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Prof. Gwenhaël De Wasseige

Defended by
Allegra Cavicchi

July ����

Academic Year ����/����





Se guardo il tuo cielo, opera delle tue dita,
la luna e le stelle che tu hai �ssate,
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Abstract

Since its theore�cal proposal by Fritz Zwicky in ����, to account for unseen mass in
the Coma cluster of galaxies, dark ma�er and its gravita�onal e�ects have been dis-
covered in several independent astrophysical and cosmological observa�ons. In the
past decades, signi�cant progress has been made in both the experimental search
and in the theore�cal modelling of this new kind of ma�er.
No evidence of non-gravita�onal interac�ons of darkma�er has been observed so far,
despite they are mo�vated to reproduce its observed abundance in the universe. For
this reason, the search for such interac�ons has rapidly become a growing �eld of re-
search, and therefore numerous dedicated experiments have been developed.
In this thesis, we inves�gate the use of IceCube and, more generally, of neutrino detec-
tors, as direct detectors of sub-GeV darkma�er. The darkma�er candidate considered
in this work is hadrophilic light dark ma�er, a new par�cle that interacts with Stan-
dard Model hadrons. Under this assump�on, a high-speed component of the galac�c
dark ma�er �ux arises from its upsca�ering by cosmic rays, peaking in the GeV energy
range. Neutrino telescopes such as IceCube are sensi�ve to these energies and can
therefore be used to place constraints on the parameters of the model, such as the
dark ma�er mass and its coupling to ordinary ma�er. While similar studies have been
conducted with other neutrino experiments, such as Super-Kamiokande, this work
represents the �rst analysis of this type performed with IceCube data.
Although this is a �rst inves�ga�on based on public data, we show that compe��ve
results can already be achieved in the relevant parameter space. This con�rms the
poten�al of IceCube and other neutrino telescopes in probing sub-GeV dark ma�er
and paves the way for more dedicated analyses in the future.
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CHAPTER �

Mo�va�ons of this study

In the past decades, astrophysical and cosmological observa�ons have established the
existence of a new form of ma�er, di�erent from ordinary ma�er, which is not lumi-
nous and is therefore known as ”dark ma�er”.
Planck satellite observa�ons [�] have revealed that dark ma�er is around 27% of the
energy density of the Universe, and is �ve �mes denser than the normal baryonicmat-
ter that �lls only about 5%. Combined with dark energy (⇠ 68%), these three are the
major cons�tuents of the Universe today.

This new form of ma�er, unforeseen by the Standard Model, is an evident indicator
of the need for new physics. Dark ma�er adds to a list of compelling open ques�ons
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 ([�], [�]).

The existence of DarkMa�er is knownonly from its gravita�onal e�ects, while all other
poten�al interac�ons of this mysterious element of the universe are beyond our cur-
rent knowledge. Thus, the study of DM non-gravita�onal impacts is a growing �eld of
research, leading to numerous specialized experiments.
Amongst these experiments, the Direct Detec�on ones a�empt to observe the DM
sca�ering on a StandardModel par�cle, observed through the target recoil energy re-
construc�on.
Astrophysical and cosmological data tell us that the galac�c component of DM is non-
rela�vis�c (v ⇠ 10�3 within the Milky Way halo); therefore, sub-GeV DM produces
nuclear recoil energies below O (keV). Current DD experiments, which are sensi�ve
to keV-scale recoil energies, become insensi�ve to sub-GeV DMmasses very rapidly.
By construc�ng new experimental techniques, these experiments could become sen-
si�ve to these very low recoil energies; moreover, di�erent approaches can be used,
as the Dark Ma�er Direct Detec�on using Neutrino Telescopes, as presented in this
thesis.

This study starts from a general assump�on of the sca�ering between StandardModel
and Dark Ma�er par�cles, as for all Direct Detec�on experiments. With this simple
hypothesis and as �rst pointed out in Refs. [�] and [�], a higher-speed component of
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CHAPTER �. MOTIVATIONS OF THIS STUDY

the DM halo �ux arises, because of the upsca�ering of galac�c Dark Ma�er by Cos-
mic Rays, peaking in the GeV energy range. This upsca�ered light Dark Ma�er might
induce observable recoils in huge-volume detectors, overcoming the current Direct
Detec�on experiments’ sensi�vity loss.
Neutrino telescopes like Super-Kamiokande are sensi�ve to such energies and have al-
ready been used as DarkMa�er detectors, se�ngworld-leading limits, as described in
Refs. [�] and [�]. Higher-energy telescopes like, for instance, IceCube are sensi�ve to
such energies as well and are perhaps evenmore promising, given their larger volume.

My thesis a�empts to understand how IceCube and,more broadly, large neutrino tele-
scopes can be exploited for sub-GeV Dark Ma�er detec�on. This is a �rst a�empt at
using IceCube as a sub-GeV Dark Ma�er Direct Detector. Note that instead it has al-
ready been used for Indirect Searches, which aim to detect neutrinos that arise from
annihila�ons of heavier Dark Ma�er, that take place outside the detector.

