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Abstract

Since its theoretical proposal by Fritz Zwicky in 1933, to account for unseen mass in
the Coma cluster of galaxies, dark matter and its gravitational effects have been dis-
covered in several independent astrophysical and cosmological observations. In the
past decades, significant progress has been made in both the experimental search
and in the theoretical modelling of this new kind of matter.

No evidence of non-gravitational interactions of dark matter has been observed so far,
despite they are motivated to reproduce its observed abundance in the universe. For
this reason, the search for such interactions has rapidly become a growing field of re-
search, and therefore numerous dedicated experiments have been developed.

In this thesis, we investigate the use of IceCube and, more generally, of neutrino detec-
tors, as direct detectors of sub-GeV dark matter. The dark matter candidate considered
in this work is hadrophilic light dark matter, a new particle that interacts with Stan-
dard Model hadrons. Under this assumption, a high-speed component of the galactic
dark matter flux arises from its upscattering by cosmic rays, peaking in the GeV energy
range. Neutrino telescopes such as IceCube are sensitive to these energies and can
therefore be used to place constraints on the parameters of the model, such as the
dark matter mass and its coupling to ordinary matter. While similar studies have been
conducted with other neutrino experiments, such as Super-Kamiokande, this work
represents the first analysis of this type performed with IceCube data.

Although this is a first investigation based on public data, we show that competitive
results can already be achieved in the relevant parameter space. This confirms the
potential of IceCube and other neutrino telescopes in probing sub-GeV dark matter
and paves the way for more dedicated analyses in the future.
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CHAPTER 1

Motivations of this study

In the past decades, astrophysical and cosmological observations have established the
existence of a new form of matter, different from ordinary matter, which is not lumi-
nous and is therefore known as "dark matter”.

Planck satellite observations [1] have revealed that dark matter is around 27% of the
energy density of the Universe, and is five times denser than the normal baryonic mat-
ter that fills only about 5%. Combined with dark energy (~ 68%), these three are the
major constituents of the Universe today.

This new form of matter, unforeseen by the Standard Model, is an evident indicator
of the need for new physics. Dark matter adds to a list of compelling open questions
such as the origin of neutrino masses, the baryon asymmetry of the Universe, and the
strong CP problem, which signal that the Standard Model, although successful, is not
complete ([2], [3]).

The existence of Dark Matter is known only from its gravitational effects, while all other
potential interactions of this mysterious element of the universe are beyond our cur-
rent knowledge. Thus, the study of DM non-gravitational impacts is a growing field of
research, leading to numerous specialized experiments.

Amongst these experiments, the Direct Detection ones attempt to observe the DM
scattering on a Standard Model particle, observed through the target recoil energy re-
construction.

Astrophysical and cosmological data tell us that the galactic component of DM is non-
relativistic (v ~ 1072 within the Milky Way halo); therefore, sub-GeV DM produces
nuclear recoil energies below O (keV). Current DD experiments, which are sensitive
to keV-scale recoil energies, become insensitive to sub-GeV DM masses very rapidly.
By constructing new experimental techniques, these experiments could become sen-
sitive to these very low recoil energies; moreover, different approaches can be used,
as the Dark Matter Direct Detection using Neutrino Telescopes, as presented in this
thesis.

This study starts from a general assumption of the scattering between Standard Model

and Dark Matter particles, as for all Direct Detection experiments. With this simple

hypothesis and as first pointed out in Refs. [4] and [5], a higher-speed component of
1
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the DM halo flux arises, because of the upscattering of galactic Dark Matter by Cos-
mic Rays, peaking in the GeV energy range. This upscattered light Dark Matter might
induce observable recoils in huge-volume detectors, overcoming the current Direct
Detection experiments’ sensitivity loss.

Neutrino telescopes like Super-Kamiokande are sensitive to such energies and have al-
ready been used as Dark Matter detectors, setting world-leading limits, as described in
Refs. [4] and [6]. Higher-energy telescopes like, for instance, IceCube are sensitive to
such energies as well and are perhaps even more promising, given their larger volume.

My thesis attempts to understand how IceCube and, more broadly, large neutrino tele-
scopes can be exploited for sub-GeV Dark Matter detection. This is a first attempt at
using lceCube as a sub-GeV Dark Matter Direct Detector. Note that instead it has al-
ready been used for Indirect Searches, which aim to detect neutrinos that arise from
annihilations of heavier Dark Matter, that take place outside the detector.

This thesis is organized as follows. Chapter [2 describes the main evidence we have
nowadays regarding Dark Matter, the properties inferred from its gravitational interac-
tions, and the state of experiments looking for its non-gravitational interactions with
the Standard Model particles. Chapter [3| provides an introduction to neutrino tele-
scopes, such as neutrino phenomenology in the detectors, and a description of the
Cherenkov effect by which we observe the neutrino signature in the detector. Finally,
in Chapter [4, | provide a short overview of IceCube, looking in particular at the lead-
ing background sources and two selection criteria used to discriminate between signal
and background. Then, in Chapter|5, the model employed for this analysis is described:
a light hadrophilic Dark Matter particle that interacts with Standard Matter via a scalar
or pseudoscalar mediator. This chapter also presents the analysis technique, which is
based on a minus-log-likelihood test statistic. Finally, Chapter|6/includes the key find-
ings of this analysis, as well as some hints that can be useful for a future, and more
precise, study.



CHAPTER 2

What do we know about Dark Matter?

Significant progress has been made in the dark matter searches over the past decades.
Thanks to observations of gravitational DM-SM interactions, some dark matter prop-
erties have been understood. However, a large portion of the dark matter generalities
remains unexplored, particularly regarding possible non-gravitational DM-SM inter-
actions.

In this Chapter, | present the key aspects of what we currently know about dark matter.
In Section | introduce the observational evidence for the Dark Matter existence;
in Section 2.2} | describe its main properties. Continuing with Section [2.3] the main
Dark Matter density distributions are shown. Then, in Section|2.4, | present the most
promising Dark Matter candidates, and in Section 2.5} some of the most famous pro-
duction mechanisms of sub-GeV Dark Matter. Finally, in Section[2.6, an overview about
laboratory searches of sub-GeV Dark Matter is introduced.

2.1 Evidence for Dark Matter

All the proofs for the DM existence derive from its gravitational effects. In contrast, no
evidence based on some other DM effects, not due to gravitational interaction, has
been discovered up to now [7]. These gravitational observations come from a wide
range of astronomical scales, from the typical size of a small galaxy (a few kiloparsecs)
to the size of the observable Universe [8].

In the following, | categorize the observations according to the length-scale, starting
from spiral galaxies, continuing with galaxy clusters, and concluding with cosmological
scales.

2.1.1 Evidences from the Galactic scale

Starting from the smallest scale considered, the galactic scale, the most notable ob-
servations that come from these distances are the rotation curves of both spiral and
dwarf galaxies.
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Rotation curves of Spiral Galaxies

The circular velocity profile of the stars and gas in a galaxy, so-called galaxy’s rotation
curve, as a function of their distance from the galactic center, played a particularly
important role in the DM discovery. Under some reasonable simplifying assumptions,
it is possible to infer the mass distribution of galaxies from their rotation curves [9].
Historically, it was the observation of approximately flat rotation curves at very large
galactocentric distances that convinced the scientific community that large amounts
of a new kind of matter, different from the ordinary one, is present in the outer regions
of galaxies [7].

The studies on these rotation curves started in the XX century and rapidly developed
until the 1960s, when Kent Ford and Vera Rubin observed the M31 rotation curve, the
first ever observed [10].

These rotation curves can be derived using several methods. One approach involves
observing the absorption lines in the optical spectra of stars, which shift, due to the
Doppler effect, when the stars move relative to the observer; by measuring these
shifts, the circular velocity of the stars can be determined [11]. Alternatively, emission
lines from ionized hydrogen and neutral hydrogen can be used. Stellar spectroscopy
mainly probes the inner regions of galaxies, ionized hydrogen traces the detailed kine-
matics of the disk, and neutral hydrogen observations allow the rotation to be mapped
out to large radii, where the DM effects become evident [8].

According to Newton'’s law F' = ma, the relation between the circular velocity v
of a test particle of mass m and the mass M contained within a distance r from the
center is

vZ (1) _ GmM(r) N vere(r) = GM(r) ‘

2.1
r r2 r 21)

m

In spiral galaxies, the most of the visible mass is concentrated in a dense central bulge
and in the arms of the disk, which typically extend to O(10) kpcs; therefore, at large
r, all the visible mass is contained within the orbit and M (r) can be replaced by a
constant M. This implies that the velocity should follow a Keplerian decline such that
Veire (1) o< 772 7).

However, from the observations of a large sample of this kind of galaxy, we have found
that the rotation curves have a flat behaviour in r out to large distances from the galac-
tic center, as represented in Figure [2.1, This implies that, assuming the exactness of
Newton'’s law, additional invisible mass must be present to keep the galaxies compact
[12]. Withoit this additional amount of matter, galaxies would not be gravitationally
bound and they would disintegrate.

To obtain the observed constant velocity v (r), a dark matter halo is assumed, with
a mass density that should behave as p, () « 1/r? at large r; in this way M(r) =
4m [ dr'r”p,(r") = 4mr and therefore, from Equation , the dependence of Vg
on r vanishes [8].
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Figure 2.1. Rotation curve of spiral galaxy Messier 33 (yellow and blue points with error bars),
and a predicted one from the distribution of the visible matter (gray line). Credits: |Galaxy
rotation curve.

Rotation curves of Dwarf Galaxies

The same kinematics measurement discussed for the spiral galaxies can also be ap-
plied to other kinds of galaxies, as the dwarf galaxies [13].

We know that the Milky Way (MW) is surrounded by satellite galaxies, systems tied
to the main MW halo by gravitational attraction; among them, the large majority con-
sists of dwarf spheroidal galaxies (dSph). The definition of the "dwarf” has not been
universally accepted until now; in general, a dwarf galaxy has a DM-dominated mass
of around 10°M; the half-light radius ry,, defined as the radius of the circle that
contains half of the light emission from the galaxy, can be order of tents/hundreds of
parsecs. Finally, the number of stars in a dwarf galaxy can be from a dozen to several
thousand[14].

The experimental results show evidence for a larger content of DM in these systems
with respect to spiral galaxies, with mass-to-light ratio M /L of the order of 100 or
more; this value is much greater than for spiral galaxies, where usually M /L ~ 10[8].
Furthermore, because dwarf galaxies contain only a few stars and are observed to be
DM dominated, they are promising targets for DM searches, see e.g. Ref. [15].

2.1.2 Evidences from the Cluster of Galaxies scale

The clusters of galaxies are the largest gravitationally bound systems in the Universe;
they contain hundreds to thousands of galaxies and extend to several Mpc in size [8].
Because of their size, they are good probes of the average Universe.

The DM presence in galaxy clusters is generally inferred by estimating its mass from
their dynamics, governed by the gravitational effect of the system, and comparing it
with the masses estimated from their luminosity [16].

At this length scale, the most notable DM evidences come from the internal dynamics
of galaxy clusters and the gravitational lensing.
5


https://en.wikipedia.org/wiki/Galaxy_rotation_curve
https://en.wikipedia.org/wiki/Galaxy_rotation_curve

CHAPTER 2. WHAT DO WE KNOW ABOUT DARK MATTER?

Internal Dynamics of Galaxy Clusters

Fritz Zwicky was the first person to claim the DM evidence in 1933, by looking at the
velocity dispersion in the Coma cluster of galaxies [17].

His intuition was based on the virial theorem, which enables us to estimate the dy-
namical mass of a galaxy cluster.

The viral theorem relates the time-averaged kinetic energy to the time-averaged po-
tential energy < K >= —% < V' > of a bound system of interacting nonrelativistic
particles in dynamical equilibrium [18].
In a toy system with V >> 1 objects of mass m at equal distance r interacting through
gravity, this theorem allows us to determine their total mass m /N from the velocity v
of the system and its size R:

mv? 1 N?2Gm?

2 2
mN = RU.

> 22 R ~ & 22

Measuring the motion of some galaxies in the Coma cluster, Zwicky estimated its grav-
itational mass, considering a regular shape of the cluster and the galaxies in it of the
same mass. With the known luminosity from visible light of the cluster, the mass-to-
luminosity ratio for the Coma cluster was computed to be of the order of 50 times
larger than that of an individual galaxy [17].

Three years after this observation, Sinclair Smith achieved similar observations for the
Virgo cluster, which contains more elliptical galaxies, resulting in an irregular shape
and therefore in a more complicated object to study. The estimations of gravitational
mass and luminosity of the Virgo cluster also confirm the presence of invisible DM in
this cluster [19].

Gravitational Lensing on Cluster Scales

Gravitational Lensing is a phenomenon in which light bends while passing through the
vicinity of a gravitating mass gives rise to the lensing effect, a phenomenon known as
gravitational lensing. This is a direct consequence of Einstein’s general theory of rela-
tivity; light follows a curved space in the proximity of a gravitating body, giving rise to
this effect [20]. The observance of such lensing effects, without an apparent detection
of luminous mass that can cause it, could indicate therefore the presence of unseen
matter.

The gravitational lensing effect can be characterized into three categories: strong lens-
ing, where multiple images or Einstein’s rings are produced for a distant object in
the background, weak lensing, which causes distorted or deshaped images of a back-
ground object, and microlensing, where the brightness of the object in the background
of the gravitational mass appears to have increased to the observer in the foreground[18].

Today, one of the strongest evidences for the presence of DM on the length scales of
galaxy clusters comes from the observations of a pair of colliding clusters known as
the bullet cluster (catalog name: 1E0657-56), first observed in 2006 [21].

6
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This cluster has been created as a result of one of the most energetic events to have
happened in our Universe after the Big Bang, by which two giant galaxy clusters col-
lided at a distance of around 4 billion light years from the Earth. Most of the baryonic
mass in the cluster is in the form of hot gas, whose distribution can be traced through
its X-ray emission, while the distribution of the total mass, visible and dark, was inde-
pendently measured through weak lensing [18].

The special feature of the bullet cluster system is that the visible matter and DM are
spatially separated, as reported in Figure[2.2] This has been interpreted as a signature
that, in the past, the two clusters were separated systems that then collided 150 mil-
lion years ago. The analysis shows that, as a result of this collision, the smaller cluster
passed through the core of the larger. Furthermore, visible matter interacts signif-
icantly with itself, while DM experiences negligible interactions with itself and with
normal matter: the impact was so great that it caused the baryonic matter in each col-
liding cluster to displace from its respective DM halo, while the DM halos themselves
passed through each other rather unperturbed and undistorted ([8],[18],[211,[22]).
This behavior is not unique to the Bullet Cluster: other observations of colliding galaxy
clusters also support this picture, showing consistent separations between the bary-
onic and gravitational mass components [23].

56

57

-5558"

6"58M42° 36° 30° 248 18° 12°

Figure 2.2. The distribution of baryonic mass is traced by the X-ray emission (color-coded
from blue to red, in increasing order of intensity, which corresponds to the density of the hot
plasma), while the green contours represent the total mass distribution reconstructed through
weak gravitational lensing. Credits: [22].

Thus, the phenomenon of the bullet cluster not only gives observational evidence of
the DM existence, but also indicates that DM is almost collisionless.

2.1.3 Evidences from the Cosmological scales

Finally, other convincing and precise evidence for DM existence comes from the entire
observable Universe, the largest scales possible. This is simply given by the fact that
the Universe would not appear as it is today if DM have not played any role[8].

7
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In the following paragraphs, the most notable evidences for this scale are addressed,
starting from the large scale structure formation, and concluding with the observation
of Cosmic Microwave Background acoustic peaks.

2.1.4 Large Scale Structure Formation

Today, the Universe is highly inhomogeneous on scales smaller than its current hori-
zon. In the standard cosmological model, these primordial inhomogeneities are gen-
erated by inflation and have small amplitudes (5 ~ 10~°) [8].

These small fluctuations would not have had enough time to grow into the large-scale
structures we observe today, as galaxies and clusters, without an additional mecha-
nism. Assuming that DM does not interact with radiation, it starts to collapse under
gravity earlier than ordinary matter. This early collapse initiated the formation of cos-
mic structures. DM is therefore essential to explain how such large structures could
have formed from initially tiny perturbations [24].

To study this process in more detail, N-body simulations are employed. These simulate
the gravitational evolution of a large number /N of massive particles in an expanding
Universe, starting from typical realizations of the primordial inhomogeneities. The in-
clusion of DM is crucial, as it dominates the matter content of the Universe and drives
the growth of cosmic structures through its early gravitational collapse [25].

Cosmic Microwave Background Acoustic Peaks

Looking at the Cosmic Microwave Background (CMB) power spectrum, obtained from
the coefficients, at different multiples /, of the expansion in spherical harmonics of the
temperature fluctuations between points on the skymap at different angluar separa-
tions, the signature of DM presence is evident. More specifically, a phase shift in the
CMB acoustic oscillations spectra is found, which is a characteristic signature for the
presence of non-photon radiation propagating differently from photons, even when
the radiation couples to the SM particles solely gravitationally [26]. An example of
these spectra is shown in Figure[2.3

The CMB peaks are due to acoustic oscillations of the baryon/photon fluid; their po-
sitions depend on the DM density, while their amplitude depends on the relative
amount of DM with respect to ordinary matter [8]. From global fits it is clear that,
without DM, the observed structure of the CMB spectrum cannot be accurately re-
produced [26]. This provides the most accurate measurement of the DM density cur-
rently available. This density is expressed as 2, which is the ratio between the energy
density of a given component and the critical density. In particular, Qpv represents
the fraction of the Universe’s energy density made up of DM [27]:

Qomh? = 0.1200 % 0.0012 = Qpm ~ 0.265. (2.3)
8
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Figure 2.3. The angular Power spectrum of the CMB as a function of the angular scale mea-
sured by Planck 2015 with the residual errors. The solid line represents the theoretical predic-
tion for the AC DM model and the dots the observed data. Credits: [1].

2.2 Dark Matter Properties

The observational evidence discussed in the previous section can be consistently in-
terpreted by postulating the DM existence with a set of basic properties.

This is particularly compelling, as DM currently represents the only framework capa-
ble of simultaneously explaining such a wide range of astrophysical and cosmological
phenomena [28]. In the following, some of the DM properties that we can infer from
these observations are presented:

e matter: the term "matter” refers to the fact that DM contributes to the en-
ergy density of the Universe in the same way as non-relativistic matter, with an
energy density that scales inversely with the volume in the cosmological evolu-
tion[8];

e DM and SM interactions: DM must be gravitational interacting, because all ob-
servational evidences discussed in Section |2.1 rely on its gravitational interac-
tions, but since DM is not luminous in galaxies or clusters we expect that is not
electromagnetically interacting. Additionally, we expect that DM interactions
with SM particles are much weaker than known SM interactions [28].

e cold (non-relativistic): DM behaves as a non-relativistic fluid at the time of matter-
radiation equality, when structure formation begins (if it were relativistic, clus-
tering would not be effective and structures would not form) [8]. In addition,
DM particles should travel through the Solar System and traverse the Earth with
typical galactic velocities of ~ 200km/s = v ~ 1073¢ [29];

e collision-less: DM is expected to have negligible non-gravitational self-interactions.
Observations of colliding galaxy clusters, such as the Bullet Cluster, show that the
9
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gravitational lensing signal is clearly separated from the hot baryonic gas. If DM
had strong self-interactions, the lensing map would instead trace the baryonic
matter more closely. This behavior suggests that dark matter passes through
both itself and ordinary matter without significant scattering, placing strong con-
straints on the strength of any possible self-interactions[28];

e collision-less: Dark matter is expected to have negligible non-gravitational self-
interactions. Observations of colliding galaxy clusters, such as the Bullet Clus-
ter, show that the gravitational lensing signal is clearly separated from the hot
baryonic gas. If dark matter had strong self-interactions, the lensing map would
instead trace the baryonic matter more closely. This behavior suggests that dark
matter passes through both itself and ordinary matter without significant scat-
tering, placing strong constraints on the strength of any possible self-interactions
[28];

e stable (or with a very long lifetime): we know that DM is present since the early
Universe and has not disappeared until now, therefore the lifetime of DM should
be much greater than the age of the universe ([28], [8]);

e finally, it must preserve the successes from Big Bang Nucleosynthesis [18].

2.3 Dark Matter Distributions in the Galaxy

Even if the average DM density in the Universe is tiny, as shown in Equation (2.3), there
is much more DM than just this average value clumped in structures much smaller than
the entire universe, like galaxies. Because of structure formation, the distribution of
DM in specific systems differs significantly from the average cosmological value. To in-
terpret the results of Direct and Indirect DM detection searches, we have to introduce
the DM density distribution p, () in the Milky Way ([8], [30], [31]).

First of all, we know that DM tends to be roughly spherically distributed in gravitation-
ally bound systems, hence the density distribution p, () is expressed as a function of
the radial coordinate » measured from the Galactic Center; secondly, we known that
DM is non-relativistic in most systems of interest. Furthermore, DM particles bound
to our galaxy must have a velocity below the escape velocity, vesc ~ 500 km/s[32].

Among several candidates, some of the most famous and experimentally supported
galactic DM density profiles are:

e Navarro-Frenk-White (NFW) profile: this is the most commong choice, moti-
vated by the N-body simulations [33]. This profile is described by the following
analytical formula:

ro(re +7e)?

r(r+mr.)? 24)

pxrw (1) = po -
where p., = 0.4240.06 GeV/cm? is the DM density at the sun position, r¢, = 8.5
kpc and r. = 20 kpc ([34], [6]);
10
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e Einasto profile: this profile seems to be a better fit to more recent numerical
simulations. It is very similar to the NFW one, even if is a little bit less peaked
[35]. It is described by the following analytical formula:

pEinasto(T> = p—2€XpP {_OK_2E |i(7’7ﬂ:) — 11 } (25)

where p_s = p(r_2) is the density at which the slope parameter is -2 and a is
a parameter to control the profile’s curvature;

o [sothermal profile: it features a constant central density, therefore, differently
from the previous ones, has not a peak in the galactic center but a flat behavior
[36]. This profile is described by the following analytical formula:

Po
2
1+ (—)

where py is the central density and 7. is the core’s radius;

plso<r) - (26)

e Burkert profile: as the isothermal profile, has a constant central density, which is
a little bit smaller than the isothermal one. This profile is given by a modification
of the isothermal one:

<1+g> f10+ (—)2} |

All these DM profiles are shown in Figure[2.4.

(2.7)
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Figure 2.4. Commonly used Milky Way DM density profiles. Credits:[37].
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2.4 Dark Matter Candidates

From the first evidence of DM existence, a lot of candidates have been proposed as
possible DM particles. Empirically, requiring that the De Broglie wavelength of a DM
particle fits within the dwarf galaxies, we know that these particles must be heavier
than 10~2! eV [38]; regarding the upper limit, DM can be heavier than the Planck mass,
if it takes the form of a composite object. In this case, the limit is obtained by the fact
that the DM must be smaller than a small dwarf galaxy (which has a mass of the order
of 10°M,,) [8]. Therefore, the model-independent bounds on the DM mass are

107*'eV < M, < 10° Mg, (2.8)

where M, = 1.989 x 1030 kg. This range of DM masses spans more than 90 orders of
magnitude, giving us the possibility to focus on several DM candidates.

In the following, the most well-known DM candidates are briefly introduced; a sum-
mary of their propertiesm is presented in Table

Primordial Black Holes (PBH)

Among all the following DM candidates, Primordial Black holes are the only which are
astrophysical objects and not particles. They are black holes formed from overdensi-
ties in the early Universe; the discovery of gravitational waves from mergers of tens of
Solar mass black hole binaries by LIGO-Virgo has generated an increasing interest in
PBH dark matter [39]. They fulfill all of the requirements to be a good DM candidate,
since they are cold, stable, and can be formed in the right abundance to be the DM.
As they form before nucleosynthesis, PBHs are non-baryonic and therefore they are
non-baryonic DM candidates [40].

