is that WIMP-induced recoils should ex-
hibit a strong directional bias in galactic coordinates, pointing predominantly away from
the direction of the Solar System’s motion through the dark matter halo. This angu-
lar anisotropy provides a smoking-gun signature that cannot be mimicked by any known
background, including neutrinos.

2.3.2.1 Fundamental principles

The directional dependence of WIMP scattering arises from the motion of our Solar System
through the Galactic dark matter halo. As discussed in Section the Earth orbits
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Figure 2.3: Summary of the current status of spin-dependent (SD) limits in the WIMP
mass—cross section parameter space from nuclear-recoil searches. Left: SD WIMP-proton
cross section limits from PICO-60 (blue), PICO-2L (purple), PICASSO (green), SIMPLE
(orange), and PandaX (cyan) [101]. Right: SD WIMP-neutron cross section limits from
nuclear-recoil experiments @ .

the Sun at approximately 30 km/s, while the Solar System moves through the Galaxy
at roughly 220 km/s, resulting in an apparent "WIMP wind" from the direction of the
constellation Cygnus. In galactic coordinates (where [ denotes the galactic longitude and
b the galactic latitude), this direction corresponds approximately to (I,b) ~ (90°,0°), i.e.,
toward the galactic plane in the direction of galactic rotation.

When a WIMP elastically scatters off a target nucleus, the recoil direction is strongly
correlated with the WIMP’s velocity vector. For a WIMP traveling with velocity ¢ relative
to the detector and scattering off a nucleus of mass m 4, the relationship between the recoil
angle 0, and the recoil energy FE, is given by:

Vmi makE
cos . = Tn =4/ 2'u2@2r (2.26)

where the WIMP-nucleus reduced mass is:

My M A
_ _Mhma 2.27
i —, (2.27)

and the minimum WIMP velocity required to produce a recoil of energy E, is:

mak,
242

Umin = (2.28)
This equation shows that the recoil angle is restricted to the range 0° to 90° with respect
to the WIMP velocity direction.

The angular distribution of WIMP-induced recoils exhibits a dipole-like pattern in
galactic coordinates, with most recoils pointing away from Cygnus. At higher recoil ener-
gies, this dipole becomes stronger (with 6, closer to 0°), though the event rate decreases.
At lower energies and for certain combinations of WIMP mass, target mass, and reduced
mass, the distribution can develop a ring-like feature when m4FE,/(2u%*v?) — 0, causing
0, — 90°. This produces a maximum rate in a ring around the WIMP arrival direc-
tion. While this ring feature is more challenging to detect than a dipole, it can serve as a
secondary WIMP signature.
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The daily motion of the Earth causes the WIMP velocity vector in the laboratory
frame to vary throughout the day, and the annual motion around the Sun causes it to
vary throughout the year. This leads to an aberration pattern in the angular distribution
between the minimum and maximum of the velocity distribution. However, detecting this
aberration requires accumulating a large number of events and is therefore challenging.

Figure [2.4] illustrates the stark contrast between the directional distributions expected
from WIMPs and from solar neutrinos in galactic coordinates. The WIMP signal shows a
strong peak toward Cygnus, while the neutrino background traces the path of the ecliptic
throughout the year, with essentially no overlap between the two distributions.
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Figure 2.4: Directional event rates from a 9 GeV WIMP (blue) and solar neutrinos (red)
displayed in galactic coordinates (I,b). The red line indicates the path of the ecliptic,
showing the very low superposition expected between the two distributions throughout the
year. The WIMP signal peaks strongly toward the Cygnus constellation, while the solar
neutrino background follows the Sun’s apparent motion [107].

2.3.2.2 Advantages of directional detection

The directional approach offers several compelling advantages over conventional non-
directional searches. First and foremost, directional information provides much stronger
background discrimination. Internal and external backgrounds in a terrestrial detector
have angular distributions that are approximately isotropic when viewed in galactic
coordinates, thanks to the Earth’s rotation and axial tilt, which average out local
anisotropies. Crucially, no known background can mimic the WIMP signal’s strong
directionality toward Cygnus.

This powerful discrimination capability means that directional detectors can set more
stringent exclusion limits than non-directional detectors with the same exposure. Moreover,
even with a relatively small number of events and reasonable background contamination,
directional detectors can claim a positive discovery if they observe the characteristic angular
anisotropy, provided they achieve directional capabilities at the level of approximately 30°
resolution.

The only significant directional background comes from coherent elastic neutrino-
nucleus scattering (CEvNS) from solar neutrinos, which point back toward the Sun.
However, this background is easily distinguished from WIMPs because the direction to the
Sun and the direction to Cygnus never overlap throughout the year. By excluding events
from the solar direction, directional detectors can effectively eliminate this background



CHAPTER 2. DIRECT DETECTION OF DARK MATTER 37

on an event-by-event basis, something that is impossible for non-directional experiments
which must rely on improved knowledge of neutrino fluxes, multiple target materials, and
large statistics.

To fully exploit these advantages and overcome the neutrino floor, directional detectors
must meet certain technical requirements |73} 108,|109]. These include: temporal resolution
better than a few hours (to track the Sun’s position), energy resolution better than 20%,
head-tail recognition efficiency greater than 75%, and angular resolution better than 30°.
Meeting these requirements ensures that directional detectors maintain steep discovery
slopes similar to background-free scenarios even at very large exposures where conventional
detectors are limited by neutrino backgrounds.

The number of events required for a discovery depends on several factors including
the target material, angular resolution, head-tail recognition capability, effective WIMP
mass, and most crucially, the energy threshold. Background levels are less critical for
directional detectors due to their powerful ability to discriminate isotropic events. Head-
tail recognition, the ability to distinguish not just the axis but also the sense of the recoil
direction, has a major impact on discovery potential. Without full vectorial information,
the dipole feature is mirrored across hemispheres, significantly reducing the discrimination
power against a flat background.

Simulations for detectors with excellent characteristics (perfect head-tail recognition,
3D readout, 5 keV threshold, zero background) show that only 5 WIMP events would
be needed for a 3o discovery at 5 GeV mass, increasing to about 30 events at 1000 GeV
mass [110]. The number of required events increases with background level but remains rel-
atively independent of the background’s energy distribution if direction and sense are well
reconstructed. This fundamental difference, the ability to positively identify a dark matter
signal and establish its galactic origin, makes directional detection uniquely powerful and
justifies the technical challenges involved.

Beyond discovery, directional detection offers unparalleled capabilities for characteriz-
ing dark matter properties. The free parameters in WIMP models that can be constrained
include both particle properties (WIMP mass and nucleon interaction cross-section) and
astrophysical properties (velocity distribution and halo structure). The Standard Halo
Model is a simplification of the real dark matter halo, and simulations with different as-
sumptions about baryonic and non-baryonic matter content show various density profiles
as a function of galactic radius, directly influencing the velocity distribution |39, 41].

Directional detectors can measure the velocity structure of dark matter through the
angular distribution of recoils. The three-dimensional nature of directional information
provides theoretical access to the complete velocity distribution function, which is impos-
sible for detectors measuring only energy spectra, since the recoil spectrum depends only
on the speed distribution, not the full velocity vector |52, [111]. This means directional
measurements can constrain properties of the Galactic dark matter halo without assum-
ing knowledge of the dark matter particle properties. Once the velocity distribution is
better characterized through complementary astrophysical measurements and dark matter
detections, directional measurements can then determine particle physics parameters with
greater accuracy. Although the performance of any real detector will be imperfect and
experimental conditions may not be ideal, the discriminating power of directional infor-
mation is so compelling that it justifies the significant experimental challenges involved.
Quantitative simulations suggest that even with realistic detector assumptions, directional
measurements can substantially improve constraints on both astrophysical and particle
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physics parameters compared to non-directional approaches [110} |112} [113].

2.3.2.3 Directional detection technologies

Achieving directional sensitivity presents significant technical challenges that require care-
ful trade-offs between conflicting requirements: low energy thresholds, good angular reso-
lution, and high exposures. The key challenge is that nuclear recoil tracks at low energies
are extremely short (sub-micron in solids and liquids, but O(1) mm in gases). This funda-
mental difference explains why gaseous targets dominate directional dark matter searches
despite their much lower density.

The primary trade-off is between density and track length. Dense targets (liquids and
solids) enable large masses and exposures more easily, but their short recoil tracks make
precise directional measurements extremely difficult. Gaseous targets have much lower
density, reducing the exposed mass for a given volume, but their longer tracks enable
much better direction and sense reconstruction. Operating at lower pressure improves di-
rectional capabilities further but reduces the target mass even more, creating a challenging
optimization problem.

Nuclear emulsions Nuclear emulsions represent an approach to directional detection
in a dense medium. These consist of silver halide crystals dispersed in a gelatin binder,
with sub-micron grain sizes enabling detection of very short nuclear recoil tracks. When
a charged particle traverses the emulsion, it creates electron-hole pairs in the crystals.
Chemical development renders these grains visible as aligned silver grains along the par-
ticle track, which can be reconstructed using optical microscopy to determine position,
inclination, and grain density patterns.

The NEWSdm experiment |114] employs nuclear emulsion films with silver halide crys-
tals in a polymer matrix. The target composition includes light elements (H 1.6%, C 10.1%,
N 2.7%, O 7.4%, S 0.3%) and heavy elements (Br 32.0%, Ag 44.0%, 1 1.9%) with an overall
density of 3.2 g/cm?. This composition provides good sensitivity to both light and heavy
WIMP masses [115]. The sensitive volume is surrounded by shielding to reduce external
backgrounds.

NEWSdm utilizes Nano Imaging Tracker (NIT) technology [116], which employs nano-
metric grains with diameters around O(10) nm, approximately ten times smaller than
conventional emulsions. Nuclear recoils generate clusters of nanometric silver grains, and
3D tracks are reconstructed using optical microscopy with automated scanning systems.
The primary scanning with optical microscopes proceeds at approximately 200 cm? /hour,
identifying nuclear recoil candidates. The intrinsic spatial resolution is about 200 nm, and
discrimination is achieved through track ellipticity: single grains from thermal excitation
appear spherical, while real tracks show elliptical shapes.

Further analysis employs light polarizers exploiting plasmon resonance [117], which
modifies the intensity and wavelength of light reflected from metallic materials depending
on polarization and illumination angles. Rotating the polarization provides information
about track substructures beyond optical resolution, discriminating single grains (noise)
from multiple grains (signal). This technique achieves an effective spatial resolution of
approximately 5 nm [118§].

The experimental setup is mounted on an equatorial telescope to compensate for Earth’s
rotation, necessary because emulsions are not time-sensitive and must maintain fixed ori-
entation relative to the apparent WIMP flux. The current setup uses a 10 g target at
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LNGS (underground) with fixed support, aimed at testing production, calibration, anal-
ysis techniques, and measuring ambient backgrounds. Passive shielding includes 10 c¢m
of lead for ambient gammas and 40 cm of polyethylene for neutrons. Geant4 simulations
indicate negligible contributions from external backgrounds.

The projected sensitivity, assuming 100 background events, reaches approximately
107%2 cm? at 100 GeV WIMP mass with 100 kgxyear exposure, assuming a 30 nm de-
tection threshold with 10 nm resolution. Reaching the neutrino floor would require an
exposure of 10 tonxyears in a zero-background scenario [118§].

Gaseous time projection chambers Time projection chambers (TPCs) filled with
low-pressure gas remain the most developed and promising technology for directional dark
matter detection. The fundamental advantages of gaseous targets (longer recoil tracks
enabling better topological identification) have driven the development of numerous TPC-
based experiments worldwide.

A TPC consists of a chamber filled with the target gas, with a uniform electric field
established between an anode and cathode at opposite ends. A field cage, typically con-
sisting of a series of conducting rings or strips connected by a resistor chain, ensures field
uniformity throughout the drift region [119-121]. When a charged particle ionizes the gas,
the electric field prevents primary ionization electrons from recombining and drifts them
toward the anodic plane while ions drift toward the cathode. A charge amplification stage
multiplies the produced charges, and signals are read out either from the charge directly
or from secondary scintillation light.

The low energy required to produce an electron-ion pair (a few tens of eV) com-
bined with high charge gains available from modern amplification structures (approaching
O(10%)) enables very low energy thresholds. Track reconstruction can be one-, two-, or
three-dimensional depending on the readout method. Full 3D reconstruction typically
projects the 2D electron cloud onto a pixelated readout plane, with temporal sampling
recovering the 3D track shape. Resolution in x-y depends on readout segmentation, while
resolution along the drift direction (z) depends on sampling frequency. Alternatively, 2D
readout can be combined with other technologies (CCD/CMOS for x-y projection, PMTs
for timing) to recover the z projection and achieve 3D tracking.

These tracking capabilities enable powerful particle identification through measure-
ment of the stopping power (dE/dx) directly from energy deposition along the track. The
stopping power changes with decreasing energy along the particle’s path, creating an asym-
metric energy deposition pattern. This produces the "head-tail" effect: low-energy nuclear
recoils deposit more energy at the beginning of their tracks, while electron recoils deposit
more at the end. Measuring this head-tail asymmetry identifies not just the axis but the
sense (full directional vector) of the track.

With 3D capabilities and highly granular readout (much finer than track lengths),
TPCs can achieve excellent angular resolution and high head-tail recognition efficiency.
Combined with low thresholds, good background rejection, and the inherent directionality,
TPCs are optimal candidates for directional dark matter detection.

Negative ion drift A significant limitation of conventional TPCs is the diffusion of
primary electrons during drift, which degrades spatial resolution. The negative ion drift
(NID) technique [122, |123] solves this problem by using anions as charge carriers instead
of electrons. A small quantity of an electronegative dopant is added to the gas mixture.
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Atoms or molecules of the dopant capture primary ionization electrons near the interaction
point (within O(100) pm), and the resulting anions transport the charge toward the anode.
In the high field region near the anode, the excess electrons are stripped off, allowing normal
electronic amplification.

NID offers two major advantages. First, it dramatically reduces diffusion. Electrons,
being very light, have their direction randomized in collisions with minimal energy loss,
so energy from the drift field dominates over thermal energy. Anions, having mass similar
to gas atoms, lose a large fraction of their energy in each collision, preventing momentum
randomization and causing efficient thermalization. Since the diffusion coefficient scales
as \/m, anions diffuse much less than electrons, significantly reducing track shape
degradation after long drift distances.

Second, NID enables absolute z-position measurement. The electron attachment pro-
cess forms multiple negative ion species with different masses [124]. One species carries
the majority of the charge (major carrier), while others constitute minority carriers. Since
ionic mobility depends on mass, measuring the arrival time difference between species
determines the absolute z position with precision around O(1) mm:

p= UM AP (2.29)
Um + UM

where v, and vy are the velocities of minority and major carriers respectively, and AT
is their arrival time difference. An alternative method exploits the dependence of diffusion
on drift distance: analyzing track shapes allows recovery of the third coordinate with
resolution of a few cm. This complete 3D reconstruction capability enables fiducialization
of the sensitive volume, an important background reduction strategy.

Gas choice and scalability The flexibility in gas choice is another advantage of TPC
technology. A wide range of options exists for light and heavy elements, and spin-odd
nuclei are available, providing enhanced sensitivity for both SI and SD couplings over
a broad mass range. The scalability of TPC designs to very large volumes, with only
one side requiring instrumentation (amplification and readout), offers favorable cost-to-
volume ratios. This helps overcome the inherent limitation of low target density in gaseous
detectors.

Major TPC experiments Several major experiments have pioneered directional de-
tection with gaseous TPCs. The DRIFT experiment [125] operated dual 1 m® TPCs
at Boulby Underground Laboratory using Multi-Wire Proportional Counters (MWPC)
for amplification and readout. With a CS9:CF4:02 gas mixture at 30:10:1 Torr, DRIFT
demonstrated head-tail measurements for nuclear recoils down to 38 ke\/mﬂ using a 2°2Cf
neutron source [126]. Operating in NID mode with CS; ions as charge carriers reduced dif-
fusion and improved tracking performance, while Os introduced minority carriers enabling
z-position measurement [127]. With a 0.803 m? fiducial volume, plastic shielding for neu-
tron moderation, and an alpha-tagging system to reject radon backgrounds, DRIFT-IId
achieved essentially background-free operation and set the best SD WIMP-proton limit
from directional detectors: 0.28 pb at 100 GeV |128].

Throughout this chapter, keV,,, denotes the nuclear-recoil equivalent energy, i.e. the kinetic energy of a
recoiling nucleus, while keV.. denotes the electron-equivalent energy, i.e. the energy that would produce
the same detector signal if deposited by an electron. The two scales are related through the energy-
dependent quenching factor.
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The MIMAC experiment [129] employs dual TPCs with pixelated Micromegas at
Modane Underground Laboratory. Using CF4 + 28% CHF3 + 2% C4Hpo at 50 mbar,
MIMAC achieves a competitive 2 keV.. threshold with 200 um pixel width. The 50 MHz
strip readout with 424 um effective pitch provides x-y coordinates as a function of time,
converted to a third spatial coordinate using known drift velocity [130]. With a dynamic
range up to 62 keVe, MIMAC demonstrated excellent ER/NR discrimination with
rejection power of 10° and NR efficiency of 86.49 + 0.17% above 2 keV,, using a Boosted
Decision Tree algorithm [131]. The experiment has measured radon progeny nuclear
recoils [132] and achieved 10°-20° angular resolution in ion beam measurements [133].
Cathode signal analysis enables z-position determination through correlation of anode-
cathode timing differences with event distance from the grid [134], allowing volume
fiducialization. The COMIMAC facility at LPSC Grenoble |135] provides desktop ion and
electron beams for calibrating energy and measuring quenching factors for various gas
mixtures 28| |1361138|, including preliminary measurements for CYGNO gas mixtures.

The NEWAGE experiment [139] operates micro-TPCs filled with CF4 at 100 mbar at
Kamioka Underground Laboratory. The detector uses Gas Electron Multipliers (GEMs)
and low-radioactivity u-PIC readout planes with additional amplification. The p-PIC, de-
veloped specifically to reduce surface radioactive contamination using materials with 100
times lower U/Th concentrations |140|, performs identically to standard p-PIC [141]. With
768 x 768 pixels at 400 pm pitch and orthogonally installed anode and cathode strips, signals
are recorded with 100 MHz flash-ADC to measure x-y plane charge. Time-over-threshold
for each strip enables 3D track reconstruction [142]. The detector achieves ER/NR discrim-
ination, axial direction determination, head-tail recognition, and total energy measurement
through integrated charge. With a 50 keV., threshold, 40° angular resolution [143|, gamma
rejection of 1.3730 x 1076 (50-60 keV range), and 20% NR efficiency [144], NEWAGE set
a 90% CL SD WIMP-proton limit of 25.7 pb at 150 GeV mass from 318 live-days using
forward-backward asymmetry in galactic coordinates |145|.

The DMTPC experiment [146] developed TPCs with external optical readout (CCD,
PMT) and charge readout using CF4 at 30-100 Torr. Closely-spaced ground mesh and
anode planes (0.6-1 mm) with high applied fields create proportional multiplication of pri-
mary electrons and secondary scintillation light emission. Light sensors (CCD + PMT)
installed on the opposite side from the amplification region minimize target gas contami-
nation. Total light measures event energy, while pixelated light sensors provide 2D track
shapes. PMT timing and charge readout enable attempted 3D reconstruction [147|. In-
tegrated charge on ground/anode planes provides independent energy measurement [148|.
Initial prototypes operated at MIT, then underground at WIPP, with a 10-liter detector
setting initial SD WIMP-proton cross-section limits [149]. DMTPC made the first measure-
ments of recoil directionality with approximately 75% head-tail efficiency at 200 keV [150],
though the collaboration has ceased operations.

The D3 experiment [151] focused on highly segmented charge readout for small volume
TPCs using ATLAS FE-I3 to FE-14b chips 152} |153] with 50x400 pm and 50x250 pm
pixels. Each pixel incorporates an integrating amplifier, discriminator, shaper, and digital
control. Double-GEM stacks provide gains around 10* with low intrinsic electronic noise,
enabling stable operation with nearly 100% single-electron efficiency. A 4.5 cm drift proto-
type with He:COs or Ar:CO4 at atmospheric pressure achieved single-point resolutions of
o, = (197+11) pm and oy = (1424 9) pm [152] with approximately 1° angular resolution
for alpha tracks. A 15 cm drift prototype demonstrated 1-2 cm accuracy for absolute po-
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sition measurement along drift direction by studying diffusion profiles with a 2'°Po source
at various positions [153]. Development continues toward CYGNUS-HD, a approximately
40-liter detector with a 50 cm drift back-to-back configuration with shared cathode and
20x20 cm? readout planes using CERN Micromegas with strip charge readout, aiming
toward meter-cube scale experiments |73, 109].

The CYGNO experiment [154] represents the next generation of directional detectors,
employing He:CF4 60:40 at atmospheric pressure with triple-GEM amplification and op-
tical readout combining SCMOS and PMT signals for 3D track reconstruction. Chapter
provides a detailed description of the CYGNO experiment and its future prospects.

The CYGNUS proto-collaboration Recognizing the power of directional detection,
the international community has formed the CYGNUS proto-collaboration [107] to unite
worldwide efforts in directional dark matter research for optimal operation of large-scale
gaseous TPCs. CYGNUS proposes a multi-site directional dark matter and neutrino obser-
vatory at ton-scale |73|. Current R&D among CYGNUS collaborators focuses on: achiev-
ing approximately O(1) keV,, thresholds with directionality, complete background rejec-
tion, expanding sensitive volumes to 1000 m?, optimizing Micro-Pattern Gaseous Detector
(MPGD) amplification technology, optimizing readout technology (charge with MWPCs
or optical with PMTs/CCDs/CMOS), and optimizing gas mixtures through electronic and
negative ionic drift studies. A feasibility study [73| simulated CYGNUS performance as-
suming negative ion operation with SFg and charge readout. The current proposal uses
He + SFg mixtures in atmospheric pressure TPCs. Construction objectives include: first,
a approximately O(100) m? detector competitive on SD WIMP-proton cross-sections and
capable of solar neutrino studies; and ultimately, approximately O(10%) m? for dark mat-
ter astronomy and geoneutrino measurements |109]. The directional detection approach
represents a paradigm shift in dark matter searches, offering the potential to definitively
establish the galactic origin of any detected signal and characterize both particle and astro-
physical properties with unprecedented precision. The technical challenges are substantial,
but the physics rewards (including the ability to overcome the neutrino floor and achieve
positive discovery rather than mere exclusion) make this one of the most exciting fron-
tiers in experimental dark matter research. An overview of the projected sensitivity of
directional detectors is presented in Chapter



Chapter 3

The CYGNO project

The CYGNO experiment |154] aims at developing a gaseous Time Projection Chamber
(TPC) [155, [156] with an optical readout for rare events searches. The CYGNO detector
uses a mixture of helium and carbon tetrafluoride at atmospheric pressure as the working
gas, while charge amplification is achieved with Gas Electron Multipliers (GEMs) [157].
Over the years, several prototypes of increasing size have been constructed and tested to
evaluate the detector’s performance and refine the technique. The ultimate goal is the
construction of a large-scale detector, with an active volume of tens of cubic meters, to be
installed underground. Such an apparatus would allow directional DM searches and solar
neutrino spectroscopy.

The CYGNO Collaboration currently includes around 60 researchers from Italy, Por-
tugal, Brazil, and the United Kingdom. In addition, CYGNO takes part in the CYGNUS
proto-collaboration, a global initiative uniting several research groups. CYGNUS aims
at designing and operating a distributed observatory for directional recoil measurements,
capable of investigating the dark matter hypothesis beyond the neutrino fog and detecting
neutrinos from the Sun and supernovae at the ton scale [73)].

The next sections provide an overview of the design and working principles of CYGNO
detectors, focusing on their main components: charge amplification, optical readout, and
gas mixture. The development of successive prototypes and the experiment’s long-term

outlook are also discussed.

3.1 Experimental approach

The CYGNO detection method relies on a gaseous TPC filled with a He:CFy4 mixture
in a 60:40 ratio, operating at atmospheric pressure and room temperature. A three-GEM
stack is employed to achieve both charge amplification and photon production. The optical
readout system combines scientific CMOS cameras and photomultiplier tubes (PMTs) for
event detection.

The TPC is a well-established detector concept in particle physics, used across a wide
range of energy scales to reconstruct charged particle tracks with high precision. Its oper-
ating principle is illustrated in Figure [3.I] which shows the schematic of a CYGNO-type
detector. A TPC consists of a volume filled with a gas or liquid medium where, as a
charged particle traverses, it ionizes the medium, producing electron—ion pairs.

When an ionizing particle crosses the active volume, electrons and ions are produced
and drift in opposite directions under the influence of the electric field established between
the cathode and anode. Electrons move toward the anode, where they undergo acceleration

43
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Figure 3.1: Schematic representation of the working principle of a gaseous Time Projection
Chamber. Following an ionizing event, the freed electrons drift under an electric field
toward the amplification region, where they are multiplied and finally detected. In the
CYGNO setup, this process takes place through a stack of GEMs, while the resulting
signals are read by CMOS cameras and PMTs [158].

and trigger an avalanche process that amplifies the initial signal. This amplification can
be realized through different micro-structured devices collectively known as micro-pattern
gas detectors (MPGDs). These detectors feature sub-millimeter amplification structures
capable of providing high spatial resolution and rate capability. Among the main MPGD
technologies are GEMs, micro-strips, and MicroMegas [61, [159]. In CYGNO, the electron
multiplication stage is achieved using a triple-GEM configuration [160].

Depending on the detection strategy, both the electrical charge and the light generated
in the amplification stage can be recorded. In CYGNO, the He:CF, mixture emits scintil-
lation photons during the avalanche process. These photons are simultaneously captured
by CMOS cameras, providing fine-grained images of the event, and by PMTs, which deliver
precise timing information. The combination of these two complementary signals allows
reconstruction of the three-dimensional topology of the ionization track. From this, it is
possible to identify the type of particle, determine its incoming direction, and effectively
suppress background events.

The CYGNO technique thus shares the core principles of conventional gaseous TPCs
used in dark matter experiments but introduces several innovative aspects, such as the use
of optical readout and the optimization of the gas mixture for directional detection.

1. Gas mixture and operation at atmospheric pressure. The chosen He:CFy
(60:40) gas mixture allows simultaneous sensitivity to both spin-independent (SI)
and spin-dependent (SD) dark matter interactions. The SD channel is accessible
thanks to the high fluorine content and the presence of an unpaired proton in the flu-
orine nucleus. Helium, on the other hand, enhances sensitivity to low-mass WIMPs
(of order O(GeV)) due to its favorable kinematics, while CF4 contributes to visible
scintillation light emission, enabling the use of high-resolution CMOS cameras. Op-
erating the TPC with this mixture at atmospheric pressure significantly increases
the ratio of active volume to target mass compared to conventional directional dark
matter gaseous TPCs, thus improving sensitivity to rare interactions. The selected
pressure and gas ratio result in a density close to that of air, which, unlike in liquid-
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phase detectors, allows particles to travel over much longer paths. This feature
provides accurate tracking and directional reconstruction capabilities even for events
at the keV energy scale. Maintaining the TPC at atmospheric pressure simplifies the
mechanical design, increases the active-to-mass ratio, and enhances the sensitivity to
low-energy signals. The gas density (similar to that of air) enables the observation
of extended tracks, a key factor for reconstructing directionality down to a few keV.