This thesis is organized as follows. Chapter � describes the main evidence we have
nowadays regarding DarkMa�er, the proper�es inferred from its gravita�onal interac-
�ons, and the state of experiments looking for its non-gravita�onal interac�ons with
the Standard Model par�cles. Chapter � provides an introduc�on to neutrino tele-
scopes, such as neutrino phenomenology in the detectors, and a descrip�on of the
Cherenkov e�ect by which we observe the neutrino signature in the detector. Finally,
in Chapter �, I provide a short overview of IceCube, looking in par�cular at the lead-
ing background sources and two selec�on criteria used to discriminate between signal
and background. Then, in Chapter �, themodel employed for this analysis is described:
a light hadrophilic DarkMa�er par�cle that interacts with StandardMa�er via a scalar
or pseudoscalar mediator. This chapter also presents the analysis technique, which is
based on a minus-log-likelihood test sta�s�c. Finally, Chapter � includes the key �nd-
ings of this analysis, as well as some hints that can be useful for a future, and more
precise, study.
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CHAPTER �

What do we know about Dark Ma�er?

Signi�cant progress has beenmade in the darkma�er searches over the past decades.
Thanks to observa�ons of gravita�onal DM-SM interac�ons, some dark ma�er prop-
er�es have been understood. However, a large por�on of the dark ma�er generali�es
remains unexplored, par�cularly regarding possible non-gravita�onal DM–SM inter-
ac�ons.

In this Chapter, I present the key aspects of whatwe currently know about darkma�er.
In Sec�on �.�, I introduce the observa�onal evidence for the Dark Ma�er existence;
in Sec�on �.�, I describe its main proper�es. Con�nuing with Sec�on �.�, the main
Dark Ma�er density distribu�ons are shown. Then, in Sec�on �.�, I present the most
promising Dark Ma�er candidates, and in Sec�on �.�, some of the most famous pro-
duc�onmechanisms of sub-GeVDarkMa�er. Finally, in Sec�on �.�, an overviewabout
laboratory searches of sub-GeV Dark Ma�er is introduced.

�.� Evidence for Dark Ma�er

All the proofs for the DM existence derive from its gravita�onal e�ects. In contrast, no
evidence based on some other DM e�ects, not due to gravita�onal interac�on, has
been discovered up to now [�]. These gravita�onal observa�ons 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 [�].
In the following, I categorize the observa�ons according to the length-scale, star�ng
from spiral galaxies, con�nuing with galaxy clusters, and concluding with cosmological
scales.

�.�.� Evidences from the Galac�c scale
Star�ng from the smallest scale considered, the galac�c scale, the most notable ob-
serva�ons that come from these distances are the rota�on curves of both spiral and
dwarf galaxies.

�



CHAPTER �. WHAT DOWE KNOW ABOUT DARK MATTER?

Rota�on curves of Spiral Galaxies

The circular velocity pro�le of the stars and gas in a galaxy, so-called galaxy’s rota�on
curve, as a func�on of their distance from the galac�c center, played a par�cularly
important role in the DM discovery. Under some reasonable simplifying assump�ons,
it is possible to infer the mass distribu�on of galaxies from their rota�on curves [�].
Historically, it was the observa�on of approximately �at rota�on curves at very large
galactocentric distances that convinced the scien��c community that large amounts
of a new kind ofma�er, di�erent from the ordinary one, is present in the outer regions
of galaxies [�].
The studies on these rota�on curves started in the XX century and rapidly developed
un�l the ����s, when Kent Ford and Vera Rubin observed the M�� rota�on curve, the
�rst ever observed [��].

These rota�on curves can be derived using several methods. One approach involves
observing the absorp�on lines in the op�cal spectra of stars, which shi�, due to the
Doppler e�ect, when the stars move rela�ve to the observer; by measuring these
shi�s, the circular velocity of the stars can be determined [��]. Alterna�vely, 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-
ma�cs of the disk, and neutral hydrogen observa�ons allow the rota�on to bemapped
out to large radii, where the DM e�ects become evident [�].

According to Newton’s law F = ma, the rela�on between the circular velocity vcirc
of a test par�cle of mass m and the mass M contained within a distance r from the
center is

m
v
2
circ(r)

r
=

GmM(r)

r2
) vcirc(r) =

r
GM(r)

r
. (�.�)

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
constantM. This implies that the velocity should follow a Keplerian decline such that
vcirc(r) / r

�1/2 [�].

However, from the observa�ons of a large sample of this kind of galaxy, we have found
that the rota�on curves have a �at behaviour in r out to large distances from the galac-
�c center, as represented in Figure �.�. This implies that, assuming the exactness of
Newton’s law, addi�onal invisible mass must be present to keep the galaxies compact
[��]. Withoit this addi�onal amount of ma�er, galaxies would not be gravita�onally
bound and they would disintegrate.
To obtain the observed constant velocity vcirc(r), a dark ma�er halo is assumed, with
a mass density that should behave as ⇢�(r) / 1/r2 at large r; in this way M(r) =
4⇡

R
dr

0
r
02
⇢�(r0) = 4⇡r and therefore, from Equa�on (�.�), the dependence of vcirc

on r vanishes [�].
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CHAPTER �. WHAT DOWE KNOW ABOUT DARK MATTER?