Super-heavy Dark Matter (WIMPzillas)

The Universe might also be made of superheavy Weakly Interacting Massive Particles,
with mass larger than the weak scale. The conditions needed are that the particles
must be cosmologically stable and that their interaction rate must be sufficiently weak
such that thermal equilibrium with the primordial plasma was never obtained [41] or, if
they were at equilibrium, some entropy injection should have taken place to avoid that
they overclose the universe. Super- heavy DM may be created during the evolution of
the Universe in several ways, an example is non-thermal processes, like freeze-in just
after inflation [42].

Weakly Interacting Massive Particles (WIMPs)

Weakly-interacting massive particles (WIMPs) have been leading DM candidates for
decades, and they remain a viable and highly motivated possibility.

Even if there is no precise definition of it, we refer to WIMPs as particles that inter-
act through the SM weak interactions; therefore, they need to be charged under the
electro-weak SU(2);, x U(1)y group, have zero electromagnetic charge, be a color

'Regarding the interactions, we present here the ones other than gravity.

12



CHAPTER 2. WHAT DO WE KNOW ABOUT DARK MATTER?

singlet, and be stable. More broadly, the term WIMP is used to denote a stable par-
ticle that couples to other weak-scale particles and interacts with a strength equal to
or weaker than the SM one [43].

Since they arise from simple SM generalizations, they are among the most studied DM
candidates; furthermore, they arise naturally in many particle physics theories, have
the correct cosmological properties, and have an astonishing set of implications for
observable phenomena. Finally, if WIMPs exist and are stable, they are naturally pro-
duced with a relic density consistent with the DM one [44].

Sterile Neutrinos

Sterile neutrinos with a mass in the keV range can play the role of DM. Indeed, these
particles are neutral, massive, and, while unstable, can have their lifetime longer than
the age of the Universe [45]. Such sterile neutrinos are produced in the early Uni-
verse at high temperatures; unlike other cosmic relic particles, as photons, neutrinos,
or WIMPs, the feeble interaction strength of sterile neutrinos means that they were
never in thermal equilibrium in the early Universe, and that their exact production
mechanism is model-dependent [46].

Consequently, the viability of sterile neutrinos as DM candidates strongly depends on
their production scenario and is subject to constraints from cosmological and astro-
physical observations.

Light Dark Matter

This class of DM candidates is composed of sub-GeV particles. This mass range has
traditionally received less attention because of the Lee-Weinberg bound, which states
that, for sub-GeV DM particles, the known SM interactions are insufficient to repro-
duce the observed DM relic abundance through thermal freeze-out [47]. However, this
limit is not valid anymore if we consider DM annihilations mediated by new interac-
tions, or if DM is produced by non-standard cosmological mechanisms, like those that
we present in Section This makes sub-GeV DM an interesting DM candidate[48].

Axion-Like-Particles (ALPs)

Axion-like particles (ALPs) are a generic class of pseudoscalar bosons postulated in
1977 by Roberto Peccei and Helen Quinn to explain why the CP violation in strong in-
teractions is very small; they are also predicted in many SM extensions, especially in
string-inspired frameworks [49]. Depending on their mass and coupling, ALPs can play
various roles in cosmology, including as DM candidates.

They can account for the observed DM abundance through mechanisms like vacuum
misalignment; they typically span a wide mass range from about 10~2% eV (ultralight
ALPs) to the eV scale, depending on their production and interaction scenarios [50].
However, masses below 102! eV are strongly constrained by structure formation, as
they would suppress small-scale cosmic structures in conflict with observations [38].

Fuzzy Dark Matter

Another interesting DM candidate, alternative to cold DM, is Fuzzy Dark Matter (FDM);

it is made of ultra-light bosons with masses at the order m ~ 10722 eV; such a can-

didate has the potential to avoid phenomenological problems of cold DM [51]. As
13
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previously mentioned, observational bounds typically push the viable mass range to
m, > 10" eV [38].

Due to their extremely small mass, such particles exhibit macroscopic quantum be-
havior at astrophysical scales, with de Broglie wavelengths of orders of kpc [52]. FDM
is often explored in the domain of axion-like particles which arise in string-inspired
frameworks, and is probed by a variety of astrophysical and cosmological tests from
Lyman-« forest galactic centers, and halo substructures [53].

Candidate Typical Mass Interaction(s)

Primordial Black | 107'°My < M, < 3 x 107'2M, | None

Holes (PBH)

Super-heavy DM M, 2 10°GeV New forces

WIMP 10GeV S M, < 10TeV Weak and/or
new forces

Sterile Neutrino keV S M, < GeV Weak and/or
new forces

Light Dark Matter MeV < M, S GeV New forces

(sub-GeV)

Axion / ALP 1072eV < M, SeV New forces

Fuzzy DM M, ~ 1072 eV New forces

Table 2.1. Dark matter candidates ordered by decreasing mass per object. Regarding the inter-
actions, we present here the ones other than gravity.

2.5 Sub-GeV Dark Matter: production mechanisms

Among all possible DM candidates, this study focuses on DM particles with masses be-
low the GeV scale. This candidate has traditionally received less attention than others
because of the Lee-Weinberg bound.

This bound is a lower limit on the DM mass, originally derived in the context of ther-
mal freeze-out for fermionic particles that interact weakly with the Standard Model.
In 1977, Benjamin W. Lee and Steven Weinberg showed that if DM consists of particles
interacting via the weak force (such as WIMPs), then their mass cannot be too low;
otherwise, the annihilation would be inefficient, leading to an excessively large relic
density that would overclose the Universe [54]].

In recent years, however, many new DM models have been developed; these new
models, in addition to the DM particle, feature a new interaction, mediated for in-
stance by the gauge boson of a new U(1)" gauge group. At the same time, while
standard Direct Detection experiments quickly lose their sensitivity to sub-GeV DM
because of the low nuclear recoils that it induces, several new ideas have arisen in

2Lyman-o forest observations trace the small-scale distribution of matter at high redshift and can
constrain deviations from the standard cold DM scenario.
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the past 15 years to overcome this limitation, see Section|2.6.2|for more details. In ad-
dition, accelerator experiments have performed various dedicated searches on new
mediators’ signals in visible and invisible final states. In combination, these develop-
ments make sub-GeV DM a particularly fascinating field of investigation [48].
Furthermore, as presented in the following, other DM production mechanisms can be
considered, overcoming the Lee-Weinberg bound.

2.5.1 Dark Matter as a thermal relic: Freeze-Out mechanism

The freeze-out mechanism assumes that DM is a stable particle that, in the early Uni-
verse, had interactions with the SM particles that were faster than the Hubble rate,
hence it interacted with Standard Model particles more often than the Universe was
expanding. As a result, DM was in thermal equilibrium with the rest of the plasma,
sharing the same temperature.

If there is no conserved DM number, any initial differences between the SM and DM
components (for example, caused by inflation) are erased during this thermal phase.
The entire Universe is then filled with a single, mixed fluid of SM and DM [55].

As long as the particles are in interaction with the plasma with a common temperature,
particles are in thermal equilibrium, and the distributions are driven only by the tem-
perature. However, since the Universe is expanding, the temperature decreases and
the average distance between particles in the plasma increases, which limits the in-
teraction rate. The equilibrium can therefore be broken, the unstable particles decay,
and the stable ones undergo a “freeze-out”. Since the stable particles do not decay
and the interactions are heavily suppressed, their number is frozen and nearly con-
stant [56].

Because the SM and DM sectors were in thermal contact early on, the freeze-out
process naturally explains why both share the same adiabatic structure of inhomo-
geneities, in agreement with cosmological observations.

This means that fluctuations in the densities of dark matter and ordinary matter are
correlated and evolve together, preserving a common pattern throughout cosmic his-
tory [8].

In addition, freeze-out from thermal equilibrium is a generic mechanism applicable
to any interacting massive particle. In its simplest form, it predicts the DM relic abun-
dance primarily based on the annihilation cross-section, with only a weak dependence
on the DM mass. This remarkable feature has made freeze-out one of the most exten-
sively studied scenarios in DM research, although, as will be discussed later, there exist
alternative models that are less predictive but equally captivating [55].

Regarding sub-GeV DM candidates, one possibility is that thermal freeze-out proceeds
with a suppressed annihilation cross-section (e.g., via small couplings or light media-
tors), allowing for lighter DM masses than the electroweak scale. In such cases, effi-
cient annihilation into light SM states is required to avoid overproduction [57].
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2.5.2 Dark Matter as a non-thermal relic: Freeze-In mechanism

Another simple mechanism to produce the DM relic density is the freeze-in mecha-
nism. In this model, DM particles have a very weak coupling to SM particles, and are
therefore initially decoupled from the primordial thermal bath. DM particles could
have been produced in small quantities by the decay of primordial particles, since,
even if the interactions with the bath are weak, they still lead to DM production and
gradually increase its density. This process continues until the temperature of the
plasma becomes too low for further DM production [58].

Unlike freeze-out, which does not require an initial condition for the DM abundance
(as it is assumed to be thermalized), freeze-in scenarios require a detailed description
of it. Therefore, freeze-in scenarios are predictive only when they derive from a high-
energy theory that can determine the initial DM density.

Differently from the usual freeze-out scenario, the relic density may also receive a con-
tribution from a primordial component, which is not erased by any process since DM
creation occurs out of thermal equilibrium [8].

Regarding sub-GeV DM candidates, freeze-in is particularly well-suited to produce
such kind of particles, since the production rate depends on very feeble interactions
that never thermalize. As a result, the DM mass is not constrained to be heavy, and
many viable freeze-in scenarios exist in the sub-GeV regime [59].

2.5.3 Asymmetric Dark Matter

Finally, asymmetric Dark Matter is an interesting alternative to the traditional freeze-
out scenario. This model considers the DM relic abundance as originating from a
primordial particle-antiparticle asymmetry, analogous to the baryon asymmetry ob-
served in the visible sector. In this framework, the present DM density results from a
small initial DM excess of particles over antiparticles in the early Universe: while the
symmetric component annihilates away, the asymmetric excess survives and consti-
tutes the relic abundance. This mechanism permits larger annihilation cross-sections
than those required in freeze-out models and requires the DM particle to be extremely
long-lived [48]. One of the most compelling features of asymmetric DM is its ability to
naturally explain the observed similarity between DM and baryonic energy densities,
Q, ~ 5 [8].

Experimentally, this DM candidate is difficult to probe, as the lack of residual annihi-
lations suppresses Indirect Detection signals. Direct Detection remains possible but
strongly depends on the assumed DM-SM couplings, often requiring highly sensitive,
low-threshold detectors and detailed theoretical modeling [60].

Regarding sub-GeV DM candidates, asymmetric DM models provide a natural frame-
work, especially when the dark matter asymmetry is related to the baryon asymmetry.
In scenarios where the two sectors communicate through higher-dimensional opera-
tors, sub-GeV masses are possible and even favored to reproduce the observed relic
density [48].
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2.6 Sub-GeV Dark Matter: Laboratory Searches

In this Section, after anintroduction to the general strategies to look for non-gravitational
DM signatures, we focus on laboratory searches.

For sub-GeV DM, the usual Direct Detection strategies have a much poorer sensitivity
than for weak scale DM, since the momentum transfer is too small. On the other side,
accelerator searches, particularly those involving high-intensity beams and sensitive
measurements, represent a robust and complementary avenue. These experiments
aim to discover signs such as a deficit of energy or momentum, or an unusual decay
mode, that would suggest the presence of light DM particles [61].

2.6.1 Overview of Dark Matter Detection Methods

Currently, the existence of DM is based on observations that only probe its gravita-
tional coupling with SM; these observations give us information about the total mass
of DM in the Universe, as well as its density and speed distribution in some regions
of the universe [56]. However, to understand deeply the DM nature, we also need
to observe its other interactions with ordinary matter. We may employ three main
avenues of investigation to detect DM particles and investigate their mass and inter-
action strength.

These methods are traditionally schematized as in Figure[2.5

Direct detection Indirect detection and cosmology Detection at accelerators

DM DM DM SM
P1

12)

ky
SM SM DM ~

SM

Figure 2.5. Three main DM search strategies, from left to right: direct detection, indirect de-
tection (one of the DM lines is dashed, indicating that both DM decays and DM annihilation
are relevant), and accelerator-based detection. Credits: [8]]

Dark Matter Direct Detection
Dark Matter may be detected by its scattering off ordinary matter through processes
xSM — xSM. This detection method aims at detecting the recoil event produced
by a passing DM particle hitting one of the nuclei or electrons in the detector. The
field is extremely active, and can test different kinds of DM interactions. Two leading
benchmarks are those where scatterings happen through spin-independent couplings
or spin-dependent couplings, as presented in Chapter 5|
The main experimental challenges of this method are that the DM scattering rates are
very low (can be below one event per ton of target material per year) and that the
deposited energies are small, typically of the order of O(keV) or O(eV). Usually, to
reduce the backgrounds, these experiments are situated deep underground and the
detectors are made of ultra-pure materials [8].
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Only to cite an example, for a typical DM mass of m, ~ 100 GeV and a DM velocity
Uy ~ 1073, the deposited recoil energy is at most ~ 100 keV: the detection of such
low energy requires highly sensitive, low background detectors. Furthermore, such
detectors are insensitive to very strongly interacting DM, which would be stopped in
the atmosphere or Earth and would be undetectable underground [29].

Dark Matter Indirect Detection

This second detection method searches for DM-pair annihilation or decay, which re-
sults in SM particles that can be detected.

After freeze-out, DM pair annihilation becomes greatly suppressed, but it continues,
with a negligible impact on DM relic density, and may be observable. DM may there-
fore be detected indirectly: if DM annihilates or decays somewhere, it can produce
something that we can observe [29]. Therefore, this detection method aims to de-
tect DM annihilations or decays in our Galaxy or other astrophysical environments by
searching for signatures in cosmic rays.

Dark Matter Laboratory-based Detection

Finally, Laboratory-based methods aim at producing DM particles in a controlled en-
vironment, and then detecting the DM presence. For instance, colliders may have
already produced DM particles, but this is not enough for a discovery. Indeed, once
produced, the DM particle must also be detected. This is not completely straightfor-
ward [62], as we clarify below. Given that, realistically, DM must be a stable neutral
particle, it cannot be singly produced at colliders but rather only in pairs such as x or
XX, possibly together with other SM particles; the collider energy, therefore, needs to
be at least \/s > 2m,, where m, is the DM mass [63].

Consequently, once produced, DM particles result in a missing transverse energy sig-
nal 7, as neutrinos do. Hence, [/ is the DM signature that can be considered at
colliders, since if DM interacts with SM particles, it interacts very feebly and therefore
can escape the detector, carrying with it energy and momentum. Such a minimal sig-
nal of DM is detectable only if some other visible particle is also produced during the
collision, otherwise, the event goes unnoticed. This is why the DM signal at colliders
is an indirect and rather difficult signature, and our understanding of the backgrounds
can limit its detection [64].

2.6.2 sub-GeV Dark Matter Searches at Direct Detectors

Traditional DM Direct Detection experiments, such as XENONNT, LUX-ZEPLIN, and Pan-
daX, have been optimized for DM masses greater than 1 GeV [6]. This is a straightfor-
ward kinematic consequence, as these detectors rely on DM-nucleon elastic scatter-
ing: in such interactions, a fraction of the DM particle’s kinetic energy is transferred
to the nucleon. However, if the dark matter particle is light, as in the case of sub-GeV
candidates, the transferred energy is very small, typically below 1keV, and thus below
the detection threshold of these experiments, which is often at the keV scale. As a
result, for m, < 1 GeV, these detectors completely lose sensitivity[65].
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To access this parameter space, new low-threshold detection technologies have been
developed. Since the loss of sensitivity is driven by the energy threshold, one solution
is to reduce this threshold as much as possible. This has led to the emergence of a
new class of experiments employing advanced technologies to explore this challeng-
ing regime. Among them are SENSEI, with a threshold of approximately 1.1 eV [66],
and DAMIC-M, targeting thresholds of a few eV [67], enabling sensitivity to very small
ionization signals. Similarly, CRESST-III has achieved nuclear recoil thresholds as low as
30.1eV [68], while other experiments based on DM-electron elastic scattering, such as
NEWS-G, aim to probe masses down to approximately 1 GeV [69]. The results of these
experiments complement those from large neutrino detectors and collider searches,
collectively contributing to a systematic exploration of the low-mass DM frontier.

2.6.3 sub-GeV Dark Matter Searches at Indirect Detectors

The sensitivity of DM detection through Indirect Detection methods, as presented
briefly in the following, depends on the symmetry and velocity dependence of the
DM-SM cross-sections. This implies that the strength of the indirect detection signal
is strongly related to whether DM is asymmetric or symmetric, and whether it annihi-
lates via s-wave or p-wave processes.

For the symmetric DM candidate, the annihilation rate is given by the thermally av-
eraged cross-section (o). If DM annihilates via an s-wave process, then the cross-
section is approximately constant with velocity ((ox) ~ const). Thus, annihilations
remain efficient not only at thermal freeze-out, but at subsequent times and even to-
day, when DM particles are non-relativistic. These residual annihilations inject energy
into the early plasma, imprinting signatures in the anisotropies of the CMB. Conse-
quently, s-wave annihilation scenarios are closely bound by CMB data, in particular by
the Planck satellite [1], and by indirect detection of annihilation products in the astro-
physical setting.

In contrast, when the most significant annihilation channel is p-wave, the cross-section
is suppressed at low velocities, with behavior (o,) oc v?. While annihilation remains
effective at freeze-out (when velocities were comparatively large), the rate reduces
sharply at subsequent times. This makes annihilations in the present Universe negli-
gible, resulting in an extremely weak or unobservable indirect signal. Symmetric DM
models dominated by p-waves are therefore much less constrained by current CMB
observations and indirect detection experiments [70].

In asymmetric DM models, the abundance of relics is fixed by a primordial particle-
antiparticle asymmetry. After freeze-out, nearly all antiparticles annihilate away and
only the particle excess remains. As a result, annihilation is effectively cut off, and in-
direct detection signal is not expected [60].

In addition to annihilation, indirect detection experiments can also probe DM through
its decay. If the DM has a cosmological timescale instability, its decay products, as
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photons, neutrinos, or charged particles, are accessible today [8]. In contrast to anni-
hilation, which scales with the DM density squared, decay signals increase linearly with
density, making them very attractive in diffuse settings like galaxy clusters or the cos-
mic background. The predicted signal is velocity-independent for the DM and indirect
detection limits on decaying DM typically imply constraints on the lifetime of the DM,
which must be greater than the age of the Universe by several orders of magnitude
[71]. Decay is particularly significant in the case of asymmetric DM, where annihila-
tion is not present but decay can produce observable signatures if there is a small soft
breaking of the stabilizing symmetry [60].

2.6.4 sub-GeV Dark Matter Searches at Colliders

Dark matter searches at colliders are highly promising, as they could potentially allow
for the production, and thus the detection, of DM particles in a controlled environ-
ment. Depending on the specific models considered, a wide range of possible signa-
tures may arise at colliders. In general, the typical DM signal is missing transverse
energy (MET): although DM may be produced in the collision, due to its extremely
low interaction cross-section it escapes the detector without interacting, leaving be-
hind only a missing energy signature, similar to that of neutrinos ([63], [72]).

In the following, | present two of the most interesting channels for DM searches at
colliders, which also provide some of the most stringent constraints to date.

Monojet signatures at Colliders

Among the DM collider searches, the monojet channel is one of the most promising
and well-known. As introduced before, DM could have already been produced at col-
liders, even if we have not observed it yet. Since the production of yy pairsisinvisible,
the best signatures are mono-jet signals from Y Y production, where the jet comes
from initial state radiation. In addition, other channels can be studied, such as the
monophoton channel, the dijet channel, the DM pair production in association with
the EW gauge bosons and also more complex signatures, which are usually model-
dependent[72].

The monojet channel aims to investigate processes such as pp — xxJ, which should
be acommon event at hadron colliders if DM interacts with hadrons. The experimental
signature of this event is a large missing energy, given by the DM pair which is escaping
the detector, and a jet. With jet, we refer to the narrow cone of particles produced by
the hadronization of a single quark or gluon ([72], [63], [73]).

An example of such an event, recorded in 2017 by ATLAS, one of the four main exper-
iments at the LHC, is shown in Figure[2.6.

In general, limits on the cross-section of this process as a function of the DM mass can

be derived from both ATLAS and CMS data [64]. This channel is sensitive to a wide

range of models, considering different types of mediators; in particular, scalar, pseu-

doscalar, vector, and axial-vector mediators can be probed in an s-channel process,
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while colored mediators (which can couple quarks to DM) can also be investigated
through a t-channel process [62]. Examples of Feynman diagrams of these processes
are shown in Figure|2.7

ATLAS . .
E_ = 1.9 Tev

Event: 2546139368

EXPERIMENT  2017-10-05 10:36:30 cEST et p, = 1.9 Tev

Figure 2.6. A monojet event recorded by the ATLAS experiment in 2017, with a single jet of
1.9 TeV transverse momentum recoiling against corresponding missing transverse momen-
tum. The green and yellow bars show the energy deposits in the electromagnetic and hadronic
calorimeters, respectively. The missing transverse energy (MET) is shown as the red dashed
line on the opposite side of the detector. Credits: ATLAS Collaboration.

099999’ g ‘7 \\eiyg// X
P
\\( ' //ﬁf\)\
X q X
(a) (b) (c)

Figure 2.7. Feynman diagrams of (a) DM pair production in association with a parton via a vec-
tor or axial-vector mediator; (b) process exchanging a scalar or pseudoscalar mediator, leading
to a monojet signature; (c) DM pair production through a colored mediator. Credits: [62].

These monojet events at colliders have been widely used to probe different DM mod-

els. The strongest constraints are typically obtained for mediator masses in the 100-1000

GeV range, with the best bounds above 200 GeV coming from ATLAS and from the

Collider Detector at Fermilab (CDF). For mediator masses below 30 GeV, however, the
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monojet bounds are weaker than those in the contact interaction Iimi [74].

Mesons decays at Colliders

Strong constraints on hadronically-interacting DM can also be given by hadron de-
cays; in particular, rare meson decays to invisible final states, suchas B — K + Hr
B — 7+ Hrand K — 7+ Fr can be interpreted as DM signatures like B — K + xx,
B — 7w+ xx and K — 7 + Y and therefore can be used to place stringent bounds
on DM models with a light mediator [75].

A lot of experiments have been and are actively searching for signals of light DM
through rare meson decays and missing energy signatures, offering complementary
sensitivity to different couplings and mass ranges. The strongest constraints derive
from the following experiments:

e Bellell: is a B-factory experiment located at the SuperKEKB accelerator in Japan.
It is an electron-positron collider and operates as a flavor factory at the inten-
sity frontier, aiming to improve the precision of Standard Model measurements.
Belle Il studies rare decays of B mesons with high precision and large statistics.
It is particularly sensitive to processes involving missing energy, making it an
excellent probe for sub-GeV DM and light mediators [76];

e LHCb: located at CERN, is a proton-proton collider designed to search for new
physics by performing precise measurements in the heavy-flavor sector of the
Standard Model. Therefore, it is designed to study the decays of b- and c-hadrons
produced in proton-proton collisions. Its excellent vertex and particle identifi-
cation capabilities make it ideal for investigating flavor physics and rare decays,
including those with invisible final states such as B — K*xx [77];

e BaBar: it was an electron-positron collider, born to be a B-factory at SLAC in the
United States; its primary goal was the systematic study of CP asymmetries in
the decays of neutral B mesons, therefore a large dataset of B meson decays
has been collected. Although no longer running, its data are still used to set
competitive limits on light DM through analyses of rare and invisible decays [78];

e NAG62: it is a fixed-target experiment at CERN, in which a proton beam is im-
pinging on a beryllium target. The experiment focuses primarily on measuring
the ultra-rare decay K+ — 7w vv. Due to its precise control of backgrounds
and missing energy signatures, NA62 also places strong constraints on models
of light DM and invisible decays of kaons [79].

Only to cite an example, in the following, | present the bounds from K-meson decays
from Ref. [80]. Analogous bounds could also be derived from B decays.