2. GEM-based charge multiplication. Charge amplification in CYGNO is achieved
using a stack of three Gas Electron Multipliers (GEMs). These devices can provide
large and stable gains, reaching up to O(10°) when combined in cascade [159, |161].
Moreover, GEMs have a fine granularity (around O(10?) ym) which matches perfectly
with the spatial resolution of CMOS sensors. Their large-area scalability and self-
supporting geometry, which does not require a separate electron collection plane, also
make them ideal for optical readout, since photons emitted at the GEM surface can
freely reach the sensors.

3. Optical readout system. CYGNO employs a hybrid optical detection system con-
sisting of CMOS sensors and photomultiplier tubes (PMTs). The CMOS cameras pro-
vide detailed two-dimensional images with a spatial resolution of about O(150) pm,
enabling the extraction of topological and directional information from the projected
ionization tracks. PMTs, on the other hand, record the scintillation light with excel-
lent time resolution, providing information on the longitudinal position of the event
along the drift axis. Combining the spatial data from CMOS sensors (XY) with the
temporal profile from PMTs (AZ) allows for full 3D event reconstruction [162]. Since
the two systems operate independently, dual and cross-checked energy measurements
are possible, potentially improving the overall energy resolution.

4. Track topology and particle identification. Different particle types produce dis-
tinct track shapes: a-particles and nuclear recoils create short, straight, and dense
tracks, whereas electron recoils generate longer, more diffuse paths ranging from a
few millimeters for keV-scale events to several centimeters above 100 keV. By ana-
lyzing these morphological differences, CYGNO can distinguish between nuclear and
electron recoils, effectively identifying signal events.

e Directionality. The distribution of charge along the ionization path encodes
information about the particle’s trajectory. Both CMOS and PMT data reveal
characteristic asymmetries in the energy deposition profile: alpha particles ex-
hibit a pronounced Bragg peak at the end of their range, while nuclear recoils
show enhanced ionization at the beginning of the trajectory, where the recoiling
nucleus is slowest and most ionizing. This asymmetry, known as the head—tail
effect, allows determination of the sense of motion along the track direction.

o Fiducialization. The excellent spatial resolution of the sCMOS cameras provides
precise reconstruction of the interaction position in the z-y plane, correspond-
ing to the GEM amplification plane. The position along the drift direction (z)
can be inferred by analyzing the diffusion of the ionization cloud: tracks orig-
inating farther from the GEM plane undergo longer drift times and therefore
exhibit greater transverse spreading due to electron diffusion in the gas. By
comparing the measured track width with the expected diffusion parameters,
one can estimate the drift distance and thus localize the interaction point within
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the TPC volume. This three-dimensional reconstruction effectively enables the
rejection of background events originating near the detector walls, defining a
clean fiducial volume for physics analyses.

5. Operational advantages. Operating the detector at room temperature and atmo-
spheric pressure offers several practical benefits. It eliminates the need for complex
vacuum vessels or high-pressure systems and avoids the technical challenges asso-
ciated with cryogenics. These conditions simplify prototype development, facilitate
detector scaling, and reduce costs compared to cryogenic dark matter detectors. Fur-
thermore, working under such flexible conditions allows the experimenters to easily
modify the gas mixture or adjust the ratio of its components to optimize performance
for specific physics goals.

Following the general introduction to the CYGNO experimental approach, the next sec-
tions of this chapter focus on a detailed discussion of its key components: the gas mixture,
the triple-GEM amplification system, and the optical readout based on CMOS sensors and
PMTs. The evolution of CYGNO prototypes is then summarized, with particular emphasis
on the LIME detector.

3.1.1 The gas mixture

Choosing the right target gas is a critical step for optimizing detector performance and
maximizing the sensitivity to possible DM interactions with Standard Model particles. In
CYGNO, the selected gas mixture consists of 60% helium (He) and 40% tetrafluoromethane

CF4 is well known for its scintillation properties, especially when mixed with noble
gases [163H166|. It exhibits two main emission peaks, one in the visible and another in
the UV region. Figure |3.2{shows the normalized emission spectrum of the He:CF4 (60/40)
mixture, together with the quantum efficiency curves of the sSCMOS camera and PMT used
in CYGNO detectors, highlighting their strong spectral compatibility.
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Figure 3.2: He:CF4 (60/40) emission spectrum superimposed with the quantum efficiency
of the ORCA-Fusion camera and the R7378 PMT [163].

In the UV range, two pronounced peaks appear around 240 nm and 290 nm, originat-
ing from multiple excited ionic species [164] produced via dissociative ionization of CFy,
which has a threshold energy of 15.9 eV. The visible emission, instead, comes from the
de-excitation of the neutral fragment CF3 in a Rydberg state, formed at a lower threshold
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of about 12.5 eV. The use of CF4-based mixtures also results in remarkably low diffusion
during electron drift [159], thanks to the large scattering cross-sections in electron-CFy
interactions, an essential feature for maintaining the integrity of the track structure.

In the context of direct dark matter searches, both the WIMP-to-target mass ratio
and the detector’s energy threshold determine the minimum detectable DM mass. Using
a light target (A < 10) together with an energy threshold around O(1) keV allows sen-
sitivity to WIMP masses below 10 GeV, a region still largely unexplored. The presence
of helium (A = 4) in the CYGNO gas mixture maximizes sensitivity to WIMPs of a few
GeV for spin-independent (SI) interactions. Owing to helium’s small atomic mass, nu-
clear recoils generate longer tracks, which are easier to reconstruct for directionality and
head-tail discrimination. At the same time, the fluorine atoms in CF4 contribute sensi-
tivity to spin-dependent (SD) interactions even at low WIMP masses, thanks to fluorine’s
unpaired proton and relatively low atomic mass. This combined He:CFy configuration
makes CYGNO one of the few experiments capable of probing both SI and SD interactions
for WIMP masses below 10 GeV.

Throughout the CYGNO R&D program, several gas proportions were studied in order
to balance light yield, stability, and performance. As reported in |167], an optimal compro-
mise was found with a 60% He and 40% CF4 mixture. The corresponding longitudinal and
transverse diffusion coefficients, along with the drift velocity as a function of the electric
field, were simulated with Garfield [168|, 169] and are shown in Figure
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Figure 3.3: Longitudinal and transverse diffusion coefficients (left) and drift velocity (right)
as functions of the electric drift field, obtained with Garfield simulations for the CYGNO
gas mixture |167].

The simulated transverse diffusion coefficient for the He:CF4 (60/40) mixture is about
130 pmy/cm at a drift field of 500 V/cm. This low diffusion value, crucial for preserv-
ing track shape, has also been experimentally confirmed using minimum ionizing particles
(MIPs) [170]. The mean energy required to produce an electron—ion pair, commonly re-
ferred to as the W value, is 35 eV [171], although different experimental techniques report
slightly varying numbers 172, [173].

The three-dimensional ranges of electrons and ions in the gas were simulated using
Geant4 [174] and SRIM [175], respectively. Figure shows that helium ions, which
represent nuclear recoils (NRs), have sub-millimeter ranges up to energies of 100 keV.
Consequently, they appear as compact bright spots whose apparent size is mainly governed
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by gas diffusion. Electrons, corresponding to electron recoils (ERs), display much longer
paths, already exceeding 1 mm at 10 keV and extending to several centimeters at 100 keV.
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Figure 3.4: Simulated 3D range of electrons and He ions in He:CF4 (60/40) [154].

At energies below 10 keV, ERs also tend to appear as small clusters or spot-like struc-
tures, since their intrinsic track size becomes comparable to the diffusion spread in the
gas. In this low-energy regime, distinguishing between ERs and NRs becomes increasingly
difficult, as both exhibit similar morphologies. Discrimination is then primarily based on
the density of the ionization cloud, defined as the total light yield divided by the projected
spot area. The distinct energy loss behavior along the track (dE/dz) of electrons and nu-
clei can be exploited for classification, using the fine spatial information from the sCMOS
camera in combination with the timing and intensity data from the PMTs.

3.1.2 Charge amplification

Optically readout TPCs require substantial charge amplification, since only a small fraction
of the scintillation photons are detected due to the limited solid angle of optical collection.
To achieve the necessary gain, CYGNO employs Gas Electron Multipliers (GEMs), which
can reach very high amplification factors, as illustrated in Fig.[3.5] These devices maintain
excellent spatial granularity, minimizing the distortion of the original ionization track.

GEMs belong to the Micro Pattern Gas Detector (MPGD) family, introduced by
F. Sauli in 1997 [157]. They were developed to enhance the spatial resolution and rate
capability of traditional wire chambers operating in high particle flux environments |61}
159]. A GEM is composed of a thin insulating foil (typically Kapton or fiberglass) met-
alized on both sides and perforated with a dense pattern of microscopic holes. Applying
a potential difference of a few hundred volts between the two conductive layers generates
electric fields on the order of O(10) kV /cm within the holes, initiating electron avalanches.
The positive ions produced inside the holes are largely trapped by the top electrode, which
significantly reduces ion backflow into the drift region and ensures stable operation even
at high rates [176].

The fabrication materials and dimensions of GEMs can vary. Thin foils, around 50 um
thick, usually feature hole diameters of approximately 70 ym and pitches of about 140 pm.
Smaller holes do not necessarily improve the effective gain due to charge saturation inside
the channels [159]. The micro-holes are generally produced by chemical etching, creating
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a double-conical shape narrower at the center. For larger geometries (diameters above
300 pm), mechanical drilling is used instead, yielding cylindrical holes.

The electrons multiplied in one GEM layer can be collected on an anode or transferred
to subsequent GEMs for further amplification. By stacking multiple GEMs, total gains
from 10* up to 10° can be achieved . In CYGNO, the amplification stage employs
a triple-GEM configuration, using three foils each 50 pm thick, ensuring both high gain
and stable operation.

(@) (b)

Figure 3.5: Structure of a thin GEM: (a) cross-sectional view with electric field lines
generated by a potential difference across the electrodes [61]; (b) electron microscopy image
showing the hole pattern and pitch of a GEM foil [159].

3.1.3 The optical readout

When a charged particle traverses the target medium, it not only ionizes atoms and
molecules but can also excite them. During the subsequent de-excitation processes, pho-
tons are emitted, and the resulting light spectrum and intensity depend on the properties
of the gas and, in some cases, on the applied electric field. Scintillating gases such as Ar,
Xe, CFy4, He:CFy, and Ar:CFy typically produce between 1072 and 10! photons per sec-
ondary electron, depending on the gas pressure and charge amplification regime
. The idea of exploiting the scintillation light generated during electron multipli-
cation was proposed more than thirty years ago , but has gained renewed importance
thanks to recent advances in optical sensor technology, which now allow this effect to be
fully utilized.

Modern optical sensors, such as the CMOS devices developed for consumer electron-
ics, are rapidly improving in terms of sensitivity, resolution, and noise performance. This
technological progress, largely driven by commercial applications, has also had a major
impact on scientific research, enabling the use of compact, high-performance cameras in
experimental setups. In detectors like CYGNO, these cameras can be conveniently posi-
tioned outside the sensitive volume, thus avoiding potential issues related to high voltage
operation or gas contamination. Although this configuration reduces the amount of light
reaching the sensor due to the limited solid angle coverage, the loss can be compensated
by increasing the charge gain, which in CYGNO is achieved with the triple-GEM amplifi-
cation system . A major advantage of the optical readout technique is the ability to
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image large active areas (on the order of O(1) m?) with a single sensor while maintaining
an effective spatial resolution of O(100) pm through the use of appropriately chosen lenses.

In CYGNO, the scintillation light is read out using a hybrid system consisting of sCMOS
cameras and PMTs. The cameras provide high-resolution images of the track projected
onto the (z,y) plane, while the PMTs measure the time structure of the light signal along
the drift direction (z axis). Together, these measurements allow for full three-dimensional
reconstruction and energy estimation of the ionizing events.

3.1.3.1 Optics

As discussed above, focusing lenses are employed to project large sensitive areas onto a
single sSCMOS sensor. All CYGNO detectors use a Schneider Xenon lens characterized
by a focal length f = 25.6 mm, an aperture ratio (f-number) N = 0.95, and an optical
transmission of about 85%. With the typical active area of Hamamatsu sCMOS sensors
(see Table , it is possible to image surfaces of O(1000) cm? by placing the camera
roughly O(50) cm from the GEM plane. A schematic illustration of the optical system
under the Gaussian approximation is shown in Figure [3.6
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Figure 3.6: Schematic of a lens under the Gaussian approximation, showing the solid angle
of emission from the object plane (OP) focused onto the sensor plane (SP) [180].

The diagram is represented on a plane defined by the optical axis (the line passing
through the lens center and connecting the object to the sensor) and an orthogonal axis,
which can be any direction in the case of a circular lens. The object plane (OP) corresponds
to the location of the source being imaged, while the sensor plane (SP) denotes the position
of the photosensitive detector. EP and XP indicate the entrance and exit planes of the
lens, through which photons enter and leave the optical system. The points H and H mark
the hyperfocal planes, representing the equivalent positions of a thin lens with the same
optical properties as the real thick lens [180|. The parameter D denotes the lens aperture
radius, determining the effective area that collects photons. This parameter can be adjusted
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mechanically by varying the diaphragm opening, which controls the light admitted through
the lens.

In the schematic, dA represents the infinitesimal emitting area on the object plane, u
is the tangent of the acceptance angle, s and s’ denote the distances from the hyperfocal
planes H and H’ to the object and sensor, respectively. The focal length is indicated as fr,
with focal points F and F’ typically assumed to coincide (F = F’ and fr = f = f). The
figure illustrates how light emitted from the region highlighted in yellow on the left side of
EP is collected and focused onto the sensor surface, providing a simplified representation
of how a thick lens forms an image in the Gaussian approximation.

When the planes OP, EP, XP, and SP are parallel, the photon flux ® emitted from a
small area element dA on the object plane and reaching the lens can be expressed as [180]:

® = nLdAu? (3.1)

where L denotes the source luminosity. The fraction of the total solid angle 2y subtended
by the lens can then be derived by normalizing to the total emission over 47 steradians:

& 1 mu? (D/2)?
P TdAdr A T A (3:2)

The last expression arises directly from geometric considerations. For CYGNO, where

S > Sep, the relationship between the magnification I and the distances s and s’ follows
the standard thin-lens approximation, hence:

and
y/ S/

with y and 3/ representing the object and image dimensions, respectively. Combining the

above relations yields:
1

[4N2 (7 +1) )"

where N = D/ f is the f-number or aperture ratio.

O = (3.5)

As the camera is placed farther from the source (increasing s), the solid angle fraction
¢ (and therefore the number of photons reaching the sensor) decreases rapidly. At the
same time, the projected area being imaged grows. This trade-off results in a small light
collection efficiency, explaining why CYGNO employs relatively high charge gains using a
triple-GEM configuration. The benefit, however, is a considerable reduction in the number
of required optical sensors per unit area, which simplifies both the overall system design
and the cost.

The expression above assumes a point-like light source positioned on the optical axis.
For an extended source, regions located away from the axis emit photons under an angle
¢ with respect to the optical axis. In these conditions, the illuminance on the sensor
decreases with increasing ¢, since only a fraction of the emitted photons reach the lens.
The photon flux from an off-axis source element becomes:

® = wLdAu® cos* ¢ (3.6)

Thus, the larger the deviation from the optical axis, the smaller the flux collected, an
effect known as wvignetting. In the context of CYGNO, vignetting causes a non-uniform



CHAPTER 3. THE CYGNO PROJECT 52

light yield across the image plane: the edges of the frame appear dimmer than the center
for the same intrinsic luminosity. This spatial non-uniformity must be corrected during
data analysis.

3.1.3.2 sCMOS cameras

Recent technological advances have led to major improvements in the performance and
affordability of optical sensors, driven primarily not by scientific needs but by industrial
and consumer market demand. High-resolution, pixelated light sensors are now extensively
used in particle physics, including imaging applications in TPCs with scintillating gas
mixtures . The two main technologies for digital imaging are charged-coupled
devices (CCDs) and active pizel sensors (APS), the latter commonly implemented on
complementary metal-ozide-semiconductor (CMOS) chips. Both types convert incident
light into electrical charge and process the resulting signal electronically.

In CCDs, each pixel acts as a metal-oxide—semiconductor (MOS) capacitor biased in
the depletion region, where photons generate electrons. These capacitors form an array
connected by a transmission layer acting as a shift register. After the exposure, charge
packets are transferred sequentially from one pixel to the next until the final capacitor de-
livers its charge to an amplifier, which converts it to a voltage signal. This analog voltage
can then be digitized or read continuously. Because the entire pixel area is photosensi-
tive, CCDs provide high uniformity and excellent image quality, key features in scientific
imaging.

CMOS sensors, by contrast, perform charge-to-voltage conversion directly within each
pixel using a pinned photodiode. Each pixel may include its own amplifier, noise-correction
circuit, and analog-to-digital converter, allowing the chip to output digital data directly.
Although this architecture leads to slightly lower pixel-to-pixel uniformity, it enables mas-
sively parallel readout and therefore much higher frame rates (see Figure . CMOS sen-
sors also offer lower power consumption and reduced production costs compared to CCDs,
making them particularly attractive for large-scale detector applications like CYGNO.
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Figure 3.7: Comparison of CCD (left) and CMOS (right) sensor readout schemes. In CCDs,
pixels are read sequentially in rows: the charge accumulated in each pixel is transferred
through a shift register to a common amplification stage. In CMOS sensors, each pixel
includes its own amplifier and digitization electronics, allowing for independent parallel

readout .

For many years, CCDs were considered superior to CMOS sensors in terms of noise
performance. However, continuous technological progress has allowed CMOS devices to
not only catch up but in several aspects surpass CCDs [185-187|. Their rapid development
is strongly supported by widespread use in commercial applications (such as smartphone
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cameras) which drives constant improvement and cost reduction. This makes CMOS tech-
nology extremely promising for scientific detectors of the next generation.

High-end CMOS sensors featuring very low noise, fast frame rates, large dynamic range,
high quantum efficiency, and fine spatial resolution are generally referred to as scientific
CMOS (sCMOS). Because of their combination of low readout noise, high pixel granularity,
and strong potential for future upgrades, CYGNO employs sCMOS cameras for its optical
readout system.

As part of the CYGNO R&D program, several Hamamatsu sCMOS models were tested,
and their main characteristics are summarized in Table Bl From the older ORCA-Flash
model to the latest ORCA-Quest, the number of pixels has steadily increased while the
individual pixel size has decreased. At the same time, the RMS noise level improved by
about a factor of five, reaching 0.27 e~ in the ORCA-Quest, low enough to allow photon
counting with sub-photon uncertainty. The electronic Gaussian noise of the sensor adds to
the intrinsic Poisson fluctuations of the photon signal, slightly broadening the distribution
of detected counts. A readout noise of 0.3 e~ RMS or less ensures a 90% probability
of correctly identifying the number of photoelectrons, thereby enabling photon-number-
resolving capability, as illustrated in Figure [188]. For this reason, these next-generation
sensors are often called quantitative CMOS (qCMOS).

Table 3.1: Key characteristics of the three Hamamatsu CMOS cameras evaluated within
the CYGNO experiment. The chronological order (top to bottom) highlights the evolution
of the technology over time, particularly in pixel resolution, sensor size, and RMS noise
reduction |188].

Model Resolution Pixel Sensor Noise Frame
[# pixels|]  size [pm] size [mm?] RMS [e7]| rate [Hz]
ORCA Flash 2048 x 2048 6.5 x 6.5 13.312 x 13.312 14 30
ORCA Fusion 2304 x 2304 6.5 x 6.5 14.976 x 14.976 0.7 5.4
ORCA Quest 4096 x 2304 4.6 x 4.6 18.841 x 10.598 0.27 5

All sCMOS cameras tested by CYGNO show excellent quantum efficiency (QE) between
80% and 90% in the visible region, particularly around 500-600 nm (see Figure .
This range matches well with the emission spectrum of the He:CF4 gas mixture. The
current camera employed in the LIME detector is the ORCA-Fusion C14440-20UP, which
demonstrated the best compromise between resolution, sensitivity, and stability among
all tested models [189]. The ORCA-Quest, although offering superior noise performance,
began testing within the CYGNO Collaboration only after LIME’s commissioning and is
therefore not included in the operational setup. It will be exploited for the demonstrator
CYGNO_ 04 currently under installation at LNGS.

Thanks to their fine spatial resolution and low noise, sSCMOS cameras allow precise
measurement of the (z,y) projection of the events in the gas, along with a quantitative
estimate of the total light yield. This capability enables the determination of both the
energy and the two-dimensional topology of ionization tracks, facilitating particle identifi-
cation and 2D directional analysis. When combined with the time information provided by
PMTs, these measurements allow for full three-dimensional reconstruction of the ionization
tracks within the detector.
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Figure 3.8: Probability distribution of the observed photoelectron counts for a Poisson
mean N = 3, shown for different readout noise levels [188].

3.1.3.3 Photomultiplier Tubes (PMTs)

Photomultiplier Tubes (PMTs) are widely used devices for detecting fast and faint light
signals, based on the conversion of photons into electrons via the photoelectric effect. As
illustrated in Figure[3.9, a PMT consists of a vacuum glass tube that houses a photocathode
on one end and an anode on the other. Between them lies a series of electrodes known as
dynodes, which act as electron multipliers. The amplified charge is finally collected at the
anode, where the output signal can be read.
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! 4 s ; / Vacuum
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Figure 3.9: Schematic representation of a photomultiplier tube (PMT) and its internal
structure [190].

The photocathode consists of a very thin semiconductor layer deposited on the inner
surface of a transparent window. When photons strike the photocathode, electrons are
emitted through the photoelectric effect. The conversion efficiency is not perfect, and the
ratio of emitted electrons to incident photons is referred to as the quantum efficiency (QE).
These photoelectrons are accelerated and directed toward a sequence of dynodes, each
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maintained at progressively higher potentials. The dynodes, typically made of materials
such as BeO or Mg—O—-Cs with high secondary-electron emission coefficients (g), multiply
the number of electrons at each stage. For electron energies between 100 and 200 eV (typical
for inter-dynode acceleration), the secondary emission factor g is around 3-5 [191]. The
photocathode is kept at a negative potential, while the anode is generally grounded. The
total potential difference between them, of the order of O(10%) V, is distributed through
a resistor chain across the dynodes. The overall gain of the PMT depends on the number
of dynodes n and the emission coefficient g, and is typically g" ~ 107 for ¢ ~ 4 and
n ~ 12 [190].

The most commonly used photocathodes in scintillation-based detection are bialkal:
compounds, such as Sb—K-Cs, which offer sensitivity from the ultraviolet to the visible
range, with a QE around 25% at 400 nm. More advanced GaAs or GalnAsP photocath-
odes can achieve QEs up to 50% and extend sensitivity into the infrared, though they are
less commonly used due to higher cost and operational constraints [190]. Multialkali pho-
tocathodes (e.g., Na-K—Sb—Cs) offer broader spectral coverage from UV to IR but exhibit
higher intrinsic noise. For its purposes, CYGNO employs bialkali PMTs, which provide an
optimal balance between sensitivity and stability for visible light detection.

The electrons collected at the anode generate a current that, when passed through a
resistor, yields a voltage signal with nanosecond-scale timing resolution. The PMT output
waveform reflects the arrival time distribution of photons at the photocathode, which in
turn encodes the relative position of the ionization electrons along the drift direction. This
time profile provides information about the z-coordinate of each event, complementing the
(x,y) projection recorded by the sSCMOS camera. Together, these data allow for a complete
three-dimensional reconstruction of the ionization tracks. Moreover, the integral of the
PMT signal is proportional to the total emitted light and thus provides an independent
energy measurement that can be cross-calibrated with the optical signal recorded by the

camera.

3.2 The CYGNO timeline

The CYGNO project has been progressing through successive prototype stages of increas-
ing scale. The development roadmap is organized into three main phases, as summarized
in Figure CYGNO is currently nearing completion of PHASE 0, the R&D stage,
during which multiple prototypes have been constructed to test and optimize the detec-
tion technique. This phase culminated in the installation and run of the LIME detector
underground. The next stage, PHASE 1, will demonstrate the scalability of the technol-
ogy by deploying a 0.4 m? prototype, named CYGNO 04, featuring a modular optical
readout and serving as a platform for radiopurity assessment. The final stage, PHASE 2
foresees the construction of a large-scale detector with an active volume of several tens of
cubic meters, marking the transition to the full CYGNO experiment, aimed at dark matter
detection and neutrino spectroscopy.

It should be noted that, at present, the project has been approved only up to PHASE 1,
which is now entering its initial implementation phase.

3.2.1 PHASE 0: R&D and prototypes

During PHASE 0, three main prototypes were developed to refine and validate the exper-
imental technique. The first prototype, named ORANGE (Optically Readout GEM), was
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Figure 3.10: Timeline of the CYGNO project. PHASE 0 corresponds to the R&D stage,
during which several prototypes were built and tested. PHASE 1 will focus on demonstrat-
ing the scalability of the approach and verifying radiopurity, paving the way for PHASE 2
the construction of the full-scale CYGNO 30 detector for dark matter and neutrino stud-
ies.

designed to explore the optical readout capabilities of GEMs for three-dimensional event
reconstruction. It served as a proof of concept demonstrating that GEM-based optical
readout could effectively capture 3D track information.

ORANGE employed a triple stack of 10x10 cm? GEMs, separated by 2 mm spacers
and coupled to a 1 cm drift gap, for a total sensitive volume of about 100 cm?. Light was
collected by a Hamamatsu ORCA-Flash 4.0 camera positioned 20 cm from the final GEM,
with a geometrical acceptance of 3.46 x 1072, A schematic view of the ORANGE setup is
presented in Figure[3.11] The prototype successfully demonstrated track imaging through
optical readout , provided early measurements of light yield , and achieved the
first 3D track reconstruction using PMTs within the CYGNO framework [162].

Following the success of ORANGE;, the next step aimed to assess the feasibility of using
TPC technology for directional dark matter detection and to test the CYGNO approach
with an extended drift region. To this end, the LEMOn (Long Elliptical Module) detector
was developed. LEMOn (shown in Figure features a 7-liter active volume, a 20 cm
drift length, and a 24 x20 cm? readout plane. The detector is enclosed in a gas-tight acrylic
chamber operating in continuous gas flow mode.

Inside the vessel, an ellipsoidal field cage made of silver wires, supported by 3D -
printed plastic rings with a 1 cm pitch, ensures a uniform electric field across the 20 cm
drift gap. The cathode consists of a fine metallic mesh with 30 pum wire diameter and
50 pum spacing. The charge amplification is provided by three 24x20 cm? GEM foils, each
separated by 2 mm. The optical readout is achieved with a Hamamatsu ORCA-Flash 4.0
sCMOS camera, coupled to the detector through a transparent TEDLAR window and a
flexible optical bellow. The camera response was calibrated at 0.9 counts per photon [182].
On the opposite side, behind the transparent cathode, an HZC Photonics XP3392 PMT is
installed to record the time structure of the light signals.