Figure �.�. Rota�on curve of spiral galaxy Messier �� (yellow and blue points with error bars),
and a predicted one from the distribu�on of the visible ma�er (gray line). Credits: Galaxy
rota�on curve.

Rota�on curves of Dwarf Galaxies

The same kinema�cs measurement discussed for the spiral galaxies can also be ap-
plied to other kinds of galaxies, as the dwarf galaxies [��].
We know that the Milky Way (MW) is surrounded by satellite galaxies, systems �ed
to the main MW halo by gravita�onal a�rac�on; among them, the large majority con-
sists of dwarf spheroidal galaxies (dSph). The de�ni�on of the ”dwarf” has not been
universally accepted un�l now; in general, a dwarf galaxy has a DM-dominated mass
of around 106M�; the half-light radius rHL, de�ned 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[��].
The experimental results show evidence for a larger content of DM in these systems
with respect to spiral galaxies, with mass-to-light ra�o M/L of the order of ��� or
more; this value is much greater than for spiral galaxies, where usuallyM/L ⇠ 10[�].
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. [��].

�.�.� Evidences from the Cluster of Galaxies scale
The clusters of galaxies are the largest gravita�onally bound systems in the Universe;
they contain hundreds to thousands of galaxies and extend to several Mpc in size [�].
Because of their size, they are good probes of the average Universe.
The DM presence in galaxy clusters is generally inferred by es�ma�ng its mass from
their dynamics, governed by the gravita�onal e�ect of the system, and comparing it
with the masses es�mated from their luminosity [��].

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

�
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Internal Dynamics of Galaxy Clusters

Fritz Zwicky was the �rst person to claim the DM evidence in ����, by looking at the
velocity dispersion in the Coma cluster of galaxies [��].
His intui�on was based on the virial theorem, which enables us to es�mate the dy-
namical mass of a galaxy cluster.

The viral theorem relates the �me-averaged kine�c energy to the �me-averaged po-
ten�al energy < K >= �

1
2 < V > of a bound system of interac�ng nonrela�vis�c

par�cles in dynamical equilibrium [��].
In a toy system withN � 1 objects of massm at equal distance r interac�ng through
gravity, this theorem allows us to determine their total massmN from the velocity v
of the system and its size R:

N
mv

2

2
=

1

2

N
2

2

Gm
2

R
) mN =

2Rv
2

G
. (�.�)

Measuring themo�on of some galaxies in the Coma cluster, Zwicky es�mated its grav-
ita�onal 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 ra�o for the Coma cluster was computed to be of the order of �� �mes
larger than that of an individual galaxy [��].

Three years a�er this observa�on, Sinclair Smith achieved similar observa�ons for the
Virgo cluster, which contains more ellip�cal galaxies, resul�ng in an irregular shape
and therefore in a more complicated object to study. The es�ma�ons of gravita�onal
mass and luminosity of the Virgo cluster also con�rm the presence of invisible DM in
this cluster [��].

Gravita�onal Lensing on Cluster Scales

Gravita�onal Lensing is a phenomenon in which light bends while passing through the
vicinity of a gravita�ng mass gives rise to the lensing e�ect, a phenomenon known as
gravita�onal lensing. This is a direct consequence of Einstein’s general theory of rela-
�vity; light follows a curved space in the proximity of a gravita�ng body, giving rise to
this e�ect [��]. The observance of such lensing e�ects, without an apparent detec�on
of luminous mass that can cause it, could indicate therefore the presence of unseen
ma�er.
The gravita�onal lensing e�ect can be characterized into three categories: strong lens-
ing, where mul�ple 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, andmicrolensing, where the brightness of the object in the background
of the gravita�onalmass appears to have increased to theobserver in the foreground[��].

Today, one of the strongest evidences for the presence of DM on the length scales of
galaxy clusters comes from the observa�ons of a pair of colliding clusters known as
the bullet cluster (catalog name: �E����-��), �rst observed in ���� [��].
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This cluster has been created as a result of one of the most energe�c events to have
happened in our Universe a�er the Big Bang, by which two giant galaxy clusters col-
lided at a distance of around � billion light years from the Earth. Most of the baryonic
mass in the cluster is in the form of hot gas, whose distribu�on can be traced through
its X-ray emission, while the distribu�on of the total mass, visible and dark, was inde-
pendently measured through weak lensing [��].
The special feature of the bullet cluster system is that the visible ma�er and DM are
spa�ally separated, as reported in Figure �.�. This has been interpreted as a signature
that, in the past, the two clusters were separated systems that then collided ��� 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 ma�er interacts signif-
icantly with itself, while DM experiences negligible interac�ons with itself and with
normal ma�er: the impact was so great that it caused the baryonic ma�er in each col-
liding cluster to displace from its respec�ve DM halo, while the DM halos themselves
passed through each other rather unperturbed and undistorted ([�],[��],[��],[��]).
This behavior is not unique to the Bullet Cluster: other observa�ons of colliding galaxy
clusters also support this picture, showing consistent separa�ons between the bary-
onic and gravita�onal mass components [��].