3This analysis was originally performed for non-standard neutrino-quark interactions, but the re-
sults also directly apply to light DM searches.

“4This is a flavor-changing neutral current, predicted by the SM as a loop signature; furthermore, if
we assume that the DM couples with a quark, this can be interpreted as DM signature.
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The measurement of the Branching Ratio for the kaon SM decay into a pion and a neu-
trinos pair, BR(K ™ — mvv) = (1.06 £ 0.4)1071° [81], places a strong upper bound
on the branching ratio to other invisible final states, including DM. Making the sim-
plifying approximation that the signal acceptance at NA62 is the same for the decays
Kt — v and K — 7"y and requiring consistency with the measurement at
20, this leads to the bound BR(K™ — wmyx) < 10719 this upper limit can also
be translated into a bound on the DM-nucleon cross-section. The exclusion region
obtained in this way is presented in Figure [2.8.

Quark-coupled, Dirac fermion
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Figure 2.8. Constraints on the DM-nucleon cross-section. The red shaded regions are excluded
by BBN+CMB. The orange region is excluded by K™ — 7y . The gray lines denote where the
freeze-in process vy — Y Yields the observed relic abundance. The blue and green regions
are excluded by existing bounds from structure formation and direct detection experiments,
respectively. Credits: [80].
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CHAPTER 3

Neutrino Telescopes as Dark Matter
Detectors

Over the past few decades, many experiments have been built and entirely dedicated
to the search for dark matter. In addition, the results of already existing experiments,
originally designed for other purposes, have been studied to derive sensitivity limits
for the numerous dark matter models proposed to date.

In particular, neutrino telescopes such as IceCube at the South Pole [82], KM3NeT in
the Mediterranean Sea [83], and Baikal-GVD in Lake Baikal [84] have already been
used in indirect dark matter searches (see Refs. [85], [86] and [87]).

The aim of this thesis is to explore the use of large neutrino detectors, and in par-
ticular IceCube, as direct DM detectors, relying on the high-energy DM populations
that are necessarily induced by DM-CR scatterings in the galaxy. As the detection
method of these experiments is crucial for this endeavour, this Chapter provides a
general overview about it. First, Section[3.1 provides an introduction to neutrino phe-
nomenology, followed by an overview of cosmic ray phenomenology in Section
and Cherenkov radiation in Section|3.3] In Section|3.4} the main neutrino signatures in
this type of detector are presented, and finally, Section discusses the advantages
of using lceCube for direct dark matter searches.

3.1 Overview of Neutrinos’ Phenomenology

Since Wolfgang Pauli proposed the existence of the neutrino in 1930, and it was later
discovered in 1956 by Frederick Reines and Clyde L. Cowan [88], the neutrino has
played an essential role in our understanding of nuclear and particle physics.

The investigation into its basic properties has been a particularly active area of re-
search in the past years. Research conducted over the latter half of the 20 century
has revealed, for example, that neutrinos can no longer be considered massless parti-
cles asin the Standard Model, representing the first significant alteration to the theory.
Furthermore, in recent years, neutrino experiments have been crucial in understand-
ing the properties of ordinary matter in a deeper way [89].
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3.1.1 Neutrinos’ Properties

In the SM, neutrinos are considered as neutral massless particles that can interact
only weakly with other particles. Even if SM is based on the gauge group SU(3)¢c %
SU(2) x U(1)y, as far as neutrinos are concerned, we can disregard the color group
SU(3)¢ and focus only on the electroweak subgroup SU(2);, x U(1)y [90].

As discovered in 1998 by the Super-Kamiokande experiment and in 2001 by the Sud-
bury Neutrino Observatory, neutrinos oscillate and therefore possess mass [91]. Hence,
it is necessary to extend the Standard Model to incorporate neutrino masses.

Thanks to the work of many physicists, who have developed both Beyond Standard
Model theories and experimental techniques, we now have a deep understanding of
neutrinos. The main properties of these particles [90] are:

e elementary particles: they are subatomic fundamental particles, belonging to
the family of leptons. They’re fermions with spin equal to 1/2;

e gravitationally and weakly interacting: they interact with ordinary matter only
through gravity and weak interaction. Since the interaction strength is really
weak, neutrinos are optimal probes of dense and far environments;

e electrically neutral: they are chargeless regarding the electromagnetic interac-
tion, therefore they do not interact electromagnetically;

¢ three flavors: there exist three neutrino flavors, relative to the three charged
leptons. They are electron neutrino v, muon neutrino v, tau neutrino v, and
the respective three anti-neutrinos;

e oscillations: as discovered from both Super-Kamiokande and Sudbury Neutrino
Observatory, neutrinos can change flavor while they are travelling in space. This
is a quantum process and is known as neutrino oscillations;

e massive: the fact that neutrinos oscillate implies also that at least two of the
three neutrinos have mass. Even if their mass is very small and not measured
yet, we have derived upper limits from experiments. Up to now, the absolute
values of neutrino masses have not been measured, but increasingly stringent
upper limits have been established. For instance, regarding laboratory searches,
the KATRIN experiment, which performs high-precision spectroscopy of tritium
[-decay near its endpoint, has set an upper limit on the effective electron anti-
neutrino mass of m,;, < 0.45eV (90% C.L.) [92]. Cosmological observations pro-
vide even stronger constraints, under certain assumptions. In particular, com-
bining CMB data with baryon acoustic oscillations and gravitational lensing, and
assuming the ACDM model, the current upper limit on the sum of the three
neutrino masses is  _m,, < 0.07-0.12eV (95% C.L.) [93].

3.1.2 Neutrinos Interactions with Ordinary Matter

Neutrinos interact with ordinary matter primarily through weak interactions, medi-
ated by either charged W* or neutral Z° bosons [90]. These interactions all fall within
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the general gauge theory of SU(2), x U(1)y; therefore, we can classify the neutrino
interactions first according to the interaction type and then according to the interac-
tion regime [89].
Interaction Type

Depending on the mediator exchanged during the interaction [94], we can have:

¢ Neutral Current interactions (NC): they are mediated by the exchange of a neu-
tral Z boson;

e Charged Current interactions (CC): they are mediated by the exchange of a
charged W* boson.

In Figure[3.1, the Feynman diagrams for these two kinds of interaction are shown.

| 22 € Ve Ve

w Z°

e Ve e~ e
Figure 3.1. Feynman tree-level diagram for charged and neutral current components of v, +
e — Ve + e scattering. Credits: [89].

Interaction Regimes

Then, according to the initial neutrino energy E, and the final state, neutrino interac-
tions with nucleons can be classified [89] as:

¢ Inverse Beta Decay (IBD), low energy (I, ~ 1 — 100 MeV): relevant for reac-
tor and solar electron anti-neutrino .. The reaction that occurs is a Charged
Current interaction, such that

Vo+p—n+et; (3.1)

¢ Quasi-Elastic Scattering (QE), intermediate energy (F, ~ 0.1 — 20 GeV): for
neutrino energies less than ~ 2 GeV, this is the predominant neutrino-hadron
interaction. In a QE interaction, the neutrino scatters off an entire nucleon rather
than its constituent partons. In a charged current neutrino QE interaction, the
target neutron is converted to a proton. In the case of an anti-neutrino scatter-
ing, the target proton is converted into a neutron:

vi+n—0" +p and Up4+p— 0T 4+n, (3.2)

where / is a charged lepton;
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¢ NC elastic scattering, intermediate energy (FE, ~ 0.1 — 20 GeV): neutrinos can

also elastically scatter from nucleons via Neutral Current interactions, such as

vV+p—v+p, V+p—>UV+Dp,

_ _ (3.3)
v+n—v+n, v+n—-v+n.

¢ Resonant Production, intermediate energy, (F, ~ 0.1 — 20 GeV): this is an in-

elastic interaction where neutrinos, if they have enough energy, can excite the
nucleon to an excited state. In this case, the neutrino interaction produces a
baryonic resonance, which quickly decays. For example, one of the most com-
mon final states is the single pion production:

v+ N — {"+N*

3.4
N* — 7N’ (3.4

where N, N’ = n,p and N* is the baryon resonance.

Deep Inelastic Scattering (DIS), high energy (£, =~ few GeV): neutrino scatters
off a quark in the nucleon via the exchange of a virtual W* or Z boson, produc-
ing a lepton and a hadronic system in the final state. Both Charged Current and
Neutral Current processes are possible:

w+N—=>C+X, p+N—-IT+X,

3.5
Vg—i—N—)l/g—l—X, 175+N—>I7(+X, ( )

where X is the hadronic resonance and N = n, p.

In Figure the cross-sections as a function of the neutrino energy are shown; in
this plot, it is noticeable that the dominant interaction channel depends on the initial
neutrino energy.
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Figure 3.2. Muon neutrino (left) and anti-neutrino (right) charged-current cross-section as a
function of neutrino energy. The contributing processes in this energy region include quasi-
elastic (QE) scattering, resonance production (RES), and deep inelastic scattering (DIS). Credits:

[95].
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3.2 Overview of Cosmic Rays’ Phenomenology

Cosmic rays (CRs) are high-energy charged particles that are generated outside our at-
mosphere, in astrophysical environments; they were discovered in 1912 by Victor Hess
while he was conducting some experiments on radioactivity [96].

Since then, a lot of progress has been made towards revealing their composition and
their origin: although the sources of cosmic rays are still uncertain, their composition
is determined to consist mostly of free protons (79%) and helium nuclei (15%) [97].
In Figure 3.3 the Primary Cosmic Rays’ Spectrum, as a function of kinetic energy per
primary particle, is shown.

Among the most plausible astrophysical sources of primary cosmic rays are supernova
remnants, active galactic nuclei (AGNs), and gamma-ray bursts (GRBs), although no
single class of sources can yet account for the full observed spectrum [98].
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Figure 3.3. Spectrum of primary Cosmic Rays: the measurements of the intensity of charged
and neutral CRs, multiplied by kinetic energy squared, are shown. Credits:[99].

This spectrum extends over several orders of magnitude in energy and shows charac-
teristic features such as the steepening around 3 x 10% eV, called the knee, and the
flattening starting at 10'° eV, called the ankle of the spectrum. These are the cosmic
rays originating from astrophysical sources and so-called primary cosmic rays; then,
whenever a primary cosmic ray hits the Earth’s atmosphere, it produces a cascade of
secondary particles which forms air showers [96].

These showers include a variety of particles such as pions, muons, electrons, neu-
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trinos, and photons, which can be detected at ground level or by underground and
underwater detectors. In Figure[3.4] a possible evolution of the air shower is shown;
asillustrated in this figure, the shower is made up of three main components: muonic,
hadronic, and electromagnetic. Additionally, so-called atmospheric neutrinos are pro-
duced by the interaction between CRs and nuclei in the atmosphere.

interaction
with air molecule
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Cherenkov &
v %
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muonic component & neutrinos  hadronic electromagnetic
component component

Figure 3.4. Diagram of the possible evolutions of a cosmic ray air shower. Credits: II

3.3 Cherenkov Radiation

All the possible neutrino interactions described in Section|3.1.2 can be detected through
the charged particles produced in their interactions, thanks, for instance, to the Cherenkov
effect. It is therefore necessary to explain what the Cherenkov effect is.

The basic idea is to detect Cherenkov radiation emitted by a dielectric medium, such as
water or ice, when a charged particle propagates at a sufficient speed through it[101].
If the particle’s speed is greater than the speed of light in that medium, the dielectric
molecules polarized by the charged particle emit an electromagnetic radiation at a
certain angle, called Cherenkov angle, given by

1
nB3’
where n is the refracting index of the medium and (3 is the ratio between the particle’s
speed and the speed of light 5 = v/c [102].

cos b = (3.6)
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The propagation of this electromagnetic shock wave through the medium is illustrated
in Figure 3.5 This non-isotropic emission looks like a cone aligned with the direction
of the charged particle, allowing the reconstruction of the direction of its propagation.
It is then possible, using kinematics and conservation laws, to identify the direction of
the incoming neutrino if the charged particle is the corresponding lepton produced in
a charged current interaction.

As previously mentioned, the charged particle must travel faster than the light speed
in the medium to have such radiation; from this condition, one can obtain the energy
threshold for the Cherenkov effect:

ch

V1—n-2’

this threshold value depends on the refractive index of the medium. As an example,
considering ice as dielectric material and a refractive index equals to 1.33, the energy
threshold for the kinetic energy is about 0.3 MeV for electrons, 54.6 MeV for muons
and 914.7 MeV for taus [[103].
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Figure 3.5. The generation of Cherenkov light (CL). (a) Top: A charged particle (red dot) trav-
elling faster than light in a medium polarizes the medium. Bottom: As the medium returns to
the ground state, CL (blue wavy lines) is emitted in a forward direction. (b) Top: Analogous to
a sonic boom, coherent waves are produced through the Cherenkov mechanism. Bottom: As
the particle travels forward, the wavefront propagates at a forward angle 6 with light being
emitted in the direction of travel. Credits: [104].

Finally, one can also derive the photon yield expected in the detector; as the energy

threshold, it also depends on the refractive index of the medium [102]. The Frank-

Tamm formula allows for the estimation of the number of Cherenkov photons with a
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wavelength ) emitted per unit length x:

d’N 27« 1
Sy 3.8
drd\ N2 ( 62712)\)’ (3.8)

with « being the fine structure constant [105].

Integrating this expression over the range 300 — 600 nm, which corresponds to the
sensitivity window of the IceCube sensors, and using the refractive index of ice, yields
an emission of approximately 330 photons per centimeter along the track of a rela-
tivistic charged particle [103]].

3.4 Neutrinos detection in Water and Ice

Because of their low interaction cross-section with matter, neutrinos are considered
elusive particles, which is why massive and expensive detectors are required to achieve
appreciable event rates. For instance, an electron anti-neutrino with energy E; ~ 1
MeV, has a cross-section of ~ 10~%* cm?, therefore only one neutrino out of 10! in-
teracts when travelling along the Earth’s diameter [96].

Moreover, the interesting feature of neutrinos, in which they differ from protons and
photons, is that they can travel through the Universe without being deflected and ab-
sorbed, and therefore carry precious information about their source [106].

In this Section, the main characteristics of neutrino detection through Cherenkov ra-
diation produced by the secondary charged particles are presented.

This detection method has its origins in an idea of Mosey Markov that, in the 1960s,
proposed to install detectors deep in a lake or the sea and to determine the direction
of charged particles with the help of Cherenkov radiation [101].

3.4.1 Neutrino Detection Principle

The basic principle of a Neutrino Telescope is a grid of light detectors inside an instru-
mented volume in a transparent medium [106]. This transparent material, as water or
ice at great depths, performs several functions [96]:

e in its large volume, it provides numerous free target nucleons for neutrino in-
teractions;

e itis also a shield against secondary particles produced by CR interactions;

e it is the medium in which the Cherenkov photons, produced by relativistic par-
ticles, propagate.

In these experiments, neutrinos are detected through charged particles produced by
neutrino-nucleon interactions, both Neutral and Charged current (as presented in Sec-
tion @); these charged particles, if relativistic, emit Cherenkov Radiation in the di-
electric medium [[102], which can be detected.
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The charged particles travel through the medium until they decay or interact; the path
length travelled by particles in the medium depends on their initial energy and the
energy loss [107]. Depending on the kind of event recorded by the telescope, one
can obtain information about the primary neutrino, since, depending on the particle’s
type, the signature is different; these signatures are presented in Figure 3.6l More-
over, no separation between neutrinos and anti-neutrinos is possible, since neutrinos
and anti-neutrinos signatures are indistinguishable.

The two main classes of events are tracks and showers, as briefly described in the fol-
lowing.

electromagnetic +

hadronic shower hadronic
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hadronic hadronic ha:ronic
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Figure 3.6. Main event signature topologies for different neutrino flavors and interactions:
a) CC interaction of v, that produces both an electromagnetic and a hadronic shower; b) CC
interaction of a v, that produces a muon and a hadronic shower; c) CC interaction of a v,
that produces a 7 that subsequently decays; d) a NC interaction produces a hadronic shower.
Particles and antiparticles cannot be distinguished in neutrino telescopes. Credits: [[108].

Neutrino-Induced Tracks

As shown in diagram b) of Figure[3.6] the muon neutrino that crosses the detector can
undergo a CC interaction, producing a muon. Since the muon is a minimum ionizing
particle, that is a particle with a tiny energy loss, the typical signature that leaves in the
detector is a track [109]; the signature that this kind of event leaves in the detector is
presented in Figure[3.7. This allows for an accurate reconstruction of muon direction,
and therefore also of the neutrino direction [107].
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Figure 3.7. Track event: illustration of a muon traveling through a regular lattice of photo
sensors (left) and a corresponding IceCube event view (right). Credits: [110].
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Neutrino-Induced Showers

In addition to track-like events, shower-like events can be induced in the detector,
which have a more complex signature, given by a multitude of particles. Showers can
be electromagnetic, if induced by an electron neutrino and composed of photons,
electrons and positrons, or hadronic, if they are composed of hadrons [108]. There-
fore, while track events can arise only by a CC muon (anti)neutrino interaction, show-
ering events can arise from several channels [96]:

e electron (anti)neutrino CC interactions: a high-energy electron resulting from a
CC v, interaction, can radiate a photon via the Bremsstrahlung effectﬂ This in-
duces the development of an electromagnetic shower with a lateral extension
negligible with respect to the transversal one. Therefore, in good approxima-
tion, this shower represents a point source of Cherenkov light, emitted almost
isotropically along the shower axis. This is shown in diagram a) of Figure|3.6

e tau (anti)neutrino CC interactions: here the final-state lepton is a tau, which
travels some distanc then it decays and produces a second shower; strictly
speaking it produces a second cascade only if it doesn’t decay to muon which
happens in approximately 17.39% of cases [99]. Because of the presence of two
showers, this signature is called double-bang and can be detected if both the v
and 7 interactions happen inside the detector. This is shown in diagram c) of
Figure[3.6

¢ allflavor (anti)neutrino NC interactions: the signature in this channel is the same
for all neutrino flavors. Such an event is characterized by the non-observation
of a fraction of the initial energy of the incoming neutrino, which is carried away
by the secondary neutrino. This is shown in diagram a) of Figure|[3.6

The signatures of shower-like and double-bang events induced in the detector are
shown, respectively, in Figures|3.8 and|3.9.

"The radiation of a photon typically happens after few tents of cm of water or ice, since the radiation
length in water is ~ 36 cm [96].

2The distance travelled by the tau inside the detector depends on its initial energy; for the range of
interest of neutrino telescopes, this path is usually from a few meters up to a few kilometers [96].
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Figure 3.8. Shower event: illustration of a cascade in a regular lattice of photo sensors (right)
and a corresponding IceCube event view (left). Credits: II
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Figure 3.9. Double-bang event: illustration of a high-energy tau event in a regular lattice of
photo sensors (left) and a corresponding IceCube event view of a simulated event (right). Cred-

its: .

3.5 Why IceCube for Dark Matter Searches?

IceCube is the first gigaton-scale, cubic-kilometer neutrino detector ever built.
Although it was primarily designed to observe neutrinos from the most violent astro-
physical sources in our universe, it can be also a powerful tool for DM searches, given
the extremely weak interaction strength of DM, comparable to that of neutrinos.

It is also the largest neutrino telescope built to date, providing a very large effec-
tive area, which is particularly advantageous when searching for rare processes such
as DM-induced interactions, as it enables the study of signals with very low cross-
sections.
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Furthermore, being located underground and embedded in the Antarctic ice, IceCube
benefits from a significant reduction in background, primarily from atmospheric muons
and neutrinos.

Moreover, thanks to DeepCore (see Section [4.1.1 for details) and innovative selection
criteria, IceCube is sensitive to neutrinos with energies E, ~ 1—100 GeV, precisely the
energy range where our expected DM flux, induced by CR-DM scatterings, is peaked.

Finally, we can use data corresponding to a 13-year livetime and a target volume of
hundreds of Megatons. This, combined with the large detection volume and the long
exposure time, has the potential to significantly improve the sensitivities with respect
to analogous existing searches, which reached at most tens of kilotons at Super-Kamiokande

([111], L6]).

To conclude, this is a case study that opens the way for the use of next-generation neu-
trino telescopes as dark matter direct detectors, since the general approach adopted
in this work is applicable to a broad class of experiments.
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CHAPTER 4

The IceCube Neutrino Observatory

The analysis presented in this work starts from the IceCube neutrino effective areas,
which are then converted into dark matter effective areas, as described in Chapter 5|
IceCube is a neutrino telescope located at the geographic South Pole, designed to
record the Cherenkov emission produced by high-energy charged particles traversing
the detector volume, via the detection method described in Section (3.3

In this chapter, the principal features of this telescope are introduced. First, in Section
a general description of the detector is provided. Then, in Section [4.2, the main
features of noise and backgrounds in IceCube are presented. Lastly, in Section |4.3,
the two principal event selections employed in this analysis, ELOWEN and GRECO, are
introduced.

4.1 IceCube Overview

Developments in neutrino astronomy have been driven by the search for the CRs
sources, leading, at an early stage, to the concept of a cubic-kilometer neutrino de-
tector. Cosmic rays are the highest energy particles ever observed, with energies over
a million times those reached by today’s particle accelerators on Earth [IceCube Col-
laboration site].

To prove that the extremely clear Antarctic ice was suitable for detecting energetic
neutrinos, in the mid-1990s, the Antarctic Muon and Neutrino Detector Array (AMANDA)
was built [112]. Starting from the results of AMANDA, the IceCube detector was gradu-
ally developed in several years; the deployment started in 2005, when the first string
was lowered in the ice, and the detector was completed on December 18, 2010. There
have been many analyses for each detector configuration, as the detector started tak-
ing data once the first string was deployed, allowing numerous analyses to be con-
ducted as more strings were added.

411 Detector Layout

IceCube is a cubic-kilometer neutrino observatory made of Antarctic ice and located
near the Amundsen-Scott South Pole Station. The detector is placed deeply in the ice
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for two reasons: first, because the upper ice sheet provides a natural filter against low-
energy cosmic rays, and secondly, because the ice at this depth has a high transparency
for visible light.

In addition to the main In-Ice array, IceCube includes a surface detector (IceTop) and a
more densely instrumented core (DeepCore). The detector configuration is presented

in Figure[4.1]

<

ICECUBE

Sout PoueE NEe

Amundsen-Scott South
: Pole Station, Antarctica
IceCube Laborator 86 strings of DOMs, : : dation:
Data is collected here anz!l PSR b apa ﬁ'\gl::goerlialresséea?gﬁ zjcliJ[it
sent by satellite to the data
warehouse at UW-Madison T

=

60 DOMs
on each
string

DOMs
are 17 {
meters

- apart JE 2N
Digital Optical I a2
Module (DOM) 2450 m ‘Il[ |” J
5,160 DOMs a

deployed in the ice

Antarctic bedrock

Figure 4.1. A schematic view of the IceCube detector with its components DeepCore and Ice-
Top. Credits: [IceCube Collaboration site].

This layout significantly enhances the capabilities of the observatory, making it a mul-
tipurpose facility [107]. These three main components differ in both their layout and
scientific goals; a brief overview of each is provided below:

¢ IceTop Array: this is an air shower array; it consists of 81 stations, located on top
of the same number of IceCube strings, each hosting two frozen water tanks
instrumented with two DOMs each, for a total of 324 DOMs. IceTop, built as a
veto and calibration detector for IceCube, also detects air showers from primary
cosmic rays in the range of about 300 TeV to 1EeV and reveals their composition
and characteristics [113];

¢ Main In-Ice Component: it consists of 5,160 digital optical modules (DOMs), ar-

ranged in 86 strings (including 8 DeepCore strings), arrayed over a cubic kilo-

meter from 1,450 meters to 2,450 meters depth. The strings are deployed on
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a hexagonal grid with 125-meter spacing and hold 60 DOMs each. The vertical
separation of the DOMs is 17 meters. The In-lce Component can detect neu-
trinos with energies £, > 100 GeV. The strings and DOM spacings have been
optimized for the primary scientific goal of IceCube, namely the detection of
High-Energy Extraterrestrial Neutrinos [114];

e Deep-Core Subdetector: it is formed by 7 standard IceCube strings plus 6 ad-
ditional special strings. Thanks to this configuration, the spacing between each
DOM is smaller with respect to the In-lce Component, with a horizontal sepa-
ration of about 70 meters and a vertical DOM spacing of 7 meters. This subde-
tector lowers the neutrino energy threshold to about £, > 10 GeV, creating,
among many other things, the opportunity to study neutrino oscillations[115].