LEMOn validated the CYGNO detector concept on a medium scale, providing key
performance benchmarks such as energy resolution [167], stability [167], and the first es-
timation of the absolute event position along the drift direction [192|. It also enabled
preliminary studies on particle identification and topological discrimination , .
Tests performed with 5.9 keV electron recoils demonstrated a 100% detection efficiency
for drift fields above 300 V/cm and drift distances up to 20 cm, achieving an energy res-
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Figure 3.11: Schematic illustration of the ORANGE (Optically Readout GEM) detector,
the first prototype developed within the CYGNO project. The system employed three thin
GEM foils for charge amplification and a 1 cm drift gap, resulting in a total active volume

of 100 cm? .
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Figure 3.12: The LEMOn prototype showing (B) the PMT holder, (A) the elliptical field
cage rings, (C) the optical bellow, and (D) the sCMOS camera support [170].

olution of approximately 12% [167]. Additionally, data collected using an AmBe neutron
source allowed the first validation of the background rejection capability of the CYGNO
technique . By applying simple selection criteria to remove cosmic ray events and
identify nuclear recoils from neutron elastic scattering (based on their high track density),
LEMOn achieved an electron-recoil rejection efficiency of 96.5% at 5.9 keV while retaining
50% of nuclear recoil events . Further details regarding the LEMOn design and its
experimental performance are provided in .

The third and largest prototype of PHASE 0 is LIME, representing the most advanced
stage of CYGNO’s R&D effort. LIME has a sensitive volume of approximately 50 liters
and was initially operated at the INFN Frascati National Laboratories (LNF) for surface
characterization tests. In February 2022, the detector was relocated at the underground
INFN Gran Sasso National Laboratory (LNGS), where it has been continuously operated
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for more than two years under different shielding configurations. These campaigns were
dedicated to studying and characterizing various background sources. LIME serves as the
reference prototype for the current phase of the project and will be described in detail
in the next chapter, including its construction, operating conditions, and the extensive
underground data acquisition campaign that forms the core of this thesis.

3.2.2 PHASE 1: CYGNO 04, the CYGNO demonstrator

CYGNO _ 04 marks the beginning of PHASE 1 of the CYGNO project and involves the
realization of a 0.4 m? detector that will act as the first large-scale demonstrator for the
experiment. The main objectives of CYGNO 04 are the minimization of background
contributions from detector materials, the validation of the modular optical readout and
of the data acquisition (DAQ) systems.

The CYGNO 04 concept adopts a back-to-back configuration consisting of two sym-
metric TPCs sharing a central cathode. This layout, frequently used in large detectors,
effectively doubles the active volume while minimizing the overall amount of structural
material. Such a configuration also reduces the maximum drift length by half, which pro-
vides two major benefits: (1) it lowers the high voltage required to establish the desired
drift field, and (2) it mitigates electron diffusion effects during drift, thereby improving 3D
tracking precision and directional reconstruction capabilities.

A 3D exploded rendering of the current CYGNO _ 04 design is presented in Figure [3.13]
The inner PMMA vessel, which contains the He:CF4 gas mixture, is shown in light blue.
Building on the experience and results discussed in this thesis, a double-sealed vessel design
is foreseen for CYGNO _04: an inner PMMA chamber enclosed by a secondary ultra-pure
copper vessel, which minimizes the diffusion of ambient radon and ensures gas containment.
This copper layer also provides passive background shielding and is illustrated in green and
brown, representing standard and ultra-pure copper, respectively.

The detector’s central cathode is made from a 50 pum Kapton foil coated with 5 pm
copper on both sides, similar in structure to a GEM foil. Each of the two TPCs will be
instrumented with three Hamamatsu ORCA-Quest cameras evenly distributed across the
imaging plane. These cameras, coupled to 50x80 cm? GEMs that provide charge amplifi-
cation and light emission, represent a significant technological advancement over previous
models, offering higher resolution, smaller pixels, and lower electronic noise. On each side
of the detector, eight PMTs will be positioned around the cameras, facing the GEMs,
in a configuration reminiscent of the LIME setup. The chosen number and arrangement
of sensors balance spatial granularity, cost efficiency, and geometric constraints. For the
final CYGNO 04 geometry, the effective pixel granularity corresponds to 125x125 pum?,
approximately a 25% improvement in spatial resolution compared to LIME.

The design strategy for background reduction in CYGNO 04 is based on detailed sim-
ulations and experimental studies performed with the LIME prototype. These analyses
identified the dominant internal background sources as the copper components in the drift
field cage and cathode, ceramic resistors, GEM foils, and optical elements such as cam-
era lenses. Among these, contamination from the ?**U decay chain was found to be the
most significant, given its natural occurrence in many detector materials. Mitigation of
these contributions will be a central aspect of the CYGNO 04 construction and testing
campaign.

As part of the strategy to further minimize potential background contributions, several
design enhancements have been introduced in the development of CYGNO 04 compared
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(e)

Figure 3.13: Technical designs of the CYGNO 04 detector: (a) exploded view of the
internal structure, showing the PMMA gas vessel (blue) and copper shielding (brown); (b)
cross-sectional view highlighting the internal field cage; (c) external exploded view showing
standard (green) and ultra-pure (brown) copper layers; (d) closed configuration with three
CMOS cameras and eight PMTs per side; (e) location of the detector at the underground
LNGS facility, surrounded by water columns for additional shielding .

to the previous LIME prototype. One of the most significant upgrades is the use of a cus-
tom optical lens fabricated from ultra-pure silica (SUPRASIL), developed in collaboration
with industrial partners. This improvement is expected to suppress radioactive background
from the lens material by up to four orders of magnitude (10%). The GEM foils will un-
dergo a thorough cleaning process using high-pressure deionized water baths (a technique
successfully adopted in other low-background experiments such as T-REX [196]) to further
reduce surface contamination. The drift field cage will be constructed from thin Kapton foil
embedded with copper strips interconnected by surface-mounted (SMD) resistors, forming
a cylindrical structure around the active region. This configuration significantly reduces
the amount of copper and ceramic material exposed to the gas, thereby limiting inter-
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nal background sources. Moreover, every remaining component of CYGNO 04 will be
fabricated from certified low-radioactivity materials, whose activities will be individually
measured and validated. For external shielding, the detector will be surrounded by 10 c¢cm
of copper and an additional 100 cm of water, expected to reduce external background by
roughly a factor of 20 relative to the internal component.

CYGNO 04 will also test the scalability of the CYGNO concept across multiple as-
pects, including mechanical design, stability, and auxiliary systems. Ongoing studies focus
on issues such as structural deformation, uniform power distribution, and GEM tensioning.
An important innovation will also be implemented in the data acquisition (DAQ) system.
In contrast to previous setups, where the finite exposure time of optical sensors introduced
acquisition deadtime, CYGNO 04 will employ continuous-readout CMOS operation. In
this mode, each pixel row is read immediately after exposure, allowing for uninterrupted
image collection. If a particle track crosses a row during readout, it may appear across two
consecutive frames; the combination of these frames then enables full track reconstruction.
However, as the number of optical and PMT channels increases, synchronization between
readout systems becomes crucial. To meet this requirement, the collaboration is developing
a prototype of an advanced DAQ architecture that will be integrated into CYGNO _04.

Overall, CYGNO 04 will serve as a proof of concept demonstrating that the CYGNO
collaboration possesses the technological maturity to construct a large, optically readout
TPC with a volume of @(30-100) m?, capable of high-granularity imaging and competitive
dark matter sensitivity. By employing low-radioactivity materials and extensive shielding,
CYGNO 04 will provide key insight into the achievable background levels and the true
physics reach of future large-scale CYGNO detectors. The underground infrastructure for
CYGNO _ 04, located in LNGS Hall F, was completed in March 2025, with detector instal-
lation scheduled for the first trimester of 2026 and commissioning planned for spring 2026.

3.2.3 PHASE 2: CYGNO _ 30, the CYGNO experiment

The goal of CYGNO 04 will be to validate the technique on a realistic scale. If the
outcomes are convincing, a substantially larger instrument, hereafter CYGNO 30, with a
total active volume of order tens of cubic meters, would become an interesting proposal
for such a detector. The baseline concept is modular: several O(1) m?® units (akin to
CYGNO_04 or a slightly enlarged version) will be tiled side by side to form a wall-like
apparatus. A representative layout is shown in Figure an 8 x 4 array of 1 m? modules

reaches an active volume close to 30 m3

. This strategy favors reproducibility, simplifies
integration of services and readout, and streamlines scaling. The detector could be hosted
at LNGS and protected with passive shielding (copper close to the vessel, water outside)
to suppress external backgrounds.

To project the sensitivity for such a detector, a Bayesian inference framework is em-
ployed. The analysis treats data as mixtures of background and possible WIMP-induced
events. Mock datasets are generated across multiple background scenarios by drawing
Poisson-distributed counts with different means. Each event is assigned a direction: back-
grounds are taken to be isotropic in galactic coordinates (local anisotropies are effectively
smeared by Earth’s rotation), while WIMP recoils follow the anisotropic distribution ex-
pected in the Standard Halo Model. The ideal distributions are then smeared with a
Gaussian kernel to encode finite angular resolution.

For each scenario, a binned likelihood fit to the angular distribution is performed, pro-

filing the contribution from a putative DM component. From the posterior, a 90% cred-
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ible interval (C.I.) on the DM event count is derived. The expected number of WIMP
interactions connects this count to the spin-independent (SI) and spin—-dependent (SD)
WIMP-nucleon cross sections via the recoil rate, which depends on detector inputs (gas
composition and elemental fractions, active mass, exposure, threshold) and on astrophys-
ical assumptions (local density and velocity distribution). Equating the 90% C.I. upper
bound with the predicted DM yield then maps to an exclusion contour in the (m,,o)
plane [197].

.
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.

Figure 3.14: Preliminary technical design of a possible CYGNO Phase 2 detector, illus-
trating (a) modular 1 m? units forming (b) a large, wall-like configuration.

Figure summarizes the projected limits for a 30 m? detector operated for three
years with a 1 keV, threshold [197]. The study assumes 30° angular resolution with full
3D reconstruction and 100% head-tail efficiency. The adopted resolution is supported by
NEWAGE measurements in the 50-400 keV,, range and by recent CYGNUS simulations;
it should be conservative at higher E,, for CYGNO-like optics, whereas a constant 100%
head—tail efficiency below ~10 keV,,. is optimistic and serves as a performance bench-
mark. Sensitivity is shown for background levels between 10? and 10* events and for two
thresholds, 1.0 and 0.5 keV .

In the ST channel, CYGNO 30 is expected to probe regions of parameter space that
remain unexplored. It will be competitive with low-mass programs such as CRESST and
CDMSLite 198, [199]. If the threshold can be lowered to 0.5 keV,., the reach extends to
my ~ 0.7 GeV/ ¢?; adding a small hydrogen-bearing fraction improves kinematic matching
and can push sensitivity toward ~0.5 GeV/c2. In this context, mixtures with isobutane
(iC4Hi0) have been studied [200, 201], and R&D on methane admixtures has identified
configurations that retain the same light yield up to 5% CHy content. For the SD case,
the projected reach is competitive with PICO [81] at 1 keV,, and can surpass it in low-
background conditions when operating at 0.5 keV¢.. Unlike threshold-only detectors, di-
rectionality provides CYGNO with a powerful discriminant to check the galactic origin of
any candidate signal.

In summary, a large-scale CYGNO detector will combine low energy thresholds, de-
tailed imaging, and full 3D directionality in a single apparatus. The modular design eases
scaling, the LNGS location and shielding suppress external backgrounds, and directionality
provides a decisive test to verify the galactic origin of any candidate dark matter signal.
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Figure 3.15: Spin-independent (a) and spin-dependent (b) 90% credible-interval exclusion
limits for CYGNO 30, assuming 3 years of exposure under different background scenarios
and thresholds of 1 keV,,. (top) and 0.5 keV,, (bottom). Dashed curves: He:CF4 (60:40)
with 100 (black), 1000 (red), and 10,000 (dark green) background events. Dotted curves:
He:CFy:isobutane (58:40:2). Solid lines: current bounds; dotted lines: projected future
limits |197].



Chapter 4

LIME: the largest prototype

4.1 Design and components

LIME (Long Imaging ModulE) constitutes the final prototype within the CYGNO devel-
opment program and serves as the ultimate validation detector prior to the construction
of the larger-scale demonstrator. This gaseous Time Projection Chamber features optical
readout capabilities and operates at atmospheric pressure and ambient temperature, with

a H0-liter active volume.

4.1.1 Mechanical and electrical design

The vessel of the detector is fabricated from transparent polymethyl methacrylate (PMMA)
featuring 10 mm thick walls (Figure . This acrylic container is maintained at a slight
overpressure of approximately 3 mbar with respect to the external environment. Along the
drift direction, the active detection region spans 50 cm and is bounded at one extremity by
a copper cathode and at the opposite end by a Gas Electron Multiplier (GEM) assembly
with dimensions of 33x33 cm? in a triple-foil stack.

EFTE window

33x33 cm?
Copper Rings
3-GEMs PP _ g i

Resistors

|| il
N4 I

CMOS sensor "':.= lﬁahiﬁxs‘i‘gdla

50 cm Field Cage Cathode

Figure 4.1: View of the LIME prototype illustrating the main components: the 50 cm drift
region with copper field-shaping rings, the cathode plate, the triple-GEM amplification
structure, and the positioning of the photomultiplier tubes and sCMOS camera for light
collection.

Uniformity of the drift field is obtained through a field cage comprised of 34 copper

63
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rings. Each ring measures 10 mm in width with 4 mm gaps between successive elements.
These rings are linked via 100 M) resistors, forming a voltage divider that produces a
uniform gradient extending from the cathode to the amplification region. The cathode is a
copper plate of 0.5 mm thickness with dimensions that match the field cage cross-section.
This arrangement ensures that electric field lines maintain perpendicularity to the cathode
surface across the entire drift volume.

Inside the GEM microstructures, intense electric fields initiate electron avalanches,
which generate secondary electrons and ions. Scintillation photons are produced through
the interaction between these secondary electrons and the gas molecules. The GEM tech-
nology provides controlled amplification while preserving the spatial information of the
original ionization pattern.

The vessel wall that faces the GEM structure is manufactured with a reduced thickness
of 1 mm to enhance optical transparency. This PMMA interface, however, generates
reflection artifacts that are especially noticeable for alpha particle trajectories. Figure
illustrates this phenomenon: the bright track corresponds to the actual particle path,
whereas a dimmer mirrored image emerges due to reflection at the PMMA-air interface.

Figure 4.2: sSCMOS camera image showing an alpha particle track and its reflection artifact.
The brighter track corresponds to the primary ionization event, while the dimmer shadow
results from optical reflection at the detector window.

A 3 mm thick aluminum Faraday cage encloses the complete detector assembly, offer-
ing electromagnetic interference shielding and light isolation. The required voltages are
delivered by two independent power supply systems: an ISEG HPn 500 unit supplies the
cathode with voltages up to 50 kV and voltage ripple below 0.2%, while a CAEN A1515TG
module delivers up to 1 kV to the GEM electrodes with 20 mV precision.

Radiopurity screening was performed on all major detector components using high-
purity germanium spectrometry at the LNGS underground facility. This screening encom-
passes the cathode, copper shielding elements, field-shaping rings, resistor chain, GEM foils,
acrylic vessel, and camera components (lens and housing). Although LIME was assembled
using commercially available materials not specifically optimized for low-background ap-
plications, these measurements represent an essential input for Monte Carlo background
simulations. For the future 1 m® CYGNO demonstrator, radiopure alternatives have been
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identified that preserve detector performance while substantially reducing intrinsic radioac-
tivity contributions.

4.1.2 Optical readout and calibration

Two complementary technologies are combined in the light detection system: a high-
resolution scientific CMOS camera and fast photomultiplier tubes.

The primary imaging device is an Orca-Fusion sCMOS sensor, which features a
23042304 pixel array. Each pixel possesses an active area of 6.5x6.5 ym?. A Schneider
optical system (25 mm focal length, £/0.95 aperture) equips the camera and it is positioned
623 mm from the amplification plane. This configuration yields a field of view spanning
34.9%34.9 cm?, where each pixel maps to a 152x152 um? area in the detection plane.

Positioned symmetrically around the camera are four Hamamatsu R7378 photomulti-
plier tubes. Each PMT is equipped with a 22 mm diameter bialkali photocathode that is
optimized for rapid photon detection, which enables precise timing measurements of track
development.

Integrated into the upper surface of the vessel is a specialized calibration window
measuring 5 cm in width and 50 cm in length. This opening is sealed with a 150 um
thick ethylene-tetrafluoroethylene (ETFE) membrane, which is transparent to low-energy
photons while maintaining gas containment (Figure . Along rails positioned 18 cm
above the active volume, a motorized positioning system travels while carrying radioac-
tive sources. These sources can be positioned at distances ranging from 5 to 45 cm from
the amplification plane. For beam definition, the trolley incorporates a 5 mm diameter
collimator.

Figure 4.3: View of the LIME detector showing the acrylic vessel construction and the
ETFE calibration window on the top surface.
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4.2 Overground studies at LNF

Before its underground deployment, the LIME prototype underwent an extensive testing
campaign at the Laboratori Nazionali di Frascati (LNF), where it operated in an over-
ground environment for several months. This characterization phase served multiple ob-
jectives: demonstrating long-term operational stability, collecting substantial datasets for
physics analysis, developing and optimizing image reconstruction algorithms, and measur-
ing the detector’s energy response across relevant energy ranges. These results have been
thoroughly documented in the literature and already published [202].

The data acquisition infrastructure was based on a C+-+ framework integrated within
the MIDASE] software environment. Discriminator and logic modules processed the PMT
signals to produce trigger signals based on coincidence requirements, namely, simultaneous
above-threshold signals from at least two of the four photomultipliers. A He:CF, gas
mixture in a 60:40 ratio was maintained at approximately 3 mbar overpressure relative to
atmospheric pressure, with continuous flow through the vessel at 200 cc/min to guarantee
stable operating conditions and gas purity. The drift field was set at 0.8 kV /cm, while
each GEM foil was operated at a fixed voltage of 440 V.

My contribution to this phase included extensive calibration shifts (over 50 hours of
data taking with various radioactive sources), development and optimization of image
analysis algorithms, and systematic studies of detector performance parameters. For the
analyses presented in the following sections, the sCMOS camera operated with a 50 ms
exposure time to reduce pile-up probability in the high-rate environment at surface level.

4.2.1 Sensor noise characteristics

The sCMOS sensor exhibits two main sources of baseline fluctuations: readout noise from
the electronic amplification circuitry (less than 0.7 electrons RMS) and dark current from
thermally-induced leakage (approximately 0.5 electrons per pixel per second)E]. To charac-
terize these contributions, dedicated pedestal runs were performed periodically by reducing
GEM voltages to 220 V, below the amplification threshold, thus preventing any scintillation
light from reaching the camera.

Each pedestal run comprised 100 consecutive images. For every pixel, the mean re-
sponse (pix,eq) and standard deviation (pix,,s) were determined. Figure shows the
distribution of pix,,,, values, displaying a well-defined peak corresponding to typical noise
levels and an extended tail from noisier boundary pixels. A fiducial volume cut excludes
these edge pixels from physics analysis.

Monitoring throughout the operational period confirmed excellent stability of both
pedestal baseline and noise level, which is crucial for reliable physics measurements and
ensures that observed variations in energy spectra reflect genuine detector conditions rather

than sensor drift.

4.2.2 Light yield and calibration

Accurate energy calibration requires a reliable method for converting camera counts into
physical energy. A ?°Fe radioactive source provides the primary reference standard (Fig-
ure [4.5)). This isotope emits characteristic X-rays at 5.9 keV (Mn K,, line) through electron

"https://daq00.triumf.ca/MidasWiki/index.php/Main_Page
’https://www.hamamatsu.com/jp/en/product/cameras/cmos- cameras/C14440-20UP . html
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Figure 4.4: Distribution of pixel-level RMS noise (pix,,s) measured during a typical
pedestal run. The main peak represents nominal sensor performance, while the tail corre-
sponds to noisier boundary pixels [202].

capture decay. These monoenergetic X-rays interact with the gas via photoelectric effect,
generating compact, quasi-circular spots covering approximately 20 mm? in the camera
images.

SOURCE POSITIONING

Figure 4.5: Automated system for moving the **Fe source along the detector window. The
motorized wheel drives the trolley through pulleys, allowing precise positioning during
calibration measurements.

Reconstruction analysis extracts individual tracks and their physical properties. For
this configuration, the light yield typically ranges around 10% counts per keV, though
it varies with environmental factors such as atmospheric pressure, temperature, and gas
composition. Systematic calibration using the *Fe reference maintains accurate energy
measurements throughout operations.
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4.2.3 Gain saturation effect

The electron avalanche process in GEM structures produces substantial charge accumula-
tion that can alter local electric fields, particularly in the final amplification stage. This
space-charge effect reduces the multiplication factor, a phenomenon termed gain satura-
tion. The magnitude depends on total charge and its spatial density, which correlates with
the particle’s specific energy loss (dE/dz).

Figureshows systematic measurements using a *Fe source at various distances from
the GEM plane. The saturation effect becomes more pronounced as the source approaches
the amplification region. Diffusion plays a key role: as electrons drift through the 50 cm
field region, transverse diffusion spreads the charge over a larger area. When ionization
occurs far from the GEMs, the more diffuse electron cloud reaching the amplification region
experiences less space-charge buildup and consequently less gain suppression.
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Figure 4.6: Average light integral for °Fe clusters as a function of distance from the GEM
plane. The increasing light yield with distance reflects reduced gain saturation where
diffusion has spread the charge over larger areas [202].

This saturation effect is extensively studied in the following chapters, where its impact
on energy reconstruction and particle discrimination is analyzed in detail for both electron

and nuclear recoils.

4.2.4 Energy response

Multiple radioactive sources spanning photon energies from 3.7 keV to 37 keV were em-
ployed to characterize the detector’s energy response across the low-energy range relevant
for dark matter searches. A multi-target source based on alpha particles from ?*'Am im-
pinging on different materials (Cu, Rb, Mo, Ag, Ba) provided X-rays in the 8-36 keV range.
Figure [£.7 shows the configuration where alpha particles with approximately 5 MeV energy
strike metallic targets mounted on a motorized rotating wheel.

The alpha particles ionize inner shells of target materials, creating vacancies subse-
quently filled by outer-shell electrons. This produces monochromatic K, and Kg X-rays
that enter the detector and interact via photoelectric effect. For lower energies, the **Fe
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Figure 4.7: Schematic of the multi-target X-ray source system. Alpha particles from 24! Am
strike different metallic targets, inducing characteristic X-ray emission directed into the

detector volume [202].

source excited calcium (Ca) and titanium (Ti) targets through fluorescence, yielding lines
around 3.7 keV and 4.5 keV. Table [£.1] summarizes all X-ray lines used.

Source Eg, [keV|] Eg, [keV] Distance from GEM [cm]

Ca* 3.69 4.01 25
Ti* 4.51 4.93 25
Fe 5.9 6.5 5-45
Cuf 8.04 8.91 25
Rbf 13.37 14.97 25
Mo T 17.44 19.63 25
Agt 22.10 24.99 25
Baft 32.06 36.55 25

Table 4.1: X-ray lines used for energy response characterization.  Multi-target sources
(Cu, Rb, Mo, Ag, Ba) based on ! Am. # Lines induced by *°Fe fluorescence (Ca, Ti).
Iron lines (Fe) come directly from the 3°Fe source in a lead container. Most sources at
25 cm from GEM; Fe also operated at 5, 35, and 45 cm.

Figure [4.§ shows camera images of electron recoils at different energies. Tracks appear
as compact spots at lower energies (around 8 keV), where electron range is smaller than
the diffused ionization cloud. Above approximately 15 keV, tracks exhibit visible extension

with distinguishable trajectories.

Figure 4.8: sSCMOS images of electron recoils at different energies. Morphology transitions
from compact spots at lower energies to extended tracks as electron range increases [202].

The reconstruction algorithm identifies individual light clusters corresponding to de-
posited energy. For each source dataset, the total energy distribution was analyzed, show-
ing distinct peaks from monoenergetic X-rays superimposed on an exponential background
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from natural radioactivity. Each spectrum was fitted with two Cruijff functions (for K,
and Kp lines) plus an exponential background.

Figure presents calibrated energy spectra from sources at z = 25 cm. Detector
linearity is demonstrated in Figure[£.10] plotting estimated energy response versus expected
values from atomic physics. Both K, (black points) and Kg (orange squares) follow a linear
relationship from 3.7 keV to 37 keV. The close agreement with the ideal response (dotted
line) demonstrates excellent linearity and validates the detector’s capability for accurate
energy reconstruction across the energy range of interest for low-mass dark matter searches.
A slight deviation from perfect linearity can be observed at the highest energies, where
the increasing spatial extension of electron tracks may affect the detector response and the
reconstruction performance, leading to a less ideal energy estimate.
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Figure 4.9: Calibrated energy spectra with sources at z = 25 cm. Each spectrum shows
K, and Kz peaks on the background continuum [202].
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Figure 4.10: Energy response versus expected values for K, (black circles) and Kz (orange
squares) lines. Dotted line represents perfect linearity. Excellent agreement from 3.7 to

37 keV .
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4.2.5 Energy threshold

Noise fluctuations not eliminated by zero-suppression are occasionally mis-identified as real
spots by the image reconstruction algorithm. Analysis of pedestal runs (where no genuine
tracks are expected) quantified this contribution. False-positive clusters become negligi-
ble above approximately 400 camera counts, corresponding to roughly 0.5 keV deposited
energy.

The effective energy threshold was established at approximately 1 keV by requiring
false-positive rates below 10 events per year, negligible contamination for the physics pro-
gram. For a gaseous detector at atmospheric pressure, this threshold represents excellent
performance and enables sensitivity to low-energy recoils relevant for dark matter and
neutrino physics.

4.2.6 Longitudinal position reconstruction

Thanks to the effect of transverse diffusion of the ionization cloud during drift, the z - coor-
dinate (distance from the GEM plane) can be inferred from the light pattern morphology.
The charge distribution spreads laterally during drift, with spreading proportional to the
square root of drift distance.

Using the %°Fe source at known distances, a morphological parameter ¢ was defined
as the product of the Gaussian width of the transverse intensity profile (o7) and the
standard deviation of pixel intensities (Irnys). Figure shows ( distributions versus
source distance, confirming that spot morphology encodes drift distance information.
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Figure 4.11: Morphological parameter ¢ for %3Fe spots at different distances from the GEM
plane, demonstrating feasibility of longitudinal position reconstruction [202].

Event-by-event fluctuations limit the z-resolution to approximately 4-8 cm depending
on drift distance. While insufficient for precise 3D tracking, this provides useful information
for background rejection and correcting diffusion and saturation effects.

4.3 Underground installation at LNGS

In February 2022, the LIME detector was transported to the underground LNGS facility,
with operations beginning in June 2022 following successful commissioning. The detector
setup was located in a dedicated structure within the TIR gallery between Hall A and Hall B
and occupies two levels. LIME and its shielding configurations are contained on the lower
level, while the upper level houses the control room, data acquisition servers, electronic
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modules, and voltage—supply systems. Adjacent to the structure is a specialized gas system
developed through collaboration between the CYGNO experiment and Air Liquide.

The data taken in these periods are used in the next chapters to validate the simulation
and to support the analyses presented thereafter.

4.3.1 Gas system

Four essential functions are performed by the gas delivery system: supplying a He:CFy
mixture in 60:40% proportions, chemically purifying contaminants, recirculating the gas
mixture, and recovering it for disposal. A cart and four cylinders arranged in a bank
configuration comprise the system: two supply cylinders containing He and CF,, and
two recovery cylinders with a maximum operating pressure of 40 bar. The gas mixture
is fully recovered from the system, preventing any atmospheric discharge. This enables
both purification and recirculation within the detector, along with proper recovery for
greenhouse gas disposal.