Figure �.�. The distribu�on 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 distribu�on reconstructed through
weak gravita�onal lensing. Credits: [��].

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

�.�.� Evidences from the Cosmological scales
Finally, other convincing and precise evidence for DM existence comes from the en�re
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[�].
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In the following paragraphs, the most notable evidences for this scale are addressed,
star�ng from the large scale structure forma�on, and concluding with the observa�on
of Cosmic Microwave Background acous�c peaks.

�.�.� Large Scale Structure Forma�on

Today, the Universe is highly inhomogeneous on scales smaller than its current hori-
zon. In the standard cosmological model, these primordial inhomogenei�es are gen-
erated by in�a�on and have small amplitudes (� ⇠ 10�5) [�].
These small �uctua�ons would not have had enough �me to grow into the large-scale
structures we observe today, as galaxies and clusters, without an addi�onal mecha-
nism. Assuming that DM does not interact with radia�on, it starts to collapse under
gravity earlier than ordinary ma�er. This early collapse ini�ated the forma�on of cos-
mic structures. DM is therefore essen�al to explain how such large structures could
have formed from ini�ally �ny perturba�ons [��].
To study this process inmore detail, N-body simula�ons are employed. These simulate
the gravita�onal evolu�on of a large number N of massive par�cles in an expanding
Universe, star�ng from typical realiza�ons of the primordial inhomogenei�es. The in-
clusion of DM is crucial, as it dominates the ma�er content of the Universe and drives
the growth of cosmic structures through its early gravita�onal collapse [��].

Cosmic Microwave Background Acous�c Peaks

Looking at the Cosmic Microwave Background (CMB) power spectrum, obtained from
the coe�cients, at di�erent mul�ples l, of the expansion in spherical harmonics of the
temperature �uctua�ons between points on the skymap at di�erent angluar separa-
�ons, the signature of DM presence is evident. More speci�cally, a phase shi� in the
CMB acous�c oscilla�ons spectra is found, which is a characteris�c signature for the
presence of non-photon radia�on propaga�ng di�erently from photons, even when
the radia�on couples to the SM par�cles solely gravita�onally [��]. An example of
these spectra is shown in Figure �.�.

The CMB peaks are due to acous�c oscilla�ons of the baryon/photon �uid; their po-
si�ons depend on the DM density, while their amplitude depends on the rela�ve
amount of DM with respect to ordinary ma�er [�]. From global �ts it is clear that,
without DM, the observed structure of the CMB spectrum cannot be accurately re-
produced [��]. This provides the most accurate measurement of the DM density cur-
rently available. This density is expressed as ⌦, which is the ra�o between the energy
density of a given component and the cri�cal density. In par�cular, ⌦DM represents
the frac�on of the Universe’s energy density made up of DM [��]:

⌦DMh
2 = 0.1200± 0.0012 ) ⌦DM ⇠ 0.265. (�.�)
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Figure �.�. The angular Power spectrum of the CMB as a func�on of the angular scale mea-
sured by Planck ����with the residual errors. The solid line represents the theore�cal predic-
�on for the ⇤CDM model and the dots the observed data. Credits: [�].

�.� Dark Ma�er Proper�es
The observa�onal evidence discussed in the previous sec�on can be consistently in-
terpreted by postula�ng the DM existence with a set of basic proper�es.
This is par�cularly compelling, as DM currently represents the only framework capa-
ble of simultaneously explaining such a wide range of astrophysical and cosmological
phenomena [��]. In the following, some of the DM proper�es that we can infer from
these observa�ons are presented:

• ma�er: the term ”ma�er” refers to the fact that DM contributes to the en-
ergy density of the Universe in the same way as non-rela�vis�c ma�er, with an
energy density that scales inversely with the volume in the cosmological evolu-
�on[�];

• DM and SM interac�ons: DM must be gravita�onal interac�ng, because all ob-
serva�onal evidences discussed in Sec�on �.� rely on its gravita�onal interac-
�ons, but since DM is not luminous in galaxies or clusters we expect that is not
electromagne�cally interac�ng. Addi�onally, we expect that DM interac�ons
with SM par�cles are much weaker than known SM interac�ons [��].