4.1.2 The Digital Optical Module

As previously introduced in Section|[3.3] neutrinos are not observed directly, but when
they interact with the ice they produce electrically charged secondary particles that
in turn emit Cherenkov light. These Cherenkov photons are recorded by Digital Opti-
cal Modules (DOMs), making these DOMs the centerpieces of the IceCube detector.
Therefore, DOMs are the fundamental light sensor and data acquisition units for Ice-
Cube; a picture and a schematic view of a DOM are reported in Figure [4.2.

Penetrator HV Divider

— W'y
.ll g_ Mu-metal
I—— L grid

1 77\\7// \\
PMT RTV

Glass Pressure Housing

Figure 4.2. Left: Picture of the last Digital Optical Module, installed inside the detector in
December 2010. Right: Schematic view of the DOM’s major components.
Credits: [IceCube Collaboration site].

Each DOM contains a downwards oriented 10-inch Photomultiplier Tube (PMT) to record
the photons, along with a DOM Mainboard (DOM MB) to further process and digitize
the signal. The PMT, which is in contact with the glass via a transparent silicone gel,
and the DOM MB are powered by a 2 kV high voltage power supply and is housed in a
13 mm thick glass sphere, capable of withstanding pressures to 70 MPa [82].

39


https://icecube.wisc.edu/gallery/

CHAPTER 4. THE ICECUBE NEUTRINO OBSERVATORY

A photon, to be detected, first it has to reach the DOM and to cross the glass sphere
and the silicon gel to arrive at the PMT, where it can then be absorbed by the photo-
cathode. After absorption, a photo-electron is emitted, which is amplified by a factor
107 as it passes 10 dynodes. This amplified signal is read out as a change in voltage of
the anode in the PMT and is passed to the DOM MB for further processing[116].

Finally, the IceCube Laboratory on the surface converts the messages from individual
DOMs into light patterns that reveal the direction and energy of muons and neutrinos.

4.1.3 Triggering and Filtering

Once the various expected signatures have been described, it becomes essential to
distinguish signal from background. To achieve this, several aspects are taken into ac-
count. First, we examine whether hits from neighboring DOMs occur within a short
time window. If two or more neighboring or next-to-neighboring DOMs register hits
within a +=1us window, these hits are tagged as Hard Local Coincidence (HLC). In con-
trast, if no such coincidence is found, the isolated hit is classified as a Soft Local Coin-
cidence (SLC) [82].

At this stage, the resulting data sample is still largely dominated by noise. To reduce
this noise, IceCube applies trigger conditions based on time coincidences. The main
trigger is the Simple Majority Trigger, or SMT-8, which requires at least 8 DOMs with
HLC pulses to occur within a 5us window. To lower the energy threshold and improve
sensitivity to low-energy events in the DeepCore, a softer trigger condition can be
used, as the SMT-3. The SMT-3 trigger works similarly to the SMT-8, but requires only
3 DOMs with HLC pulses within a 2.5us window [82].

Once an event satisfies the trigger conditions, it is passed through a series of filters
designed to select events of particular physical interest. For example, the Cascade Fil-
ter identifies cascade-like events, while the Extremely High Energy Filter targets events
associated with extremely high-energy neutrino interactions. Another important filter
is the DeepCore Filter, which acts as a veto against certain atmospheric muons [103].

4.2 Noise and Backgrounds in IceCube

In typical data-taking conditions, most of the hits recorded in the detector are due to
detector noise, while only a small fraction corresponds to real neutrino interactions
[103]. Therefore, before discussing the event selection, a brief introduction to the
backgrounds in IceCube and about how noise hits are removed is presented.

Before any filtering, detector dark noise is the dominant source [100]. However, after
the application of filters such as NoiseEngine [103], its contribution becomes subdom-
inant compared to atmospheric muons and neutrinos.

4.21 Atmospheric Muons and Neutrinos

Atmospheric muons and neutrinos are produced by CRs interactions with Earth’s at-
mosphere. Up to energies of about £ ~ 100 TeV, they are primarily generated from
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the decay of charged pions and kaons in the resulting air shower cascades. Addition-
ally, low-energy neutrinos are also produced from the decay of muons [96].
Atmospheric muons are approximately five orders of magnitude more abundant than
muons produced by cosmic neutrino interactions inside IceCube. As a result, identify-
ing and rejecting this background is crucial for neutrino analyses [103]. These muons
can penetrate several kilometers into ice or water, constituting the majority of recon-
structed events in large-volume neutrino detectors.

In IceCube, the atmospheric muon event rate is typically between 2.6kHz and 3.0kHz.
Although many muons do not trigger the detector, they may still leave detectable sig-
nals. In particular, the number of HLC hits is a good indicator for the rate of triggered
atmospheric muons per DOM, since HLC hits are unlikely to be caused by the DOMs’
intrinsic dark noise [117]. Finally, to estimate the number of atmospheric muons that
trigger the detector, CORSIKA (COsmic Rays Simulations for KAscade) simulations can
be used.

A major challenge for neutrino telescopes is also the separation of astrophysical neu-
trinos from the background of atmospheric neutrinos produced in CR-induced air show-
ers. Here again, CORSIKA and GENIE (Generates Events for Neutrino Interaction Ex-
periments) simulations are useful to model and quantify this background contribution
(1961, [117]).

4.2.2 DOM noise

Triggered and non-triggered atmospheric muons produce only a small fraction of the
total amount of background hits in the detector. Most of the background in IceCube
is given by the electron emission from the PMT'’s cathode in absence of a Cherenkov
photon, which are pulses that are not directly caused by Cherenkov photons emitted
from an ice-traversing charged particle; this is called dark noise.

The following discussion is based on and adapted from the comprehensive treatment
found in Ref. [103] and in Ref. [100].

Several components contribute to the total amount of dark noise in a DOM; in the
following, we illustrate the major ones:

e Prepulses and Afterpulses: these are PMT-induced effects, responsible for ap-
proximately 30 Hz of DOM noise. In general, the PMT signal can be accompa-
nied by prepulses when a photon bypasses the photocathode and hits one of
the early dynodes directly to eject photoelectron; similarly, an afterpulses is at-
tributed to ionization of residual gases by electrons that were accelerated in be-
tween the dynodes. These resulting ions are attracted to the photocathode and
cause the liberation of electrons which follow the same amplification process
of the original photoelectron. Laboratory measurements show that afterpulses
arise most likely at 6us after the main peak, following a Gaussian distribution;

¢ Uncorrelated Noise: noise in the electronics of the DOMs as well as decay of ra-
dioactive elements in the PMTs and the pressure sphere glass, such as Potassium
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and Uranium, cause noise pulses of Poissonian nature. These noise components
are temperature-dependent and follow Richardson’s law for thermal emission;

e Correlated Noise: the origin of this contribution is not fully understood yet.
Short-time interval hits happen with an increased rate compared to what ex-
pected from afterpulses; it follows that a non-thermal noise component domi-
nates over thermal emission at temperatures below 200K, with a rate that fol-
lows an exponential temperature dependence. This is a non-Poissonian noise
component, with events that do not occur randomly but in sequences of shorts
intervals, called noise bursts.

All these contributions add together and give a rate of 560Hz for IceCube DOMs and
780Hz for the DeepCore DOMs; moreover, cosmic-ray muons are expected to create
a rate from 25Hz to 5Hz, decreasing with depth.

4.2.3 HitSpooling Data Stream

To better understand the various pure noise contributions, the IceCube collaboration
has utilized the data stream known as HitSpool data [100], which is a raw data buf‘fer[
primarily designed to improve data acquisition for supernova neutrino analysis. This
data-taking method records all hits within the detector in a continuous stream, in con-
trast to the typical triggered data approach.

This data stream allows us to save every neutrino interaction happening in the neigh-
borhood of the detector, both triggering and sub-threshold interactions; this increases
the effective volume for low-energy neutrinos.

Figure[4.3 compares the detector noise, with fits of the different contributions briefly
described above, with the histogram of time differences between successive hits from
HitSpool data.

4.2.4 The Vuvuzela Noise Model

This noise event generator is based on an empirical model consisting of three compo-
nents inherent to IceCube DOMs: uncorrelated thermal noise, uncorrelated radioac-
tive noise and correlated scintillation noise. The study of the behavior of these pure
noise events allowed to development of an algorithm able to identify them [118].

As previously introduced in Section[4.2.2, the uncorrelated noise is given by two com-
ponents: thermal and radiactive noise; the latter is due to radioactive decays within
the glass of the DOM and PMT. For both components, the number of hits is treated as
a Poissonian distribution and the hit times are sampled from a uniform distribution.
In the thermal component, the number of hits is simulated with a rate dependent on
the temperature of the DOM, while for the radioactive component the rate is inde-
pendent of the temperature.

A data buffer is a temporary memory storage used to hold data while it is being transferred between
components, ensuring smooth and efficient data processing.
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Figure 4.3. Histogram of time differences between successive hits from HitSpool data of DOM
15-27 (blue) on a logarithmic scale in order to visualize the different noise components (without
prepulses which are comparatively insignificant). Credits: II

A part of the correlated noise originates from the radioactive decays, since daughter
particles from each radioactive decay can interact within the glass, producing scintilla-
tion light. This scintillation light is produced in fast bursts and enters the PMT, hitting
the photocathode to form a photoelectron signal. The number of hits in a burst is de-
termined from a Poisson distribution with a constant mean determined for each DOM,
and the time between subsequent hits is drawn from an empirically characterized log-
normal distribution.

The Vuvuzela Noise Generator Module implements this model (see Ref. for fur-
ther details) and, for each DOM simulated, both the uncorrelated and correlated noise
hits are produced.

The uncorrelated noise is simulated as a Poisson process with the number of hits x
which follows a Poissonian distribution

PVAVAK
fUncorreIated (1’) = ue(*AAt),

(4.1)
x!

where ) is the rate parameter associated with the process and At is the duration of
the simulated time window.

For thermal noise, the typical rate is on the order of 20 Hz and varies with depth, while
radioactivity occurs with a significantly higher rate of about 250 Hz, which is constant.

Regarding the correlated noise, the number of scintillation photoelectrons y is simu-
lated again as a Poissonian distribution, but independent of the time window being
simulated:
n
fCorreIated(y) = ae 77’ (4-2)
where 7 is an empirically fit constant value for each DOM.
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Then, for each correlated hit, a standard normal distribution is sampled for a value z:

1
fCorreIated(Zi) = \/—2_7re 12; (4.3)

then the z; value is converted to a time dt; by translating to a log-normal distribution.

This noise model, which encodes the noise sources explained in Section(4.2.2, is used
to elaborate the ELOWEN event selection.

4.2.5 HitCleaning

With Hit Cleaning, we refer to the use of several algorithms to remove noise hits and
therefore increase the purity of the sample. Multiple strategies exist to identify pulses
likely originating from detector noise; a brief overview of these methods, based on
the discussion in Ref. [100], is presented below.

HLC Cleaning

Taking into account the local coincidence information, we can obtain very strict clean-
ing results; this type of cleaning is referred to as HLC cleaning.

In general, when a specific DOM records a light signal, it notifies the nearby DOMs. By
selecting only pulses that result from DOMs satisfying the HLC criteria, the series can
be cleaned of nearly all detector noise, although this implies a potentially significant
amount of information loss about the event, since all SLC hits are removed.

SeededRT Cleaning

Instead of using only HLC hits, considering also SLC pulses enables us to identify po-
tentially interesting pulses that fails the HLC condition.

To do this, the SeededRT algorithm can be used; it requires a seed, radius, and time
to search for additional information in the event. Starting from selecting interesting
pulses, such as a selection of the HLC ones, as a seed, then a sphere is drawn around
each seeded DOM, and any nearby DOMs observing pulses within the sphere and time
window are added to the output pulse series. The typical parameters used for Deep-
Core are a radius of 75 m and a time window of 500 ns.

Dynamic Time Window Cleaning

This is a specific kind of time window cleaning, used in GRECO selection; it is an algo-
rithm that uses the maximum pulses density in time to find a likely interaction time
for a physical event. Then the timing window, often consisting of a few hundred of ns,
is placed around this time. In the following, we refer to is as DTW.

4.3 Event Selections in IceCube

To obtain the number of Dark Matter expected events in the detector, we need to de-

fine an Effective Area for this kind of events, which can be derived from the neutrino

one; this computation is worked out in Chapter |5, Hence, it is useful to describe how
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the neutrino effective area is defined and then extract the DM one; we use two dif-
ferent effective areas, derived from two different event selections, according to the
neutrinos’ initial energy. To obtain these effective areas, some criteria must be used
to select signals with respect to the high background rate.

In general, the effective area A is defined as [103]

Observed event rate
Aeff = N > (44)
Incoming flux

reflecting the area of the detector, scaled down by the fraction of events triggering
the detector over the total number of events incident on the detector. This effective
area can only be obtained by means of simulation studies.

In the following, we briefly describe the selection criteria used to define the two neu-
trino effective areas of interest; in Section[4.3.1we introduce ELOWEN effective area,
a selection criterion optimized for GeV signals; then, in Section[4.3.2, we consider the
GRECO effective area, optimized for higher energies, up to thousands of GeV.

4.3.1 Searches for GeV signals and ELOWEN effective area

The IceCube Neutrino Observatory was originally designed to observe TeV neutrinos;
despite that, using DeepCore, we are able to extend the sensitivity to a larger energy
range, down to the single GeV energy scale.

Below, we outline the main strategies used to select events in the few-GeV energy
range. The content of this section is largely derived from Refs. [103] and [119], which
constitute the main sources of the material presented.

Before these analyses, neutrino searches in IceCube were feasible in the MeV range
using the Supernova Data Acquisition syste and above approximately 10 GeV for
neutrino oscillation and atmospheric studies in DeepCore (for more details, see [82]).
However, thanks to these studies, it is now possible to bridge the gap between these
two energy ranges.

The main idea of ELOWEN, which stands for Extremely LOW-ENergy interactions, is to
search for an increase in the rate of GeV-like events in IceCube during an astrophysical
transient, such as a solar flare.

Furthermore, to understand the behavior of the selection to the different types of
events, different simulation data sets have been used.

First, CORSIKA has been used to simulate extensive air shower events; this data set is
used to study atmospheric muons traveling in the neighborhood of IceCube.
Similarly, to study the interactions of atmospheric and astrophysical neutrinos be-
tween 100 MeV and a few hundreds GeV, the GENIE Neutrino Monte Carlo Generator

2|ceCube can identify transient MeV neutrino sources, like supernovae, trhough a collective increase
in the PMT trigger rates [120]. However it cannot resolve individual MeV neutrino signal, making it
effective for transient signals like supernovae, it is not optimal for dark matter searches. Therefore, to
reach our goal, it is better to consider event selection as a strategy to achieve a higher sensitivity
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has been used. In addition, a Pure Noise events are produced by a noise event gener-
ator (see Section[4.2.4/for more details).

Finally, signal-like events are created using GENIE; several neutrino interaction pro-
cesses are included in the simulation, as deep inelastic scattering, quasi-elastic scat-
tering, resonant production, coherent scattering. Two different simulations sets have
been used: ELOWEN for neutrinos between 500 MeV and 1 GeV and lowen for neutri-
nos between 1 GeV and 5 GeV.

These simulation sets have been used to model different signals occurring in the de-
tector, to understand their main features and filter out uninteresting ones.

Among all possible signals, the physically relevant events for our purpose are cosmic
neutrinos; these events are selected through three main steps, as described below.

Removing High-Energy events

The first part of ELOWEN event selection is to reduce the amount of high-energy event
from the data sample.

The main difference between an event with arbitrarily high energy and a GeV neutrino
interaction is the amount of light emitted in ice; therefore, to eliminate neutrinos with
energy exceeding 5 GeV, it is sufficient to impose strong constraints on the number of
DOMs that provide a signal due to the interaction. Using available data streams, de-
veloped to tag specific kinds of events, we can extract the low-energy events.

Since, as mentioned before, the low-energy events activate a small number of DOMs
and thus are not expected to pass any of the filters designed to tag high-energy inter-
actions. Therefore, for an event to be included in the low-energy data sample, it must
pass the DeepCore filter and fail all other filter conditions.

Considering a specific combination of filters, a substantial reduction in the number of
atmospheric muons is possible. After applying this filter selection, the data rate de-
creases to approximately 15 Hz, compared to the original rate of around 1400 Hz. More
than 98% of simulated neutrino events, in both the lowen and ELOWEN simulations,
pass this filter selection.

Moreover, to further decrease the data rate, the number of HLC hits in IceCube and
DeepCore strings can be considered; this number is strongly limited for simulated low-
energy signal events. On the contrary, background events from atmospheric muons
and neutrinos are showing a large amount of HLC hits in the detector. This implies
that, constraining the maximum amount of HLC hits allowed, it is possible to remove
high-energy events from the sample. For this purpose, the request is to keep events
that are fully contained in the DeepCore, selecting only events that have 0 HLC hits in
IceCube-without-DeepCore.

Finally, the number of causally connected hits within an event can also serve as an in-
dicator of the amount of light produced in the detector due to a neutrino interaction.
By applying the SRTInlice algorithand selecting hits that have at least one neighbor-
ing hit within a sphere of radius R = 150 m and a time window of 1us, the data rate

SWith high-energy events we refer to neutrinos with an energy > 5 GeV; this is motivated by the
expected energy range for the solar flare neutrinos, for which this event selection has been performed.

4This is an algorithm designed to select sets of hits most likely connected to the same physical in-
teraction, and therefore unrelated with dark noise.
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is reduced to 5.5 Hz while retaining 99% of ELOWEN simulation events and more than
93% of lowen simulation events.

Minimizing the contribution of Pure Noise

The next step of the event selection is to differentiate low-energy neutrino interac-
tions from detector noise.

As presented in Section|4.2.2, DOMs’ noise can arise from numerous sources; all the
contributions add together, resulting in a rate of 560 Hz for IceCube DOMs and 780 Hz
for the DeepCore DOMs.

The algorithm to identify and eliminate this kind of noise has been developed based
on triggers with few hits and no preferred direction, since DOMSs’ noise triggers occur
with these characteristics.

In this frame, an event is classified as physics if it contains, during a certain time win-
dow, a minimum of pairs of hits with an effective speed contained in a defined inter-
val, pointing in excess towards a certain direction; otherwise the event is classified as
noise.

This algorithm was originally optimized to differentiate noise from 10 — 100 GeV neu-
trino interactions, and then it has been re-optimized to be effective for lower-energy
events.

Using this noise filter, called NoiseEngine, the data rate is about 0.2Hz, while the noise
rate is of the order of 0.12Hz; therefore, more than 55% of ELOWEN simulation events
survive these cuts.

Increasing the Purity

Up to now, most of the pure noise events have been removed, but to increase the pu-
rity of the sample, the remaining high-energy events need to be removed. To achieve
this goal, the following selection criteria are applied:

e Charge distribution: it is focused on the removal of the remaining muons. Since
the energy loss of a muon can be detected as soon as it enters the detector, while
a neutrino interaction deposits most of its energy close to the interaction point,
we can use this property to discriminate between the two different particles.
We consider the first 600 ns after the first HLC hit in DeepCore and integrate the
charge in DeepCore DOMs; this time window has been optimized to maximize
the signal-to-background ratio. Then we define the Q-ratio as the fraction of
this integrated charge and the total charge in the event. Selecting only events
with Q-ratio higher than 0.26, the data rate is reduced down to 0.08 Hz, while
keeping at this stage more than 50% of ELOWEN;

e Depth of the interaction: this step aims to reduce the contamination of low-
energy down-going muons. Low-energy atmospheric muons leave more energy
in the top of the detector rather than in deeper DOMs, while we expect that
most of neutrinos signal events start in the dense core of the detector. Limit-
ing the depth of the first HLC hit in DeepCore, by selecting events with a first
DeepCore HLC hit between [—2453, —2158]m, reduces the data rate to 0.055 Hz
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(2012), while preserving more than 40% of the ELOWEN events compared to the
initial number;

e Centroid of the event: another aspect that can be considered is the causality
between hits within the same event. ELOWEN events must be of low energy,
this implies that the DOMs have to record events that are close to each other,
both in distance and time. Hence, we can cut on the distance and time delay
between the first and the second HLC hits in the DeepCore; asking for a distance
between these two hits smaller than 70m and for a time delay not more than
50ns, we can reach a data rate of 0.030Hz and about 40% of ELOWEN events
pass the selection so far;

e Total Charge: considering the deposited charge, we can remove the remain-
ing events which have a too high deposited charge to be created by low-energy
neutrino interactions. Selecting events with a charge inferior to 60 photoelec-
trons, the data rate is reduced to 0.022Hz, and more than 35% of the ELOWEN
events survive at this point;

e HLC Hits: Finally, we have to remove the events with a relatively high number of
HLC hits in DeepCore, compared to the expectations for GeV neutrino interac-
tions. Keeping the events that have less than 10 HLC hits in the DeepCore, the
data rate becomes 0.018 Hz.

Applying all these criteria, more than 35% of the ELOWEN events survive this selection.

Event Characteristics at the Final Level

Once defined all the selections applied to IceCube data to constitute a GeV-like sam-
ple, we can now describe the event characteristics at the final level.
In Figure|4.4/a summary table of the rate of different sets at the final level is presented.

Sets Rate

2011 0.025 + 0.003 Hz
2012 0.021 + 0.003 Hz
Data 2013 0.020 4+ 0.003 Hz
2014 0.022 £+ 0.003 Hz
2015 0.021 + 0.003 Hz
2017 0.019 + 0.003 Hz

Pure noise ‘ ] 0.018 Hz
Corsika | | < 0.005 Hz (Hoerandel)

Ve 0.0003 Hz

GENIE Vy 0.0008 Hz

Figure 4.4. Rate of different simulation and data sets at final level of ELOWEN event selection.
Credits: [103]
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Performing a qualitative estimation of the data composition at the final level, we see
that there are potentially two dominant components: atmospheric muons and events
due to pure noise trigger.

Then, defining the passing fraction (P) as the number of events at the final level over
the number of events after triggering, we get, for the simulated electrons-, muon-,
tau- neutrinos, the following passing fractions [103]:

P(ve) ~46%,  Py,) ~ 4%,  Plv,) ~40%. (4.3)

In general this passing fraction depends by neutrinos initial energy; these values have
been computed for a neutrino energy £, € [1,5] GeV, for which values this event
selection is optimized.

4.3.2 Searches for hundreds-GeV signals and GRECO effective area

The GeV Reconstructed Events with Containment for Oscillations (GRECO) event selec-
tion was originally developed for tau appearance oscillation analysis; this data sample
contains events in the energy range ~ 10GeV — 1000GeV, detected mainly by Deep-
Core.

In the following, the cut levels of GRECO selection are shown; these cuts are designed
to remove atmospheric muons and accidental triggers maintaining neutrino events.
The content of this section is largely derived from Refs. [121], [122], and [123], which
constitute the main sources of the presented material.

As ELOWEN, GRECO is an event selection that results from applying cuts at seven dif-
ferent levels.

The starting point is that muons dominate the events passing the SMT3 trigger in the
DeepCore, with arate of 280 Hz compared to a neutrino rate of about 4 mHz. Thanks to
the GRECO event selection, the muon rate is reduced to around 0.07 mHz, preserving
around 0.7 mHz of atmospheric neutrino events.

Level 1: The DeepCoreFilter

The first step in any selection process is to design a trigger that maximizes the accep-
tance of the expected physical signal.