Starting in July 2023, recirculation capabilities were added. Prior to this upgrade, gas
from supply bottles flowed through LIME and was collected directly into recovery bottles.
With the recirculation configuration, a pump at the LIME chamber output increases gas
pressure to 1-2 bar above atmospheric in a buffer volume. The gas is driven through a
flowmeter into a purification system with commercial filters by this overpressure. Before
returning to the LIME volume, fresh gas from supply bottles at levels of O(20%) or below
is mixed with the recirculated gas. Pressure progressively builds in the recirculation buffer
volume as fresh gas is introduced and is then periodically transferred via pressure booster
into recovery bottles.

Commercial oxygen traps constitute the current purification filters, though plans ex-
ist to replace them with 5A molecular sieves for radon contamination removal. Custom,
low-radioactivity molecular sieves are being developed by Sheffield University (UK) col-
laborators 203, 204] for evaluation in subsequent phases of the CYGNO experiment.

4.3.2 Data acquisition system (DAQ)

Data collection and processing of acquired signals are managed by the DAQ system. PMT
signals in LIME are transmitted to both a digitizer and a discriminator. A logic module
receives these outputs and generates the trigger for image acquisition when coincidence of
at least two out of four PMTs occurs.

An sCMOS ORCA-Fusion camera with a rolling shutter for pixel exposure is employed
by LIME. Each line is exposed sequentially by the sensor with a time delay, ensuring uni-
form exposure duration across all rows while varying the exposure timing. When operating
in external trigger mode, sensor exposure begins via software command. This differs from
the PMT trigger, which initiates image collection only when tracks are present, thereby
avoiding unnecessary image acquisition.

The selected scan mode, which varies with electronic noise levels, determines row ac-
tivation speed. When operating in the lowest noise mode, LIME requires 80 us per row
activation, totaling 184 ms for the complete sensor. Sequential activation from top to bot-
tom occurs for the rows, which remain open for a preset exposure duration of 300 ms before
readout. To maintain low track occupancy per image even under high background condi-
tions, this exposure time was chosen, minimizing event pile-up while maximizing exposure

duration.
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A total of 484 ms (184+300 ms) represents the period during which the sensor remains
partially or fully open. Images are saved and stored only when a PMT trigger occurred
during this window; otherwise they are discarded. The external software trigger is sent to
the camera to restart row exposure following image readout (or direct discard). Dead time
is introduced into the acquisition process by this operational mode.

4.3.3 LIME underground data taking program

The operation of LIME at LNGS is motivated by several key goals, including the validation
of the detector technology in a deep-underground environment, the demonstration of long-
term stability for the detector and its auxiliary systems, the measurement of effective
background from intrinsic radioactivity and external sources, and the assessment of passive-
shielding performance. To support these studies, a detailed Monte Carlo (MC) simulation
of the LIME setup and of the dominant expected background contributions was developed.
This simulation represents a central and original component of the work presented in this
thesis.

A primary goal of underground data taking is validating the MC simulation, which
enables proper optimization of PHASE 2 experiment design and materials while demon-
strating full understanding of the experimental approach. MC simulation results formed
the basis for optimizing the data taking campaign program for LIME underground. To
extensively study and identify different background sources while achieving LIME’s objec-
tives, a staged approach with progressively increasing shielding thickness was established,
as summarized in Table 4.2

Table 4.2: Summary of the LIME underground data-taking campaign, including the dates,
number of runs, and types of shielding used. Each recorded run consists of 400 pictures,
each containing at least one triggered signal observed by the PMTs.

Phase Dates # runs recorded Shielding

Run 1 08/11/2022 — 06/12/2022 3744 None

Run 2 15/02/2023 — 09/03/2023 3487 4 cm Cu

Run 3 05/05/2023 — 16/11/2023 22276 10 ¢cm Cu

Run 4 30/11/2023 — 22/04/2024 16099 10 cm Cu + 40 cm HoO
Run 5 17/05/2024 — 31/12/2024 >25000 10 ¢cm Cu

e Run 1: The first data acquisition phase following commissioning studied and fully
characterized external backgrounds. LIME remained in its original configuration
within the aluminum Faraday cage used during overground tests at LNF, with no
additional shielding added for this run. The natural gamma flux in the laboratory
was the dominant background source. Completion of this phase occurred in autumn
2022, with data collection spanning from 08/11/2022 to 06/12/2022 and recording
3744 runs without additional shielding.

e Run 2: Around LIME on all sides, a 4 cm thick copper shield was installed, suppress-
ing external gammas by approximately a factor of 50. Both event rate in the detector
and track occupancy in images were significantly reduced. Internal background con-
tributions became more significant in this phase, although external sources remained
dominant. Winter 2023 saw the completion of this phase. The run period extended
from 15/02/2023 to 09/03/2023, collecting 3487 runs with 4 cm Cu shielding.
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e Run 3: Total shielding thickness around LIME was increased to 10 cm through
the addition of copper bars. External background sources were suppressed to lev-
els comparable with internal detector material radioactivity contributions. Starting
in summer 2023 and concluding in early November 2023, this phase marked the
first extended data-taking period lasting several months without interruption. Gas
system recirculation parameters and filters were optimized during this run, causing
significant changes in light yield and alpha background rates. These tests, while de-
termining detector response stability and data quality, proved critical for developing
an optimized and stable gas system configuration by the run’s end. Subsequent runs
employed this configuration successfully, ensuring high-quality data for physics anal-
ysis. An AmBe neutron source was also used during Run 3 for measurements aimed
at optimizing signal identification and background rejection with a clean NR sample.
The run spanned from 05/05/2023 to 16/11/2023, recording 22276 runs with 10 cm
Cu shielding.

e Run 4: In this configuration, water tanks were mounted around LIME, providing
a 40 cm thick hydrogen-rich layer to moderate environmental neutrons and mini-
mize external source-induced NR background. External neutron flux contribution is
reduced to approximately 2 NR /year by this setup, allowing more accurate character-
ization of internal neutron recoil background. December 2023 saw the installation of
the water shielding. During Run 4, data collection focused on introducing gas filters
to minimize impurities, which had the additional benefit of reducing alpha back-
ground by lowering radon emanation inside LIME. From 30/11/2023 to 22/04,/2024,
the run period collected 16099 runs with 10 cm Cu + 40 cm H2O shielding,.

e Run 5: Performing spectral and directional measurements of environmental LNGS
neutron flux constitutes the main objective of Run 5, achievable only without water
shielding, as part of the "Zero Radioactivity for Future Experiments" project (PRIN
Prot. 2017T5J9J9). A quasi-background-free dataset at energies above 2 keV is ex-
pected based on current CYGNO background predictions, owing to the achieved ER-
NR discrimination capabilities [205]. Over 6 months, preliminary simulations suggest
approximately 250 external neutron recoil events are expected, significantly exceed-
ing the roughly 19 events originating from internal background in one year (after data
cuts) |206]. This provides an opportunity to improve current understanding of un-
derground neutron flux at LNGS [207-209], particularly at low energies (< 1 MeV),
and to conduct in-depth study of CYGNQ'’s capabilities in 3D-reconstruction, direc-
tionality, and energy resolution for NR events, which represent the expected signal
from WIMP in CYGNO. Starting on 17/05/2024, the run was ongoing at the time
of writing, with more than 25000 runs recorded with 10 cm Cu shielding.

LIME has been successfully operated underground for over two years, during which
substantial data has been collected. Analysis of Run 2 and Run 3 revealed discrepancies
between observed data and MC simulations, prompting more in-depth study of gas purity
and light-related backgrounds. Data from Run 4, which provided high statistics and stable
gas and light yield conditions, is primarily used in the analysis presented in this thesis,
resulting in particularly clean datasets.
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4.4 Track reconstruction

An image—analysis chain has been developed to extract tracks from sCMOS frames, while
the full exploitation of PMT waveforms is still being refined. The workflow is Python-
based and centers on DBSCAN (Density-Based Spatial Clustering of Applications with
Noise) [210]; its intensity-weighted variant, iDBSCAN [211], improves robustness to sparse
or inhomogeneous deposits by treating pixel intensity as a photon—count proxy. Diverse
ionization patterns are generated by interactions in gas, with tortuous and gradually bright-
ening paths for O(10) keV electrons and short, dense segments for nuclear recoils (NRs).
This requires the algorithm to identify tracks and disentangle their overlaps, which are
common in surface data due to cosmic rays and ambient radioactivity.

Preprocessing and clustering

A 2304 x 2304 array of raw ADC counts I;; constitutes each sCMOS frame. Pedestal runs
(low GEM voltage, no amplification) provide per-pixel noise maps: the mean f;; and stan-
dard deviation o;; are stored and used to form pedestal-subtracted images I Z-sj‘-‘b = I;j — pij.
Zero suppression is then applied,

sub .
78 _ 0, Iz»j < Ng 04
iy o= b .
IT7®,  otherwise,

with n, tuned per run by adjusting its value until the number of reconstructed tracks
matches the PMT count, while visually verifying that the reconstruction properly captures
individual tracks without cutting or merging them.

Optical non-uniformities in the camera response are corrected using a vignetting map,
which is derived from flat-field images acquired by illuminating a uniform surface. To
minimize any directional bias introduced by the optical system, the camera is physically
rotated during the acquisition of these calibration images. The resulting map provides a
pixel-by-pixel correction factor, normalizing each pixel’s response to that of the central
region. This 2D correction is applied after noise suppression rather than before, since
applying it to raw data would amplify statistical fluctuations in the noisy regions.

Once the image has been processed through pedestal subtraction, zero suppression, and
vignetting correction, all remaining non-zero pixels are grouped into physically meaningful
clusters using a custom algorithm called :DBSCAN |211]. This is a modified version of the
well-known DBSCAN clustering algorithm [210], adapted specifically for optical readout
of particle tracks. The key difference is that instead of simply counting neighboring pixels
within a search radius e, iDBSCAN weighs them by their light intensity, making it sensitive
to the actual energy deposited. Two parameters control the balance between fragmenting
a single track and incorrectly merging separate ones: the search radius € and the minimum
support threshold Ny, which are tuned for each data set (typical values are ¢ € [1,10]
pixels and Nyin € [4, 30]).

The clustering proceeds in multiple passes to handle different track types. The first pass
targets dense, bright deposits such as nuclear recoils and alpha particles, which appear as
compact spots. Subsequent passes use relaxed thresholds to recover fainter structures like
electron recoils and dim track tails. This multi-pass strategy improves the separation of
overlapping events, and seed clusters belonging to the same physical track are then merged
together through superclustering.
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To refine track boundaries, a region-based segmentation algorithm [212] partitions the
image by comparing average intensities rather than relying on sharp edges. This approach
works well for both sharp and blurred features, substantially improving reconstruction
quality for all track types.

For long, nearly straight tracks (most commonly produced by cosmic-ray muons), a
specialized directional clustering step is applied using iDDBSCAN [213|. This method
identifies line-like structures and fits them with piecewise polynomials (up to third order),
iteratively growing the track by including nearby pixels that fall within a narrow band
around the fitted curve.

Finally, a tight-radius scan recovers any small, isolated deposits missed in previous
passes, while an isolation veto suppresses spurious clusters near large cosmic tracks.

Feature extraction and data format

A compact set of observables tailored to classification and calibration is computed once
tracks are defined, and stored (together with run/event metadata) in a ROOT TTree [214]
for efficient selections, plotting, and multivariate analyses. The reconstruction output
contains both event-level information (run number, event number, pedestal run used for
subtraction) and cluster-specific quantities stored in array branches indexed by the number
of reconstructed clusters (nSc).

For each identified cluster (or supercluster, sc), the following key features are extracted:

e Cluster size and pixel content. The variable sc_size records the total number
of pixels in the cluster before zero suppression, while sc_nhits gives the number of
pixels above the zero-suppression threshold. Individual pixel information is stored
in separate branches (redpix_ix, redpix_iy, redpix_iz), where the z component
represents the pedestal-subtracted counts for each pixel.

e Light yield and energy. The uncalibrated integral of all pixel counts in the cluster
is stored as sc_integral.

e Geometric properties from PCA. Principal component analysis yields sc_length
(major axis) and sc_width (minor axis), describing the projected footprint. The
polar angle of the major axis is given by sc_theta. The barycenter position is
recorded as (sc_xmean, sc_ymean), while the spatial extent is defined by the extreme

coordinates (sc_xmin, sc_xmax, sc_ymin, sc_ymax).

e Statistical moments and profile characteristics. The RMS of pixel intensi-
ties across the cluster is stored as sc_rms. Truncated RMS values along the ma-
jor and minor axes (sc_longrms, sc_latrms) and full RMS values (sc_lfullrms,
sc_tfullrms) characterize the intensity distribution.

e Gaussian profile fits. Longitudinal and transverse intensity profiles are fitted
with Gaussian functions. For the longitudinal direction, the stored parameters
include amplitude (sc_lgaussamp), mean position (sc_lgaussmean), standard de-
viation (sc_lgausssigma), chi-squared (sc_1lchi2), and fit status (sc_lstatus).
Analogous quantities exist for the transverse profile (sc_tgaussamp, sc_tgaussmean,
sc_tgausssigma, sc_tchi2, sc_tstatus).
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e Peak characteristics. The longitudinal profile’s main peak is characterized
by its amplitude (sc_lpOamplitude), prominence relative to the local baseline
(sc_lpOprominence), full width at half maximum (sc_lpOfwhm), and mean posi-
tion from the cluster start (sc_lpOmean). The transverse profile’s main peak FWHM
is stored as sc_tpOfwhm.

e Additional morphological descriptors. The curved path length obtained via
skeletonization is recorded as sc_pathlength. The Pearson correlation coefficient
(sc_pearson) provides a measure of linear correlation in the spatial distribution of
the cluster.






Chapter 5

Simulation of the detector response

The simulation of sSCMOS images and PMT waveforms from particle interactions is crucial
for optimizing detector performance and achieving a comprehensive understanding of its
response characteristics. Within the CYGNO collaboration, a dedicated effort has been
carried out to develop a sophisticated simulation framework capable of generating realistic
sCMOS-like images and PMT signals for both electron and nuclear recoil tracks. The au-
thor of this work has played a central role in the implementation of the image simulation,
including the modeling of optical signal formation, digitization effects, and detector re-
sponse. This simulation chain, shown in Fig. [5.I] accounts for all relevant detector effects
and accurately reproduces the readout behavior of the detection system.

Figure 5.1: Overview of the simulation workflow: Geant4 generates the particle tracks,
the detector response is simulated as detailed in Section and the resulting images are
reconstructed with the same analysis tools used for data, allowing the extraction of relevant
features.

The simulation workflow begins with the generation of primary particle tracks using
Geant4 to simulate their interaction with the gas mixture. Once the primary tracks are
generated, a series of detector effects are sequentially applied to reproduce the physical
processes occurring in the real detector.

The primary electrons produced through ionization in the gas undergo drift toward

79
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the amplification region, experiencing diffusion during this process. At the amplification
stage, the electrons are multiplied in the GEM planes, where additional diffusion, gain
fluctuations, and saturation effects significantly influence the final signal. Light production
occurs during the amplification process, and this optical signal is subsequently recorded
by the sCMOS camera after accounting for fluctuations in photon yield and optical effects
introduced by the lens system. Simultaneously, the light is also detected by the PMT
system, which provides complementary timing and energy information.

The simulation parameters have been extensively tuned through continuous comparison
with experimental data acquired using the LIME prototype detector. This iterative opti-
mization process resulted in excellent agreement between simulated and measured tracks,
both in terms of detector response and topological shape variables. In the absence of low-
energy electron sources with well-defined direction, these validated simulated tracks serve
as an essential tool for assessing the angular resolution performance for low-energy electron
recoils.

The overall workflow of the simulation chain is illustrated in Fig. which shows the
sequential application of all detector effects from the initial particle interaction to the final
digitized images and waveforms.

5.1 Primary track simulation

The first step in the simulation chain involves generating the primary particle tracks that
represent the initial interaction of particles with the detector medium. The simulation
approach is nearly identical for both electron recoils (ERs) and nuclear recoils (NRs),
with the key difference being the application of the quenching factor for nuclear recoils to
account for the reduced ionization efficiency of recoiling nuclei compared to electrons.

Particle interactions with the CYGNO gas mixture are simulated using the Geant4
software toolkit [215, [216]. Geant4, which stands for GEometry ANd Tracking, is a com-
prehensive platform designed for simulating particle passage through matter using Monte
Carlo methods. The toolkit provides a flexible framework where particles are generated
from a defined source point, and their trajectory through a specified material is determined
by modeling the relevant physics processes.

In Geant4, each physics process is implemented as a C++ class that computes the in-
teraction probability (characterized by the mean free path) and generates the final state of
the particle after the interaction. Different theoretical models can be employed to describe
each process, and a single particle may undergo multiple processes during its propagation.
For electrons in gas, these processes include ionization (which produces the primary elec-
trons that form the track), bremsstrahlung radiation (leading to photon emission), and
delta ray production (generating energetic secondary electrons). Each secondary particle
produced follows the same computational framework, creating a cascade of interactions
until all particles either come to rest or exit the simulation volume.

For the LIME detector simulation, tracks are produced in a gas mixture consisting of
He:CF4 in a 60:40 volume ratio at atmospheric pressure. The total gas density is calculated
as the percentage-weighted average of the densities of the individual gas components.
Throughout the simulation, various physical quantities such as energy, position, energy
deposit, and traversed volumes are accessible and can be extracted or modified as needed.
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5.1.1 Quenching factor application for nuclear recoils

For nuclear recoils, the simulation framework is identical to that used for electron recoils,
but an additional correction is applied to account for the reduced ionization yield of re-
coiling nuclei. This correction is implemented through a quenching factor (QF), which
modifies the energy deposited at each simulation step to reflect the actual observable ion-
ization signal.

The quenching factor is defined as QF (E) = f(E)/(1+ f(E)), where f(E) = k(E+aE®)
is an empirical function that depends on the kinetic energy FE of the recoiling nucleus.
The parameters k, a, and b are ion-specific and have been determined through SRIM
simulations [175|, [217]. For the three main recoiling nuclei in the CF4:He mixture, the
quenching parameters are:

e Helium (*He): k = 0.1406, a = 3.388, b = 0.2901
e Carbon (2C): k = 0.02162, a = 13.89, b = 0.28

e Fluorine (*F): k = 0.008739, a = 27.29, b = 0.2785

It should be noted that the quenching parameters listed above were not obtained
through a direct experimental measurement within this thesis work, but were derived from
SRIM-based calculations as reported in [217]. In the Geant4 code, the quenching correction
is applied step-by-step during the particle tracking. After each energy deposition event,
the code checks the particle type: if the particle is identified as a nucleus (helium, carbon,
or fluorine), the deposited energy is multiplied by the corresponding factor evaluated at
the current kinetic energy of the particle.

The correction applied to each energy deposition step is not simply QF(E), but rather
the derivative of the quenched energy with respect to the initial energy:

dR (dQF(E) f(E) f'(E)

g~ WL = = e P T ey 51)

where f'(E) = k(1 +abE""1) is the derivative of f(F). This approach ensures that the
total quenched energy deposited along the track correctly integrates to E - QF(E).

5.1.2 Step size optimization for low-energy tracks

A critical aspect of achieving accurate low-energy electron track simulation is the proper
configuration of the step function parameters that control energy loss calculations. Geant4
operates using the finite element method (FEM), which means that particle interactions
with matter are processed through discrete steps rather than continuously. For processes
involving continuous energy loss, such as ionization, it is essential to use sufficiently small
steps to accurately account for the energy dependence of the interaction cross-section. If
the step size is too large, the assumption of constant cross-section during the step becomes
invalid, leading to inaccurate results. Conversely, using excessively small steps throughout
the entire track development becomes computationally prohibitive.

To address this challenge, Geant4 employs a smooth step function that dynamically
regulates the maximum step size based on the particle range at its current energy. This
function is controlled by two key parameters and is given by the following equation:

ASim = apR + pR(l - OtR) (2 — %) (5.2)
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where ap is the dRoverRange parameter, pr is the finalRange parameter, and R
represents the particle range at the energy of the current step. From this equation, it can
be seen that apr represents the limiting ratio of ASy, to R at high energies, while pgr
represents the range value at which ASy, ~ R.

Since Geant4 was primarily developed for high-energy physics applications, these pa-
rameters require careful adjustment for low-energy studies. For the simulation of low-
energy electron recoils in CYGNO, very small steps are necessary to ensure sufficient den-
sity of energy deposits for accurate track formation and precise calculation of interaction
processes. Initial simulations using default Geant4 parameters produced tracks that, after
digitization, exhibited discontinuities because consecutive energy deposits were spaced too
far apart. To resolve this issue, the step function parameters were optimized to agr = 0.01
and pp = 0.001 mm.

For each simulated particle, the simulation stores comprehensive information about the
track, including the three-dimensional coordinates of each energy deposit point (z,y, z) and
the energy released at each location, AFE. This detailed track information serves as input

for the subsequent stages of the simulation chain.

5.2 Track digitization

Once the primary particle tracks have been generated using Geant4, the next crucial step
is to transform these Monte Carlo energy deposits into realistic detector signals through a
comprehensive digitization algorithm. This algorithm sequentially applies all the physical
processes that occur in the real detector, from the initial gas ionization to the final light
detection. The digitization procedure must accurately model each stage of signal formation
to ensure that the simulated tracks reproduce as closely as possible the characteristics
observed in experimental data.

The digitization algorithm processes the three-dimensional energy deposit information
(z,y,z, AE) from the primary track simulation and applies the following sequence of phys-
ical effects:

e Primary electrons production: The energy deposited at each point along the
track creates primary electrons through ionization of the gas molecules. In real-
ity, the ionization process is highly complex, involving primary and secondary ion-
ization, cluster formation, and non-uniform charge distribution along the particle
trajectory [120]. For computational efficiency, the simulation employs a simplified
approach using average values: the number of electrons produced at each step is sam-
pled from a Poissonian distribution based on the deposited energy and the effective

ionization potential of the gas mixture.

e Drift and diffusion in the gas: The primary electrons drift toward the amplifica-
tion region under the influence of the applied electric field. During this drift process,
the electron cloud undergoes diffusion, causing the initially localized charge to spread
both transversely and longitudinally. The diffusion coefficients depend on the electric
field strength and the gas properties.

e Amplification in the GEM planes: Upon reaching the GEM foils, the electrons
undergo avalanche multiplication. This amplification process is characterized by
several important effects:
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— Additional diffusion occurs as electrons pass through the GEM holes, further
broadening the charge distribution

— The GEM gain exhibits statistical fluctuations, leading to variations in the

number of electrons produced even for identical input charges

— Saturation effects become significant at high charge densities, reducing the ef-
fective gain

e Light production: The amplification process generates scintillation photons
through excitation and de-excitation of gas molecules. The number of photons
produced is subject to statistical fluctuations and depends on the properties of the
gas mixture, particularly of the CF4 component which is responsible for most of the
light emission.

e Optical effects: The photons emitted in the amplification region propagate through
the detector volume and a fraction of them reaches the optical sensors. During this
propagation, several optical effects modify the spatial and intensity distribution of
the light:

— The lens system introduces geometric distortions and vignetting effects, which
reduce the light collection efficiency at the edges of the field of view

— Light absorption and scattering in the gas and on detector surfaces attenuate
the signal

e Sensor response and pedestal addition: Finally, the photons are converted into
electronic signals by the sCMOS camera and PMT detectors. For the sCMOS sensor,
the simulation incorporates electronic noise by adding a baseline level (pedestal)
characteristic of the detector readout. For the PMTs, the quantum efficiency of the
photocathode is applied to determine the probability of photon detection.

Each of these steps is carefully modeled using parameters that have been measured
experimentally or tuned through comparison with data. The sequential application of all
these effects transforms the idealized Monte Carlo track into a realistic detector image that
includes all the complexities present in actual measurements. This comprehensive approach
is essential for accurate performance studies and for developing analysis algorithms that
can be reliably applied to both simulated and real data.

The following subsections will provide detailed descriptions of the most important
stages of this digitization process, with particular emphasis on those aspects that are
crucial for reproducing the observed track characteristics.

5.2.1 Primary electron production and absorption

Each primary energy deposit from the Geant4 track simulation is characterized by a three-
dimensional position (x,y, z) and the energy released at that point, AE. The digitization
process begins by converting these energy deposits into primary ionization electrons, which
represent the initial charge signal that will eventually be detected.

The average number of ionization electrons produced, N,, is directly proportional to
the deposited energy and is given by:

N, = (5.3)
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where W; is the w-value of the gas mixture, representing the mean energy required to
create a single electron-ion pair through ionization.

For the CYGNO gas mixture of He:CFy in a 60:40 volume ratio, the effective w-
value must account for the contributions from both gas components. The individual
w-values for helium and CF4 have been measured to be WHe = 41.3 eV /pair [218] and
VVZ-CF4 = 34 eV /pair 172, 219|, respectively. A value of W;(He:CFy4,60 : 40) = 35 eV /pair
was assumed, as obtained by taking the weighted mean [220] of the individual contribu-
tions.

In the simulation, the number of primary electrons produced, N2, is sampled from
a Poisson distribution with mean value N,. As discussed previously, this represents a
simplified statistical model that captures the average ionization yield while neglecting the
detailed cluster structure and non-Poissonian fluctuations of the actual ionization pro-
cess |120]. This approximation provides a reasonable representation of the charge variance
that contributes to the detector energy resolution.

During the drift from the ionization point to the GEM amplification plane, primary
electrons move through the gas under the applied electric field. Over drift distances of sev-
eral centimeters, a fraction of electrons can be lost through attachment to electronegative
molecules in the gas. This effect must be properly modeled in the simulation to reproduce
the charge collection efficiency observed in data.

Electron attachment occurs when free electrons are captured by impurities in the gas
mixture. Even in nominally pure systems, some contamination is unavoidable due to
outgassing, permeation through seals, and residual impurities in the gas supply. The at-
tachment rate depends on both the concentration and electron affinity of the contaminants.

In the simulation, this loss is modeled as an exponential attenuation with characteristic
length A, representing the mean drift distance before capture. The number of electrons
reaching the amplification plane, N,, is thus reduced compared to the initial number NZ"
according to:

N, = NP .e % (5.4)

where z is the drift distance. This simple model effectively describes the cumulative losses
during drift.

The attenuation length A strongly depends on gas purity. For highly pure mixtures,
electron absorption rates as low as 3%/m have been reported [119|, corresponding to
A > 30 m, where attachment becomes negligible. In practice, however, maintaining such
purity is challenging, and oxygen (O2) contamination, even at ppm levels, can significantly
increase attachment rates [221], reducing A to values in the range of a few meters or less.
For the CYGNO simulation, the attenuation length was treated as a free parameter to be
determined empirically. An initial value of A & 1 m was adopted as a starting point based
on conservative estimates of achievable gas purity in the experimental setup. This param-
eter was subsequently refined by fitting simulated detector response to experimental data
from the LIME prototype, as discussed in Chapter [6l The optimized value accounts for
the actual contamination levels and attachment rates present in the operational detector.
Electron attachment introduces a spatial dependence in detector response: since the loss
probability increases with drift distance, events near the cathode experience greater charge
loss than those close to the GEM plane.
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5.2.2 Electron amplification and GEM gain

After drifting through the gas volume, the ionization electrons N, that successfully ar-
rive at the GEM amplification system undergo a crucial multiplication process. Achieving
sufficient signal strength for the optical readout system requires this amplification to be
substantial. The CYGNO detector implements a triple-GEM configuration in which elec-
trons traverse three GEM foils sequentially, with each foil contributing to the total signal
amplification.