• cold (non-rela�vis�c): DMbehaves as a non-rela�vis�c�uid at the�meofma�er-
radia�on equality, when structure forma�on begins (if it were rela�vis�c, clus-
tering would not be e�ec�ve and structures would not form) [�]. In addi�on,
DM par�cles should travel through the Solar System and traverse the Earth with
typical galac�c veloci�es of⇠ 200km/s ) v ⇠ 10�3

c [��];

• collision-less: DM is expected to havenegligible non-gravita�onal self-interac�ons.
Observa�ons of colliding galaxy clusters, such as the Bullet Cluster, show that the
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gravita�onal lensing signal is clearly separated from the hot baryonic gas. If DM
had strong self-interac�ons, the lensing map would instead trace the baryonic
ma�er more closely. This behavior suggests that dark ma�er passes through
both itself and ordinaryma�erwithout signi�cant sca�ering, placing strong con-
straints on the strength of any possible self-interac�ons[��];

• collision-less: Dark ma�er is expected to have negligible non-gravita�onal self-
interac�ons. Observa�ons of colliding galaxy clusters, such as the Bullet Clus-
ter, show that the gravita�onal lensing signal is clearly separated from the hot
baryonic gas. If dark ma�er had strong self-interac�ons, the lensing map would
instead trace the baryonic ma�ermore closely. This behavior suggests that dark
ma�er passes through both itself and ordinary ma�er without signi�cant scat-
tering, placing strong constraints on the strength of any possible self-interac�ons
[��];

• stable (or with a very long life�me): we know that DM is present since the early
Universe and has not disappeared un�l now, therefore the life�meof DM should
be much greater than the age of the universe ([��], [�]);

• �nally, it must preserve the successes from Big Bang Nucleosynthesis [��].

�.� Dark Ma�er Distribu�ons in the Galaxy

Even if the average DMdensity in the Universe is �ny, as shown in Equa�on (�.�), there
ismuchmoreDM than just this average value clumped in structuresmuch smaller than
the en�re universe, like galaxies. Because of structure forma�on, the distribu�on of
DM in speci�c systems di�ers signi�cantly from the average cosmological value. To in-
terpret the results of Direct and Indirect DM detec�on searches, we have to introduce
the DM density distribu�on ⇢�(r) in the Milky Way ([�], [��], [��]).
First of all, we know that DM tends to be roughly spherically distributed in gravita�on-
ally bound systems, hence the density distribu�on ⇢�(r) is expressed as a func�on of
the radial coordinate r measured from the Galac�c Center; secondly, we known that
DM is non-rela�vis�c in most systems of interest. Furthermore, DM par�cles bound
to our galaxy must have a velocity below the escape velocity, vesc ⇠ 500 km/s[��].

Among several candidates, some of the most famous and experimentally supported
galac�c DM density pro�les are:

• Navarro-Frenk-White (NFW) pro�le: this is the most commong choice, mo�-
vated by the N-body simula�ons [��]. This pro�le is described by the following
analy�cal formula:

⇢NFW(r) = ⇢� ·
r�(r� + rc)2

r(r + rc)2
(�.�)

where ⇢� = 0.42±0.06GeV/cm3 is the DMdensity at the sun posi�on, r� = 8.5
kpc and rc = 20 kpc ([��], [�]);
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• Einasto pro�le: this pro�le seems to be a be�er �t to more recent numerical
simula�ons. It is very similar to the NFW one, even if is a li�le bit less peaked
[��]. It is described by the following analy�cal formula:

⇢Einasto(r) = ⇢�2 exp

⇢
�

2

↵E

✓
r

r�2

◆↵E

� 1

��
(�.�)

where ⇢�2 = ⇢(r�2) is the density at which the slope parameter is -� and ↵E is
a parameter to control the pro�le’s curvature;

• Isothermal pro�le: it features a constant central density, therefore, di�erently
from the previous ones, has not a peak in the galac�c center but a �at behavior
[��]. This pro�le is described by the following analy�cal formula:

⇢Iso(r) =
⇢0

1 +
⇣

r
rc

⌘2 (�.�)

where ⇢0 is the central density and rc is the core’s radius;

• Burkert pro�le: as the isothermal pro�le, has a constant central density, which is
a li�le bit smaller than the isothermal one. This pro�le is given by amodi�ca�on
of the isothermal one:

⇢Burkert(r) =
⇢0

⇣
1 + r

rc

⌘
1 +

⇣
r
rc

⌘2
� . (�.�)

All these DM pro�les are shown in Figure �.�.

Figure �.�. Commonly used Milky Way DM density pro�les. Credits:[��].
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�.� Dark Ma�er Candidates

From the �rst evidence of DM existence, a lot of candidates have been proposed as
possible DM par�cles. Empirically, requiring that the De Broglie wavelength of a DM
par�cle �ts within the dwarf galaxies, we know that these par�cles must be heavier
than 10�21 eV [��]; regarding the upper limit, DM can be heavier than the Planckmass,
if it takes the form of a composite object. In this case, the limit is obtained by the fact
that the DMmust be smaller than a small dwarf galaxy (which has a mass of the order
of 105M�) [�]. Therefore, the model-independent bounds on the DM mass are

10�21eV < M� < 105M� (�.�)

whereM� = 1.989⇥ 1030 kg. This range of DMmasses 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 brie�y introduced; a sum-
mary of their proper�es� 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 par�cles. They are black holes formed from overdensi-
�es in the early Universe; the discovery of gravita�onal waves frommergers of tens of
Solar mass black hole binaries by LIGO-Virgo has generated an increasing interest in
PBH dark ma�er [��]. They ful�ll 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 [��].