After triggering, a filter can be applied with the purpose of removing the collected
background; in the case of GRECO selection the filter considered is the DeepCorefFilter.
This filter analyzes the first pulses detected on each DOM, identified through Seed-
edRT cleaning, and categorizes them as either 'veto’ or 'fiducial’ pulses. To further
reduce noise contributions, it calculates the mean time of the first pulses across all
DOMs and removes any hit DOM whose first pulse occurs more than one standard
deviation away from this mean.

This algorithm reduces the atmospheric muon background from 280 Hz to approxi-
mately 17 Hz while retaining 99.4% of neutrino events which begin in the DeepCore.
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Level 2: Hit Cleaning algorithms

After the application of the DeepCoreFilter, other Hit Cleaning algorithms are used. As
explained in Section [4.2.5, these are algorithms developed to remove the noise hits
and increase the sample’s purity.

This processing stage does not remove events from the selection, therefore is not in-
teresting for our discussion.

Level 3: Low-Energy Cuts in the DeepCore

These cuts are standardized and used in all DeepCore oscillation analyses.

After Level 1 cuts, approximately half of the remaining rate consists of muons; also
accidental triggers due to random detector noise are an important contribution, due
to the low trigger threshold used in DeepCore; hence, the Level 3 cuts are introduced
to remove these two contributions.

Toreject accidental hits, events are required to have at least 3 pulses and a total charge
of at least 3 photoelectrons in a 250 ns DTW cleaned pulse series in the DeepCoreFidu-
cial region. In addition, NoiseEnigine algorithm is used to identify accidental triggers,
using the relative direction between each pair of hits to search for the directionality
of the event. Rejecting events with fewer than three hit pairs pointing in the same
direction, more than 96% of accidental triggers are removed from the analysis.

Now we have to look at the rejection of Atmospheric Muon Events; at this level,
muons are generally bright enough to be identified by hits in the veto region (the
outer part of the detector). Since neutrino candidates of interest in GRECO sample
have energies smaller than 50 GeV, no light emission is expected in the veto region
due to these neutrinos. Hence, to identify muons, the following cuts are used:

e First Hit Z Position: most muons will leave hits in the upper part of the detec-
tor since their tracks are primarily steeply inclined, while neutrinos of interest
will primarily emit light within the DeepCore fiducial volume, leading to little or
missing light emission in the top half of the detector. Considering this difference,
events with a first hit above Z = —120 m are removed;

e NAbove200: this variable measures the integrated charge occurring before the
SMT3 trigger, above a depth of —200 m; the event is removed from the sample
if more than 12 DOMs are hit above this depth;

e RTVeto: this step aims to remove clusters of hits due to muons. Using, as before,
the SeededRT algorithm, we can identify the largest cluster of pulses in the veto
region, and therefore considering the number of hits in this cluster we can rec-
ognize atmospheric muon events. For this step we consider a RTVeto algorithm
with a radius of 250 m and a time window of 1000 ns for both DeepCore and
Inlce DOMs. This cut is used in combination with the total amount observed in
the DeepCore fiducial region, removing each event with a cluster of 4 or more
hit DOMs in the Inlce detector;
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e C2QR6: another aspect to be considered is that atmospheric muons tend to
leave long tracks and take O(3us) to cross the detector, while neutrino events
produce small light patterns due to the low energies involved, with a quick de-
position of light; therefore, to reject muon events, the difference in the light
emission profile can be considered. Defining the charge ratio in 600 ns (QR6)
as the ratio of charge observed in the first 600 ns and the total amount of ob-
served charge, we can discriminate between muons (with QR6— 0 since they
deposit light over a longer timescale) and neutrinos (with a quicker deposition of
light, hence QR6— 0). Finally, in order to reduce the possibility of an erroneous
definition of the time window, the first two hits can be neglected, determining
the cleaned charge ratio in 600 ns (C2QR6).

After the application of the Level 3 cuts, the atmospheric muons are reduced of about
one order of magnitude, and the accidental trigger events decrease by more than 96%.

Level 4: Low-Energy Cuts in GRECO

This Level is very similar to the previous one, and it also is divided into two kinds of
cuts.

To reject Accidental Events, a static time window cleaning is applied with a range of
—3500ns < t < 4000ns for hits in the DeepCore fiducial volume; then a dynamic
time window cleaning, with a window of 200 ns, is applied and finally any events with
less than three hits are removed.

At this level, to reject atmospheric muon events, a stricter hit cleaning algorithm is
used to identify the ones missed at Level 3; to do this, thee following cuts are applied:

e First Hit Z Position, NAbove200, C2QRé6: applied as at Level 3;

e Tensor of Inertia: many neutrinos with energies in the range 1 — 100 GeV have a
compact hit pattern in the DeepCore, while muons have a more elongated pat-
tern. This hit topologies’ difference can be measured with the Tensor of Inertia
eigenvalue ratio, defined as the tensor of inertia from mechanics, with the mass
replaced by the measured charge, Ix = S""(y? + 22)g; and similarly for Iy

and I;. The eigenvalue ratio is defined as

mazx(1;)

e = —-, 4.6
Ix+1Iy +1z 4.6

Muon-like events, with very track-like signal, have e ~ 0, while cascade-like
1

events have e ~ z;
e Linefit Speed: this cut takes into account the average velocity of the event () to
reject muon events. This is related to the fact that in cascade-like events photons
have no average preferred direction, hence v ~ 0, while relativistic atmospheric
muons have a preferred direction and therefore they travel through the detector
with a speed ¢jce = 0.3 m/ns.
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After these cuts, the atmospheric muon rate is reduced to 50 Hz; nevertheless the
number of accidental triggers, even if it is reduced in this level, is still larger than the
number of neutrinos expected; therefore further cuts are necessary.

Level 5

At this level, to reject accidental events the STW+SRT pulse series is used to fit sev-
eral parameters, as the interactions’ position and time and the direction of a muon
track; therefore, an implicit requirement on the number of hit DOMs arises, requiring
at least 6 hit DOMs in the hit series.

Then, several cuts are included to reject atmospheric muon events:

e Time to 75% Charge: this variable is designed to look at the hit distribution in
time and is defined as the amount of time required to record 75% of the total
charge, measured from the start of the event. To discriminate between muons
and neutrinos we have to consider that neutrino events deposit energy quickly,
due to the low energies of the sample of interest, while muon events take more
time due to the long travel time through the detector;

e Veto Identified Causal Hits: this is an algorithm developed to search for hits
that are causally connected to the trigger; the ones no causally connected are
removed, and also hits which occur too far away from DeepCore;

e First Hit p: defining the radial distance from the center of the DeepCore p, is
possible to discriminate between atmospheric muons entering DeepCore, which
are more likely to be found at larger values of p, while neutrinos are more likely
to be found within the DeepCore, therefore at p < 125 m;

e Quartiles CoG: since for atmospheric muon events the apparent distance trav-
eled is expected to be larger than for low energy neutrino events, also this vari-
able can be used to discriminate between different types of particles;

e Z-travel: because atmospheric muons cannot penetrate the Earth, no back-
ground muon events are upgoing; therefore the distance and direction of travel
can be a useful variable to identify atmospheric muon events. Considering the
charge weighted average distance in the Z direction of pulses, atmospheric down-
going muons have a negative z-traveled distance, while for neutrinos this may
be positive or negative;

e SPE Zenith: this is the first likelihood reconstruction used in GRECO event selec-
tion; it includes a model of the effect of scattering in the ice based on the time
of first observed pulse in each DOM. The likelihood is maximized to obtain the
best-fit values for the position, time, and direction of the track. This is referred
to as Single PhotoElectron (SPE) fit, because this construction assumes that only
one photon is received per DOM. The zenith angle returned by this fit is con-
sidered to separate between muons and neutrinos since muons are primarily
down-going events.
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After the application of these cuts, the event rates for the atmospheric muons are a
factor of 3x larger than the neutrino flux and the accidental triggers rate is comparable
to the muons one.

Level 6

At this level, two cuts are applied both for the removal of the remaining accidental
triggers and for the reduction the muon background rate.
To reject accidental events, the following cuts are applied:

e Fill-Ratio: this variable is typically used in the search for high-energy cascades,
by quantifying the compactness of hits within an event. Defining a reconstructed
vertex as the first hit position in DeepCore within a STW+SRT cleaned series
and a radius (r), computed using the mean distance from the vertex, one can
build an algorithm which identifies all DOMs contained in the sphere centred
in the vertex and with radius r. Finally, the fill-ratio value f is defined as the
ratio of contained DOMs observing a pulse to the total number of contained
DOMs. In a cascade, we expect the resulting hit distribution to be approximately
spherically symmetric, with f ~ 1.0, while in a track-like event we get a smaller
value od f. This variable provides a good separation between neutrino events
and accidental triggers, while it has no significant separating power between
neutrinos and atmospheric muons;

e Number of Hit DOMs: events with fewer than 8 hit DOMs in the STW+SRT cleaned
DeepCore pulse series are removed. This is performed in order to prepare the
sample for the following level, but it also removes a significant number of acci-
dental triggers from the selection.

Then, to reject atmospheric muon events, the following two cuts are performed:

e CorridorCut: since, in the past, muons were discovered to be leaking into the
DeepCore fiducial volume along corridorsE a cut was developed to look along
pre-defined corridors. A cut limiting the number of discovered corridor hits to
zero would result in a significant loss of signal events, due to the effects of ran-
dom detector noise, therefore one hit is allowed;

¢ FiniteReco Starting Containment: using the SPE reconstruction from Level 5,
we can obtain the starting position of the resulting reconstructed particle and
therefore its interaction point. If an event begins outside of the DeepCore fidu-
cial volume, it is likely to contain a muon and hence is removed from the sample.

After the application of these cuts, the sample is dominated by neutrino events, the
expected muon rate from CORSIKA simulation makes up 22% of the total sample and
the rate of random detector noise events is 5% of the total.

>With corridors we refer to lines connecting the inner part of the detector to the outer edge without
crossing any strings
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Level 7: the Final Level

This is the most computationally expensive stage of the selection; it employs the Pe-
gleg reconstruction to further reduce the atmospheric muon rates, based on the po-
sition of events in the detector. This reconstruction uses a hybrid cascade+muon hy-
potesis in order to consider additional constraints on the containment of the starting
vertices. Similarly to the previous stage, events at the top and near the edge of Deep-
Core are more likely to be muons; an additional cut is applied at the bottom of the
detector in order to limit the effect of observed discrepancies between data and sim-
ulation.

At this level, cuts are also applied to the average reconstructed energy per hit DOM
and the scatter in the timing distribution of hits: a cut removing events with more than
3 GeV/DOM is applied only to events with fewer than 14 hits, limiting the impact on
the neutrino signal events.

Finally, the scatter in hit times is used to identify accidental events, which are not ex-
pected to produce hits correlated across DOMs; this cut removes events where the
standard deviation of the hit times is larger than 800 ns and is also applied for events
with fewer than 14 hits.

Properties of GRECO Event Selection

In Figure[4.5, the event rates for each simulation sample are shown. Although atmo-
spheric muons dominate the initial sample, their contribution is significantly reduced
after applying the seven levels of the GRECO selection. At the same time, the neutrino
components are largely preserved.
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Figure 4.5. Rates at each cut level in the GRECO event selection algorithm. The muon and
accidental trigger rates decrease, after the DeepCoreFilter, from approximately 18 Hz to less
than 1 mHz at the Final Level. All values are obtained from simulations. Credits: [121].
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CHAPTER 5

New IceCube Sensitivities to sub-GeV
Dark Matter

In the previous sections, | presented an overview of the evidence and properties of
Dark Matter, as well as the methods for neutrino detection in neutrino telescopes.
Subsequently, the ELOWEN and GRECO selection criteria, those used in my study, were
introduced and discussed.

All these elements converge in my analysis, which leads to the derivation of sensi-
tivities to sub-GeV Dark Matter via Direct Detection, for the first time at the IceCube
Neutrino Telescope.

This Chapter is organized as follows: Section|5.1 presents the theoretical framework, in-
cluding the derivation of the differential cross-sections for interactions between Stan-
dard Model particles and Dark Matter particles. In Section|5.2} | compute the expected
signal at IceCube, first by evaluating the Dark Matter flux at Earth and then the result-
ing number of Dark Matter events expected at IceCube. Section[5.3introduces the Test
Statistic used in my analysis to discriminate between the background-only hypothesis
and the background-plus-signal hypothesis. Finally, Section|5.4]presents the results of
the analysis.

5.1 Theoretical Framework: Hadrophilic Dark Matter

We define the Dark Matter particle as a Dirac fermion, , which is a singlet under the
SM gauge group SU(3)c x SU(2)r, x U(1)y, and has mass m,,,.

In addition to the SM matter content, we introduce the DM particle and a new medi-
ator responsible for the interaction between DM and SM particles.

Two scenarios are considered: a scalar-mediated interaction, involving a new scalar
field ¢ with mass m, and a pseudoscalar-mediated interaction, involving a new pseu-
doscalar field a with mass m,,.

In this framework, we focus on Hadrophilic Dark Matter, DM particles that couple pri-
marily to hadrons. This property makes it particularly suitable for detection in Direct
Detection experiments, where the target materials are composed mainly of nucleons.
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At a first stage, the interaction between DM and SM quarks is described by the follow-
ing Lagrangians [6]:

Ly = GyeXX® + 94799,

. . (5.1)
Lo = GraXV5X0 + GgaqiV59a

where g runs over the quarks; this is the Relativistic Lagrangian, valid at energies larger
than about a GeV (but smaller than the electroweak scale).

5.1.1 Dark Matter Effective Coupling with Nucleons

Since the energies involved in DM scattering with ordinary matter are very low, the
relevant degrees of freedom are nucleons and nuclei rather than quarks ([8], [124]).
As a consequence, in our study, DM-nucleon interactions are described using a non-
relativistic effective Lagrangian.

This framework is broadly used in the literature, including in Ref. [6], where a similar
analysis was performed in the context of the Super-Kamiokande experiment; in this
work, we adapt and extend that approach to the IceCube detector.

To derive these non-relativistic interaction terms, we follow the methodology pre-
sented in Refs. [8] and [124].

Scalar Mediator case

In this paragraph, we derive the Non Relativistic Lagrangian (NR) for the scalar medi-
ator case. To achieve this goal, we consider the matching from quark level to nucleon
level at the lowest order, without including Next-to-Leading Orders, as previously done
in Ref. [125]. The Lagrangian at the quark level is given by L, expressed in Equation
(5.1), while the scalar-nucleon interaction can be written as
Lo = (XN| Ly [xN) XxNN

= (XN gxoXX® + 9qp790 [XN) XxN N (5.2)

= (XN 9xs XX + 94009 IXN) OXXNN
where we have used the fact that ¢ is a scalar and is independent of the states | V)
and |x).

Considering the direct product between the nucleon and DM states |y N) = |x)®|N),
we have that

e the operator g,4X acts only on |x) states,

e the operator g,4qq acts only on | N) states;

this implies that in the computation of the matrix element, we have a factorization.
Evaluating the matrix element, we obtain

M = (x| gxeXX |X) (N| 9409 | N)

! - (5.3)
= Gx¢9q6 (X| >5<2< Ix) (N|qq|N) ,
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where NN is the nucleon spinor wave-function, my and m, are, respectively, the nu-
cleon’s and quark’s masses.

Finally, we define the form factor at zero momentum transferred f;V , Which is con-
stant, and the scalar nucleon form factor G, which incorporates the finite size of the
nucleon [6], as

f(N) <N| mqqq |N> G( 2) — 1 (5.4)

q Qm?\f ? (1 + X—QQ)Q i
these parameters are taken from Ref. [6], where they are given as 2my - fqi\’ =
1.99 x 1072, 2my - f = 4.31 x 1072, Ay = 770MeV and Ay = 410MeV.

In this way, the matrix element in Equation (5.3) becomes
mn
M = 9900 =TIy G(=1)2m2m ; (5.5)
q

where t = (p; — p;)? is the Mandelstam variable. In the derivation, we have consid-
ered that (x| xx |x) ~ 2m, in the non-relativistic limit, as derived in Appendix|B|

By substituting these results in Equation (5.2), we can rewrite the NR Lagrangian for
the scalar-mediated interaction as

m _
Lxo = Grodao 1y G(=1)2m,2my NN (5.6)
q

As presented in Ref. [6], we can consider the following assumptions:

e the nuclei form factor is given by n4 Fa(¢?), with Fa(¢?) = Ga(q?). We n4 as
the number of nucleons inside the nuclei A and G 4 as the nucleon form fac-
tor. In this study, for DM-CRs interactions considered in the computation of the
flux, we consider only the scattering with protons and Helium, assuming that
all the DM components upscattered by other CRs elements are negligible. Fur-
thermore, regarding the DM interaction with the particles of the detector, we
consider as relevant degrees of freedom the target nucleons rather than nuclei,
since the energy transferred in the interaction is large enough that the DM par-
ticles resolve the constituents of the nuclei;

e we assume an isoscalar coupling for up and down quarks g,4 = gae;

e we assume the coupling to all other quarks vanishes.

In conclusion, we can obtain the final formulation of the NR Lagrangian as

£N¢> = gX¢gN¢nAFA(—t)2mx2mN¢>2xNN (57)

where the nucleon-scalar coupling, considering the isoscalar coupling g,.4 = gas = 94
and all the other couplings vanishing, is given by

m m
ING = Guo ( mN N+ m—:fév) (5.8)

At tree level, the leading non-relativistic operator in momentum space, induced by £
is the identity 1, so detection techniques which search for scalar-mediated DM-SM
interactions give spin-independent searches.
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Pseudoscalar Mediator case

As in the scalar case, we get the NR limit of the pseudoscalar Lagrangian at the quark
level, expressed in Equation (5.1), considering
Lya = (XN|La|[xN) XxNN
= (XN| gxaXiVsX@ + Gga@ivsqa |XN) XxNN (5.9)
= (X| 9xaX15X [X) (V| 94aTiV5q | N) axXX NN ;
the latter derivation is obtained considering that the pseudoscalar mediator a does

not depend on the nucleon state.
Evaluating the matrix element, we obtain

M = (x| GxaXiV5X [X) (N 9gaqivsq | N)

_. . (5.10)
= Ixadaa {XI X1WX [X) (N] Givsq |N) -
In this case, the form factor at zero momentum transferred h,, is defined as
N 71 N

2
2msy,

The nucleon form factor GG¢ is given by the partially conserved axial current relation
[6] as
t

2
4ms;

Ga(—t) = Ga(=1) +

GI(—t) — 26,Gr(—1), (5.12)

where the axial vector form factor G 4, and the pseudoscalar form factor G are given

by
1
Galg®) = ——— and  G%(¢*) =Galg?
alq) REar p(@°) = Gal)

Cq
o Mg . (5.13)
Finally, we neglect the anomaly form factor GG, since it has little significance on the
final result.
As for the scalar case, the form factor at zero momentum transfer and the parameters
needed to define the nucleon form factor are obtained from Ref. [6]; their values are:
2my - hysq = 0.45, Ay = 1.32 GeV, C, g = 0.90 GeV? and M, 4 = 0.33 GeV.

Therefore the matrix element in Equation (5.10) becomes

2 < . g .
2Tn’N thg(_t) (SX ﬁ) (SN ﬁ) :

— (5.14)
my 2m,,  2my

M = 9xaYqa

in this derivation, we have considered that (V| g—'n’j |IN) ~ % in the non-relativistic
limit, as derived in Appendix B}

Then our NR Lagrangian becomes

2m

2 g . g . _
N G (—t) (5 9) 5w D) o NN (5.15)
my 2m,  2my
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In this study, we consider, as in the scalar mediator case, the isoscalar coupling g,, =
Jia = 9o and all the other couplings vanishing; defying the nucleon form factor as
F.(¢*) = GZ*d(cf)we get that the nucleon-pseudoscalar coupling is given by

2mN

o Nutd- 5.16
My, + My +d ( )

gNa =

Finally, the Non-Relativistic Lagrangian for the pseudoscalar mediator case becomes

(S - P) (Sn - P)
2m,  2my

Lo = gragnaFa(—1) 2myaxxNN (5.17)

At tree level, the leading non-relativistic operator in momentum space, induced by £,
is (5y-P)(Sn-p). Thisimplies that detection techniques which search for pseudoscalar-
mediated DM-SM interactions give spin-dependent searches. Notice that, since He-
lium does not have a net spin, only the scattering with CRs Hydrogen is considered for
the DM upscattered flux given by a pseudoscalar mediated DM-CRs interaction.

5.1.2 Determination of the Differential cross-section

To obtain the expected signal at the detector, we need to compute the differential
cross section for DM-SM interactions. The full derivation is presented in Appendix C}
here, we summarize the key results.

The DM-SM interactions considered are two-to-two scattering processes, where par-
ticle 1(mass m;) is initially at rest, and particle 2 (mass m5) is incoming. This configura-
tion isillustrated in Figure[5.1. The four-momenta of the two particles are, respectively,

. . (5.18)
P2 = (E2>P2)> m% = E22 - ‘pQ‘z'

> 7 @
m, my e .
)pé

Figure 5.1. Diagram of a two-to-two scattering process involving a particle initially at rest and
an incoming particle.

"In the pseudoscalar mediator case, n4 = 1 because we consider only DM scattering on Hydrogen,
due to the spin configuration of Helium.
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For the DM-SM interaction mediated by a scalar particle, the final form for the differ-
ential cross-section in terms of the kinetic energy is

dog 1 G (Am2 —t)(4m% —t) ,
= Fi(—1)O(Knayx — K 5.19
dKf Kmax 167s (t_mi)g iy A( ) ( a f) ( )

Similarly, for a pseudoscalar mediator, the expression becomes:

do, 1 Goudka P )
= F2(—t)0(Kmax — K 5.20
dK;  Kpaw 167s (m2 —t)?2 - (=1)8( 2 (5.20

5.2 Expected Signal at the Detector

The goal of this Section is to determine the expected number of DM events at IceCube.
This quantity can be derived from the interaction cross-sections obtained in the pre-
vious section.

In particular, this study focuses on hadrophilic light DM that is upscattered by Cosmic
Rays. Therefore, the events detected at IceCube result from a two-step interaction
process.

First, DM particles from the Galactic halo, which are non-relativistic and initially con-
sidered at rest due to their much lower velocity compared to CRs, are assumed to
interact with incoming CRs. A portion of the CRs’ kinetic energy is transferred to the
DM, producing an upscattered component of the DM flux. This upscattered flux is
computed in Section|5.2.1.

This flux, which peaks in the GeV energy range, can then reach IceCube, interact with
protons in the detector, and be detected. The number of events induced at IceCube
by this interaction is derived from the DM interaction cross-section and the detector’s
effective area, as described in Section[5.2.2]

Additionally, for a more precise analysis, one can also consider that the upscattered
DM flux may traverse different path lengths through the Earth’s rock or Antarctic ice
depending on the arrival direction. How the flux is attenuated as a function of its ar-
rival direction is discussed in Section[5,2.3

The DM candidate considered in this analysis is the same as the one introduced in
Ref. [6]. While the upscattered DM flux is computed following a similar approach, the
expected number of events is evaluated here differently, using the IceCube detector’s
effective area.

5.2.1 Dark Matter Upscattered Flux

High-energy Cosmic Rays, as already introduced in Section|[3.2} are known to be present
in our Galaxy. As input for our analysis, we adopt the CRs fluxes derived in Ref. [97],
from which we extract the contributions from Hydrogen and Helium. These CRs fluxes
are reported in Figure[5.2
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Cosmic Rays Fluxes
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Figure 5.2. Cosmic Rays fluxes used as input of this analysis; in green we present the Hydrogen
flux, while in orange the Helium one. The fluxes shown in this plot were reproduced from [97].

Furthermore, since we consider interactions between CRs and Galactic DM, it is neces-
sary to introduce the standard halo DM flux. As mentioned previously, the derivation
of the upscattered DM flux follows the approach outlined in Ref. [6].