5.2.2.1 GEM gain and amplification mechanism

When the ionization electrons N, reach the GEMs, they experience subsequent amplifi-
cation. The electric field within the GEM holes becomes extremely intense, with values
reaching approximately 50 kV /cm [222].

These strong fields provide electrons with sufficient acceleration to acquire enough
kinetic energy for ionizing gas molecules along their path. When an ionization event occurs,
it liberates additional free electrons that are subsequently accelerated by the same field,
producing further ionizations. This cascading process, referred to as a Townsend avalanche
mechanism, leads to an exponential growth in the electron population as it moves through
the GEM hole. The gain G of the GEM quantifies this amplification and is defined as the
ratio between electrons exiting (nou) and entering (niy,) a GEM hole:

Tout
G=-—"= 5.5
- (5.5)
For the TPC’s electric field configuration, the single GEM gain has been parameterized
as a function of the applied GEM voltage, as documented in [167]:

G =0.034 - H02AY (5.6)

This expression captures the exponential voltage dependence characteristic of the process.
The parameterization incorporates the collection efficiency, which represents the probabil-
ity that an electron arriving at a GEM foil successfully enters a GEM channel.

5.2.2.2 Gain fluctuations and extraction efficiency

During amplification, several physical mechanisms introduce fluctuations in the GEM gain.
Electron absorption processes and manufacturing imperfections in the GEM foils can mod-
ify the effective field distribution, consequently affecting the gain. Research documented
in [223]| demonstrates that the effective GEM gain follows an exponential distribution, with
the mean value corresponding to the average gain shown in Eq.[5.6]

The importance of these fluctuations varies across amplification stages. In the first
stage, where primary electron numbers are relatively small (typically ranging from a few
to several tens of electrons), gain fluctuations play a significant role. Following this initial
multiplication, the electron count grows by approximately O(300) (corresponding to a sin-
gle GEM operating at 440 V). With such large electron populations, gain fluctuations have
negligible effects since statistical variations average out. Therefore, to reduce computa-
tional demands without sacrificing physical accuracy, these fluctuations are not simulated
in detail for subsequent amplification stages.

The amplification process exhibits another important characteristic: not every electron
generated during avalanche multiplication successfully exits the GEM hole. Some electrons
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undergo absorption at the GEM surface. The extraction efficiency €qxtr quantifies this effect
and depends on the applied GEM voltage. For the TPC’s field configuration, this efficiency
can be expressed as 224} [225]:

€oxtr = 0.87 - e 00028V (5.7)

This relationship demonstrates that extraction efficiency decreases slightly with increasing
voltage.

5.2.2.3 Implementation in the simulation

The simulation implements the amplification process by treating each track point con-
taining N, primary ionization electrons individually. For the first GEM, the number of
amplified electrons N&1 is computed as:

Ne

NG =Y (G ) (5.8)

k=1

Here, GkG1 represents the actual gain experienced by each electron, which is randomly sam-

pled from an exponential distribution with mean G (given by Eq.. The parameter
G1

extr

For the second amplification stage, gain fluctuations are no longer considered, yielding:

et gives the probability that an electron successfully exits the GEM channel.

NG = NG - (6% 2, ) (5.9)

Saturation effects become important in the third and final amplification stage, and
their detailed treatment is provided in Section [5.2.4]

5.2.3 Electrons diffusion

As primary electrons drift through the gas, they experience spatial diffusion. The trans-
verse component o, , combines two contributions: diffusion occurring as electrons travel
through the gas volume (o), and a fixed contribution arising from the GEM amplification
process (org). The longitudinal diffusion o, is treated similarly, following the approach
described in [119):

Ozy = \/ 0% 2+ 02 0. =4/0% 2+ 0%, (5.10)
The coefficients o7 and o, have been determined through Garfield++ simulations and vary
with the applied drift field as reported in |[167]. Meanwhile, op¢ and oy were extracted
from experimental data in [226] and [227], respectively.

Within the simulation framework, diffusion is applied by smearing the spatial coordi-
nates (x, y, z) of each electron from the NeG2 population around every interaction point
along the track. A Gaussian function with standard deviation o, is applied to the trans-
verse coordinates (z-y), while o, is used for the longitudinal coordinate (z). The resulting
positions are stored in a three-dimensional histogram using voxels of size V., V,, and
V.. Transverse voxel dimensions (V, and V,)) are selected to match the physical area cor-
responding to each optical sensor pixel. The longitudinal voxel size V, is chosen to be
comparable to the GEM thickness.
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In actual TPC operation, diffusion during drift occurs prior to electrons entering the
GEMs, with additional spreading introduced at each amplification stage. The simula-
tion simplifies this by implementing diffusion after the first two amplification stages in
an uncorrelated manner. Since diffusion parameters were determined from experimental
measurements performed downstream of the amplification region, where total diffusion is
observed, this simplified approach successfully reproduces the diffusion behavior.

5.2.4 GEM gain saturation

Previous studies demonstrated that the standard exponential relationship between GEM
gain and applied voltage breaks down when electron cloud density exceeds certain thresh-
olds 202, [226]. In LIME, this phenomenon becomes particularly relevant at the third
GEM stage, where charge density can reach levels at which the electric charge itself par-
tially screens the electric field within the hole, thereby reducing field strength.

A charge-density-dependent modification of the GEM gain has been incorporated into
the simulation to capture this behavior.

5.2.4.1 Saturation model

The saturation model accounts for the screening effect that occurs when the space charge
of electrons within a GEM channel reduces the effective electric field driving the avalanche
multiplication. A complete derivation of the model, starting from the modified Townsend
equation with field screening, is provided in [226).

According to this model, the total number of electrons exiting a GEM channel can be
expressed as:

Nin ed (AV=Vy)

1+ Bnin (ed (AV-Vp) _ 1)

where ny, represents the number of electrons entering the channel, AV is the voltage drop

(5.11)

Nout =

across the GEM foil, and & and V are constants characterizing the linear parametrization
of the Townsend coefficient.

By defining the unsaturated gain as g = e®(2V-"0), Eq. can be rewritten in terms
of the effective gain G(ni,):

o

-1
Glng) = 2 =A.g {1 + B (g — 1)] (5.12)

m

where A is a normalization factor of order unity.

The parameter 5 in Eq.[5.12] plays a crucial role in determining the onset of saturation
effects. From a physical perspective, § can be interpreted as the inverse of an equivalent
charge number neq that would completely screen the internal field:

1

B~ (5.13)

Neq

This parameter determines the critical electron population at which amplification be-
comes significantly reduced. When nj, reaches 1/ = neq, the gain approaches unity
and amplification is effectively lost. Measurements have established that 3 is of order
1075 [226], corresponding to a critical charge density of approximately 10° electrons where
screening effects dominate.

The behavior of Eq.[5.12] can be understood by examining limiting cases. In the regime
where Sni, < 1 (negligible screening), the denominator approaches unity and the gain
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reduces to the standard unsaturated form G ~ A-g. Conversely, when ny, ~ 1 (complete
saturation), the denominator grows large and multiplication becomes strongly suppressed,
with G ~ 1.

5.2.4.2 Implementation in the simulation

This saturation correction is applied exclusively at the third amplification stage, where
electron populations can approach 10°. Each voxel within the 3D electron cloud is scaled
by G(ny,) according to Eq., where n;, corresponds to the number of electrons in that
specific voxel. To determine the total electron count N2"* exiting the third GEM at each
x-y position, the 3D cloud is projected along the z-axis onto the z-y plane.

The practical implications of this saturation model on detector response for different
energies and drift distances are discussed in the following subsection.

5.2.4.3 Energy and position dependence of saturation effects

To better understand the behavior of the saturation model described above, it is useful
to analyze how this effect depends on the deposited energy and the position of the track
within the detector volume.

A systematic study was performed using simulated data to investigate this dependence.
For each simulated event, the ratio between the total charge integral obtained under sat-
urated conditions (i.e., close to the GEM plane where charge density is highest) and the
corresponding integral expected under ideal, non-saturating conditions (i.e., far from the
GEM plane) was computed. This ratio quantifies the charge produced after the third GEM
amplification stage.

Figure [5.2] shows this ratio as a function of both deposited energy and drift distance.

The analysis reveals two particularly important characteristics of the detector response.
At low energies, saturation effects become significant even at 1 keV for high z positions,
far from the GEM plane. This indicates that the operational limits of the GEM system
are reached at unexpectedly low energy thresholds.

At higher energies, the behavior changes significantly. Saturation is reduced and the
increasing track length allows the charge integral to continue growing with energy. In
this regime, saturation does not affect the longitudinal development of the track, and the
overall response becomes dominated by the geometrical extension of the ionization rather
than by local charge density effects.

5.2.5 Light production and sCMOS sensor response

The scintillating nature of the He:CF4 gas mixture ensures that the avalanche process nat-
urally produces secondary photons in addition to avalanche electrons. Photon production
scales proportionally with the number of electrons participating in the avalanche.

Since the electron population following the first two amplification stages remains sub-
stantially smaller than that produced after the third GEM, and considering that the third
GEM effectively shields optical sensors from light produced in earlier stages, we can rea-
sonably assume that detected photons originate predominantly from electrons exiting the
third GEM, NoUt,
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Figure 5.2: Ratio between saturated and unsaturated charge integral as a function of
source position from the GEM for different electron recoil energies (Er = 1-12 keV). The
simulation indicates significant saturation effects even at 1 keV for high drift distances.
The curves reach a plateau around 400 mm, where diffusion has spread the charge cloud
sufficiently that further increasing the drift distance no longer significantly reduces the
local charge density at the GEM. At higher energies, the saturation trends converge due
to the increasing track length.

In the simulation code, these electrons are converted into scintillation photons, which
the camera ultimately detects as ADC counts. The mean photon yield N, is given by:

N, =LY - N> (5.14)

where LY = 0.07 ph/e™ represents the light yield of the gas mixture at atmospheric
pressure 163} 182, |228|. Since photon production results from gas molecule dissociation,
it follows Poisson statistics. The actual photon count N;Ot is therefore randomly sampled
from a Poisson distribution with mean N,.

Each bin in the 2D projection maps directly to the physical area of a single camera
pixel, creating a one-to-one correspondence between simulation voxels and detector pixels.

Only a fraction of the produced photons reach the lens due to geometric constraints of
the optical system. The solid angle €2 quantifies this collection efficiency, giving NSix =
NIt Q. This solid angle is expressed as:

Q-1 (5.15)

1 2
(4N(3+1))
where N denotes the focal number and I represents the magnification [154].

To achieve more accurate reproduction of real images, we must account for the vi-
gnetting effect. This optical phenomenon causes brightness reduction near image edges
relative to the center, typically approximated by cos*(¢), where ¢ represents the angle
between the optical axis and incoming rays [229]. Natural vignetting in a single-lens setup
can reduce intensity at image borders by approximately 20%. Additionally, gain non-
uniformities across the GEM surface introduce spatial variations in light production. To
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address both effects, each pixel’s photon count is multiplied by a response map incorpo-
rating both lens vignetting and GEM response variations.

Construction of this map involved collecting and summing one thousand images with
2 s exposure time while the detector recorded events from internal and external radioactiv-
ity, including cosmic rays. Prior to summation, each image underwent correction through
subtraction of pedestal images to eliminate fixed-pattern noise and other systematic effects
unrelated to physical signals. Pedestal images are recorded in dedicated runs with no exter-
nal light present, where camera pixel counts arise solely from the optical sensor’s intrinsic
electronic noise (including both readout noise and dark current). For these pedestal ac-
quisitions, the GEM voltage was set to 200 V, sufficiently low to prevent signal generation
in the gas while remaining close enough to standard data acquisition voltages for accurate
sensor baseline characterization. Finally, each pixel in the 2D map was normalized to the
brightest pixel’s intensity.

The resulting map, displayed in Figure[5.3] naturally incorporates both lens vignetting
and potential GEM response non-uniformities, facilitating more accurate data-simulation
comparisons. Vertical line features visible in the map, spaced approximately 200 pixels
apart, result from actual discontinuities in the GEM lower electrode that were introduced
to enhance detector stability.

To validate the reliability of this map for reproducing gain non-uniformities, an alter-
native first-principles method was tested. Earlier studies |230| reported that for a 3-GEM
stack of 10 x 10 cm?, gain variations are approximately 8.8% within 1.5 x 1.5 cm? regions.
As a cross-check, a per-track gain fluctuation was introduced in the simulation, with its
magnitude optimized by comparing simulated energy resolution to experimental data. The
optimization identified 15% as the optimal gain fluctuation value, consistent with measure-
ments in . The agreement between results using per-track gain fluctuations and those
using the 2D map confirms the reliability of the map-based method, which is the approach
actually implemented in our simulation framework.
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Figure 5.3: Example of the 2D response map constructed as described in the text. This
map reproduces effects from gas-gain non-uniformities, vignetting, and drift-field non-
uniformity.

In the simulation’s final stage, sensor response is modeled explicitly. The camera con-
verts incident photon counts per pixel into ADC counts using a proportionality factor
Ceonv = 4 specified by the manufacturer. The track image is obtained through:

ADC = Cropy - NP (5.16)

Subsequently, the digitized track is superimposed onto a real sSCMOS pedestal to gen-
erate the final simulated image. Figure (bottom panel) shows an example of an elec-
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tron recoil track generated in Geant4, processed through digitization, and combined with
pedestal.
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Figure 5.4: Detail of an image from a 60 keV ER simulation: (upper left) without consid-
ering diffusion effects in gas and GEM stack; (upper right) with diffusion effects included;
(lower) incorporating sensor electronic noise in the final result.

5.3 Computational optimization for high-energy event
processing

The implementation of the comprehensive detector simulation framework described in the
previous section revealed significant computational challenges when processing high-energy
events, particularly those corresponding to extended particle tracks with energies exceed-
ing 50 keV. This Section details the optimization strategies developed to address these
challenges and enable the simulation of realistic background events that are crucial for the
CYGNO experiment’s sensitivity studies. It should be noted that, although the frame-
work was optimised to handle the computational demands of higher-energy events, the
experimental validation of the simulation discussed in this thesis was performed only in
the low-energy regime, below approximately 45keV (see Chapter |§[)

5.3.1 Computational bottlenecks in long track digitization

The digitization process for extended particle tracks presented substantial memory manage-
ment challenges that threatened the feasibility of simulating realistic detector backgrounds.
The primary computational bottleneck emerged from the need to model saturation effects
in the Gas Electron Multiplier (GEM) amplification process.

The saturation modeling necessitates the use of three-dimensional histograms where
each voxel represents a specific GEM channel at a discrete time interval. For each voxel,
the number of primary electrons must be computed to accurately apply the corrected
gain, which accounts for space-charge effects that reduce the effective amplification when
electron densities become sufficiently high. This approach ensures physical accuracy but
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creates substantial memory requirements that scale with both the spatial extent and energy
deposition of the simulated events. In fact, the positions of all individual electrons must
be stored in memory.

For low-energy events such as the ®*Fe calibration sources discussed in previous chap-
ters, the memory usage remains manageable due to the localized nature of the energy
deposition. However, high-energy events produce extended tracks that can span signifi-
cant portions of the detector volume, requiring histogram arrays with dimensions that can
exceed available system memory. Background events, which are essential for understanding
the experiment’s sensitivity to dark matter interactions, often involve even more complex
energy deposition patterns that exacerbate these computational demands.

The original implementation required approximately 30 GB of RAM for processing
100 keV tracks, making it impossible to execute such simulations on standard computing
infrastructure. This limitation effectively prevented the generation of realistic background
datasets.

5.3.2 Layered saturation processing algorithm

To address the memory limitations while preserving the physical accuracy of the saturation
modeling, a novel layered processing algorithm was developed. This approach decomposes
the saturation volume into a series of more manageable smaller layers that can be processed
sequentially rather than simultaneously.

The optimization introduces a configurable parameter Vi, representing the maximum
allowed volume of the three-dimensional histograms, expressed as the maximum number
of voxels that can be allocated in memory. This parameter serves as a computational con-
straint that determines how the track processing is subdivided into manageable segments.

The algorithm begins by analyzing the spatial extent of the particle track to determine
the minimum cuboid volume that completely encompasses all energy deposition points.
The number of processing layers N is then calculated by dividing this total volume by the
maximum allowable volume Vi ax:

Vvtrack
N=|— 5.17
’7 Vmax —‘ ( )

where Vipack represents the volume of the smallest cuboid containing the complete
particle track.

The track is then subdivided into N layers oriented perpendicular to the z-axis, with
each layer containing approximately equal volumes of the original track. For each layer,
the algorithm performs the following sequence:

1. Layer isolation: extract the subset of primary electron positions and energies con-
tained within the current layer boundaries.

2. Histogram construction: build the three-dimensional histogram for the isolated
layer, ensuring that the total number of voxels does not exceed Viax.

3. Saturation modeling: apply the saturated gain model to each voxel within the
layer, accounting for local electron density effects on the GEM amplification process.

4. Intermediate storage: store the processed results for the current layer in a format
suitable for subsequent combination with other layers.
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After all layers have been processed independently, the results are combined through
summation along the z-axis to reconstruct the complete track response. This summation
preserves the physical accuracy of the saturation modeling while avoiding the memory lim-
itations of the original approach. As described in Section [4.2.3] the saturated gain depends
on the electron density within each individual channel of the GEM amplification region.
Since the diffusion process has been applied prior to the saturation calculation, the spatial
distribution of electrons is already established. The saturation effect can therefore be com-
puted independently for each channel based solely on its local electron population, making
the order of summation irrelevant: calculating the saturated gain for each channel and then
combining the layers yields identical results to processing the entire track simultaneously.

5.3.3 Performance analysis and validation

The layered processing optimization delivers substantial improvements in computational
efficiency across a wide range of event energies. For events below 50 keV, the optimization
introduces minimal overhead, with memory usage and processing times remaining essen-
tially unchanged compared to the original implementation. This behavior confirms that
the algorithm correctly reduces to the original approach when memory constraints are not
limiting factors. A comparison in the performances between the original and the optimized
algorithm is reported in Table [5.1]

For moderate-energy events in the range 50-200 keV, the optimization achieves dra-
matic memory reduction from approximately 32 GB to 8 GB while maintaining processing
times around 1 minute. This improvement enables routine simulation of events that were
previously computationally challenging, expanding the accessible energy range for detector
studies.

The most significant benefits emerge for high-energy events approaching 1000 keV,
where the original implementation was computationally intractable. The optimized al-
gorithm reduces memory requirements to approximately 32 GB with processing times of
2 minutes, making such simulations feasible on standard computing infrastructure for the
first time.

Table 5.1: Performance comparison between the original and the optimized digitization.

Energy Mem. Orig. | Mem. Opt. | Time Orig. | Time Opt.

< 50 keV ~mno change | ~mno change ~1 min ~ 1 min
50-200 keV ~32 GB ~8 GB ~1 min ~1 min
~ 1000 keV | Not feasible ~32 GB Not feasible ~ 2 min

Most importantly, the optimization preserves the physical accuracy of the simulation
results. Comparative analysis of simulated detector images before and after optimization
shows identical characteristics, including energy linearity relationships between light inte-
gral and deposited energy. This validation confirms that the computational optimizations
do not compromise the accuracy of the simulation framework.

5.3.4 Implementation and optimization strategies

The optimized algorithm was successfully deployed on the computing cluster infrastructure
at the Laboratori Nazionali del Gran Sasso (LNGS), where it enables routine production
of background event datasets that were previously computationally prohibitive. The im-
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plementation demonstrates excellent potential for scaling on multi-core systems, as the
layered processing naturally lends itself to parallelization strategies.

To further optimize computational performance and memory efficiency, the simulation
framework has been migrated from Python to C++. While Python was initially chosen to
accelerate prototyping, the project’s current maturity makes a C++ implementation more
appropriate. This transition overcomes the intrinsic performance limits of interpreted
languages and enables low-level memory management essential for detector simulations.
C++ offers several decisive advantages: static compilation removes interpretation over-
head, strong typing enables advanced compiler optimizations, and explicit memory control
allows the design of cache-friendly data structures and custom memory pools that minimize
fragmentation. These features are particularly beneficial in three-dimensional histogram
processing for the saturation algorithm, where precise memory layout reduces cache misses
and improves throughput. The migration has yielded performance gains of up to a factor
10 across the entire pipeline, enabling routine simulation of complex background events
and extended particle tracks.

Several additional optimization strategies have been identified for future implementa-
tion, ordered by increasing complexity and development effort required:

Parallel processing of saturation layers. The current implementation processes lay-
ers sequentially, but the independence of each layer makes parallelization straight-
forward. Implementing multi-threading or multi-processing for the saturation loop
could provide significant speedup, particularly for high-energy events requiring many
layers. Each layer could be processed independently on separate CPU cores, provid-
ing nearly linear speedup for systems with sufficient memory bandwidth to support
concurrent operations.

Adaptive spatial resolution. For oblique tracks that extend primarily in the z—y plane
rather than the z direction, the current uniform layer subdivision may not be opti-
mal. Introducing an adaptive spatial resolution that reduces the xz—y dimensions of
individual layers based on track geometry could yield additional memory savings for
specific track topologies.

Sparse matrix implementation. The current approach employs dense arrays that al-
locate memory for all voxels, including those without energy deposition. Replacing
them with sparse data structures that store only non-zero elements could substan-
tially reduce memory requirements, especially for low-density tracks with large empty
regions.

Optimized data types. At present, standard floating-point arithmetic is used through-
out the calculation chain. For many applications, reduced precision with 16-bit
integers or specialized fixed-point arithmetic could provide memory savings without
compromising physical accuracy.

5.4 Integration of the PMT simulation branch

The digitization framework described in the previous sections produces a comprehensive
three-dimensional distribution of scintillation photons at the exit of the third GEM stage,
N, (x,y,z), which serves as the foundation for both the sCMOS optical readout and the
PMT-based time-resolved readout. While the sSCMOS branch integrates this distribution
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along the drift coordinate to produce two-dimensional images, the PMT simulation branch
preserves the temporal information by explicitly converting the spatial coordinate z into
arrival times at the photosensors.

Although the author of this thesis did not directly contribute to the development of
the PMT simulation algorithms (since the studies reported in the following chapters rely
exclusively on sCMOS data analysis), significant effort was invested within the CYGNO
collaboration to ensure seamless integration between the two simulation branches. On
the other hand, the author actively participated in establishing the common interface
between the sSCMOS and PMT simulation pipelines, ensuring consistency in the upstream
digitization chain and facilitating the parallel development of both readout systems.

5.4.0.1 Common foundation and branch point

Both simulation branches share an identical upstream processing chain:

1. Geant4 energy deposits: The Monte Carlo simulation provides a sequence of
energy deposits (z,y, z, AE) for each particle track in the active gas volume.

2. Primary ionization and drift: Each deposit is converted into primary electrons
according to the gas w-value, which then drift toward the GEM stack, undergoing
attachment losses and diffusion as described in Section [E.2.11

3. GEM amplification: The triple-GEM system multiplies the electron population
through successive amplification stages, including extraction efficiency, gain fluctu-
ations in the first stage, and saturation effects in the third stage, as detailed in

Section (£.2.2 and Section [£.2.4]

4. Photon generation: The amplified electron distribution N (z,y,z) is converted
into scintillation photons using the light yield factor LY, producing the common
three-dimensional photon field:

N»Y(CE,y,Z) :LY'NB(CE,y,Z) (518)

At this point, the simulation branches in the two independent optical readout pathways,
each processing the same underlying photon field with the different detection strategies.

5.4.0.2 Divergence between sCMOS and PMT branches

The fundamental difference between the two branches lies in how they handle the temporal
dimension of the scintillation light distribution:

e sSCMOS branch (spatial integration): As described in the previous sections, the
sCMOS simulation projects the three-dimensional photon distribution onto the (z,y)
plane by integrating along the drift coordinate z:

N’Y(x7y) :ZN,;(QZ,y,Z) (519)

where Né(x, y, z) includes corrections for optical acceptance (2, vignetting effects, and
GEM response non-uniformities. This integration effectively collapses the temporal
evolution of the light signal into a single integrated image, where each pixel records
the total number of photons collected during the entire event exposure.
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e PMT branch (temporal resolution): In contrast, the PMT simulation explic-
itly converts the spatial coordinate z into time using the electron drift velocity vg

(Sec. ) |167]:

t=to+ — (5.20)
Vg

This transformation yields a time-dependent photon distribution N (z,y,t), where
the arrival time of photons at the PMTs directly reflects the original depth z of the
ionization event in the active volume. The (z,y,t) space is then discretized into
voxels, and for each voxel the photons are propagated to the four PMTs according
to geometric acceptance, optical path losses, and PMT quantum efficiency. This
produces time-resolved photoelectron counts ng;n) (t) for each PMT indexed by m.

5.4.0.3 Implementation of the common interface

The integration between the two branches was achieved by using the three-dimensional
data structure described in Sec. [5.2.4] Specifically, after the third GEM amplification
stage, the electron distribution N(z,vy, 2) is stored in a three-dimensional histogram.

The photon conversion factor LY is applied uniformly to this histogram, producing
N, (z,y, z), which serves as the input for both branches:

e The sCMOS simulation reads this histogram, applies the spatial response corrections
described in Section [5.4] integrates along z, and produces the final two-dimensional
image.

e The PMT simulation reads the same histogram, converts each z-bin into a corre-
sponding time bin using the drift velocity, and constructs time-resolved waveforms
by propagating photons from each voxel to the PMT positions. For each detected
photon, a single-photoelectron template is placed at the appropriate time in the
waveform, and the contributions from all voxels are summed to produce the analog
PMT signals.

This architecture ensures that both readout systems are sensitive to the same underly-
ing physical processes (diffusion, attachment, GEM amplification, and saturation), thereby
maintaining full consistency between the sSCMOS images and PMT waveforms for any given
simulated event.

5.4.1 Overview of the PMT simulation

Although the PMT data analysis is not utilized in the studies presented in this thesis,
the availability of a unified simulation framework opens the possibility for future joint
analyses that exploit the complementary strengths of both readout systems: the high
spatial resolution of the sSCMOS cameras and the precise timing information provided by
the PMTs.

In this section, a brief overview of the PMT simulation methodology will be provided
to complete the description of the CYGNO detector simulation framework.

The CYGNO experiment employs four Hamamatsu R7378 A PMTs [231] positioned at
specific locations within the detector volume (Figure , operating at different supply
voltages to optimize light collection efficiency across the active area. The PMT simula-
tion workflow begins immediately after the common three-dimensional photon distribution
N,(z,y, z) is generated at the GEM exit plane, as described in Section
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Figure 5.5: Representation of the fields of view of the CMOS and PMT sensors, seen from
(a) the side and (b) the front [158|.

5.4.1.1 Photon propagation and temporal modeling

The simulation converts the spatial z-coordinate of each photon into an arrival time using
the drift velocity, producing a time-dependent distribution N, (x,y,t). For each photon
emission point on the GEM plane, the geometric acceptance of each PMT is computed
based on the solid angle subtended by the photosensor. The light collection efficiency
depends on the distance R; between the emission point and PMT ¢, following approximately
an inverse power law relationship 1/R%, where « is an empirical parameter accounting for
optical losses and scattering effects |232].