Super-heavy Dark Ma�er (WIMPzillas)
The Universe might also be made of superheavyWeakly Interac�ngMassive Par�cles,
with mass larger than the weak scale. The condi�ons needed are that the par�cles
must be cosmologically stable and that their interac�on ratemust be su�ciently weak
such that thermal equilibriumwith the primordial plasmawas never obtained [��] or, if
theywere at equilibrium, some entropy injec�on should have taken place to avoid that
they overclose the universe. Super- heavy DMmay be created during the evolu�on of
the Universe in several ways, an example is non-thermal processes, like freeze-in just
a�er in�a�on [��].

Weakly Interac�ng Massive Par�cles (WIMPs)
Weakly-interac�ng massive par�cles (WIMPs) have been leading DM candidates for
decades, and they remain a viable and highly mo�vated possibility.
Even if there is no precise de�ni�on of it, we refer to WIMPs as par�cles that inter-
act through the SM weak interac�ons; therefore, they need to be charged under the
electro-weak SU(2)L ⇥ U(1)Y group, have zero electromagne�c charge, be a color

�Regarding the interac�ons, we present here the ones other than gravity.
��
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singlet, and be stable. More broadly, the term WIMP is used to denote a stable par-
�cle that couples to other weak-scale par�cles and interacts with a strength equal to
or weaker than the SM one [��].
Since they arise from simple SM generaliza�ons, they are among themost studied DM
candidates; furthermore, they arise naturally in many par�cle physics theories, have
the correct cosmological proper�es, and have an astonishing set of implica�ons for
observable phenomena. Finally, if WIMPs exist and are stable, they are naturally pro-
duced with a relic density consistent with the DM one [��].

Sterile Neutrinos
Sterile neutrinos with a mass in the keV range can play the role of DM. Indeed, these
par�cles are neutral, massive, and, while unstable, can have their life�me longer than
the age of the Universe [��]. Such sterile neutrinos are produced in the early Uni-
verse at high temperatures; unlike other cosmic relic par�cles, as photons, neutrinos,
or WIMPs, the feeble interac�on strength of sterile neutrinos means that they were
never in thermal equilibrium in the early Universe, and that their exact produc�on
mechanism is model-dependent [��].
Consequently, the viability of sterile neutrinos as DM candidates strongly depends on
their produc�on scenario and is subject to constraints from cosmological and astro-
physical observa�ons.

Light Dark Ma�er
This class of DM candidates is composed of sub-GeV par�cles. This mass range has
tradi�onally received less a�en�on because of the Lee-Weinberg bound, which states
that, for sub-GeV DM par�cles, the known SM interac�ons are insu�cient to repro-
duce the observedDM relic abundance through thermal freeze-out [��]. However, this
limit is not valid anymore if we consider DM annihila�ons mediated by new interac-
�ons, or if DM is produced by non-standard cosmological mechanisms, like those that
we present in Sec�on �.�. This makes sub-GeV DM an interes�ng DM candidate[��].

Axion-Like-Par�cles (ALPs)
Axion-like par�cles (ALPs) are a generic class of pseudoscalar bosons postulated in
���� by Roberto Peccei and Helen Quinn to explain why the CP viola�on in strong in-
terac�ons is very small; they are also predicted in many SM extensions, especially in
string-inspired frameworks [��]. 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�28 eV (ultralight
ALPs) to the eV scale, depending on their produc�on and interac�on scenarios [��].
However, masses below 10�21 eV are strongly constrained by structure forma�on, as
they would suppress small-scale cosmic structures in con�ict with observa�ons [��].

Fuzzy Dark Ma�er
Another interes�ng DMcandidate, alterna�ve to cold DM, is Fuzzy DarkMa�er (FDM);
it is made of ultra-light bosons with masses at the order m ⇠ 10�22 eV; such a can-
didate has the poten�al to avoid phenomenological problems of cold DM [��]. As
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previously men�oned, observa�onal bounds typically push the viable mass range to
m� � 10�21 eV [��].
Due to their extremely small mass, such par�cles exhibit macroscopic quantum be-
havior at astrophysical scales, with de Broglie wavelengths of orders of kpc [��]. FDM
is o�en explored in the domain of axion-like par�cles which arise in string-inspired
frameworks, and is probed by a variety of astrophysical and cosmological tests from
Lyman-↵ forests�, galac�c centers, and halo substructures [��].

Candidate Typical Mass Interac�on(s)
Primordial Black
Holes (PBH)

10�16
M� . M� . 3⇥ 10�12

M� None

Super-heavy DM M� & 105GeV New forces
WIMP 10GeV . M� . 10TeV Weak and/or

new forces
Sterile Neutrino keV . M� . GeV Weak and/or

new forces
Light Dark Ma�er
(sub-GeV)

MeV . M� . GeV New forces

Axion / ALP 10�28eV . M� . eV New forces
Fuzzy DM M� ⇠ 10�22 eV New forces

Table �.�. Dark ma�er candidates ordered by decreasing mass per object. Regarding the inter-
ac�ons, we present here the ones other than gravity.