The Galactic DM Halo is given by

alo p
oo = 222 F(0(K, ), (521
X
where ¢ is the speed of light and v(K,) = 275:; the speed distribution and the

normalization factor are rispectively

flv)=—= 2v exp (—%)@(vesc —v),

Vesc 2 Vesc v2
N — Erf Y el
() Ve oo (5m)

where © and Erf are, respectively, the Heaviside Theta Function and the Error Func-
tion. We consider a peak velocity of v, = 230 km/sec, corresponding to 0 =
163 km/sec and vec = 600 km/sec [6].

(5.22)

As in all Direct Detection scenarios, we assume that DM interacts with SM particles,

and thus it can also interact with CRs. In such DM-CR interactions, DM particles, ini-

tially at rest due to their non-relativistic nature in the cold DM paradigm, can gain

kinetic energy from the relativistic CRs. This process leads to an upscattering of DM,

resulting in a population with kinetic energies significantly higher than those typical
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of the Standard Halo.

Furthermore, to embed the DM- and CR-distributions in the galaxy, the J-factor is con-
sidered. This factor is an astrophysical quantity, which depends on [ and b, respectively
the galactic longitude and latitude. This factor is defined as:

ro(ro + 1)’
J(b,1) = dL = dLps -2~ 5.23
( ) [0.5 IOX<T) \[o.s pQ T(T + TC)Z ( )

since we consider the Navarro-Frenk-White (NFW) profile as DM density profile px<7") =
pnew (7). This profile was introduced in Section and is shown in Figure

Since we expect a DM distribution peaked in the Galactic Center, we bound the inte-
gration in a leaky cylinder; we choose the radius and the half width as R = 10 kpc and
h = 1 kpc. Finally, considering the NFW profile, we have that r is the distance from
the galactic center, and we take ro, = 8.5 kpc, r. = 20 kpc, po = 0.42 GeV/cm®.
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Figure 5.3. Navarro-Frenk-White profile, used to parametrize the Galactic DM Halo density
profile.

In our model, we assume a CRs flux homogeneous in a leaky cylinder centered on the
galactic center, and vanishing outside, therefore the DM flux upscattered by the CRs

is given by
ao,  J(,0b) d®, do
—X o Ka—a— 24
aQ - m, ZA:/dAdeKX’ 15:24)

where J(b,1) is the J-factor, d¢ 4 /dS2 is the differential CRs flux, K& 4 is the CRs kinetic
energy, and do /d K, is the cross-section computed previously.
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Since we are considering hadrophilic DM, the leading source of the high-energy com-
ponent of the DM flux comes from collisions with two CRs components: Hydrogen and
Helium nuclei.

For a scalar mediator, the SM quarks interact with the DM via the scalar operator gq.
This scattering, as shown in Appendix [B} is spin-independent in the non-relativistic
regime and its strength is proportional to the nucleon mass. As a result, Hydrogen
and Helium nuclei can contribute to the scattering process both in the relativistic and
in the non-relativistic regime, as the total cross-section is provided by the sum over all
nucleons of the target nucleus. Therefore, for scalar-mediated interactions, we include
both Hydrogen and Helium in our scattering targets, and this implies that A = p, He.
On the other hand, in the case of a pseudoscalar mediator, the DM interacts via the
spin-dependent pseudoscalar operator ¢v;q. Appendix B|discusses limits derived in
the non-relativistic regime. In that regime, the pseudoscalar interaction couples to
the net spin of the target nucleus, and Helium-4, having zero nuclear spin, does not
contribute at leading order. However, in the relativistic regime, Helium nuclei can con-
tribute to the scattering process despite their zero net spin. Therefore, also in the case
of pseudoscalar-mediated interactions, both Hydrogen and Helium should be included
as scattering targets A = p, He.

The differential DM flux defined in Equation (5.24) is not homogeneous across the
Galactic sky; due to the dependence of the J-factor on [ and b, and the choice of the
NFW profile, it is strongly peaked toward the Galactic Center, as can be seen in Figure

Dark Matter Flux in the Sky Map

0.2 0.4 0.6 0.8 1.0
o, (a,6) [GeV~l cm=2 571 sr71] le—7

Figure 5.4. Map of the Galactic sky where we show only our DM flux for the following pa-
rameters: K, = 1GeV,m, = 0.01GeV,my = 1GeV, g, = 0.1,9,4 = 1. Ascan
be seen, it is peaked at the Galactic Center, (I,b) = (0°,0°), or in equatorial coordinates,
(g, 00) = (266.4°, —28.9°) = (86.4°, —28.9°).
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After defining all the relevant quantities involved in its derivation, in Figure we
present the upscattered DM flux, sky-integrated and computed for fixed values of the
model parameters: m, = 0.010 GeV, my = 1 GeV and g,49us = Jye9ds = 0.1 for the
scalar mediator case, while m, = 0.010 GeV, m, = 1 GeV and ¢,,9ua = Jyagda = 0.1
for the pseudoscalar mediator case.

As can be seen from this plot, the flux of upscattered DM in the pseudoscalar case
peaks at higher energies compared to the scalar case. This is a very interesting feature
for its detection in IceCube, since, as shown later, the effective area of the experiment
is larger at energies of tens of GeV and above.

With respect to the DM fluxes presented in Ref. [6], these fluxes results slightly varied,
especially for the scalar mediator case; this difference is due to an updating of the CRs
fluxes.

Furthermore, in Figure[5.6, we present this flux compared with the DM Halo one.
From the comparison plot, we see that the intensity of the upscattered fluxes is much
smaller than the Halo one (even of 15 orders of magnitude), but as expected, they're
in the higher-energy region; this is an essential condition to probe these DM compo-
nents using neutrino experiments.

Finally, we present a set of plots to illustrate the dependence of the upscattered DM
flux on the parameters of the model. Since the dependence on the couplings is purely
multiplicative, we do not provide a dedicated plot for it. On the other hand, the de-
pendence on the DM mass and on the mediator mass is more intricate.

For the scalar mediator case, the dependence on the DM mass is shown in Figure
5.7, while the dependence on the mediator mass is presented in Figure 5.8} For the
pseudoscalar mediator case, the DM mass dependence is shown in Figure[5.9} and the
mediator mass dependence in Figure|5.10.

From these plots, we can see that varying the DM mass increases the flux and shifts
the peak to progressively lower energies as the mass increases. On the other hand,
changing the mediator mass leaves the shape of the flux practically unchanged, al-
though the flux is strongly suppressed as the mediator mass increases.
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Figure 5.5. Upscattered DM fluxes at Earth, computed for the following parameters’ values:
my, = 10 MeV, my = my = 1GeV and g,¢gup = JyxaGua = 0.1. Results for the scalar and
pseudoscalar mediator scenarios are shown in blue and red, respectively.

These fluxes results slightly varied in respect to the ones reported in [6]], especially for the
scalar case; this is due to the updating of the CRs fluxes.

Dark Matter Upscattered and Halo Fluxes
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Figure 5.6. Dark Matter fluxes at Earth, for the following parameters’ values: m, = 10 MeV,
mg = mq = 1GeV and gy4gus = 9yagua = 0.1. The Halo is also shown as a comparison (in
black). We immediately see that the DM component upscattered by CRs has a lower flux but
at higher Kinetic Energies K, as expected.
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Dark Matter Upscattered Fluxes, Scalar Mediator
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Figure 5.7. DM upscattered flux for the scalar mediator case, computed for different DM

masses: m, = 0.001 GeVinteal, m, = 0.010 GeV inblue and m, = 0.100 GeV inviolet. Here
the mediator mass and the coupling are fixed respectively at my = 1 GeV and g,¢g,¢ = 0.1 .

Dark Matter Upscattered Fluxes, Scalar Mediator
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Figure 5.8. DM upscattered flux for the scalar mediator case, computed for different mediator
masses: mg = 1 GeV in blue, my = 3 GeV in petrol blue and m, = 5 GeV in light blue. Here
the DM mass and the coupling are fixed respectively at m, = 1 GeV and g,4g,4 = 0.1.
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Dark Matter Upscattered Fluxes, Pseudoscalar Mediator
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Figure 5.9. DM upscattered flux for the pseudoscalar mediator case, computed for different
DM masses: m, = 0.001 GeV in orange, m, = 0.010 GeV in red and m, = 0.100 GeV in
brown. Here the mediator mass and the coupling are fixed respectively at m, = 1 GeV and
Jua9xa = 0.1.

Dark Matter Upscattered Fluxes, Pseudoscalar Mediator
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Figure 5.10. DM upscattered flux for the pseudoscalar mediator case, computed for different

mediator masses: m, = 1 GeV inred, m, = 3 GeV in magenta and m, = 5 GeV in pink. Here
the DM mass and the coupling are fixed respectively at m, = 1 GeV and gyq9yq = 0.1.
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5.2.2 Events at IceCube Detector

Once the DM particle interacts with the CRs and has been accelerated, then it can
reach one of the existing detectors on Earth and interact with a target particle; if the
target’s recoil energy is higher than the threshold, then this interaction can be de-
tected.

Considering water Cherenkov neutrino detectors, as IceCube, which is mainly com-
posed of water, we assume that our target is composed only of protons and Oxygen
nuclei. Given that the transferred momenta in the DM-target nuclei interactions are
quite high, we have to consider that we can resolve the inner structure of Oxygen nu-
clei, and therefore we consider the DM scattering with protons, given by both Oxygen
and Hydrogen nuclei.

The goal of this Section is to compute the DM event rates at the neutrino detectors,
neglecting, as a first approximation, the Earth and Ice attenuation.

The number of expected DM events at the detector defined in Ref. [6] is experiment-
independent and can be a good approximation; moreover, we can delve into a more
accurate analysis considering public IceCube data. We can start from the previous
knowledge about neutrino-proton interaction in the detectors. Determining the needed
correction factors, we can study the DM interactions in the detector.

To be sensitive to an energy range of £, > 500 MeV, we consider a combination of
ELOWEN and GRECO, the two event selections already described in Section[4.3.
In general, the number of expected neutrino events in the detector [126] is given by

N, =t / dEA%(E)®"(E), (5.25)

where t is the acquisition time, A is the effective area, and ®”(E) is the neutrino
flux. The effective area is generically defined as

off = Ovp - N1 - €, (5.26)

where 0, is the cross-section for the neutrino-proton interactions, N is the number
of target particles of the detector, and ¢ is the detector efficiency, such that ¢ < 1.

If now we consider the DM interactions with the target protons, the number of ex-
pected events is given by

Now = # / A AP ()™M () (5.27)

where ADY is the DM effective area, and °™ is the DM Flux computed in the previ-
ous section. At this stage, we consider the sky-integrated DM flux; moreover, in the
following, also the directionality of the signal is considered.
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DM Effective Area definition

Similarly to the neutrino case, the DM effective area can be defined as
AIeDf[\fA = Opmp * NT - € (528)

in first approximation, we assume that this effective area differs from the neutrino one
only due to the cross-section. This is a simple prescription to get an estimate in this
thesis, and a more refined derivation of the DM effective area would be needed for
future studies

Therefore, the DM Effective Area can be obtained by a rescaling of AZ. This implies
that, to obtain Agf'}", the only missing point is the cross-section corrective factor:

F(K) = ?:”pp—((KK)); (5.29)

this factor is energy-dependent because of the energy dependence of the cross-sections.

To obtain the corrective factor, we use as input the DM cross-section parametrized by
the model and the neutrino cross-section, both as a function of the kinetic energy. To
better parameterize the energy dependence of AY;, we consider two different sam-
ples: ELOWEN for smaller energies and GRECO for higher ones.

Since ELOWEN and GRECO Neutral Current effective areas are not published, we as-
sume that Neutral Current and Total effective areas have the same shape; in this way,
we can consider the total all-flavor effective area. These effective areas are shown in

Figure[5.11.
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Figure 5.11. Neutrino’s total and all-flavor effective area for ELOWEN event selection (in green,
credits: [126]) and GRECO event selection (in orange, credits: [122])
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Regarding the neutrino cross-section, we have considered the ones well known in the
literature; in particular, we have used the ones provided in [89].

To obtain the correct rescaling of the neutrino effective area, the rescaling must be
performed considering the cross-section of the appropriate kind of interaction.

Since the expected DM interaction in our detector is of neutral current type, we should
use the NC neutrino effective area, rescaled by a factor dependent on the NC neutrino
cross-sections. However, since the only publicly available data are the total effective
areas for the ELOWEN and GRECO selection criteria, we will rescale them using the
total cross-sections, assuming that the energy dependence of the effective areas and
cross-sections is the same for the NC and total cases.

Hence, we consider the total neutrino-nucleon cross-section to rescale both ELOWEN
and GRECO effective area; this total neutrino cross-section is shown in Figure [5.12.
Once these corrective factors are defined, the derivation of the DM effective areas is
straightforward. In Figure[5.13, we show the DM effective areas for both the scalar and
pseudoscalar cases, and for comparison, we also include the neutrino effective areas.

Neutrinos Total Cross Section

10—35
10—36 4
E
L 107374
28
o)
10—38 4
10—39 I | |
100 10! 102 103
K, (GeV)

Figure 5.12. Neutrino-nucleon cross-section as a function of the neutrino kinetic energy. This
plot is obtained by adapting Figure 9 from [89].

Number of Expected Dark Matter Events at IceCube

Once we have obtained the DM Effective Area, from Equation we can obtain the
number of expected DM events at IceCube. Depending on their values, we need to
consider how to proceed: if this number is higher than the background rate, we can
already obtain sensitivities; otherwise, we need to perform a more precise analysis, for
instance, by reducing the background rate. In Figure[5.14} the sky-integrated number of
events for both scalar and pseudoscalar mediator case in shown; we fix the parameters
asm,, = 0.010 GeV, my = m, = 1 GeV, and g,49y¢ = GxaGua = 0.1.
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Figure 5.13. This plot presents the following effective areas: in blue, the DM effective area for
the scalar case, solid line for the one derived from ELOWEN and dash-dotted line for the one
from GRECO; in red, the DM effective area for the pseudoscalar case, solid line for ELOWEN
and dash-dotted line for GRECO. Finally, the neutrino effective areas are also shown: in solid
green for ELOWEN and in dash-dotted orange for GRECO. The DM effective areas have been

Effective Areas: a comparison
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obtained for m, = 0.01 GeV, my = m, = 1 GeV and gu¢9y¢ = Juagya = 0.1.
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Figure 5.14. Sky-integrated number of DM expected events at IceCube. In blue, the scalar me-
diator case is shown, with a continuum line for the number of events obtained from ELOWEN
event selection and with a dashed-dotted line for the ones obtained with GRECO. Similarly,
for the pseudoscalar mediator case, these results are shown in red. These events have been
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obtained for m, = 0.01 GeV, my = m, = 1 GeV and gu¢9y¢ = Juagya = 0.1.
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The difference in the effective areas between the scalar and pseudoscalar cases, as
shown in Figure[5.13, is due to the difference in the differential cross-sections for the
DM-SM interactions mediated via a scalar or a pseudoscalar particle.

Furthermore, the difference in the expected number of events between the scalar and
pseudoscalar cases, as shown in Figure5.14] is also due to the scalar DM flux peaking
at lower energies compared to the pseudoscalar DM flux.

To gain a general understanding of what we expect, we report in the following tables
the number of expected DM events, sky-integrated, for both ELOWEN and GRECO
event selections. We report these values for some values of the DM and mediator
masses and of the couplings.

Dark Matter Mass Dependence

In the following two tables, we present, for scalar and pseudoscalar mediators respec-
tively, the number of expected events at IceCube in 1 year of detection, depending on
the Dark Matter mass (different rows) and on the mediator-quark couplin(different
columns). We present the results for the scalar case with m, = 1 GeV, and for the
pseudoscalar case with m, = 1 GeV, respectively in Table[5.1 and in Table[5.2} Here we
report the sky-integrated number of expected events computed using ELOWEN and
GRECO event selection, respectively N, and N,.

Jus = 0.1 Jus = 0.01 Jus = 0.003
Mow =1MeV | N, =319 x10' | N, =3.19 x 10° | N, = 2.58 x 10—°
N, =1.61 x 10" | N, = 1.61 x 1073 | N, = 1.30 x 10~°
mom = 10MeV | N, = 1.45 x 107 | N, = 1.45 x 10° | N, = 1.18 x 102
N,=1.42x10% | N, =142 x 107 | N, = 1.15 x 1073
mom = 100MeV | N, =9.15 x 10° | N, =9.15 x 10! | N, = 7.41 x 10~ ¢
N, =1.41x10% | N, =141 x 107 | N, = 1.14 x 1073

Table 5.1. Number of events at the detector in 1year, scalar mediator with m4 = 1 GeV.

Gua = 0.1 Gua = 0.01 Gua = 0.003
mpm =1MeV | N, =7.70 x 10* | N. =7.70 x 10 | N, = 6.23 x 1072
N, =198 x 10° | N, =1.98 x 10! | N, = 1.60 x 107}
mpm = 10MeV | N, =240 x 106 | N, =2.40 x 10> | N, = 1.94 x 10°
N, =1.75x10° | N, =1.75 x 102 | N, = 1.42 x 10°
mom = 100 MeV | N, = 8.86 x 10° | N, = 8.86 x 10° | N, = 7.18 x 10°
N, =4.09 x 10° | N, =4.09 x 10! | N, = 3.31 x 107}

Table 5.2. Number of events at the detector in 1year, pseudoscalar mediator withm, = 1 GeV.

From these tables, we can infer a general behaviour:

2We’re working in the isoscalar coupling assumption, so Jué = Gdo and Gua = Gda-
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e increasing the DM mass, the number of expected events slowly increases, even if
there are some exceptions. Regarding the expected events from GRECO effective
area, between m, = 10 MeV and m, = 100 MeV we have a decrease. This is
due to the fact that the flux’s peak is shifting at lower energies, where GRECO
effective area is cut;

e decreasing the couplings, the number of expected events has a fast decrease;

e the number of expected events for the pseudoscalar mediator is larger than the
one expected with a scalar mediator, even by some orders of magnitude.

Mediator Mass Dependence

As before, in the following two tables we present the number of expected events at
IceCube in 1year of detection, depending on the mediator mass (different rows) and on
the mediator-quark coupling (different columns). We present the results, with m, =
10 MeV, for the scalar case and for the pseudoscalar case respectively in Table 5.1 and

in Table[5.2|

Gup = 0.1 Gus = 0.01 Gus = 0.003
mg=1GeV | N,=145x10* | N,=145x10" | N, =118 x 102
N,=142x10® | N,=142x107' | N, =1.15 x 1073
my=3GeV | N, =238x10" | N,=238x10"* | N, =193 x 107°
N, =3.01x10"" | N,=3.01 x 107° | N, = 2.44 x 1077
mg="5GeV | N, =4.03x 1072 | N,=4.01x 1075 | N, =3.26 x 1078
N, =557x107"% | N, =557 x 1077 | N, = 4.51 x 107°

Table 5.3. Number of events at the detector in 1 year, with mpym = 10 MeV, scalar mediator.

Jua = 0.1 Gua = 0.01 ua = 0.003

Ma — 1GeV | N, = 2.40 x 10° | N, = 2.40 x 102 | N, = 1.94 x 10°
N, =1.75x 105 | N, = 1.75 x 10> | N, = 1.42 x 10°

My —3GeV | N, =210 x 10° | N, =210x 10 | N, = 1.70 x 10 3
N, =247 x 103 | N, =247 x 107! | N, = 2.00 x 1073

My —5GeV | N, =491 x 10" | N, =4.91x 10° | N, =3.97 x 10 °
N, =6.58 x 10" | N, = 6.58 x 1073 | N, = 5.33 x 1075

Table 5.4. Number of events at the detector in 1 year, with mpy = 10 MeV, pseudoscalar

mediator.

From these tables, we can infer a general behaviour:

e increasing the mediator mass, the number of expected events decreases;

e decreasing the couplings, the number of expected events has a fast decrease;

e the number of expected events for the pseudoscalar mediator is larger than the

one expected with a scalar mediator, as in the previous tables.
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Preliminary Considerations on the Number of Expected Events

The number of expected events obtained in the previous paragraphs, must be con-
fronted with the IceCube background, in order to infer if is possible to get some sen-
sitivity limits with pubblic effective areas.

For ELOWEN selection criteria, the background is constant [103] at

NN~ 0.021Hz ~ 6.6 x 10° year ~ (5.30)

while for GRECO selction criteria, it depends on the sky-direction, and the all-sky inte-
grated value [123] is

N5 ~ 0.0046 Hz ~ 1.5 x 10° year (5.31)

From the number of expected events computed before, we believe that the spin-
dependent interactions, mediated by a pseudoscalar mediator, is the most promising
field of investigation, since the sky-integrated number of events are comparable with
the background at least for large couplings.

Number of Expected Events: Dependence on the Sky-Direction

An interesting aspect of our DM signal, which can be considered to improve the anal-
ysis, is the directionality: given the shape of the DM density profile (NFW profile), we
expect a signal peaked in the Galactic Center.

This aspect can be considered only if we can reconstruct the direction of the expected
events in IceCube; since the public ELOWEN effective area is the sky-integrated one,
we lose the direction information of the signal.

On the contrary, using GRECO event selection, we have direction discrimination; there-
fore we can select only a specific sky region. Since the signal is peaked in the galactic
center, we select the region of sky with 6 € (—90°, —5°).

At the beginning of this chapter, we have considered the sky-integrated DM flux as @, ;
hence, the number of expected events is sky-averaged and is given by Equation (5.27):

N,=t- / dK, @, (K,)AZM(K,). (5.32)

To consider also the information of the directionality of the signal, we can also consider
the number of events as a function of the sky’s direction; the differential DM flux is

given by
do,  J(b,1) / dd, do
—= = dK j——— . 5.33
aQ my a0 dK, (5.33)
Then the differential number of events in galactic coordinates is given by
dN B dd, DM
d—Q(l,b) _t/dKX 0 (1,b)Ag" (Ky). (5.34)
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This expression, integrated in the whole sky, returns the sky-integrated number of
events analyzed previously; hence in ELOWEN, where we do not have direction-reconstruction
[126], the number of expected events is simply

™ w/2 AN
NELOWEN — / dl/ dsin bm([, b) (535)
-7 —7/2

Regarding GRECO event selection, we can select only a region of sky in declination;

given the public effective areas [122], we choose to use A%°F° with § € [—90°, —5°],
such that

A if —90° << —=5°

AL SREC0 — { e - (5.36)

0 if —5°<d<90°

In this way, we can obtain the number of events for a specific region of sky 6 €
[—90°, —5°], where we assume to have the majority of the DM flux, given that
(5GC ~ —290.

Therefore, the total number of events for GRECO event selection becomes

NCREO (¢ §) / da/ dsmé—(a 9); (5.37)
90°

this number will be converted in NSREC(] b)), in order to get the plot in galactic coor-
dinates.

The number of DM events expected at IceCube without any selection cut, for the
benchmark parameters m, = 0.01 GeV, m, = 1 GeV and g,,9y. = 0.1, are shown,
both in equatorial and galactic coordinates, in Figures[5.15and [5.16, After applying a
cut on the equatorial coordinates, the expected number of events is shown, both in
equatorial and galactic coordinates, in Figures|5.17/and as can be seen, thereis a
loss of events, but it occurs in the region where the intensity is lowest and therefore
has little impact on the sky-integrated result.

These plots are reproduced for the pseudoscalar mediator case, but they can easily be
derived also for the scalar case. The behavior in galactic and equatorial coordinates
remains the same, since the dependence on these coordinates is encoded solely in
the J-factor, which is common to both scenarios. The difference lies in the intensity:
as previously discussed, the number of expected events in the scalar mediator case is
lower respect to the one of the pseudoscalar case, for the same values of coupling,
DM and mediator masses.
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Number of DM events in equatorial coordinates, pseudoscalar case;eg
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Figure 5.15. Expected number of DM events as a function of equatorial coordinates, for m, =
0.01 GeV, m,, = 1 GeV and coupling g,.gya = 0.1, before the cut in declination. This plot has
to be compared with Figure@to see the effects of the cut.
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Figure 5.16. Expected number of DM events as a function of galactic coordinates, for m, =
0.01 GeV, m, = 1 GeV and coupling g,.gya = 0.1, before the cut in declination. This plot has
to be compared with Figure to see the effects of the cut.
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Number of DM events in equatorial coordinates, pseudoscalar casejeg
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Figure 5.17. Expected number of DM events as a function of equatorial coordinates, for m, =
0.01 GeV, mq = 1 GeV and coupling g,.g,a = 0.1, after the cut in declination.
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Figure 5.18. Expected number of DM events as a function of galactic coordinates, for m, =
0.01GeV, m, = 1GeV and coupling g,.gy« = 0.1, after the cut in declination, which translates
in a cut in both galactic latitude and longitude.
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5.2.3 Earth and Ice Attenuation

In the previous section, we computed the number of expected events at IceCube with-
out considering any attenuation of the flux. This is a simplified assumption, in which
we consider IceCube as being located on the Earth’s surface and that the flux, coming
from all directions, does not travel through any amount of matter before reaching the
detector. However, this assumption is generally not valid, for two reasons.