5.4.1.2 Spectral response and detection efficiency

The detection efficiency depends on the interplay between the scintillation spectrum of the
He:CF, gas mixture, the transmission properties of detector materials (primarily plexiglass
components), and the PMT quantum efficiency [167]. The gas mixture produces photons
in two spectral regions: a dominant UV component (200-350 nm) and a secondary visible
component (550-800 nm). However, the UV photons are largely absorbed by plexiglass,
while the visible photons experience reduced quantum efficiency in the R7378 A PMT. The
combined effect of these factors results in a relatively low overall detection probability, as
detailed in 158} 231].

5.4.1.3 Single photoelectron response

The foundation of the PMT signal simulation relies on the accurate modeling of single
photoelectron (SPE) waveforms. Each SPE pulse is parametrized using an Exponen-
tially Modified Gaussian (EMG) distribution [233|, a functional form that captures the
asymmetric pulse shape arising from the combination of Gaussian diffusion processes and
exponential decay tails observed in experimental data.

The SPE waveform amplitude is determined by the PMT gain, which follows a power
law dependence on the supply voltage typical of photomultiplier tubes [234]. Calibra-
tion measurements were performed at multiple voltage settings (typically in the range
772-800 V) using *>Fe sources to extract both the temporal parameters and the voltage-
dependent gain factors required for accurate signal reconstruction.
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5.4.1.4 Electronic noise and digitization

Electronic noise from the data acquisition system is incorporated into the simulation using
noise characteristics measured directly from the CAEN digitizers (V1742 for fast signals
and V1720 for slow signals) [235, 236]. Power Spectral Density analysis of real pedestal
data provides the frequency-dependent noise properties, which are then used to generate
synthetic noise waveforms that preserve the statistical characteristics of the experimental
setup.

The final PMT waveform is constructed by superposing individual SPE contributions at
their respective arrival times, as determined by the photon propagation model, and adding
the characterized electronic noise. The resulting analog signal is then digitized with 12-bit
resolution to match the actual digitizer specifications, completing the simulation chain.

5.4.2 Validation of the PMT simulation

The integrated simulation framework has been validated by comparing both sCMOS and
PMT outputs with experimental data from the LIME prototype. Preliminary comparisons
of PMT waveforms with data have confirmed that the time-resolved features, such as
pulse rise times and total pulse charge, are reproduced with reasonable accuracy by the
simulation.

To demonstrate the simulation capabilities, several representative scenarios were ex-
amined using *Fe calibration sources, which produce characteristic 6 keV energy deposits
appearing as circular spots in the detector images. These events are particularly suit-
able for validation purposes due to their well-defined energy and spatial characteristics,
corresponding to electron recoil events in the detector.

The simulation demonstrates the expected geometrical dependencies described in Fig-
ure When the %°Fe source is positioned at the center of the detector (equidistant
from all PMTs), the simulated signals exhibit similar amplitudes across all four channels,
reflecting the symmetric light collection geometry (Figure and . Conversely, when
the source is positioned directly above one PMT, the proximity effects become apparent,
with the closest PMT receiving the largest signal, adjacent PMTs showing intermediate
responses, and the opposite PMT detecting the weakest signal (Figure and .

The temporal evolution of the simulated waveforms reflects the diffusion processes
modeled in the detector simulation. Events occurring at larger z distances from the GEM
plane (Figure and exhibit broader temporal distributions due to increased electron
cloud diffusion during drift.
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(b) Simulated waveforms of the Fast Digitizer.

Figure 5.6: Simulation example showing a centered ®Fe event at z — 50 mm: (a) simulated

detector image and (b) corresponding Fast Digitizer waveforms demonstrating symmetric
response from all four PMTs.
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(a) Simulated image.
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(b) Simulated waveforms of the Fast Digitizer.

Figure 5.7: Simulation example for a centered **Fe event at z = 466 mm: (a) simulated
detector image and (b) corresponding Fast Digitizer waveforms, showing increased signal
width due to enhanced electron diffusion at larger z distances compared to the previous
example.
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(a) Simulated image.
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(b) Simulated waveforms of the Fast Digitizer.

Figure 5.8: Asymmetric PMT response for a ®®Fe event positioned directly above PMT 1
at z = 50 mm: (a) simulated detector image and (b) corresponding Fast Digitizer wave-
forms, demonstrating the geometrical acceptance effects and 1/R® distance dependence
implemented in the simulation.



CHAPTER 5. SIMULATION OF THE DETECTOR RESPONSE 102

(a) Simulated image.
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(b) Simulated waveforms of the Fast Digitizer.

Figure 5.9: Similar asymmetric configuration at z = 466 mm: (a) simulated detector image
and (b) corresponding Fast Digitizer waveforms, showing how increased diffusion affects
the relative signal amplitudes while maintaining the geometrical pattern.



CHAPTER 5. SIMULATION OF THE DETECTOR RESPONSE 103

5.4.2.1 Quantitative validation against experimental data

Preliminary studies within the CYGNO collaboration indicate that the PMT simulation
framework closely reproduces data distributions also from a quantitative perspective. A
systematic comparison between simulated and experimental data was conducted using ®°Fe
calibration runs acquired across multiple detector positions, spanning the full range of
source-to-PMT distances relevant for physics analyses. The analysis examined key observ-
ables including peak amplitude, total charge, RMS noise, signal-to-noise ratio, and tempo-
ral width parameters (FWHM and Full Width at Baseline), all analyzed as functions of the
distance between the source position and each PMT. As shown in Figures[5.10/and [5.11], the
simulation shows strong agreement with experimental data for amplitude-related parame-
ters and noise characteristics across the entire range of distances investigated. This level of
agreement validates the core components of the simulation framework, including SPE sig-
nal characterization, gain calibration, and electronic noise modeling, demonstrating that
the underlying physical processes are correctly implemented. However, temporal width
measurements reveal systematic discrepancies, particularly at smaller z distances corre-
sponding to shorter drift times, suggesting that the current temporal dispersion model
may require refinement to fully capture photon propagation effects and near-field optical
phenomena that become more relevant when the interaction point is closer to the am-
plification plane. These preliminary results, while promising for the overall simulation
performance and sufficient for the purposes of this thesis, highlight specific areas for future
development in the temporal modeling components of the PMT simulation chain.
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Figure 5.10: Comprehensive comparison between simulated (blue) and experimental (red)
data for ®Fe events, showing agreement in amplitude-related parameters and system-
atic discrepancy in temporal-width observables. Figure adapted from L. G. M. de Car-
valho [237].
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Figure 5.11: FWHM and Full Width at Baseline as functions of z distance from the GEM,
illustrating the systematic difference in temporal-width measurements between simulation
and experimental data. Figure adapted from L. G. M. de Carvalho [237].

5.5 Validation of the sCMOS ER simulation with LIME
overground data

The validation of the electron recoil (ER) sCMOS simulation was initially performed using
experimental data collected with the LIME detector during a dedicated above-ground
data-taking campaign at the Laboratori Nazionali di Frascati (LNF).

The validation campaign focused on three critical aspects of the detector response:
track topology, energy resolution, and light integral reconstruction. A systematic approach
was adopted, fixing the detector gain through the high voltage of the GEMs (440 V), and
subsequently exposing the detector to various X-ray sources spanning different energies in
the range of interest (3-45 keV).

5.5.1 Experimental setup and methodology

The LIME detector was operated in stable conditions with optimized GEM voltages to
ensure uniform gain. Its performance, linearity, and energy resolution were tested with a
wide set of X-ray sources. A multi-target 24! Am source provided characteristic X-ray lines
from 8 to 36 keV (Cu, Rb, Mo, Ag, Ba), while a ®Fe source produced 5.9 and 6.5 keV lines
and, through fluorescence on Ca and Ti targets, additional lines at 3.7 and 4.5 keV.

The sources were placed 25 cm from the GEM stack. The *Fe deposit, housed in a
lead collimator, ensured a controlled spread of events, concentrated mostly in the upper
detector region due to gas absorption.

Data were processed with the standard CYGNO reconstruction pipeline, applying iden-
tical procedures to both experimental and simulated datasets for a consistent comparison.

5.5.2 Detector response and resolution

The energy resolution, defined as the ratio between the standard deviation of the Gaussian
fit to the reconstructed energy peak and its mean value, was systematically measured
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for different energies. The comparison between experimental data and simulation results
demonstrated excellent agreement across the entire energy range studied, as shown in

Figure [5.12]
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Figure 5.12: Comparison between data and simulation for the detector response (left panel)
and energy resolution (right panel) as a function of energy. The mean light integral (Is¢)
and the resolution (0/Ig¢) are extracted from Gaussian fits to the light integral distri-
butions, with statistical uncertainties shown by the error bars. Data were collected using
X-rays from 24 Am on different targets (Cu, Rb, Mo, Ag, Ba, Tb) at 8, 15, 18, 24, 35, and
47 keV, from a ®°Fe source at 5.9 keV, and from °Fe on a Ca target at 3.7 keV. A notice-
able discrepancy is observed for the calcium point in the right panel, where the measured
energy resolution deviates from the simulation prediction. This may be attributed to the
larger relative background level at this low energy, to the difficulty of fitting a broad peak
partially overlapping with adjacent spectral features, or to systematic effects not yet fully
accounted for in the simulation framework at the lowest energies. Adapted from [238|.

The mean reconstructed light integral values were reproduced within a few percent
accuracy, highlighting the robustness of the simulation model in capturing the fundamental
detector response (Figure left panel). The energy resolution showed the expected
dependence on both the incident photon energy and the drift distance, with systematic
improvements observed at higher energies due to increased signal-to-noise ratios.

Minor discrepancies were observed at the lowest energies, particularly for certain source
configurations, which may indicate the presence of additional systematic effects not fully
captured in the current simulation framework. These deviations point to potential areas
for future refinement, such as improved modeling of low-energy backgrounds

The light integral response was validated across the full energy range, demonstrating
excellent linearity between the incident photon energy and the total light yield collected
by the sCMOS camera system (Figure [5.12)).

5.5.3 Topological shape variables comparison

A comprehensive comparison of track-shape variables between data and simulation was
performed to validate the features of electron recoil reconstruction. Nine key topological
observables, formally defined in the track reconstruction procedure described in Section [4.4]
were selected for this analysis: Light Integral, Transverse Gauss Sigma (o7), Transverse
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Figure 5.13: Mean values of the track-shape variables used in the data—simulation compar-
ison, shown as a function of energy: Length, Width, Slimness (top row); Density, Average
Specific Tonisation, Transverse Gauss Mean (middle row); Transverse Gauss Sigma (o),
Number of Hits, Size (bottom row). Blue markers correspond to simulated events, while
red markers represent experimental data. The variable definitions are given in Section
Figure adapted from [239)].

Gauss Amplitude, Number of Hits, Size, Length, Width, Slimness, Density, and Average
Specific Tonisation.

To address the challenge of background subtraction in the experimental data, the sPlot
statistical technique [239] was employed. This method enabled the extraction of pure signal
distributions from data containing both signal and background components, using the light
integral as a control variable with known probability density function.

The comparison revealed generally good agreement between data and simulation for
most shape variables, as illustrated in Figure Track length showed excellent repro-
duction, being primarily governed by the underlying physics of electron energy loss.

Particularly noteworthy was the performance in reproducing track density and dE/dx,
which are crucial for electron recoil identification and discrimination against nuclear recoils.

Overall, these results demonstrate that the simulation framework reproduces the es-
sential features of the detector response with reasonable accuracy. Beyond this initial
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validation, a comprehensive set of additional studies has been performed using data ac-
quired underground at LNGS under different and controlled experimental conditions, fur-
ther consolidating the reliability of the simulation framework as discussed in the following
Chapter.






Chapter 6

Electron recoil simulation studies
with LNGS underground data

In order to further optimize the simulation framework, it is essential to understand the
variability of the detector response over time and along the drift direction. This chapter,
therefore, combines experimental and computational studies to bridge real detector be-
havior and its simulated model. Section [6.1] establishes a phenomenological description of
light-yield attenuation and its temporal evolution, providing the reference conditions for
tuning. In Sec.[5.3|and [6.2] the simulation and digitization models are refined using under-
ground calibration data, introducing computational optimizations to enable high-energy
event processing, and validating the goodness of the simulation tailored to overground

measurements.

6.1 Stability Analysis of Daily *Fe Calibrations

The long-term stability of detector response represents a critical aspect of the CYGNO ex-
periment’s operational reliability and data quality assurance. While the simulation frame-
work described Chapter [5| shows excellent agreement with experimental data under con-
trolled conditions, systematic deviations have been observed when comparing simulation
predictions with underground LIME data collected over extended periods. These discrep-
ancies manifest primarily as time-dependent variations in light detection along the drift
direction.

This section presents a comprehensive analysis of the detector stability using daily *>Fe
calibration data collected during RUN 3 and RUN 4. The investigation reveals systematic
temporal variations in light yield and attenuation length, examines their correlations with
environmental parameters, and introduces a real-time monitoring system.

6.1.1 Motivation and experimental approach

The daily calibration procedure described in Chapter {| provides an ideal opportunity
for studying detector stability over extended periods. Each calibration sequence involves
systematic z-scanning with the >Fe source across five discrete positions (steps 1-5), gener-
ating consistent datasets that can be compared across different operational periods while
maintaining identical conditions and source characteristics.

Initial comparisons between simulation predictions and experimental data revealed per-
sistent mismatches in the light collection profile along the drift direction. As illustrated in

109
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Figure [6.1] these discrepancies exhibit clear temporal evolution: calibration data from dif-
ferent periods show progressively different light yield profiles at large drift distances. This
behavior cannot be explained by static detector properties or calibration uncertainties,
suggesting the presence of time-dependent effects in the detector response.

The systematic nature of these discrepancies suggested the presence of time-dependent
physical mechanisms affecting the primary electrons transport towards the GEM plane.
Potential contributions include contamination and changes in gas composition affecting
scintillation or transmission properties.

To isolate and quantify these temporal effects, a comprehensive reanalysis of the daily
calibration database was undertaken.

6.1.2 Data selection and normalization

A critical aspect of the temporal stability analysis involves controlling for systematic effects
that could introduce artificial variations in the measured parameters. The most significant
potential bias arises from saturation effects in the GEM amplification system, which can
vary between different calibration runs due to environmental conditions.

To mitigate these effects, a careful data selection protocol was implemented. For each
comparison between different days, only datasets exhibiting similar light integral at step 1,
i.e. the first source position at 50 mm from the GEM plane in the calibration procedure
described in Section [£.2.2] were included in the analysis. This selection criterion ensures
that all compared datasets operate in similar saturation regimes, minimizing the influence
of non-linear amplification effects on the measured light yield profiles.

By equalizing the step 1 integrals across different days, the analysis effectively normal-
izes out global gain variations while preserving the relative changes in attenuation along
the z.

Figure demonstrates the effectiveness of this approach and reveals the underlying
temporal variations. Despite a comparable value at step 1, the light yield decreases at larger
z for later calibration runs, indicating progressive increases in attenuation strength over the
operational period. This systematic pattern provides strong evidence for time-dependent
degradation of the gas mixture of the detector.

6.1.3 Phenomenological model development

The observed temporal variations in the light collection profiles arise because the simu-
lation framework does not account for changes in the detector operating parameters over
time. While saturation and attenuation effects are individually well reproduced under fixed
conditions, the actual detector performance evolves due to environmental factors and gas
quality degradation. To parametrize these residual dependencies in a data-driven man-
ner, a phenomenological model was developed to describe the light collection profile as a
function of drift distance.

The functional form selected for this analysis combines exponential rise and decay
components:

LY (2) = po (1= e"Cmm/on) o=/ (6.1)

where z represents the source position (drift distance of the primary electrons), and
the four parameters have distinct physical interpretations:
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Figure 6.1: Temporal evolution of the light collection profiles from RUN3 daily calibrations
after step-1 integral normalization. Dashed curves represent data taken at different times,
while the solid line shows the simulation tuned to the earliest dataset. The increasing devi-
ation between data and simulation at large z highlights a progressive mismatch developing
with time.

po: plateau light yield representing the maximum achievable signal in the absence of
attenuation effects and is highly correlated to the GEM gain

p1: saturation scale parameter controlling the rise to plateau behavior at short drift

distances

e po: attenuation length parameter encoding the exponential decay at large drift dis-
tances, due to the reabsorption of primary electrons during the drift

p3: offset parameter locating the transition region between rise and decay behaviors

The robustness of the parametrization was validated through extensive fitting studies
(Figure using calibration data spanning the complete operational period. The model
consistently achieves excellent agreement with experimental profiles, with reduced chi-
squared values typically below 1.2, indicating that the functional form captures the essential
physics without over-parametrization.

Figure shows the correlation matrix obtained from fitting multiple calibration
datasets, revealing the expected strong correlation between py and p;. This behavior
arises because saturation strongly depends on the gain (the light yield at the plateau): the
higher the produced light, the stronger the saturation effect described by pi, as discussed
in Chapter [3
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Figure 6.2: Representative fit of the phenomenological model to experimental calibration
data, demonstrating the model’s ability to capture both the initial rise to plateau and
subsequent exponential attenuation. The excellent agreement validates the physical as-
sumptions underlying the parametrization.
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Figure 6.3: Correlation matrix for the phenomenological model parameters across multiple
calibration fits. The correlation structure reflects the physical relationships between pg
and pj.

6.1.4 Dependence of the plateau parameter on environmental
correlations

Application of the phenomenological model to the complete database of daily calibrations
for RUN 3 and RUN 4 generates time series for the four fit parameters, enabling sys-
tematic investigation of the temporal trends and of the correlation with environmental or
operational variables.
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The plateau parameter pg represents the plateau light yield, i.e. the maximum achiev-
able signal in the absence of attenuation effects, and is strongly correlated with the GEM
gain. Environmental factors that could influence pg include humidity variations affecting
optical transmission and temperature fluctuations modifying gas properties and scintilla-
tion efficiency. Additionally, variations in the gas system operating conditions, such as
pressure regulation and gas mixture stability, could impact the overall light yield.
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Figure 6.4: Correlation between environmental humidity and plateau light yield parameter
po. The negative correlation confirms the expected sensitivity of optical transmission
to water vapor content, providing validation of the physical interpretation of the model
parameters.

Figure demonstrates a clear correlation between environmental humidity and the
plateau parameter pg. In days with a higher humidity level, reduced plateau values are
measured, consistent with the expected impact of water vapor on optical transmission
properties. Water molecules can act as quenching centers for excited states in the gas
mixture, reducing the overall scintillation efficiency. Additionally, humidity can affect the
transmission properties of optical elements through condensation or surface contamination
effects.

This correlation provides important validation of the physical interpretation of the
model parameters and demonstrates the detector’s sensitivity to environmental conditions.

6.1.5 Attenuation parameter and gas contamination

The attenuation parameter po encapsulates the effective reabsorption length for primary
scintillation photons during propagation through the detector volume. Unlike the plateau
parameter, which reflects overall light production capacity, po specifically characterizes the
optical quality of the detector medium.

Figure[6.5]shows a clear temporal evolution of the attenuation parameter, characterized
by a gradual degradation occurring over timescales of months. This systematic trend
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Figure 6.5: Temporal evolution of the attenuation parameter ps. Each data point corre-
sponds to the monthly average of the values extracted from individual runs.

suggests the presence of cumulative contamination effects affecting the optical properties
of the gas mixture. A possible explanation for this behavior is the progressive accumulation
of impurities in the gas volume. Studies conducted within the CYGNO collaboration have
indeed demonstrated the presence of radon, which could degrade the optical transparency
of the scintillating gas over time [158].

The parameters p; and ps3 were not investigated independently due to their limited
physical significance. As shown in Figure p1 exhibits a strong correlation with pg,
reflecting the fact that the saturation effect depends directly on the light yield: higher gain
produces more photons, which in turn leads to stronger saturation. The offset parameter ps3
serves primarily as a mathematical adjustment to locate the transition region between the
rising and decaying components of the light profile, without a direct physical interpretation.

6.1.6 Operational mitigation strategies

The systematic characterization of temporal variations and their correlations with environ-
mental and operational parameters enables the development of effective mitigation strate-
gies. The most successful intervention identified through this analysis involves increasing
the gas flow rate during periods of degraded optical performance.

Enhanced gas flow serves multiple functions in maintaining optical quality. Fresh gas
continuously dilutes accumulated contaminants, preventing the buildup of species that
could absorb or scatter scintillation light. Additionally, increased flow maintains positive
pressure within the detector volume, reducing the infiltration of external contaminants
such as water vapor or atmospheric pollutants.

Temperature and humidity control also contribute to detector stability, though these
parameters are largely determined by the underground environment and offer limited op-
erational flexibility.
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The phenomenological model described in Equation has been integrated into the
experiment’s real-time monitoring infrastructure (Figure . This integration enables
continuous tracking of the fit parameters (pg, p1) providing immediate feedback on detector
stability and performance trends.

Home > Dashboards
50 mm 150 mm

¥

Parameter

Figure 6.6: Monitoring system implemented within the Grafana framework for live mon-
itoring of the ®*Fe scan. The top five panels show Gaussian fits to the °Fe peak. The
bottom-left panel displays the fit using the function described in Eq. while the bottom-
right panel shows the time evolution of the parameters pg and p;.

6.2 Characterization of the saturation model with LIME
underground data

This section presents a comprehensive study of detector simulation and digitization param-
eter optimization achieved through systematic comparisons between experimental data of
LIME collected underground at LNGS and Monte Carlo simulations. It should be noted
that the saturation model is constrained using low-energy X-ray calibration data from ®°Fe
sources, and that this procedure does not by itself constitute a full validation of the model
for electron-recoil events at higher energies. However, within the scope of this thesis and
the targeted CYGNO applications discussed here, the most relevant energy regime is the
low-energy domain, from a few keV to a few tens of keV.

The simulation framework has been introduced in Chapter [5 while the analysis pro-
cedure is presented in Chapter |4l The ®°Fe calibration dataset employed here consists of
dedicated measurements acquired at multiple GEM voltages and source positions, ensuring
sensitivity to both amplification and drift-related effects. These °Fe runs enable a robust
parameter determination across diverse operating points, thereby ensuring reproducibility
and reliability of the simulation-to-data comparison, expanding and complementing the
optimization in Chapter [5] and the studies in Section

6.2.1 Experimental setup and data collection

The experimental data used for parameter optimization were collected during Run 4 at the
Laboratori Nazionali del Gran Sasso (LNGS) on December 15, 2023. The experimental
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approach consisted of systematic scans that varied both the GEM1 voltage and the *°Fe
source position along the drift direction (z-axis), enabling comprehensive characterization
of detector response under different amplification conditions and drift distances. This dual-
parameter approach was crucial for disentangling the effects of gain saturation from those
of electron reabsorption, described in Chapter [5}

The experimental parameter space was chosen to cover a GEM1 voltage range from
260 V to 440 V, spanning from low amplification conditions where saturation effects are
expected to be minimal to higher amplifications where the non-linear behavior of the gain
emerges. Source positions were systematically varied at z = 5,10, 15,25, 35, and 46.5 cm
from the GEM stack, providing sensitivity to electron absorption and diffusion effects
during the drift process. In each experimental configuration, 500 *Fe interaction events
were recorded, ensuring adequate statistical precision for reliable parameter extraction
while maintaining a reasonably short data collection time to ensure the stability of the
environmental parameters.

Data quality was ensured through the application of comprehensive selection criteria
designed to isolate genuine single-electron tracks while removing spurious events and back-
grounds. The selection cuts were carefully optimized on Monte Carlo studies and included:

e Constraints on track length to remove cosmic ray events:

sc_length < 7.5 cm (6.2)

e Average energy density requirements to avoid high density tracks:

int 1
w < 100 counts/pixel (6.3)
sc_nhits

e Track width-to-length ratio constraints to select spot-like tracks:

sc_width
056 < —— <10 (6.4)
sc_length

e Fiducial volume requirements with track barycenters inside a central circular region
of radius 750 pixels (11.25 cm) to remove sensor noise on the border and exclude
other possible background events.

6.2.2 Parameter optimization strategy

The primary objective of this analysis is to determine the digitization parameters A and
«, which characterize the detector response as discussed in Chapter [5 In this context, «
denotes the inverse characteristic voltage scale (measured in V~!) governing the exponen-
tial dependence of the avalanche multiplication on the applied GEM voltage, effectively
encapsulating the overall amplification behavior of the detector. The parameter A instead
represents the absorption length associated with electron attachment processes in the gas,
and characterizes the exponential loss of primary electrons as a function of the drift distance
z. These parameters can be determined by fitting experimental data acquired in unsatu-
rated conditions, where low Vg and large z values ensure that the mean reconstructed
track integral follows:

I = sc_integral = Ije® Varmt ¢=2/A (6.5)
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where Iy encapsulates the initial number of primary electrons, the three-GEM cascade
amplification, the photon yield, and the camera detection efficiency.

The fitting procedure exploits the exponential dependencies on both GEM voltage and
drift distance to simultaneously extract o and A from data acquired at multiple (Vgrwmi, 2)
configurations. By restricting the analysis to the unsaturated regime, we ensure that these
parameters reflect the fundamental detector response.

6.2.3 Low density correction

A critical aspect of accurate parameter extraction is accounting for the systematic underes-
timation of track light yield that occurs when tracks are faint. Under conditions of reduced
GEM voltages and long drift distances, corresponding to low values of sc_integral, the
ratio between the reconstructed integral and the true integral decreases significantly. This
effect arises from noise threshold effects, clustering algorithm limitations, and statistical
fluctuations that become more pronounced at low signal-to-noise ratios.

The magnitude of this systematic bias has been quantified through detailed Monte
Carlo studies, where the true deposited light was compared to the reconstructed integrals
obtained after the full digitization and reconstruction chain described in Chapter [d Fig-
ure[6.7]illustrates this effect by showing the comparison between true Monte Carlo integrals
(solid lines) and reconstructed integrals (dashed lines) as a function of drift distance for
different GEM voltages. The systematic divergence between these curves at low integral
levels clearly demonstrates the underestimation that must be corrected to enable accurate
parameter extraction.

To correct this systematic effect, the ratio between reconstructed and true integrals
was parameterized as a function of track density, defined as sc_integral/sc_nhits. This
parameterization was chosen because the degree of underestimation correlates strongly
with the average light yield per pixel, which reflects both the total signal and its spatial
distribution. The correction function was fitted using a sigmoid curve:

L
flx) = 1T e k@0 (6.6)
where x = sc_integral/sc_nhits represents the track density. As illustrated in Fig-
ure the fitted parameters are L = 1.00, g = 2.85, and k£ = 2.08. The sigmoid
functional form naturally captures the transition from significant underestimation at low
densities to negligible bias at high densities, providing a smooth correction across the full
density range. This correction function was applied inversely to both the experimental
and simulated data, dividing the measured sc_integral by f(x) to recover an unbiased

estimate of the true light yield in the low-density regime.
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Figure 6.7: Comparison between true Monte Carlo integral (solid lines) and reconstructed
integral (dashed lines) as a function of drift distance for different voltages of GEM1. The
divergence at low integral values demonstrates the systematic underestimation of track

light yield in the low-density regime.
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Figure 6.8: Ratio of reconstructed to true integral as a function of track density (defined as
sc_integral/sc_nhits), fitted with a sigmoid curve. This correction function was applied

to compensate for systematic underestimation in the low-density regime.
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6.2.4 Parameter optimization results

The parameter optimization process employed a fitting procedure applied to the complete
experimental dataset, where each data point represents the average sc_integral over
approximately 500 reconstructed tracks.