�.� Sub-GeV Dark Ma�er: produc�on mechanisms

Among all possible DM candidates, this study focuses on DMpar�cles withmasses be-
low the GeV scale. This candidate has tradi�onally received less a�en�on 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 par�cles that interact weakly with the Standard Model.
In ����, Benjamin W. Lee and StevenWeinberg showed that if DM consists of par�cles
interac�ng via the weak force (such as WIMPs), then their mass cannot be too low;
otherwise, the annihila�on would be ine�cient, leading to an excessively large relic
density that would overclose the Universe [��].

In recent years, however, many new DM models have been developed; these new
models, in addi�on to the DM par�cle, feature a new interac�on, mediated for in-
stance by the gauge boson of a new U(1)0 gauge group. At the same �me, while
standard Direct Detec�on experiments quickly lose their sensi�vity to sub-GeV DM
because of the low nuclear recoils that it induces, several new ideas have arisen in

�Lyman-↵ forest observa�ons trace the small-scale distribu�on of ma�er at high redshi� and can
constrain devia�ons from the standard cold DM scenario.
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the past �� years to overcome this limita�on, see Sec�on �.�.� for more details. In ad-
di�on, accelerator experiments have performed various dedicated searches on new
mediators’ signals in visible and invisible �nal states. In combina�on, these develop-
ments make sub-GeV DM a par�cularly fascina�ng �eld of inves�ga�on [��].
Furthermore, as presented in the following, other DM produc�onmechanisms can be
considered, overcoming the Lee-Weinberg bound.

�.�.� Dark Ma�er as a thermal relic: Freeze-Out mechanism

The freeze-out mechanism assumes that DM is a stable par�cle that, in the early Uni-
verse, had interac�ons with the SM par�cles that were faster than the Hubble rate,
hence it interacted with Standard Model par�cles more o�en 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 ini�al di�erences between the SM and DM
components (for example, caused by in�a�on) are erased during this thermal phase.
The en�re Universe is then �lled with a single, mixed �uid of SM and DM [��].
As long as the par�cles are in interac�onwith the plasmawith a common temperature,
par�cles are in thermal equilibrium, and the distribu�ons are driven only by the tem-
perature. However, since the Universe is expanding, the temperature decreases and
the average distance between par�cles in the plasma increases, which limits the in-
terac�on rate. The equilibrium can therefore be broken, the unstable par�cles decay,
and the stable ones undergo a “freeze-out”. Since the stable par�cles do not decay
and the interac�ons are heavily suppressed, their number is frozen and nearly con-
stant [��].

Because the SM and DM sectors were in thermal contact early on, the freeze-out
process naturally explains why both share the same adiaba�c structure of inhomo-
genei�es, in agreement with cosmological observa�ons.
This means that �uctua�ons in the densi�es of dark ma�er and ordinary ma�er are
correlated and evolve together, preserving a common pa�ern throughout cosmic his-
tory [�].

In addi�on, freeze-out from thermal equilibrium is a generic mechanism applicable
to any interac�ng massive par�cle. In its simplest form, it predicts the DM relic abun-
dance primarily based on the annihila�on cross-sec�on, with only aweak dependence
on the DMmass. This remarkable feature has made freeze-out one of themost exten-
sively studied scenarios in DM research, although, aswill be discussed later, there exist
alterna�ve models that are less predic�ve but equally cap�va�ng [��].

Regarding sub-GeV DM candidates, one possibility is that thermal freeze-out proceeds
with a suppressed annihila�on cross-sec�on (e.g., via small couplings or light media-
tors), allowing for lighter DM masses than the electroweak scale. In such cases, e�-
cient annihila�on into light SM states is required to avoid overproduc�on [��].
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�.�.� Dark Ma�er 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 par�cles have a very weak coupling to SM par�cles, and are
therefore ini�ally decoupled from the primordial thermal bath. DM par�cles could
have been produced in small quan��es by the decay of primordial par�cles, since,
even if the interac�ons with the bath are weak, they s�ll lead to DM produc�on and
gradually increase its density. This process con�nues un�l the temperature of the
plasma becomes too low for further DM produc�on [��].

Unlike freeze-out, which does not require an ini�al condi�on for the DM abundance
(as it is assumed to be thermalized), freeze-in scenarios require a detailed descrip�on
of it. Therefore, freeze-in scenarios are predic�ve only when they derive from a high-
energy theory that can determine the ini�al DM density.
Di�erently from the usual freeze-out scenario, the relic densitymay also receive a con-
tribu�on from a primordial component, which is not erased by any process since DM
crea�on occurs out of thermal equilibrium [�].

Regarding sub-GeV DM candidates, freeze-in is par�cularly well-suited to produce
such kind of par�cles, since the produc�on rate depends on very feeble interac�ons
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 [��].