First, IceCube is located deep inside the Antarctic ice, at a depth between 1450 m and
2450 m; therefore, a particle coming exactly downgoing with respect to the detector
must travel through this amount of ice.

Second, considering the various incoming directions of the DM flux, depending on the
sky direction, these particles may have to travel through a given amount of Earth’s
rock or Antarctic ice before reaching the detector.

For these reasons, we need to consider in our analysis the attenuation of the flux due
to the distance travelled by the particles through rock or ice.

This attenuation, at the microscopic level, is due to the fact that DM particles, while
travelling through these materials, can interact with nucleons before reaching the de-
tector. As a result, their kinetic energy can be reduced, and the particles could even
be stopped within the material.

This effect gives an attenuation of the DM flux at the level of the detector. To modelize
this flux attenuation, we consider the following approximations [6]: at each scattering

e we impose that the energy loss is equal to its average value (for simplicity),
e we neglect the change of direction of the DM speed.

Finally, what encodes this attenuation is the DM kinetic energy I_(X at the depth z,
which is smaller with respect to the non-attenuated kinetic energy K, and is given by
the following differential equation [6]:

dK,(z) do
— K Kp——o 5.3
1 ;TLT/CZ rRr (5.38)

where nt is the number density of a target particle inside the crossed material.

This implies that the DM kinetic energy has a dependence from the depth z as

Ry(z) =K, —n,z / dKTKTdd?UT — Nz / dKTKTddTOT, (5.39)
and on the Earth’s surface we have K, (» = 0) = K,. Concerning the target parti-
cles, since the typical energy of DM events is above the nuclear energy scale, we can
neglect their nuclear structure. This implies that the target particles are protons and
neutrons, that we assume in equal quantity; regarding the mass density of the crossed
material, for the Earth rocks we have pfjﬂ? = 2.7 g/cm?, [127] and for the Antarctic Ice
pﬁn = 0.92 g/cm?; in general, to modelize the distributions of rocks and ice around
IceCube is quite complex.
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Therefore, the next step to implement Earth attenuation in our analysis is to compute
the dependence of the traveled distance as a function of (I, b); this is needed to ob-
tain the dependence of the attenuated kinetic energy from the galactic coordinates
K, (1,b). This depth z traveled inside the matter depends on the incoming direction
of the DM particle; calculating this dependence is in general complex, but knowing
the exact position of the detector, we can obtain the distance travelled as a function
of the zenith angle z(#). Then, using a change of coordinates from local coordinates
(azimuth, zenith) to galactic ones (I, b) we can obtain the final formulation for z(i, b).
This derivation is computed in Appendix|D; we obtain that the effective path travelled
from a DM particle inside the Earth is

2(0) = \/R? — (R— d)?sin” 0 — (R — d) cos 0, (5.40)

where d is the vertical depth of the detector and 6 is the zenith angle of the incoming
particle.

Then, transforming from IceCube’s local reference frame to galactic reference frame,
the dependence of the attenuation from the galactic coordinates is obtained. This cal-
culation is performed using the Python package Astropy (The Astropy Project), which
provides tools and functionalities for astronomy and astrophysics.

Attenuated Kinetic Energy

------- Non attenuated
— |=b=-17.2°,z = 3.17 km
—— |=b=-5.73°,z2=4.17 km
—— |=b=0°,z =5.16 km
I=b=5.73°, z=6.94 km
—— |=b=11.5°,z =10.9 km

101-

K, [GeV]

100 §

10° 10!
Ky [GeV]

Figure 5.19. Attenuated DM kinetic energy as a function of the non attenuated ones, for several
values of the galactic coordinates; the non attenuated behavior is shown as a comparison. In
red, the kinetic energy’s attenuation for particles coming from the Galactic Center is shown.
This plot is computed for the pseudoscalar case, with fixed parameters m, = 0.01 GeV, m, =
1GeVand gyqgya = 0.1.

Considering the expression in Equation (5.39), we can obtain the attenuated kinetic
energy as a function of the non attenuated one. Figure shows how this energy
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is attenuated, for some values of the galactic coordinates. This plot is computed for
the pseudoscalar case, with benchmark parameters m, = 0.01 GeV, m, = 1 GeV and
Jua9xa = 0.1.

Once obtained the dependence from the incoming direction, the derivation of the
number of events as a function of the galactic coordinates is straightforward:

dN dP

—(1,b) = t/df( —2X(1,0)ARM(K,). (5.41)

ds2 X dQ
In Figure |5.20, this number of attenuated events is shown, for the scalar case and
incoming DM direction of (/,b) = (0°,0°); as benchmark parameters we have chosen
mg = 1GeV, m, = 0.10 GeV and g,49,4 = 0.1. Similarly for the pseudoscalar
mediator, we have chosen the attenuated number of events, for a DM particle coming
from the Galactic Center, with parameters m, = 1 GeV, m, = 2.0 GeV and g,,9ya =
0.1.
Only to give an idea of the importance of the attenuation of the expected number of
events, the integrated values in the DM kinetic energy are shown in Tables[5.5/and 5.6}

ELOWEN GRECO
Non Attenuated | 2.65 x 107 | 2.07 x 10*
Attenuated 1.17 x 107 | 1.23 x 104

Table 5.5. Number of attenuated and non-attenuated expected DM events for both ELOWEN
and GRECO event selection. These results are shown for the scalar case and for fixed parame-

ters my = 1 GeV, m, = 0.10 GeV and g,49y4 = 0.1

ELOWEN GRECO
Non Attenuated | 4.97 x 10* | 7.60 x 10°
Attenuated 2.23 x 10% | 7.56 x 1073

Table 5.6. Number of attenuated and non-attenuated expected DM events for both ELOWEN
and GRECO event selection. These results are shown for the pseudoscalar case and for fixed

parameters m, = 1 GeV, m, = 2.0 GeV and g,,9y, = 0.1.
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Number of Expected DM Events

108
106_
7
>
S
o 104_
|
©
Q
=
~ 102_
3
2? \‘
° —— Scalar, Elowen, no att, I=b=0° \.\.
10°1 —— scalar, Elowen, att, I=b=0° Y.
—-— Scalar, Greco, no att, I=b=0° '\_
—-— Scalar, Greco, att, |I=b=0° ‘\-_\
1072 ] | Y,
100 101 102

Ky [GeV]

Figure 5.20. Number of expected DM events for the scalar mediator case, for ELOWEN and
GRECO event selection. Both the non-attenuated and attenuated signal is shown, assuming
that the DM particles are coming from the Galactic Center, for fixed parameters my = 1 GeV,
m, = 0.10 GeV and g,49y4 = 0.1.
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Figure 5.21. Number of expected DM events for the scalar mediator case, for ELOWEN and
GRECO event selection. Both the non-attenuated and attenuated signal is shown, assuming
that the DM particles are coming from the Galactic Center, for fixed parameters m, = 1 GeV,
my = 2.0 GeV and gyqgya = 0.1.
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5.3 Test Statistic definition

To discriminate between the signal hypothesis (backgorund + DM events) and the
background-only hypothesis, a Test Statistic is defined. Given the number of expected
events from the two event selections, we can perform a binned likelihood analysis of
the number of events as a function of (m,, gusgye) for the scalar mediator case or of
(M, GuaGya) for the pseudoscalar mediator case.

The Likelihood function measures how much the measured data, which are fixed, are
compatible with a theoretical model, described by the variable parameter(s) 6 [128]:

—

L(0) = P(datalf) (5.42)

—

In other words, £(0) is the probability of observed data as a function of the varying

model parameter(s) P(data|f), which differs from the usual definition of the proba-
bility, where the data vary while the parameter(s) ¢ is fixed.

A Poisson distribution is chosen for the probability density function of the expected
DM signal, as it is commonly used to model the expected number of rare and indepen-
dent events in a fixed observation window, which is the case for possible DM events
in detectors like IceCube. This distribution is parametrized as [128]:

. Ny
Poisson(k; \) = e (5.43)
which models the probability of observing k independent events in a fixed interval,
given an expected number of events .

Regarding ELOWEN event selection, from which we obtain a sky-integrated signal, the
Likelihood can be defined as®]

E(NELOWEN|BELOWEN7mX,g) — POiSSOﬂ(NELOWEN, BELOWEN + SELOWEN (,rnxjg))7 (544)

similarly we can define the likelihood for GRECO, but in this second case we can con-
sider the direction dependence of the signal. Therefore, we perform a binned analysis
considering N x N bins in the (I, b) parameter space. In this way, we get N? values
for each (m,, g) couple, due to the direction dependence of the number of events.

To simplify the analysis, we consider ELOWEN and GRECO as independent samples;
this is a reasonable assumption given the vastly different selection criteria. Defyning
a common index between ELOWEN and GRECO contributions, i = 1,..., N2 + 1, the
final form of the Likelihood is

N241
LUN}{Bi}. my,g) = [] Poisson(N;, B; + Si(my. g)) (5.45)

=1

3In the following paragraphs, we refer to gusgys = GuaJea s g-
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Finally, using the frequentist approach, we consider the minus log-Likelihood test
statistic [[128]

L(N;|m;, G;, B;)
(Njlmy, g =0, Be) (5.46)
= 2In L(Njlnity, §j, B;) — 2l L(Nj|my, g = 0, Be),

TS(my, g) =2In 7

where m;, g;, Bj are the parameters that maximize Likelihood, while
L(Nj|lm,,g = 0, Be) corresponds to the background only hypothesis, since in our
model g = 0 means absence of signal.

Notice that, in general, Bj # B, because the likelihood must be maximized in both
cases. While background estimates are typically performed for all selections, in our
analysis, we leave the ELOWEN background as a free parameter, since its signal region
covers the full sky, and keep the GRECO background fixed. This choice is due to a
simple consideration:

e ELOWEN background: is integrated in all-sky and we don’t have information
about the direction (in principle, we could have an excess from the galactic cen-
ter that we are not able to see), hence it must be considered as a parameter in
the maximization of the likelihood. Therefore B, is left free, the only condition
that we have onitis B, € [0, Bi°™"], where Bl°™nal = ().021 Hz.

e GRECObackground: the event rate in GRECO does not show significant anisotropies
in the sky coordinates, therefore it is safe to assume that the contribution of a
galactic signal does not affect the average rates used as background.

5.3.1 Signal definition

Once the test statistic is defined, we must specify the signal and background models.
In the case of the GRECO analysis, we adopt a 9 x 9 binning scheme in galactic coor-
dinates. The signal is defined as follows:

o for the ELOWEN event selection, a single all-sky integrated value is considered;

e while for the GRECO event selection, a two-dimensional histogram with 81 bins
is considered.

Therefore, to get the value of the Test Statistic for each (m,, g) pair, the first step is to
define the signal. What we obtain for ELOWEN is the number of events integrated in
the full sky, defined as S*9WEN; for GRECO, we get a 2 D-histogram in the (I, b) plane,
with N2 bins. This implies that for GRECO we get N2-values for the number of events,
that we define {SPRECY,_;  ne.

Combining ELOWEN and GRECO event selections, we obtain IV + 1 values for the ex-
pected signal; in our analysis, we have chosen N = 9 (hencei =1, ..., 82).

This binning choice is due to two reasons: first, an odd number of bins has been chosen
to have the Galactic Center in the middle of a bin. Secondly, we have chosen a large
enough bin size to not be sensitive to possible smearing of the signal due to GRECO
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angular resolution, which in the energy range of our interest is approximately 30° [122].

In conclusion, for each (m,, g) pair, we get 82 signal values:

SELOWEN(mX’g):/AeﬁELOWEN(EX,mX, g) - Py (Ey,my, g)dE,,

do,
SfRECO(mX,g,l,b)Z/AeﬁELOWEN(E My, g) - 10 —=X(Ey,my, g,1,b)dE,

(5.47)
In Figure |5.24/ we represent the histogram of number of expected events for GRECO
event selection, for the benchmark parameters m, = 0.01 GeV, m, = 1 GeV and
Guadya = 0.1. This histogram is plotted in the (/,sin b) plane since the differential in
the solid angle is d2 = cos(b)dldb = dld(sin b).

5.3.2 Background definition

Now, the only missing point to obtain the Test Statistic is the background rate.
Considering ELOWEN selection criteria, the background is considered as constant in
the sky-direction, and it’s given by B, ~ 0.021 Hz.

Regarding GRECO event selection, the background rate is a function of the zenith angle
[123]; in Figure [5.22 we report the background rate distribution as a function of the
zenith.

0.7 A

o o o
R w ()]
1 1 1

Probability
(=}

0.2 A

0.1 A

0.0 -

-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 100
cos(zenith)

Figure 5.22. Background event distribution as a function of cos(zenith), derived from data,
with a spline used for the background PDF in red. Both the histogram and the background fit

are taken from .

This background must be normalized at the total background rate 4.6 mHz = 1.5 x
10° year~! [123]; to get the GRECO background distribution in the galactic coordinates,
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we have to consider the dependence of the zenith angle from the galactic coordinates
0(1,b). In this way, we can obtain the GRECO background distribution in the galactic
coordinates; this is shown in Figure[5.23. As we can see, the maximum of the back-
ground is the yellow-band, which in the IceCube reference frame represents the hori-
zon (cos = 0 — 6 = 90°), while the minimum of the background is in correspon-
dence of the two poles (cos§ = =1 — 6 = 0°, 180°), namely strictly down-going or
up-going events.

Greco bkg distribution in galattic coordinates (l,b)
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Figure 5.23. GRECO background rate as a function of galactic coordinates. | have produced this
background distribution in the galactic coordinates starting from Figure@

Finally, in Figure [5.25 the histogram obtained from this background is shown; this is
the background which is compared with the signal histogram of Figure inthe TS
definition.
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Number of DM events, pseudoscalar case
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Figure 5.24. Two-dimensional histogram of the expected number of dark matter events
in galactic coordinates, corresponding to the GRECO event selection and computed for the
pseudoscalar-mediated interaction with parameters m, = 0.01 GeV, m, = 1 GeV and
Jua9xa = 0.1.
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Figure 5.25. Two-dimensional histogram of the number of background events in galactic coor-
dinates, corresponding to the GRECO event selection.
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5.3.3 Likelihood maximization and TS Distributions

Finally, to get the Test Statistic value, we should maximize the likelihood or minimize
the minus log-likelihood. We choose this second option, since in this way we can use
the Python function scipy.optimize.minimize to minimize minus log-likelihood.

To perform this minimization, we consider a four-steps procedure, as described in the
following:

o first we evaluate the likelihood for a given mass my, hence we get
‘C(Nj|m17 g, Be) = fl(ga Be);

e secondly, we get x1, the minimum of the minus log-Likelihood for a given mass
ma;

e then we repeat steps 1 and 2 for all the 50 values of the DM mass;

e finally we get xa , the minimum of z; for ¢ = 1, ..., 50. This is the maximum of
the Likelihood in the three parameters (m,, g, Be).

Then, to get the TS denominator, we simply compute £(N,|g = 0, B.) where B, =
min{ N, Biemnal},

This procedure returns us the value of the TS for a given pseudo-experiment, in which
N; is randomly sampled from a Poissonian distribution, IV; ~ Poissonian(Bi + S7),
for a given (m,, g) pair. Then, for each pair, we have to define the TS distribution;
hence we perform a given number of pseudo-experiments, we get the TS for each of
them and finally we record in an histogram the number of occurrence for which the
test statistic gets a given value. What changes in the different pseudo-experiments is
N;, since is given by the Poissonian, which changes in all of them. We consider, for a
first analysis, a thousand pseudo-experiments. In this way, we get the TS distribution
for a given (m,, g) pair.

Finally, to define the sensitivity in the (m,, g) plane, we need to obtain the TS distri-
butions for several (m,, ¢g) pairs and to confront them with the background TS distri-
bution. To get the background TS distribution, the only thing that changes respect to
the signal TS distributions is N; ~ Poissonian(B;).

In this way, we get the background TS distribution and one signal TS distribution for
each (m,, g) pair. In the Figure we have reported a draft of what we expect
regarding the TS distributions: in black the background TS distribution, in green the
signal TS distribution for a given pair (m1, g1) and in blue for (ma, go) with g > gy if
the coupling increases, we expect that the distribution shifts to the right.

Finally, to improve our sensitivity, we can also consider that IceCube has recorded
more than 13 years of data; therefore, if we define the livetime 7 as the time in which
the detector has been able to collected data, we can repeat the previous analysis con-
sidering IV; ~ Poissonian(7 - (Bi + Si)).
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Figure 5.26. Draft of the expected background (in black) and signal (in green and blue) TS
distributions.

5.3.4 Sensitivity in the (m,, g) plane

Finally, to obtain the sensitivity plots, we have to confront the signal TS distributions
with the median of the background one TSy, = median(Pryg).

To perform this comparison, we consider, for each (m,, ¢) pair of the parameter space,
TSqo, defined as the TS value for which the 90% of the distribution lies above it.
Then, if TSy is above TSy, this pair of parameters (m,, g) is considered in the con-
tour, since the signal TS distribution is well separated from the background one (as the
blue distribution in Figure[5.26). On the other side, if TSy is below TSy, this pair of
parameters (m,, g) is not considered in the contour, since the signal TS distribution is
superimposed to the background one and therefore we cannot discriminate between
them (as the green distribution in Figure[5.26). To conclude, we can easily obtain the
90% contour plot by repeating this procedure for all the (m,, ) pairs of the parame-
ters’ plane.

5.4 Analysis’ Results

The analysis’s goal is to obtain the sensitivity of IceCube to CR-upscattered sub-GeV
DM, as a function of the DM parameters (m,, g).

The starting point of this analysis is the computation of the number of expected DM
events at IceCube, as a function of the DM mass and of the coupling. This computation
has been introduced in Section[5.2.2

An example of the number of expected DM events at IceCube, for the scalar case with
a mediator mass of 3 GeV and the ELOWEN event selection is shown in Figure5.27

As shown in this figure, the interpolator we designed to reproduce the expected num-

ber of events exhibits some fluctuations. These are likely due to the choice of using a

numerical integration method in order to optimize performance.

In an attempt to understand the origin of these fluctuations, | also implemented the
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analytical integration of the differential event rateﬂ

From the comparison between the two integration methods, | found that the fluctua-
tions observed in the figure correspond to underestimations of the signal. The analyt-
ical integration yields higher values, confirming that the numerical method tends to
suppress the signal. Therefore, this bias does not lead to the inclusion of pointsin Ice-
Cube’s sensitivity contour that should be excluded. On the contrary, it may cause the
exclusion of points that, with a more accurate analysis, would lie within the sensitivity
region.

Number of events, elowen

N[ year™1]

1073 102 10!
my [GeV]

Figure 5.27. Number of expected DM events at IceCube, as a function of the DM mass and of
the coupling; these results have been obtained considering ELOWEN event selection, for the
scalar mediator with m =3 GeV.

5.4.1 Considerations about the Test Statistic Distributions

In Section|[5.3.3, we have defined how to derive the Test Statistic distribution. The sig-
nal TS distributions have to be compared with the background TS distribution, which
is represented in Figure|5.28

From this distribution, we can derive the median of the background TSy, = 0.27,
which can be considered as a reference limit to compare between background-only
and signal hypotheses.

In the following, we present some plots to show how this TS distribution behaves as a
function of the parameters of the model.

Only as an example, we consider a DM-SM interaction, mediated by a scalar parti-
cle with mass my = 1 GeV; furthermore, similar results are also obtained for the

4This code is extremely slow and thus not feasible for scanning the entire parameter space. However,
it provides a useful benchmark for selected (m,, g) values.
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TS distribution in 1000 pseudo-experiments
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Figure 5.28. Test Statistic distribution for the background-only hypothesis.

pseudoscalar case, for different values of the mediator’s mass. The TS distribution, of
course, depends both on the DM mass and on the coupling, as shown respectively in
Figures[5.29|and

In these plots, the background TS distribution is shown as a comparison; to improve
the readability of the plot, the background distribution is cut, even if the number of
occurrences in the first bin is, for this distribution 449. This cut will be applied in all
the following plots.

As one can see, in Figure the TS distribution has changed, both in shape and
median value, for different DM masses. The behaviour of the TS distribution is non-
monotonic with respect to the DM mass. This could be due to underfluctuations in
the signal interpolator, which are evident in the Figure [5.27} therefore, an improved
definition of the interpolator is needed to perform a more accurate analysis and to
better understand the behavior of TS distributions for different DM masses.

On the other side, in Figure [5.30] is evident that, at the increase of the coupling, the
TS distribution is shifted to higher values.

90



CHAPTER 5. NEW ICECUBE SENSITIVITIES TO SUB-GEV DARK MATTER

TS distribution in 1000 pseudo-experiments
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Figure 5.29. Test Statistic distribution for mg = 1 GeV, coupling g,4g,¢ = 0.0754 and several
values of the DM mass.

TS distribution in 1000 pseudo-experiments
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Figure 5.30. Test Statistic distribution for m, = 1 GeV, DM mass m, = 0.0103 GeV and
several values of the DM-SM coupling.
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5.4.2 Consideration about the Livetime

All the previous results have been obtained considering a livetime of 13 years. A larger
livetime, in any case, provides an improvement in the analysis, since the discriminating
power between signal and background is increased.
An example of this effect is shown in Figure where the same TS distribution is
obtained for 1 year and 13 years of livetime; in this figure, we have fixed parameters
asmy = 1 GeV, m, = 0.01 GeV and ¢,47,4 = 0.05.

TS distribution in 1000 pseudo-experiments
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Figure 5.31. Test Statistic distribution for the scalar mediator case, with my = 1 GeV,
my = 0.0103 GeV, gupgy¢ = 0.0518. These two distributions are produced for two differ-
ent livetimes: in purple 1 year and in teal 13 years; as expected, the distribution is shifted to
the right at the increase of the livetime, increasing our discrimination power.

5.4.3 Consideration about Ice Attenuation

As introduced in Section[5.2.3] while DM particles travel before reaching the detector,
they cross a given amount of matter and therefore the flux is attenuated. In Figures
5.20 and the effects of this attenuation on the number of expected events is
shown.

Regarding the computation of the TS distribution, we have chosen, only for the atten-
uated flux, to consider only the component coming from the galactic center, since the
NFW distribution is strongly peaked in ilE

5This approximation was introduced to improve the code’s efficiency. Nevertheless, | also imple-
mented the full analytical computation of the attenuated number of events, which converges to the
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The distance travelled by particles coming from this direction is approximately z =
5.16 km and this path is all inside Antarctic ice; therefore, the attenuation of the DM
flux coming from the Galactic Center is only due to ice.

5.4.4 Sensitivity Plots

The final goal of my analysis is to obtain the sensitivities for direct searches of Dark
Matter using IceCube Neutrino Telescope.

To obtain them, | have considered the Test Statistic distributions for signal and background-
only hypotheses, which enables us to discriminate between them.

As previously mentioned, the attenuation effect due to the Antarctic ice was approx-
imated by considering only the DM flux coming from the Galactic center. First, | pro-
duced the contour plot for the non-attenuated analysis. Then, | reproduced the TS dis-
tribution for the attenuated signal at selected pairs in the parameter space, to identify
which points included in the non-attenuated contour are excluded in the attenuated
one.