To determine the parameters without being affected by saturation effects, the fitting
procedure includes only a subset of data points that are considered to be in the unsatu-
rated regime, where the simple exponential model in Eq. applies. The choice of which
points to include in the fit directly influences the extracted parameter values. Therefore,
a systematic scan was performed by progressively varying the number of included points
and monitoring the resulting parameter stability, as detailed below.

Figure presents the results of this fit, displaying sc_integral as a function of both
GEM voltage and drift distance. The red data points, each representing the statistical
average of 500 individual track measurements, show the characteristic behavior of the
detector response across different operating conditions. The green threshold line serves
as a critical boundary, indicating the division between saturated and unsaturated regimes
used in the fitting procedure. Data points falling above this threshold were excluded.
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Figure 6.9: Results of simultaneous fit of sc_integral as a function of both GEM voltage
and drift distance. Each red data point represents the average of 500 tracks. The green
threshold line indicates the boundary between "saturated" and "unsaturated" regimes,
hence the points actually included in the fit.

The selection of which data points to include in the fit requires careful consideration of
the saturation behavior. At fixed voltage, points at higher drift distances (larger z) expe-
rience less saturation due to the lower charge density reaching the GEM stack. Conversely,
at fixed z, higher voltages lead to stronger saturation effects. Therefore, a uniform selec-
tion strategy (e.g., including only the lowest voltage for all z values and then uniformly
increasing voltage) would not properly account for the different saturation levels across the
parameter space.

The adopted selection strategy proceeds as follows: starting with N = 1, we include
only the least saturated point in absolute terms, corresponding to the highest drift distance
and lowest voltage. For N = 2, we add the point with the next highest z at the same lowest
voltage. This process continues by progressively decreasing z at fixed voltage until all drift
distances at the lowest voltage are included, after which the voltage is increased and the
process repeats. This approach ensures that saturation effects are gradually introduced in
a controlled manner. It should be noted that alternative selection strategies were explored,



CHAPTER 6. ELECTRON RECOIL SIMULATION STUDIES WITH LNGS UNDERGROUND DATA 120

such as uniformly increasing the number of points for each z or prioritizing voltage increase
over z decrease, and these yielded similar results.

Figure[6.10]illustrates the systematic study performed to determine the optimal thresh-
old position. By varying the number of included data points N according to the selection
strategy described above, we observe how the fitted parameters evolve. The four panels
show the behavior of the normalization factor Iy, the amplification slope «, the absorp-
tion length A, and the fit quality quantified by x2. A key observation from this analysis
is the presence of a plateau region where the parameters exhibit minimal variation as N
changes. This plateau indicates a regime where the fit is stable and insensitive to the exact
choice of threshold, suggesting that the included data points are predominantly from the
unsaturated regime.

The final parameter values were extracted from this stable region, where changing the
number of fitted points does not significantly alter the results. This methodology provides
confidence that the optimized parameters genuinely characterize the unsaturated detector
response rather than being artifacts of an arbitrary threshold choice.
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Figure 6.10: Sensitivity analysis of the fitted parameters as a function of the number of
included data points N. The four panels show: top left, the fitted normalization Iy; top
right, the amplification slope «a; bottom left, the absorption length A; and bottom right,
the x2 of the fit. The presence of plateau regions indicates parameter stability, guiding the
selection of the optimal threshold that separates saturated from unsaturated regimes.

The final optimized digitization parameters obtained from this procedure are
Aabs = 1350 mm, (6.7)
o =0.0209 V71, (6.8)

These values summarize the outcome of the LNGS optimization and represent the reference
parameter set for LIME underground simulation.

6.2.5 Simulation validation

With the optimized parameters established and fixed, a validation procedure was carried
out to assess the accuracy of the simulation framework across multiple characteristics of
the ®°Fe tracks.
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Figure demonstrates the remarkable accuracy achieved by the simulation frame-
work, showing the comparison between experimental data points and Monte Carlo simula-
tion predictions for the light integral as a function of both GEM voltage and drift distance.
Each experimental data point represents the carefully computed average sc_integral over
500 individual tracks, ensuring robust statistical precision. It should be noted that this
comparison uses the same dataset that was employed for the parameter optimization pro-
cedure described in the previous Section. However, the agreement extends across the entire
dataset, spanning the full range of experimental conditions: all drift distances and all GEM
voltages, including both the saturated and unsaturated regimes. The simulation achieves
agreement within 5% across two full orders of magnitude variation in signal amplitude,
spanning from approximately 1,000 counts to over 100,000 counts. This exceptional level
of precision, maintained across such a broad range of operating conditions, validates both
the underlying physical model and the parameter optimization procedure, providing strong
confidence in the simulation framework.
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Figure 6.11: Comparison between experimental data (points) and Monte Carlo simulation
(lines) for the light integral as a function of both GEM voltage and drift distance. Each
data point represents the average sc_integral over 500 tracks. The simulation achieves
5% accuracy across two orders of magnitude variation in signal amplitude.

Beyond the light integral, the simulation framework demonstrates its ability to ac-
curately reproduce the Gaussian profile characteristics of the reconstructed tracks. Fig-
ure presents the comparison of the average Gaussian sigma parameter, defined as
(0gauss) = (o017 +01)/2, where o and oy, denote the transverse and longitudinal standard
deviations of the Gaussian fits to the track intensity profile, respectively (see Section @),
between experimental data and simulation as a function of the drift distance. The trans-



CHAPTER 6. ELECTRON RECOIL SIMULATION STUDIES WITH LNGS UNDERGROUND DATA 122

verse and longitudinal width parameters show excellent agreement across the full range of
experimental conditions, with the variation in sigma reflecting the changing GEM voltage
conditions.
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Figure 6.12: Comparison of average Gaussian sigma parameter ((0gauss) = (o7 + 01)/2)
between experimental data and simulation as a function of both GEM voltage and drift
distance.

The evolution of track width characteristics is further illustrated in Figure which
shows how the Gaussian sigma parameter varies with the light integral. This relation-
ship provides insight into the effect of changing GEM voltage conditions on track spatial
characteristics, with higher voltages generally leading to more compact light distributions
due to the increased multiplication efficiency. The upturn observed at very low integral
values reflects reconstruction efficiency limitations: at low light yield, a fraction of events
falls below the detection or reconstruction threshold, leading to a systematic bias in the
reconstructed sample rather than a genuine physical broadening of the tracks.

The validation extends to the amplitude characteristics of the Gaussian fits, as demon-
strated in Figure This comparison of the average Gaussian amplitude parameter
between experimental data and Monte Carlo simulation shows consistent agreement across
different experimental conditions. The good agreement in amplitude parameters validates
the light production and detection modeling implemented within the digitization frame-
work, confirming that the simulation accurately captures both the total light yield and its
spatial distribution.

Additional validation of the spatial modeling accuracy is provided through analysis
of cluster size parameters. Figure [6.15] shows the comparison of the total cluster size
(sc_size) between experimental data and simulation, where this parameter represents the
total number of pixels in the reconstructed cluster without application of zero-suppression



CHAPTER 6. ELECTRON RECOIL SIMULATION STUDIES WITH LNGS UNDERGROUND DATA 123

6.5

6.0

5.5 4

sigma (pixels)
w
o

457 MC z = 50 mm

DATA z = 50 mm
MC z = 150 mm
DATA z = 150 mm
MC z = 250 mm
DATA z = 250 mm
MC z = 350 mm
DATA z = 350 mm
MC z = 465 mm
DATA z = 465 mm

4.0

B4 HH B HH B M

3.5 1

T T T T T
o] 2000 4000 6000 8000 10000
integral (counts)

Figure 6.13: Evolution of Gaussian sigma parameter with light integral, showing the effect
of changing GEM voltage on track spatial characteristics. The upturn at low integral values
reflects reconstruction efficiency limitations rather than physical broadening. A residual
discrepancy of approximately 5% is observed at high light-integral values, whose origin
is not yet fully understood and deserves further investigation. Nonetheless, the overall
agreement remains very good, as the simulation is able to reproduce both the light integral
and the spot-width behaviour over roughly two orders of magnitude in integral and across
the full drift-distance range considered in the analysis.

thresholds. The excellent agreement across all experimental conditions validates the accu-
racy of the spatial extent modeling for the light distribution, confirming that the simulation
properly captures the physical processes that determine track topology.

Figure [6.16] presents the comparison of the reconstructed variable sc_nhits, which
represents the number of pixels above the zero-suppression threshold. This parameter
provides additional sensitivity to the spatial distribution characteristics.



CHAPTER 6. ELECTRON RECOIL SIMULATION STUDIES WITH LNGS UNDERGROUND DATA 124

103
Q
£
@
wn
w0
=
m©
o GEM1V=280 V
GEM1V=300 V
GEM1V=320 V
GEM1V=340 V
GEM1V=360 V
GEM1V=380 V
GEM1V=400 V
GEM1V=420 V
GEM1V=440 V
107 1 —— MC
100 200 300 400 —%- DATA
z_gem (mm)
Relative Differences by GEM1_HV (MC - DATA)
0.10 A
£ 005
a
T 0.00 frmmmmmmmmm e - -- — —
. w | =
~0.05
' . v '
100 200 300 400
z_gem (mm)

Figure 6.14: Comparison of average Gaussian amplitude parameter ((Agauss) = (A7 +
Ar)/2) between experimental data and Monte Carlo simulation, demonstrating consistent
light production modeling across different experimental conditions.
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agreement validates spatial extent modeling of the light distribution.
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Figure 6.16: Comparison of hit multiplicity (sc_nhits) between experimental data and

simulation, showing the number of pixels above zero-suppression threshold. This parameter

is sensitive to both spatial distribution and threshold settings in the digitization chain.
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6.2.6 Concluding remarks and outlook

The parameter optimization framework developed in this study is based on a specific
set of experimental runs conducted under particular environmental conditions during a
limited time period (December 2023). The applicability of these parameters to different
experimental configurations or time periods must be carefully considered.

A dedicated stability study has been carried out (Section, providing a more quanti-
tative understanding of the variability and its impact on detector response. Gas condition
variations, such as changes in gas composition, pressure, and temperature over time scales
ranging from hours to months, directly impact detector properties including electron drift
velocity, attachment coefficients, and amplification characteristics, potentially requiring
periodic re-optimization of parameters. In particular, the absorption length A,ps is most
sensitive to these conditions, as it is directly related to the electron attachment process in
the gas mixture.

The present optimization is restricted to a GEM voltage range between 260 V and
440 V, chosen to balance detector performance with operational stability. Extending the
simulation to higher voltages, where different saturation regimes may emerge, or to lower
voltages, where the signal to noise ratio becomes more challenging, would likely require
further parameter adjustments and additional validation studies.

Finally, the optimized parameters are primarily tuned for keV-scale electron recoils,
specifically the 5.9 keV photopeak from the °Fe calibration source. Applications to signif-
icantly different energy ranges will require dedicated validation and potentially parameter
adjustments to account for different detector response characteristics. In this context, the
studies presented in Chapter [7] provide additional insights and cross-checks that help to
assess the robustness of the parameterization across different energy regimes and track
types (electron recoils vs. nuclear recoils).






Chapter 7

Validation of nuclear recoil
simulation with AmBe source data

7.1 AmBe Neutron Source Monte Carlo Studies

The accurate simulation of neutron interactions represents a crucial component for un-
derstanding backgrounds and calibration signatures in dark matter search experiments.
Neutron sources, particularly AmBe (Americium-Beryllium) sources, provide nuclear recoil
signatures that are essential for detector calibration and validation of discrimination ca-
pabilities between nuclear recoils (signal-like) and electron recoils (background-like). This
section presents a comprehensive Monte Carlo study of AmBe neutron interactions, focus-
ing on understanding the fundamental physics of neutron interactions, kinematics, and the
implementation of quenching factor corrections necessary for accurate energy reconstruc-
tion.

7.1.1 AmBe source characteristics and neutron interactions

AmBe sources represent one of the most commonly used neutron sources for detector cali-
bration due to their relatively simple neutron energy spectrum and manageable radioactive
decay properties. The neutrons are produced through the (a,n) reaction when alpha par-
ticles from 2’ Am decay interact with ?Be nuclei, producing neutrons with a characteristic
energy spectrum extending from thermal energies up to approximately 11 MeV, with a
mean energy around 4-5 MeV.

Figure illustrates the energy spectrum of neutrons from the AmBe source as im-
plemented in the Monte Carlo framework. The simulation incorporates realistic neutron
production spectra and accounts for the geometric constraints imposed by the experimental
setup.

The AmBe source geometry implemented in the Geant4 Monte Carlo simulation con-
sists of a stainless-steel capsule with a diameter of 6.4 mm and a height of 17.6 mm, en-
closing an AmBe source cylinder composed of a homogeneous mixture of AmO, and Be,
with a diameter of 4mm and a height of 4 mm. This simplified representation captures
the essential geometric features while maintaining computational efficiency in the Monte
Carlo calculations.

The probability of neutron interactions with different nuclei in the detector gas can be
estimated using fundamental nuclear cross-section principles. For low-energy neutrons (be-
low approximately 1 MeV), the interaction probability can be approximated using simple

129



CHAPTER 7. VALIDATION OF NUCLEAR RECOIL SIMULATION WITH AMBE SOURCE DATA 130

0.15

0.10 —

Normalised neutron flux

0.05 —

0.00 T T T T T T T T T T T 1
0 2 4 6 8 10 12
Energy (MeV)

Figure 7.1: AmBe neutron spectrum from [240].

geometric considerations based on nuclear size. The nuclear radius can be written as:
R~ rgAY/? (7.1)

where r9 ~ 1.2 fm is the nuclear radius constant (representing the characteristic size
scale of nuclear matter) and A is the mass number. The interaction cross-section is then
proportional to the projected area of the nucleus:

o~ R ~ mr2 A%/3 (7.2)

For the gas mixture components of CYGNO/LIME (He:CF4 60:40), we can calculate
the theoretical relative interaction probabilities. The calculation accounts for three factors:
the relative concentration in the gas mixture (0.6 for He and 0.4 for CF4), the number of
atoms of each type per molecule (1 for He, 1 for C, and 4 for F in each CF4 molecule), and
the cross-section scaling A2/3. The individual contributions are:

He contribution: 0.6 x 1 x 4%/3 = 1.51 (7.3)
C contribution: 0.4 x 1 x 12%? = 2.10 (7.4)
F contribution: 0.4 x 4 x 19%/3 = 11.40 (7.5)

The relative probabilities are then obtained by normalizing to the total (1.51 + 2.10 +
11.40 = 15.01):

e Helium (He, A=4): Probability ~ 10.08%
e Carbon (C, A=12): Probability ~ 13.98%
e Fluorine (F, A=19): Probability ~ 75.95%

Above 1 MeV, the interaction probability becomes significantly more complex and
depends strongly on detailed nuclear cross-sections that exhibit resonance structures and
energy-dependent behavior. However, this regime is well beyond the energy range relevant
for CYGNO operations.

The theoretical predictions are compared to the actual Geant4 simulation results, as
demonstrated in Figure [7.:2l The dotted lines represent the theoretical predictions while
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Figure 7.2: Comparison between theoretical predictions (dotted lines) and Geant4 simula-
tion results (solid histograms) for neutron interaction probabilities as a function of neutron
energy, showing excellent agreement for all nuclear species.

the solid histograms show the Geant4 simulation results. The simulation shows excellent
agreement with theoretical expectations, with fluorine dominating the interaction proba-
bility (~75-85%), followed by carbon (~13-20%) and helium (~5-10%). This validation
provides confidence in the physical modeling of neutron interactions within the detector
medium and confirms that the simplified theoretical approach captures the essential physics
governing neutron-nucleus interaction probabilities.

7.1.2 Elastic scattering kinematics from the angular point-of-view

The aim of this section is to provide a derivation of the formulas applied to model the
angular behavior of sphere-like particles, assuming elastic scattering, in Monte Carlo sim-
ulations.

First, we define the scenario in the center of mass (COM) frame, with graphical refer-
ence in Figure [7-3}

e Let our particles be spheres of radii » and R
e Let the two sphere’s centers be separated by an "impact parameter" b
e The two particles have masses m and M, respectively

e The two particles are moving towards each other with velocity magnitude v

From simple geometric arguments, we can deduce that the angle v between the recoil
direction and the horizontal axis is related to b, r and R by the equation:

b
r+ R

(7.6)

siny =
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Figure 7.3: Sketch of the elastic scattering in the center of mass reference frame.

From purely classical mechanics reasoning, we can deduce that the COM velocity is

muv

i while the two velocities after the scattering are, in magnitude:

Ve =

* M x m
Um = Y M= Y (7.7)

with the superscript * to represent the COM frame.

If we now move the discussion to the laboratory (LAB) frame, we are in front of the
situation depicted in Figure [7.4]

DER m Oy
S e

Figure 7.4: Sketch of the elastic scattering in the laboratory reference frame.

In particular:

e The smaller particle is the projectile (the neutron), impinging with velocity v on the

bigger particle which is at rest (a nucleus)

e After the scattering, the two particles recoil away with velocities U and W, and
angles 0y and 6y with respect to the horizontal, respectively

Transforming equations[7.7 with the Galileo transformations, we can obtain the follow-
ing equations for the velocities in the LAB frame.

In particular we need to sum v, to the x components of v}, v},, while the y components

*

m,z 18 taken with a minus sign, since the positive

are unchanged. Note also that the v
direction for the horizontal axis is facing towards the right side of the plot in the figures.
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In the end, we obtain:

{ Ur = sfqr(m — M cos ) { Wy = 2457 (1 + cos ) (78)

. mu
W, = 7 Siny

_ _M ;
Uy = 5grvsiny

We can now extract the formulas for the recoiling angles by simply exploiting the fact
that y/x = tan @ for two vectors = and y separated by an angle 6.
What we obtain is:

Oy = arctan <n%) , Oy = arctan <1+S:(1)Sfyfy> (7.9)
from which we can see that the recoiling nucleus angle is completely independent from
the particles masses.

Figure shows the distributions of the recoil angles in the laboratory reference frame
for different nuclear species (He, C, F). Specifically, 6y represents the polar angle between
the recoil direction and the incident neutron direction (horizontal axis), while ¢ is the
azimuthal angle around the neutron beam axis. As evident from the distributions, and in
agreement with the theoretical prediction of Equation [7.9] the angular distributions are
independent of the nuclear species, confirming that the scattering kinematics depends only
on the geometry of the collision and not on the masses of the recoiling nuclei. In particular,
the polar angle fy of the recoiling target nucleus is completely independent of the mass
ratio M /m between the nucleus and the incident neutron, as analytically demonstrated in
Equation |7.9
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Figure 7.5: Angular distributions of nuclear recoils in the laboratory reference frame: (a)
polar angle Oy and (b) azimuthal angle ¢ distributions for helium, carbon, and fluorine
recoils from neutron elastic scattering. The overlapping distributions confirm the mass-
independence of the recoil angles.

7.1.3 Nuclear species and energy dependencies

The simulation reveals important insights into the energy-dependent composition of nuclear
recoil events within the detector. Figure[7.6]demonstrates that helium nuclear recoils begin
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Figure 7.6: Energy-dependent composition of nuclear recoil species (He, C, F): (a) de-
posited energy distribution, showing the transition to helium-dominated recoils above
300 keV, and (b) track length distribution, with characteristic track lengths of 2-4 mm
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Monte Carlo simulations. Points show simulated track lengths as a function of deposited

nuclear recoil energy.

to dominate the recoil spectrum above approximately 300 keV, with typical track lengths

ranging from 2-4 mm.

The range-energy relationship for nuclear recoils provides crucial information for under-

standing detector signatures and reconstruction efficiency. As discussed in Section [3.1.1

the three primary recoiling nuclei in the He:CF4 mixture (helium, carbon, and fluorine)

exhibit distinctly different behaviors due to their different masses and stopping powers.

Helium recoils, being the lightest, produce the longest tracks for a given energy, extending
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to several millimeters in the energy range of interest, while carbon and fluorine recoils are
characterized by shorter, more compact tracks due to their higher mass and correspond-
ingly higher stopping power. These differences are illustrated in Figure [7.7, which presents
the simulated range versus energy relationship for each nuclear species.

Beyond its fundamental importance for understanding event topology, this range be-
comes particularly valuable when addressing the gain saturation effects described in Sec-
tion [4.2.3] By measuring the spatial extent of a nuclear recoil and comparing it to the
simulated curves in Figure [7.7] one can infer the recoil energy. Establishing whether the
detector can reliably measure track lengths and thereby estimate energies in the target
range is a critical benchmark for demonstrating its capability to reconstruct nuclear recoils
at the energies relevant for low-mass WIMP searches.

7.2 Analysis of AmBe data and pre-processing

Americium-Beryllium (?*' AmBe, or simply AmBe) is a widely utilized calibration source,
particularly valued for its neutron generation capabilities. The source is manufactured
by enclosing ' Am radioactive material within a “Be container. The neutron generation
mechanism operates as follows: 2'Am decays to Neptunium releasing an alpha particle
(' Am —27 Np + «), which is then captured by Beryllium atoms, subsequently emitting
a neutron (YBe+a —!2 C* 4+ n). The emitted neutrons possess an extremely broad kinetic
energy distribution, spanning from 0 to 11 MeV.

Low-energy neutrons generate low-energy nuclear recoils that mimic WIMP-induced
nuclear recoils, providing an excellent means of testing detector performance within the
parameter space region of interest. The LNGS-provided source exhibited a neutron activity
of I =200 n/s.

Beyond the neutron channel, the AmBe source produces additional relevant emissions:
a 4.43 MeV ~ ray from 2C* de-excitation (expected to generate Compton electrons within
the gas volume) and a 59 keV v ray from 24! Am alpha decay to 23"Np with 58% probability
(largely absorbed by the copper shielding).

The initial analysis of the RUN 3 AmBe dataset revealed critical issues: the back-
ground data suffered from substantial contamination due to a defective filter line, and
unstable humidity resulted in non-constant light yield (LY) throughout the data acquisi-
tion period. While the initial analysis mitigated these issues, the following presents a more
comprehensive multi-step pre-processing methodology.

Alongside the AmBe campaign (consisting of two segments separated by runs utilizing
both %°Fe and AmBe sources), this analysis exploits background and stability data acquired
during a distinct time period. Relevant details are summarized in Table [7.I] Throughout
the following discussion, "AmBe" denotes the combined AmBe pl + AmBe p2 dataset.

Clusters used in the analysis were pre-selected by applying two cuts: (i)
sc_tgausssigma > 0.5 mm, eliminating fake clusters and sensor interactions [202]; (ii)
tracks with (z,y) coordinates sufficiently close to the image borders while simultaneously
having sc_length < 25 mm were removed, as these are likely generated outside the
camera field of view. Tracks exceeding 25 mm in length are retained, as information loss
from truncation is considered negligible for such extended events.
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Table 7.1: Summary of the datasets used in the analysis. The Bkg_calibration effective
exposure is not listed, as it corresponds to a single calibration run with the %°Fe source

performed during step 3 of the calibration procedure, i.e. the source position farthest from
the GEM plane (see Section [4.2.2)). All dates correspond to 2023.

Dataset Run range Date range Effective Exposure [h]
Stability 25486-25772 Sept. 26-29 10.5

Bkg calibration 27512 Oct. 9 -

Bkg 27322-27844 Oct. 7-10 56.6

AmBe pl 23820-23984 Aug. 2-3 16.9

AmBe p2 24023-24328 Aug. 34 31.0

AmBe + Fe 2398824022 Aug. 3 2.1

7.2.1 Data normalization

Previous analyses normalized data by dividing by the number of acquired images during the
considered run range. While this provides a reasonable rate estimate, consistent execution
requires normalizing to the actual exposure time, computed by extracting start and stop
times of each run from the SQL database logbook. Pedestal and daily calibration runs are
excluded from this calculation, yielding the "effective exposure" reported in Table [7.1]

7.2.2 Light yield stability and calibration

The humidity level within the detector decreased slowly throughout the AmBe data acquisi-
tion period. Since humidity variations manifest as light yield variations, this pre-processing
aims to quantitatively establish the relationship between light yield and humidity to correct
sc_integral for this effect, while simultaneously enabling proper ADU to keV calibration.

The procedure consists of the following steps. First, the °Fe peak position is fitted
run-by-run in the Stability dataset (Table to extract the light yield as a function
of humidity. Assuming a linear relationship, the light yield dependence on humidity is
modeled with a linear fit. The resulting fit parameters are then used to derive a correction
factor for each humidity value, which is applied to equalize the light yield across different
runs. Finally, the signal is converted from ADU to keV by scaling it to the known 5.9 keV
%5Fe peak energy. Figure (left) shows the measured dependence of the light yield on
humidity before correction, while Figure (right) demonstrates that this dependence is
successfully flattened after applying the calibration, as expected.
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Figure 7.8: Summary of the calibration procedure (left) and calibration verification (right)
performed on the Stability dataset.

Figure [7.9] presents the comparison between raw and fully pre-processed energy dis-
tributions for AmBe and Bkg datasets, demonstrating the effectiveness of the complete
pre-processing pipeline.

Bkg Bkg
AmBe AmBe
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Energy [keV] Energy [keV]

(a) Raw energy spectra for the Bkg and AmBe  (b) Energy spectra after full preprocessing for
datasets. the Bkg and AmBe datasets.

Figure 7.9: Comparison between energy spectra before and after preprocessing: (a) raw
spectra, directly obtained from the detector readout; (b) fully pre-processed spectra, after
the application of baseline correction, noise suppression, and event selection.

7.3 Monte Carlo simulation of the AmBe neutron source

This section presents the Monte Carlo simulation framework developed to model the AmBe
neutron data taken during RUN 3. The simulation chain integrates Geant4 for parti-
cle transport, digitization to reproduce detector response, and reconstruction algorithms
identical to those applied to real data. This comprehensive approach enables a detailed
understanding of the detector’s response to neutron interactions and provides the ideal en-
vironment to develop tools for discriminating between electron recoils and nuclear recoils.

7.3.1 Simulation setup and event generation

The Monte Carlo simulation employs Geant4 to model the complete detector geometry and
particle interactions. A total of 3.5 - 10° neutrons were generated from the AmBe source,
with the neutron energy spectrum following the characteristic distribution spanning from
0 to 11 MeV as previously discussed. The simulation incorporates the quenching factor to
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account for the reduced ionization yield of nuclear recoils compared to electron recoils of
equivalent energy.

The simulation pipeline consists of three main stages. First, the Geant4 simulation gen-
erates primary neutrons from the AmBe source and tracks all secondary particles through
the detector geometry, including interactions in the gas volume, PMMA vessel, and copper
shielding. Second, the digitization step converts Geant4 energy deposits into 2D images
(Chapter [5)), replicating the RUN 3 data acquisition conditions. Finally, the reconstruction
applies the same clustering and track algorithms used for experimental data analysis.

Of the 3.5-10° generated neutrons, only approximately 10% events produce measurable
energy deposits in the gas volume. This low interaction rate reflects both the geometrical
acceptance and the cross-section of neutron interactions. A crucial observation from the
simulation results is that more than a half of the events generating a signal are actually ERs
rather than NRs. These ER events originate from neutrons interacting with the PMMA
vessel and copper shielding, producing photons and electrons that subsequently deposit
energy in the sensitive volume.

7.3.2 Truth-level matching procedure

Currently, the information about the so-called Monte Carlo truth (i.e. particle type and
values of the kinematic variables) is not saved with each cluster by the reconstruction
algorithms. In fact, the clustering algorithm could cut tracks or join them, and this makes
it more difficult to match the information of reconstructed tracks with the Monte Carlo
truth information. Therefore, there is a need for a systematic matching procedure to
associate reconstructed clusters with Monte Carlo tracks. The matching algorithm begins
by computing the barycenter position in the (z,y) plane for each reconstructed cluster.
For the corresponding Geant4 event, all particle hits in the gas volume are extracted and
grouped by track ID. For each unique track ID in the Geant4 output, the (z,y) position
of the barycenter is calculated using all hits belonging to that track. The reconstructed
barycenter is then compared with all Monte Carlo barycenters within the same event, and
a match is assigned to the closest MC barycenter if the distance is below a predefined
threshold.

To establish an appropriate threshold, we analyzed the distribution of the barycenter
distances. Figure presents the distribution of differences between Monte Carlo truth
and reconstructed positions for both x and y coordinates. The analysis was restricted
to events containing a single track at the Geant4 level and a single high-density cluster
(density > 20) in the reconstruction, ensuring clean, unambiguous matches.

The distributions are sharply peaked around zero, with standard deviations of approx-
imately 17 mm in « and 13 mm in y. On this basis, a matching threshold of 10 mm was
chosen.

After a successful matching, the complete Monte Carlo truth information becomes
available for each reconstructed cluster. This includes the particle type, the true energies
of both the neutron and the recoiling nucleus, and the interaction vertex position. Such
truth-level information enables detailed studies of the reconstruction performance and pro-
vides the labels required for training supervised machine learning algorithms to distinguish
between ER and NR events.

Reconstructed clusters were classified into four categories based on the interacting
particle. Electron recoils, induced by electrons, positrons, or photons, constitute the largest
category with 6890 events. Nuclear recoils are subdivided by target nucleus: helium recoils
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Figure 7.10: Spatial differences between Monte Carlo truth and reconstructed positions.
The left panel shows the z-coordinate difference with a mean of —0.03 mm and a standard
deviation of 16.79 mm. The right panel shows the y-coordinate difference with a mean of
0.05 mm and a standard deviation of 12.84 mm.

account for 831 events, carbon recoils for 546 events, and fluorine recoils for 3004 events.
The prevalence of fluorine recoils reflects the CF4 gas composition and higher mass of
fluorine as discussed in Sec. B.1.1]

7.3.3 Reconstructed observables by particle type

The distributions of key reconstructed variables for each particle type provide insight into
the characteristic signatures that enable discrimination. These observables span energy
deposition, spatial extent, and track morphology, collectively forming a multi-dimensional
feature space where different particle types occupy distinct regions.

Figure presents the distribution of sc_integral, which represents the total inte-
grated light collected by the camera and serves as a proxy for deposited energy. Electron
recoils dominate at higher sc_integral values, with the distribution extending beyond
250000 ADU, while nuclear recoils concentrate at lower values due to the quenching of
ionization for heavily ionizing particles.

Beyond the deposited energy, the spatial morphology of tracks provides powerful dis-
crimination between ER and NR events. The slimness parameter, defined as the ratio
sc_length/sc_width and shown in Figure quantifies the degree of track elongation
in a dimensionless form. Electron recoils typically produce elongated, filament-like tracks,
resulting in slimness values that extend to significantly higher ranges. In contrast, nuclear
recoils yield predominantly compact, spot-like clusters with slimness values concentrated
near unity, reflecting their short range in the gas. The overall distribution thus features
a broad tail for ER and a narrow peak around one for NR, making slimness an effective
parameter for event-type discrimination.

The track density parameter p, defined as sc_rms/sc_nhits and shown in Figure
quantifies the compactness of charge deposition along a track. Lower p values correspond
to more diffuse, discontinuous ionization patterns typical of elongated, low-density tracks,
while higher p values indicate denser and more localized charge deposition. Electron recoils
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Figure 7.11: Distribution of sc_integral (total integrated charge) for different particle
types. (a) Absolute distributions showing that ER events dominate at higher values, while
nuclear recoils concentrate at lower integral values due to quenching effects. (b) Normalized
distributions revealing the relative spectral shapes for each particle type.
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Figure 7.12: Slimness distribution (sc_length/sc_width) for different particle types. NR
events produce predominantly spot-like signatures (slimness ~ 1), while ER events generate
elongated tracks with higher slimness values.

populate the lower end of the p distribution, generally below 0.01, consistent with their
sparse and irregular energy deposition along extended tracks. In contrast, nuclear recoils
exhibit higher p values, reflecting their dense and continuous ionization over shorter path
lengths.

The composite morphology parameter 7, defined as sc_ width x sc_length x p com-
bines geometric and density information into a single discriminant variable. This parameter
effectively captures the overall “volume” occupied by the ionization track in a generalized
sense, providing an integrated measure of track morphology. The resulting distributions
for different event types are illustrated in Figure

Additional observables provide complementary information about track characteristics.
Figure shows the distribution of sc_density, defined as sc_integral/sc_nhits,
which represents the average charge collected per hit pixel. This quantity differs from
p in that it directly measures charge deposition rather than spatial spread. While electron
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Figure 7.13: Track parameter p (sc_rms/sc_nhits) distributions. NR events cluster at

low p values (compact spots), while ER events extend to higher p values reflecting more
distributed ionization.
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Figure 7.14: Composite morphology parameter n combining width, length, and density.

recoils show a sharp peak at low density values, nuclear recoils exhibit much broader
distributions extending to higher densities. This reflects the higher specific ionization
(dE/dx) characteristic of slow, heavy particles, which deposit more energy per unit length
compared to minimum-ionizing electrons.

Track length, measured in pixels and displayed in Figure [7.16] directly quantifies the
maximum extent of the track. This observable is particularly effective at distinguishing
particle types because it closely relates to the physical range of the particle in the gas. The
distinct length scales for different particle types reflect their characteristic ranges in the
CF4:He gas mixture, mainly determined by their mass.



CHAPTER 7. VALIDATION OF NUCLEAR RECOIL SIMULATION WITH AMBE SOURCE DATA 142

ER (N=6890)
NR He (N=831)
[T NR G (N=546)
-~ NRF (N=3004)

10°

I I|l|l|||

Numero di cluster

10?

I IIIIIII|

10

N~

—_
X
=

ST

=

X

VATAVAVAVATAVVAY,

2

i
10 20 30 40 50 60 70 80
sc_density = sc_integral / sc_nhits

K

}
s

BX

o

Figure 7.15: Distribution of sc_density (sc_integral/sc_nhits), representing the aver-
age light per hit. Nuclear recoils show broader distributions reflecting variable ionization
density along the track.
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Figure 7.16: Track length distributions measured in pixels. The distinct length scales for
different particle types reflect their characteristic ranges in the CF4:He gas mixture.

7.3.4 Two-dimensional feature space analysis

While one-dimensional distributions reveal important differences between particle types,
visualization in two-dimensional feature space provides deeper insight into the structure
of the data. Figure [7.I7] presents the correlation between sc_density and sc_energy
(integral after °Fe calibration), with color indicating the true kinetic energy from Monte
Carlo truth. This representation reveals how NRs naturally cluster in the joint distribution
of these two variables. The region of interest for CYGNO studies, corresponding to nuclear
recoil energies of a few tens of keV (blue-green), lies in the low-density regime, typically
below about 20 ADU /pixel.
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Figure 7.17: Two-dimensional distribution of sc_density versus sc_energy for NRs, with
color indicating the true kinetic energy from Monte Carlo truth. Left panel: carbon recoils;
center panel: fluorine recoils; right panel: helium recoils.

7.4 Data and Monte Carlo comparison

A comparison between experimental data and Monte Carlo predictions is essential to val-
idate the simulation’s fidelity and assess its predictive power. This section presents a
systematic data/MC comparison.

7.4.1 Normalization to experimental exposure

A proper normalization procedure is essential to enable quantitative comparison between
Monte Carlo simulation and experimental data. The comparison strategy involves three
distinct datasets: experimental data acquired with the AmBe neutron source, experimental
background data acquired without the source, and simulated AmBe events. To obtain
meaningful results, these three components must be normalized coherently to represent
the same exposure conditions.

The approach adopted in this analysis is to fix the exposure time based on the experi-
mental AmBe dataset. The background is normalized by sampling from the experimental
background dataset the same number of images as in the corresponding AmBe dataset.
This procedure ensures that both the AmBe data and the background data represent iden-
tical acquisition periods, naturally accounting for contributions from natural radioactivity,
cosmic rays, and detector noise at the same statistical level. The Monte Carlo simulation
must then be scaled to reproduce the equivalent neutron exposure for the same time period.

The normalization of the simulated AmBe events is based on the trigger rates mea-
sured during RUN 3. Without the AmBe source, the trigger rate was 1.6 Hz, reflecting
background activity from natural radioactivity, cosmic rays, and detector noise. With the
AmBe source installed, the rate increased to 1.8 Hz. The net excess of 0.2 Hz corresponds
to neutron-induced events, as gamma contributions from the AmBe source are negligible
compared to the natural background.

The AmBe source emits approximately 200 neutrons/s over the full 47 solid angle. The
measured event rate of 0.2 Hz corresponds to a global detection efficiency of 0.1%, which
already includes the geometrical acceptance of the detector with respect to the source
position. Geant4 simulations indicate an interaction efficiency of 0.3%. The ratio between
the measured efficiency and the simulated interaction efficiency yields a DAQ efficiency of
about 33%, accounting for trigger-logic inefficiencies and reconstruction failures. This is
the only factor we do not account for in the simulation.

1
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Therefore, to simulate one hour of AmBe exposure matching RUN 3 conditions, the
required number of generated neutrons is:

Nyeutrons = 3600s x 200n/s x 0.33 = 237600 neutrons.

This prescription enables straightforward scaling to arbitrary exposure times and ensures
that the simulated AmBe events, when combined with the experimental background im-
ages, can be directly compared to the experimental AmBe dataset under equivalent expo-
sure conditions.

Figure [7.18] provides a first qualitative validation comparing simulated events with
RUN 3 experimental data in the sc_ density versus sc_energy plane.
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Figure 7.18: Comparison of simulated events with RUN 3 experimental data. Top left: real
background data only. Top right: AmBe simulation only. Bottom left: real AmBe data.
Bottom right: combined view where the AmBe contribution is taken from simulation and
the background contribution is taken from experimental data.

The comparison reveals qualitative agreement between simulation and data, with the
bottom panels showing similar features. A key observation emerges from examining the
nuclear recoil (NR) region, the characteristic band structure at high density and low energy,
already observed in Figure This feature is notably absent in the background-only
data (top left), while it is clearly populated in both the AmBe experimental data (bottom
left) and the combined simulation (bottom right). It should be noted that the shape
of this band is slightly different in the two cases, suggesting an imperfect prediction of
some track shape variables, as will be detailed in the next sections. The presence of
this NR-specific signature in the simulated AmBe events demonstrates that the Monte
Carlo framework successfully reproduces the detector response to neutron-induced nuclear
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recoils. The combined simulation panel appropriately captures the mixing of signal and
background contributions when compared with the experimental AmBe dataset.

7.4.2 Selection criteria and analysis regions

Without appropriate selection criteria, the relatively rare NR events would be overwhelmed
by the dominant ER background population. Therefore, to enable a meaningful comparison
between simulation and data and to evaluate the Monte Carlo performance under different
signal conditions, it is necessary to define selection strategies that progressively isolate the
NR population while controlling the level of ER contamination.

To assess simulation performance across varying signal (NR) purities, three distinct
selection strategies were employed, progressively isolating nuclear recoil populations while
accepting different levels of electron recoil contamination. The selection criteria were de-
veloped based on the Monte Carlo truth analysis presented in Figures

The baseline selection applies minimal requirements to select genuine tracks, based
on the track-shape variables defined in Section : (i) sc_length > 25 pixels, to re-
ject very short clusters that are likely noise artifacts rather than particle tracks; (ii)
sc_tgausssigma > 0.5mm, to exclude point-like sensor noise that does not exhibit the
Gaussian transverse profile expected from a genuine ionisation track; and (iii) radial dis-
tance from detector centre < 800 pixels, to reject border tracks affected by optical distor-
tions and incomplete light collection. This represents the most inclusive sample without
bias toward specific particle types, providing a complete view of the detector response to
both electron and nuclear recoils.

The NR-enriched selection introduces additional requirements derived from the fea-
ture space analysis in Figures and [7.16] which identified regions of enhanced nuclear
recoil concentration. Specifically, the requirement p > 0.01 exploits the observation that
nuclear recoils preferentially populate the higher track density region, as evident in the
p distributions where NR and ER populations show clear separation above this thresh-
old. The sc_length < 200 pixels cut removes very long tracks, which the Monte Carlo
truth analysis revealed to be predominantly electron recoils, particularly at higher energies.
Together, these cuts substantially enhance the nuclear recoil fraction while maintaining rea-
sonable efficiency: approximately 99% of NR events are retained while rejecting 83% of
the ER background, targeting the region of feature space where NR dominance begins but
ER contamination remains non-negligible.

The high-purity NR selection adds a stringent requirement on sc_density (> 25),
directly motivated by the sc_density versus sc_energy distributions shown in Figure[7.15]
This threshold was chosen based on the observation that above this density value, the
Monte Carlo truth population becomes almost exclusively nuclear recoils, with minimal
electron recoil overlap even at low energies. This selection successfully rejects more than
99% of ER contamination, achieving excellent purity. However, this comes at the cost
of significantly reduced efficiency (approximately 50% of NR events are retained), with
particular losses among low-density nuclear recoils that fall below the threshold. Despite
the efficiency penalty, this selection provides a clean sample for validation where nuclear
recoil identification is most straightforward.

These three selections thus span a range from maximum inclusivity (baseline) to max-
imum purity (high-purity NR), enabling validation of the simulation under different con-
ditions and assessment of how well the feature space separation observed in Monte Carlo
truth translates to real data.
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Figure[7.19 demonstrates the impact of these selections on simulated event populations
in the sc_density versus sc_energy plane.
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Figure 7.19: Effect of the three selection strategies on Monte Carlo events in sc_density
versus sc_energy space. Left: baseline selection. Center: NR-enriched selection. Right:
high-purity NR selection. Color coding indicates particle type from Monte Carlo truth.

7.4.3 Quantitative data/MC comparison across observables

The Monte Carlo prediction consists of simulated AmBe-induced events (both ER and
NR) normalized according to the procedure described previously, plus real background
data from RUN 3. The experimental AmBe data serves as validation target.

Figure [7.20] presents the calibrated energy distributions for the three selections. Top
panels show stacked histograms comparing data (black points) against Monte Carlo
(stacked colored regions: electron recoils in blue, nuclear recoils in yellow /green /magenta
for helium/carbon/fluorine). Bottom panels display data/MC ratios.
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Figure 7.20: Energy spectrum comparison between data and Monte Carlo for the three
selections. Left: baseline. Center: NR-enriched. Right: high-purity NR. Top panels show
stacked distributions with data overlaid. Bottom panels show data/MC ratios centered at
unity (red dashed line).

For the baseline selection, the agreement is quite good from 10 to 100 keV, with
data/MC ratios around unity. The Monte Carlo slightly underestimates data below 10 keV,
suggesting incomplete modeling of low-energy backgrounds or reconstruction efficiency dif-
ferences.

The NR-enriched selection reveals larger discrepancies above 20 keV where NRs become
more abundant.

The high-purity NR selection shows the most significant discrepancies. The simulation
substantially underpredicts observed data below 20 keV while showing better agreement
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above 50 keV, suggesting underestimation of either production

ciency of high-density nuclear recoils.
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Figure shows the number of hit pixels per cluster.
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Figure 7.21: Comparison of sc_nhits distributions between data and Monte Carlo for the
three selections.

For the baseline selection, the data/MC ratio fluctuates around unity in the core but

falls below 1.0 at very high nhits, indicating that the simulation overproduces the longest
tracks.

The NR-enriched selection shows degraded agreement, with data/MC close to unity
only for nhits < 1500. Beyond this threshold, systematic underprediction suggests the
selection retains events where simulation performance is less reliable.

For high-purity NR selection, the agreement worsens, although the overall shape re-
mains consistent. The MC distribution appears to be shifted towards slightly lower values,
which could also account for the discrepancies already observed in the discussion of Fig-

ure [(. 18
Figure presents the root-mean-square of pixel values, serving as a proxy for track
density.
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Figure 7.22: Comparison of sc_rms distributions between data and Monte Carlo for the
three selections.

With the baseline selection, the simulation reproduces the shape of the RMS distribu-

tion remarkably well, with peaks around 10 and 50 pixels matching closely. The data/MC
ratio remains near unity except around sc_rms = 20 pixels, where the simulation highly

underpredicts the observed rate.
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The NR-enriched and high-purity selections show similar behavior, with good shape
agreement but persistent normalization deficits affecting all RMS bins proportionally.

Figure displays p = sc_rms/sc_nhits, a density-like measure highly effective for
ER/NR discrimination.

@
% % Data (Amge) ‘g 4 Data (AmBe) § 4 Data (AmBe)
& WRE & [ NR () I 5 ENRE
[ TGS [ LG 10 MR
[INR (He) [INR (He) [CINR (He)

[ &R (Bkg+MC)

(I ER (Bkg+MC)

[ ER (Bkg+MC)

PR, 3

Data/MC
}
[,..
Data/MC
Data/MC

E gt [l E 1.7 E
1 L e | E— s gt 1E
0sc o 'H‘IT_}_ I 0st +++T 0sE t ___.___(,_,_{_.

oC , s " oL L , ,
0.01 002 003 004 005 006 007 0.08 009 0.1 0.01 002 003 004 005 006 007 008 009 0.1

0.01 0.02 0.03 004 005 006 007 008 009 0.1

p [RMS/hits] p [RMS/hits] p [RMS/hits]

Figure 7.23: Comparison of track density parameter p between data and Monte Carlo for
the three selections.

The baseline selection reveals one of the most significant discrepancies: simulation
underpredicts data by 30-40% around p ~ 0.02, an intermediate-density regime where
both ER and NR contribute. The high-density nuclear recoil region (p > 0.05) shows good
agreement.

The NR-enriched selection maintains this deficit and the high-purity NR selection shows
reasonable shape agreement with ratios between 0.5 and 1.5.

Figure shows track length, providing direct measurement of maximum linear ex-
tent.
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Figure 7.24: Comparison of sc_length distributions between data and Monte Carlo for
the three selections.

For baseline selection, the simulation reproduces the distribution remarkably well, with
the characteristic peak around 40-50 pixels matching closely. Data/MC ratio hovers around
1.0-1.1 across most length scales.

The NR-enriched selection maintains good agreement below 100 pixels. The high-
purity NR selection shows correct shape modeling, with the data/MC ratio oscillating
around unity.

It is worth noting that the track length is not affected by gain-saturation effects and
should therefore be one of the most reliably reproduced features.
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7.4.3.1 Discussion of data/MC discrepancies

The quantitative comparisons presented above reveal both strengths and limitations of the
current simulation framework. While the overall agreement is encouraging (particularly
for variables like sc_length and sc_rms where shape agreement is excellent), systematic
discrepancies emerge that require careful consideration.

Environmental parameter variations A primary source of data/MC disagreement
likely stems from environmental conditions that varied during data acquisition but remain
fixed in the simulation. Gas pressure fluctuations, for instance, directly affect electron drift
properties and recombination rates, influencing both the total light yield (sc_integral)
and the spatial characteristics of ionization clouds. While humidity variations were identi-
fied and corrected during preprocessing (Section , other environmental factors such as
gas purity and pressure were not accounted for.

The impact of these variations manifests differently across observables. For
sc_integral-dependent quantities like sc_density and sc_energy, systematic shifts
in light yield directly translate to the observed discrepancies, particularly visible in the
energy spectrum comparisons where the simulation tends to underpredict low-energy
events. For morphological variables like p, environmental variations affect gas diffusion
properties, potentially explaining the observed differences.

Introducing an event-by-event smearing to mimic environmental parameter fluctuations
could improve agreement. This approach would effectively broaden the simulated distri-
butions to match the natural spread observed in data, particularly for variables sensitive
to gas conditions.

Simulation framework limitations The current simulation employs the same digiti-
zation framework validated against °Fe electron recoil data (Chapters [5| and @ While
this framework successfully reproduces electron recoil characteristics at 5.9 keV, the AmBe
data span a much broader range of energies (up to 1 MeV) and include nuclear recoils with
fundamentally different ionization patterns. The digitization code described in Chapter
approximates certain physical processes rather than treating each particle interaction with
the full detail of Geant4. This approximation becomes more critical for nuclear recoils,
where ionization densities are higher.

Implications and outlook Despite these limitations, the level of agreement achieved is
remarkable considering the complexity of the physical processes involved and the diversity
of particle types, energies, and track morphologies present in the AmBe data. The sim-
ulation successfully reproduces the main features of the data across multiple observables
and selection regimes, demonstrating qualitatively correct modeling of both electron and
nuclear recoils.

This validation establishes confidence in using the Monte Carlo framework for several
applications. Most importantly, the simulation provides a labeled dataset with particle-
type truth information, precisely what is needed to develop and train multivariate dis-
crimination algorithms. The qualitative agreement in feature space distributions, evident
in the sc_density versus sc_energy comparisons, ensures that a machine learning model
trained on simulation will learn decision boundaries that are physically meaningful and
transferable to real data.
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Future refinements could include systematic studies of environmental parameter corre-
lations in the data, development of data-driven corrections for reconstruction efficiency as
a function of track properties, and potential retuning of digitization parameters to better
match the AmBe dataset.



Conclusions

The search for dark matter represents one of the most compelling challenges in contem-
porary physics. As discussed in Chapter 1, overwhelming astrophysical and cosmological
evidence points to the existence of a non-luminous matter component constituting approxi-
mately 84% of the total matter in the Universe. Among the theoretical candidates proposed
to explain this dark matter, Weakly Interacting Massive Particles (WIMPs) have received
particular attention, also because their predicted interactions with ordinary matter could
produce detectable nuclear recoils in terrestrial experiments.

The CYGNO experiment pursues a directional approach to dark matter detection using
a gaseous Time Projection Chamber (TPC) with optical readout, as described in Chapter
The detector employs a He:CF4 gas mixture at atmospheric pressure, combining sensitivity
to both spin-independent and spin-dependent WIMP-nucleon interactions through the
helium and fluorine content. The LIME prototype, the largest detector within the CYGNO
development program featuring a 50-liter active volume, has been extensively characterized
both at the Laboratori Nazionali di Frascati (LNF) and at the Laboratori Nazionali del
Gran Sasso (LNGS), as detailed in Chapter

A crucial requirement for rare event searches is the capability to accurately simulate the
detector response to different particle interactions. This thesis has presented the develop-
ment, optimization, and comprehensive validation of a Monte Carlo simulation framework
for the CYGNO/LIME detector, demonstrating its capability to reproduce both electron
recoil (ER) and nuclear recoil (NR) signatures with sufficient accuracy to enable discrimi-
nation between signal and background events.

Monte Carlo Simulation Framework

The simulation framework developed in this work, described in Chapter [5] consists of two
main components. The first employs Geant4d to model particle interactions within the
He:CF4 gas mixture, generating detailed three-dimensional tracks with energy deposition
information. For nuclear recoils, the simulation incorporates quenching factor corrections
to account for the reduced ionization yield of recoiling nuclei compared to electrons, using
parameters determined through SRIM simulations for helium, carbon, and fluorine recoils.

The second component is a comprehensive digitization algorithm that transforms
Geant4 energy deposits into detector signals. This algorithm sequentially models all
physical processes occurring in the actual detector: primary electron production, drift
and diffusion in the gas volume, electron multiplication through the triple-GEM stack
including gain fluctuations and saturation effects, scintillation light production, and
finally the optical detection by the sSCMOS camera system (Section [5.2)). The GEM gain
saturation model, detailed in Section proved particularly important for accurately
reproducing the detector response across the full energy range of interest.

151
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Optimization and Validation with Electron Recoils

The simulation parameters were systematically optimized through detailed comparison
with experimental data from °Fe calibration measurements at LNGS, as presented in
Chapter [6] This optimization employed a simultaneous fit of the light integral as a func-
tion of both GEM voltage and drift distance, enabling the extraction of key parameters
governing electron attenuation during drift (A\) and GEM amplification behavior (a). A
dedicated low-density correction procedure was developed to account for systematic un-
derestimation of track light yield in the low signal-to-noise regime.

The validation campaign demonstrated excellent agreement between simulation and
experimental data across multiple observables. Energy linearity and resolution were repro-
duced within a few percent accuracy over the 3-45 keV range tested with various X-ray
sources. Track shape variables, including length, width, and Gaussian profile parameters,
showed consistent agreement between data and Monte Carlo predictions. Moreover, the
simulation correctly captured the dependence of detector response on both GEM voltage
and drift distance, validating the physical modeling of amplification and drift processes.

Stability Analysis and Environmental Effects

A comprehensive study of detector stability using daily ®°Fe calibration data revealed
significant temporal variations in detector response (Section . A phenomenological
model was developed to quantify the light collection profile as a function of drift distance,
enabling systematic monitoring of attenuation effects related to gas contamination and
environmental conditions. Strong correlations were identified between the attenuation
parameter and both humidity levels and alpha particle rates, the latter suggesting radon-
induced contamination mechanisms. These studies have been integrated into real-time
monitoring systems and have informed operational mitigation strategies.

Validation with Nuclear Recoils

The ultimate validation of the simulation framework was achieved through comparison
with AmBe neutron source data, as presented in Chapter [7] The AmBe source provides
nuclear recoils that mimic the expected WIMP signatures, making it an ideal calibra-
tion tool for dark matter search experiments. The Monte Carlo study first validated the
fundamental physics of neutron scattering in the detector medium, with theoretical pre-
dictions for neutron interaction probabilities showing excellent agreement with Geant4
results: fluorine-dominated interactions at approximately 75%, followed by carbon at 14%
and helium at 10%.

Quantitative data/MC comparisons demonstrated the simulation’s capability to repro-
duce the main features of AmBe data. Energy spectra showed good agreement in the
10-100 keV range with data/MC ratios around unity, while track morphology parameters
including length, number of hits, and RMS were well reproduced. The track density param-
eter p and the composite morphology parameter 1 showed qualitatively correct separation
between ER and NR populations, confirming that the simulation captures the essential
topological differences between the two interaction types. The two-dimensional feature
space analysis revealed that electron and nuclear recoil events occupy largely distinct re-
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gions, with the characteristic NR band structure at high density and low energy being
successfully reproduced.

Conclusions and Outlook

This work has demonstrated the development and comprehensive validation of a Monte
Carlo simulation framework for the CYGNO /LIME detector. The framework successfully
reproduces both electron and nuclear recoil signatures with accuracy sufficient for physics
studies, background estimation, and development of discrimination algorithms.

The level of agreement achieved between simulation and data, despite the complexity
of the physical processes involved and the diversity of particle types, energies, and track
morphologies, establishes confidence in using the Monte Carlo framework for several crit-
ical applications in the CYGNO experimental program. Future refinements could include
systematic studies of environmental parameter correlations, development of data-driven
corrections for reconstruction efficiency, and potential retuning of digitization parameters
for specific energy ranges. However, for the primary objectives of understanding detector
response and developing efficient ER/NR discrimination, essential requirements for a com-
petitive dark matter search, the current simulation fidelity has been demonstrated to be
sufficient.

The tools and methodologies developed in this work represent essential building blocks
for the next phases of the CYGNO experiment, paving the way toward the construction of
CYGNO 04 and ultimately CYGNO 30, which aims to probe unexplored regions of the
dark matter parameter space through directional detection in a 30 m? scale detector.
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