In the following, these contour plots are presented; for all the graphs shown, the fol-
lowing elements are included:

¢ IceCube sensitivity (green line): this is the contour plot obtained by the analysis
described in this work, neglecting Earth and ice attenuation;

¢ Attenuation-selected points (green dots): also these points have been obtained
in my work, by considering ice attenuation under the simplifying approximations
described before. These are the points which are included in the contour also
considering the attenuation of the flux;

¢ Attenuation-excluded points (orange dots): as the ones of before, they are ob-
tained considering flux attenuation, but in this case these parameters’ pairs are
excluded by the contour;

e Other limits (pink, gray, brown): these limits are shown as a comparison, in
order to compare our results with the other known in literature; they have been
obtained by [6];

¢ Super-Kamiokande sensitivity (light-blue): as a comparison, | show also the sen-
sitivity limit obtained in Ref. [6] for Super-Kamiokande Neutrino Telescope.

In Figures and we show the contour plots for the scalar mediator case, for
two values of the mediator mass: my = 1 GeV and m, = 3 GeV.

Finally, in Figures|5.34]and we show the contour plots for the pseudoscalar me-
diator case, for two values of the mediator mass: m, = 1 GeV and m, = 3 GeV.

approximate result in the direction of the Galactic Center.
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As shown in these plots, the study of the attenuated flux, although approximate and
limited to a subset of the parameter space, provides valuable insights into IceCube’s
sensitivity. In particular, the excluded orange points indicate that, for higher values of
the DM-SM coupling, the sensitivity is entirely lost. This occurs because, with stronger
couplings, DM particles are more likely to interact with the medium in which they
travel before reaching the detector, causing them to be either stopped or significantly
slowed down, and making them undetectable.

This effect is most evident in Figure[5.34] where the overall behavior is consistent with
the results of Ref. [6].

As a final result of the analysis, we can now compare IceCube sensitivities with other
existing constraints. In the scalar case, for both m, = 1 GeV and m4 = 3 GeV, we are
not able to probe regions allowed by other constraints. Therefore, IceCube’s sensitiv-
ity remains lower compared to other types of searches.

On the contrary, for the pseudoscalar case, for both m, = 1 GeV and m, = 3 GeV,
IceCube’s sensitivity lies, even if slightly, within a region allowed by all existing con-
straints. This is very encouraging, especially considering that the analysis has been
conservative. It can be significantly improved by taking into account key aspects, such
as the dependence of the effective area on the sky direction. Additionally, we can relax
some of the approximations made regarding the attenuated flux, which was underes-
timated in this work.

To conclude, the results obtained for the pseudoscalar mediator motivate a more re-
fined analysis with the IceCube Collaboration.
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Figure 5.32. 90% Contour plot in the plane of couplings vs DM mass, for the scalar mediator of
mass mg = 1 GeV. With the green line we represent the IceCube’s sensitivity neglecting Earth
and Ice attenuation; finally, with green dots, we represent the points of the parameter space
which survive the selection also in the assumption of attenuated DM flux.
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Figure 5.33. 90% Contour plot in the plane of couplings vs DM mass, for the scalar mediator of
mass m = 3 GeV. With the green line we represent the IceCube’s sensitivity neglecting Earth
and Ice attenuation; finally, with green dots, we represent the points of the parameter space
which survive the selection also in the assumption of attenuated DM flux.
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Figure 5.34. 90% Contour plot in the plane of couplings vs DM mass, for the pseudoscalar
mediator of mass m, = 1 GeV. With the green line we represent the IceCube’s sensitivity
neglecting Earth and Ice attenuation; finally, with green dots, we represent the points of the
parameter space which survive the selection also in the assumption of attenuated DM flux.
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Figure 5.35. 90% Contour plot in the plane of couplings vs DM mass, for the pseudoscalar
mediator of mass m, = 3 GeV. With the green line we represent the IceCube’s sensitivity
neglecting Earth and Ice attenuation; finally, with green dots, we represent the points of the
parameter space which survive the selection also in the assumption of attenuated DM flux.
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CHAPTER 6

Conclusions and Outlook

In this study, we have performed the first exploratory determination of IceCube’s sen-
sitivity to direct detection of sub-GeV DM, a topic that is attracting increasing interest
in the community.

This analysis focuses on a specific DM candidate: light and hadrophilic. The study re-
lies on the CR-upscattered flux of sub-GeV DM, which is inevitably produced once one
assumes that DM couples to hadrons, the same assumption underlying all direct de-
tection experiments such as XENONNT and similar.

This candidate is gaining increasing attention, but due to kinematic constraints, it is
difficult to probe with direct detection experiments. For this reason, we performed a
sensitivity study of the IceCube detector, a neutrino telescope sensitive to energies in
the GeV range, where upscattered DM fluxes are expected to peak. Moreover, IceCube
is currently the largest neutrino telescope, which enhances the chances of observing
rare events such as DM interactions within the detector.

Before summarizing the main results of this thesis, we briefly outline its main topics.
Chapter|l introduces the main motivations at the basis of this study. In Chapter [2|we
have summarized the current status of our knowledge about DM, starting from its
observational evidence, continuing with its main properties, mass distributions and
candidates. Furthermore, a particular focus is given on the sub-GeV DM candidate,
which are the ones used in this study. Next, in Chapter|3] a review of the neutrino de-
tection through Cherenkov radiation is presented. Since the neutrino telescope used
in this analysis is IceCube, in Chapter |4 the main features of this experiment are dis-
cussed, with a focus on the aspects relevant for our study: noise and backgrounds,
ELOWEN and GRECO event selections, the ones used in this study. Lastly, in Chapter
|5, we have described the analysis procedure implemented to obtain the new IceCube
sensitivities to sub-GeV Dark Matter.

Regarding the analysis method, the starting point is the DM upscattered flux, which

has been derived as described in Ref. [6], with small variations in the results due to

the update of the CRs spectra (see section @) Unlike the flux computation, the cal-

culation of the expected number of DM events at IceCube was performed using a new

methodology. Starting from the known response of the detector to neutrinos, we ob-

tained the DM effective area, which allowed us to compute the number of expected
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DM events in the IceCube detector (see Section[5.2.2). This value depends on a set of
three parameters: the DM mass, the mediator mass, and the coupling between SM
and DM particles.

By performing an analysis based on the definition of a test statistic (see Section[5.3),
we have been able to distinguish between the background-only and signal hypotheses
and draw, for several values of the parameters, the corresponding contour plot (see
Section|5.3.4).

As shown in the final contour plots (Figures|5.32}(5.33,|5.34l [5.35), the results are close
to those obtained for Super-Kamiokande, which gives encouraging prospects for con-
tinuing this study with a more detailed analysis.

We finally outline several aspects that could be explored to improve the analysis in
future work:

e Better determination of the number of expected events: as shown in Figure
the signal interpolator used for the analysis produces some under-fluctuations,
which give rise to a lower number of expected events. Therefore, an analysis
performed using an interpolator which has not these fluctuations, such as the
analytical code used to test some notable values of the parameters space, would
be able to improve our sensitivity.

¢ Noise reduction: as widely presented in other studies, as in Ref. [100], the noise
in IceCube detector is made by several components. Since the expected DM sig-
nal follows a Poisson distribution, as it consists of rare and independent events
occurring with a low probability over a fixed observation period, depending on
the shape of the noise distribution we can remove some noise components;

e Directionality of the signal: as introduced in Chapter[5|and well visible, for in-
stance, in Figure[5.4} the studied DM flux is expected to be peaked at the Galac-
tic Center. Using GRECO event selection, this directionality information has been
partially considered, since we have cut a region of sky in which we do not expect
signal (for declination greater than —5); furthermore, thanks to the different be-
havior in the galactic coordinates between signal and background (as visible in
Figures[5.23 and [5.18), we have been able to perform a binned likelihood anal-
ysis, which has increase our discrimination power. Nevertheless, a significant
improvement to our analysis could come from the use of direction-dependent
effective areas for neutrinos. Since our DM signal is strongly peaked towards the
Galactic Center, this could lead to a substantial enhancement in the sensitivity
of the analysis;

¢ Discriminate between different kinds of interactions: in the definition of the
DM effective area, we have considered the public neutrino effective areas, which
are the total ones; hence, we have considered both charged-current and neutral-
current interactions inside the detector. Moreover, our DM candidate is a neu-
tral particle, both respecting electromagnetic and weak interactions; therefore,
we expect only a Neutral Current signal induced in the detector by a DM parti-
cle. Thus, another step in the analysis’s improvement is to discriminate between
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these two kinds of events, selecting only the Neutral Current neutrino effective
area.

¢ Implement Earth and Ice Attenuation more specifically: as introduced in Sec-
tion the attenuated flux considered in this work is only the one coming
from the Galactic Center. This approximation has been chosen as a first estima-
tion of the attenuated signal; moreover, a deeper study including the attenuated
flux from a wider sky-direction would increase the expected signal and therefore
improve our sensitivity.
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Appendix A

Derivation of useful Kinematical
Quantities

In this Appendix we derive the Mandelstam variables s and ¢ for a two-body collision
between a CRs particle A and a DM particle x (assumed at rest, since compared to CRs
velocities, DM can be considered at rest). The definition of these quantities will be the
same also in the study of the DM interaction inside the detector, but in this second
case we have that the DM particle is in motion and the detector target particles (that
we assume only protons) are initially at rest.

The initial four-momenta are denoted by:

— 2 2 — 12
pa = (Ea,pa), my=FE3—|pal”,
( : ) A A — [Pl A1)

Px = (mx7 0)7
where m 4 and m,, are the masses of the CRs and DM particles, respectively.

Mandelstam variable s

The Mandelstam variable s is defined as the square of the total four-momentum in
the initial state:

s = (pa+py)? = (Ba+my)* — [pal’, (A.2)
given that for a generic four-momentum ¢*, its square is ¢, ¢ = E* — |q]*.
Considering the CRs four-momentum definition, |p'4|? = E% —m?, the expression for
s becomes:

s = (Ea+my)® — (B3 —m?)

A.3
— B} 4+ 2Eamy +ml — B+, (A3)

5= mi—kmi—i—meEA

Mandelstam variable ¢
The Mandelstam variable ¢ is defined as the square of the four-momentum transfer:

t=(pa—14)? =, —py)? (A.4)
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wherep, = (m,, 5) is the DM four-momentum before the collisionand p, = (E,, p", )

is the one after the collision, with £, final DM kinetic energy and ﬁ;( final DM three-
momentum. Now we can derive it as

t = o 2
(],0 X ,p 2 , (A.5)
=Dy Pyt Dy Px — 2Dy - Dy
Since the particles are on-shell, their four-momenta satisfy:
/ /o 2 ~ 12 _ 2
px'px_Ex_|px| _mX7 (Aé)
Py = Eymy.
Now, substituting in t we get
2 2 .
t=my +m — ZmXE;( = —QmX(E;< —my); (A.7)

in our assumption of y initially at rest, the kinetic energy transferred to y is given by
K, = B, —m,, with E! being the energy of y after the collision. So we obtain the
final expression for t:

t=—2m K, (A.8)
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Appendix B

Non-Relativistic Limits

In this Appendix, we derive the non-relativistic limits of the products between the
spinor wavefunctions, needed to derive the non-relativistic Lagrangian.

Scalar Mediator case

We have now to consider Y ; considering the spinor wavefunctions u, we can com-
pute the product wu in the NR limit for p — 0, where p'is the transferred momentum.

Recalling the Dirac equation

(i —m)p =0 (B.1)

and since spinors satisfy also Klein-Gordon equation (O + m?)y = 0, they’ve plane-
wave solutions:

¥s(x) = / (ZWZ))suS(p)eipw_ (B.2)

We obtain the spinor solution using the Dirac equation in the Weyl basis (so a four-
component spinor is seen as two two-component spinors):

( o p'“) us(p) =0, (B.3)

—p-o —m

where s is the spin index.
Considering the 4momentum p*, the solutions are

us(p) = (ﬁ'ﬁ:;gﬁ) == \/% (82 Igi ZE) +0(), (B4

where £, are two-components Weyl spinors and we have defined ¢# = (1,5) and
ot = (1, —3). Then, considering the NR approximation of the 4-momentum,

pt = (v/m?+p2,p) = (m,p) + O(p?), we can compute at the first-order approxi-
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mation of wu:

_ (Jp“_om s)* <o (1)) (\/w—%s)

N2 NS
T (s plio'ugs
VIPTET DFa,ET) (Vp—“Jugs) (B.5)

= (

= (0o, +ploy,) grigs
= (m—jr)'a—i-m+p~oj)5rS
= 2md,,

Using this result and considering |x) as a Dirac spinor, we can obtain the scalar oper-
ator yx as
@4

Pseudoscalar Mediator case

Considering the Dirac fermions as before, we can compute the previous product con-
sidering a gamma 5

st = u'ty su’
= (VDo VPaus) (2 é) (_01 2) (jﬁﬁ:gi)
_ (yFEet ) (‘01 2) <%§) 87)
- (vt e (VB
= < — /PGP o+ P“Uu\/P”@) &g =0

This is zero at the lowest order, but if now we expand at the first order considering the
NR limit we have

0l ~ (5. wi - (et o) @
2m

where £ is a two-components Weyl spinor representing the NR spin state. Finally we

get
. — T g r 1 0 ﬂéis
Uy (P1)v5us(P2) = <5T Hg T) ( > <§—,’£€S)

_ <_5rT o- Hgf) ( 3 ) (B.9)
2m
GB LGB _Gp
= 6TS — =
( 2m * Qm) m
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Using this result, we can obtain the pseudoscalar operators ( N | g—f |N)and (x| % Ix)

P

Qu

as
Uy (1) v5us(P2) =

2
where we have defined the transferred momentum p' = p5 — pj.
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Appendix C

Determination of the Differential
cross-section

In this paragraph, we derive the differential cross-section for DM-SM interactions. To
remain general and obtain a formula valid for both DM-CRs upscattering and DM scat-
tering in the detector, we consider as the initial state a particle 1 at rest, with mass m,
and a particle 2 in motion, with mass m,. This situation is schematized in Figure|[C.1.
The 4-momenta of these particles are, respectively:

D2 = (E27]72)7 mg = E22 - |]72|2-

A
o 2 ‘ _________________
m2 m 1 —
Y /
Py

Figure C.1. Diagram of a two-to-two scattering process involving a particle initially at rest and
an incoming particle.

The derivations obtained below apply both to DM-CRs interactions, where the ini-
tial state consists of a DM particle at rest (m; = m,) and a cosmic ray in motion
(ms = m4), and to DM-N interactions, where N is a proton in the detector. In the lat-
ter case, the proton is at rest (m; = m,,) and the DM particle is in motion (my = m, ).
Then, to derive the differential cross-section of DM with the nucleus A, we treat the
nucleus A as made by point-like nucleons and we introduce the form factors to con-
sider the finite size effect of the nucleus.
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From Quantum Field Theory [2] we know that, for a two-to-two scattering, the general
expression for the cross-section|' is

do 1 D7 9
oy -] B — my — C.2
(dQ)CM 64m2E2y, |pil MPO(Eem —my —m2), €2

where E2, = s is the square of the center-of-mass energy; additionally, since for an
elastic scattering momentum and kinetic energy are conserved, we have that |p}| =
|9il-

To derive the differential cross-section respect to the final kinetic energy K, we can
consider that, in the center of mass frame,

1+ cost 4dmyime

Ky = K59 ith Ky = —2__p¢ .3
! wi (m1+m2)2 2 ( )

2

where 6 is the scattering angle [99]. Considering that the differential of the solid angle
is defined as d{2 = diyd cos § = 2md cos 6, we can derive that

dK;  Kmax
dQ  4drx

(C.4)

To conclude, we can derive the differential cross-section respect to the final kinetic
energy, since plugging Eq. [C.4]into Eq. |C.2 we derive

do 1 1 9
= Kpax — K C.5
dKy Kiax 16#3’M| o f) (C.5)

From this equation, we can now obtain the final form of this differential cross-section,
deriving the square of the matrix element both in the scalar and pseudoscalar media-
tor cases.

Scalar Mediator case

The Feynman diagram of the YN — YN scattering, mediated by a scalar particle, is
represented in Figure|C.2.

— e
|
1¢

Figure C.2. Feynman diagram of the YN — x N scattering, mediated by a scalar particle.

This formula corresponds to Equation (5.32) in Ref. [2].
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The scattering amplitude for this process is given by:

l

M = (Pl ) (—igye)u(py) 7 u(p) (=igng)u(pn)

- t—my (C.6)
_ ;’j—ffgf [a(p)u(py)] [a(py)ulpy)]

where

e u(p)) and u(ply) are the Dirac spinors for the outgoing fermion and nucleon,
respectively;

e u(py) and u(py) are the Dirac spinors for the incoming fermion and nucleon,
respectively;

e tis the Mandelstam variable t = (p, — p;()2;

e my is the mass of the scalar mediator.

Now we have to consider the square of this matrix element, averaging over initial spins
and summing over final spins (in order to take into account the initial and final spin
states):

MP =S {jg@ﬁ—gmf;};u<p;>u<px>\2la<p;v>u<m>12} €7)

spins

The squared spinor contractions can be expressed for each fermion and nucleon, using
the properties of Dirac spinors [129], as

> la)ulp))® = Te[(p+ m)(p +m)]
spins (CS)
=4(p-p' +m?)
with p = ~4#p,, where 7" is the gamma matrix of the Dirac theory. For an elastic
scattering the ¢ variable is expressed as

2 t

t=(p—p)=2m"=2-p —pp=m'—7 (C.9)
Substituting all in the matrix element expression we get
2 1 g>2<¢912\f¢ 2 t 2 2 t 2
IM|" = Z@_—mex = 5 tmlld(my — 5 +my)]
2 2
IxsINg 2 1t o  t

=4 X772 _(2m2 — =)(2 — = C.10
(t_mé)Z( My 2>( My 2) (C.10)

TxoINs
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Now we can substitute the square of the matrix element in the expression of the dif-
ferential cross-section of Equation (C.5):

dog 1 1 g3:9%

= Am? — t)(4m?, — )O(Kmay — K C.11
dKf Kmax 167T3 (t_mi)g( m )( mN ) ( a f) ( )

X

Finally, to consider the finite size of the nucleons, we have to consider a multiplicative
term of n% F'3(—t), where n 4 is the number of nucleons inside the considered nuclei
and F4(—t) is the form factor.

The final form for the differential cross-section in terms of the kinetic energy is

dog 1 Gegne (Am2 —t)(dm% —1t) ,
_ F2 (=) (K — K c12
dKf Kmax 167s (t — mi)2 " A( ) ( f> ( )

Pseudoscalar Mediator case

The scattering amplitude for the process YN — x N, mediated by a pseudoscalar
particle, is:
M _ _gxagNa

—m2
t—m;

[a(p’ )y ulp)][@(ply )y ulpy)]- (C.13)

Similarly as the scalar case, the square of the matrix element averaging over initial
spins and summing over final spins is

]- 2a 2a — = (!
MP =1 S {2 ) utp Plah s uem [ e

spins

Due to the presence of the 7° matrix, the spin contraction becomes [129]:

> la) ¥ ulp)® = 2t. (C.15)

spins

Therefore, the final form for the differential cross-section in terms of the kinetic energy
is

dO'a 1 giag]QVa t2 2
) Fa(=t)O(Hma — K c16
dK;  Kpee 167s (m2 —t)2 . (—1)O( f) ( )
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Appendix D

Dependence of the Effective Path on
the Zenith Angle

In this Appendix, we describe how we can derive the traveled distance of an incoming
particle inside a Earth or Antarctic Ice, before to reaching the detector.

We consider an incoming DM particle, with zenith angle 8 and a detector at the depth
d respect to Earth’s surface; this situation is represented in Figure

/j— )

)

Figure D.1. Graphical representation of the geometry of the distance traveled by the DM inside
the Earth before reaching the detector; the Earth’s radius is indicated as R.

To study the Earth and Ice attenuation of the flux, we have to derive the dependence
of the traveled distance z on the angle 6.

Considering the triangle with sides R, R — d, and z, it immediately follows that o +
B+~ = 180° and ae = 180° — #; then, recalling the Law of Sines

z R—-d R

— = = —, (D.1)
siny  sinf  sina
we can easily get a 2-equations system
R-d _ R
sinB = sina
2" _ TR (D.2)
sin ~y sina”
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Using that sin = sin(180° — #) = sin# and that siny = sin(180° — o — ) =
sin(f — f3), the previous system becomes

{sinﬁz %sinQ (0.3)

= Rsin(@—,@)'

sin 0

Finally, considering that sin(6 — 3) = sinf cos 3 — sin 3 cos#, cos 3 = /1 — sin? 3,

and substituting sin /3 into the second equation, we get the final form for z(6):

— {\/1—(1%1;—;02311129—]%];610059] (D.4)

— 2(0) = \/RQ—(R—d)Qsinze—(R—d)cosé’

This expression is in agreement with the expected limits z(0 — 0°) = d, and
z(0 — 180°) = 2R — d.
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Appendix E

J-factor in Galactic and Equatorial
Coordinates

In this Appendix, we briefly describe the coordinate systems used to determine the
position of celestial bodies relative to a given reference frame. Specifically, we discuss
the galactic coordinate system, centered in the center of the Sun, and the equatorial
coordinate system, centered in the center of the Earth.

Galactic Coordinate system

The Galactic Coordinate system is a spherical coordinate system where each object
is identified by a galactic latitude b, and a galactic longitude [. The galactic latitude
measures the angular distance of an object to the galactic plane, while the galactic
longitude is measured concerning the primary direction from the Sun to the center of
the galaxy in the galactic plane.

In this coordinate frame, the Sun and the Galactic center share the same direction
(lo, bo) = (0°,0°); however, the distance between the two is different, since the Sun
is approximately 8.5 kpc away from the Galactic center.

Given that the DN profile follows the Navarro-Frenk-White profile, which is centered
at the galactic center, it follows that, in the (I, b) coordinate plane, the J-factor exhibits
a higher value in the central regions of the reference frame, as shown in Figure|E.1

Equatorial Coordinate System

To define the position of celestial objects with respect to the center of the Earth, the

Equatorial Coordinate system is used; this frame is usually implemented in spherical

coordinates, where the two angular variables are the declination and the right ascen-

sion. The declination  measures the angular distance of an astronomical object from

the celestial equator, while the right ascension o measures the angular distance of an
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object along the celestial equator. As for the terrestrial longitude, « is usually mea-
sured in sidereal hours, minutes, and seconds, even if in the following we use degrees.

In this frame, the J-factor exhibits a higher value in correspondence with the origin of
the Galactic Coordinate system, which corresponds to («ay, dp) = (266.4°, —28.9°), as
shown in the Figure|E.2

Transformations between the two coordinate frames

In the following, we present the transformations between the Galactic and Equatorial
systems.
To perform these transformations, as reported in [130], the coordinates of the North
Galactic pole are useful; the J2000.(ﬂequatoria| coordinates of the north Galactic pole
are

ange = 192.86°, Ongp = 27.13°, (E.1)

while the J2000.0 galactic coordinates of the north celestial pole are
lNcp - 123.930, chp = 27130 (E2)

These transformations involve methods of spherical trigonometry, here we report only
the transformation’s laws.
From equatorial («, d) to galactic coordinates (b, 1), the transformation’s law is:

sin b = sin dngp sin 0 + cos dngp €08 d cos(a — anep)
cos bsin(Inep — 1) = cos d sin(a — anep) (E.3)

cos bcos(Inep — 1) = cos dngp Sin d — sin dngp €os d cos(a — angp)
Finally, from galactic (b, () to equatorial coordinates («, 9), the transformation law is:

sin ¢ = sin dngp sin b + cos dngp cos b cos(Inep — 1)
cos ¢ sin(a — angp) = cosbsin(Inep — 1) (E.4)

cos 0 cos(a — angp) = €08 Ongp Sin b — sin dngp €os b cos(Inep — 1)

'This is the standard astronomical reference time, which is the Julian Date corresponding to January
1, 2000, at 12:00 TT (Terrestrial Time).
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