�.�.� Asymmetric Dark Ma�er
Finally, asymmetric Dark Ma�er is an interes�ng alterna�ve to the tradi�onal freeze-
out scenario. This model considers the DM relic abundance as origina�ng from a
primordial par�cle–an�par�cle asymmetry, analogous to the baryon asymmetry ob-
served in the visible sector. In this framework, the present DM density results from a
small ini�al DM excess of par�cles over an�par�cles in the early Universe: while the
symmetric component annihilates away, the asymmetric excess survives and cons�-
tutes the relic abundance. This mechanism permits larger annihila�on cross-sec�ons
than those required in freeze-outmodels and requires the DMpar�cle to be extremely
long-lived [��]. One of the most compelling features of asymmetric DM is its ability to
naturally explain the observed similarity between DM and baryonic energy densi�es,
⌦� ⇠ 5⌦b [�].

Experimentally, this DM candidate is di�cult to probe, as the lack of residual annihi-
la�ons suppresses Indirect Detec�on signals. Direct Detec�on remains possible but
strongly depends on the assumed DM–SM couplings, o�en requiring highly sensi�ve,
low-threshold detectors and detailed theore�cal modeling [��].

Regarding sub-GeV DM candidates, asymmetric DM models provide a natural frame-
work, especially when the darkma�er 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 [��].
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�.� Sub-GeV Dark Ma�er: Laboratory Searches
In this Sec�on, a�er an introduc�on to the general strategies to look for non-gravita�onal
DM signatures, we focus on laboratory searches.
For sub-GeV DM, the usual Direct Detec�on strategies have a much poorer sensi�vity
than for weak scale DM, since the momentum transfer is too small. On the other side,
accelerator searches, par�cularly those involving high-intensity beams and sensi�ve
measurements, represent a robust and complementary avenue. These experiments
aim to discover signs such as a de�cit of energy or momentum, or an unusual decay
mode, that would suggest the presence of light DM par�cles [��].

�.�.� Overview of Dark Ma�er Detec�on Methods
Currently, the existence of DM is based on observa�ons that only probe its gravita-
�onal coupling with SM; these observa�ons give us informa�on about the total mass
of DM in the Universe, as well as its density and speed distribu�on in some regions
of the universe [��]. However, to understand deeply the DM nature, we also need
to observe its other interac�ons with ordinary ma�er. We may employ three main
avenues of inves�ga�on to detect DM par�cles and inves�gate their mass and inter-
ac�on strength.
These methods are tradi�onally schema�zed as in Figure �.�.

Figure �.�. Three main DM search strategies, from le� to right: direct detec�on, indirect de-
tec�on (one of the DM lines is dashed, indica�ng that both DM decays and DM annihila�on
are relevant), and accelerator-based detec�on. Credits: [�]

Dark Ma�er Direct Detec�on
Dark Ma�er may be detected by its sca�ering o� ordinary ma�er through processes
�SM ! �SM. This detec�on method aims at detec�ng the recoil event produced
by a passing DM par�cle hi�ng one of the nuclei or electrons in the detector. The
�eld is extremely ac�ve, and can test di�erent kinds of DM interac�ons. Two leading
benchmarks are those where sca�erings happen through spin-independent couplings
or spin-dependent couplings, as presented in Chapter �.
The main experimental challenges of this method are that the DM sca�ering 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 [�].
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Only to cite an example, for a typical DM mass of m� ⇠ 100 GeV and a DM velocity
v� ⇠ 10�3, the deposited recoil energy is at most ⇠ 100 keV: the detec�on of such
low energy requires highly sensi�ve, low background detectors. Furthermore, such
detectors are insensi�ve to very strongly interac�ng DM, which would be stopped in
the atmosphere or Earth and would be undetectable underground [��].

Dark Ma�er Indirect Detec�on
This second detec�on method searches for DM-pair annihila�on or decay, which re-
sults in SM par�cles that can be detected.
A�er freeze-out, DM pair annihila�on becomes greatly suppressed, but it con�nues,
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 [��]. Therefore, this detec�on method aims to de-
tect DM annihila�ons or decays in our Galaxy or other astrophysical environments by
searching for signatures in cosmic rays.

Dark Ma�er Laboratory-based Detec�on
Finally, Laboratory-based methods aim at producing DM par�cles in a controlled en-
vironment, and then detec�ng the DM presence. For instance, colliders may have
already produced DM par�cles, but this is not enough for a discovery. Indeed, once
produced, the DM par�cle must also be detected. This is not completely straigh�or-
ward [��], as we clarify below. Given that, realis�cally, DM must be a stable neutral
par�cle, it cannot be singly produced at colliders but rather only in pairs such as ��̄ or
��, possibly together with other SM par�cles; the collider energy, therefore, needs to
be at least

p
s > 2m�, wherem� is the DM mass [��].

Consequently, once produced, DM par�cles result in amissing transverse energy sig-
nal /ET , as neutrinos do. Hence, /ET is the DM signature that can be considered at
colliders, since if DM interacts with SM par�cles, 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 par�cle is also produced during the
collision, otherwise, the event goes unno�ced. This is why the DM signal at colliders
is an indirect and rather di�cult signature, and our understanding of the backgrounds
can limit its detec�on [��].

�.�.� sub-GeV Dark Ma�er Searches at Direct Detectors

Tradi�onal DMDirect Detec�on experiments, such as XENONnT, LUX-ZEPLIN, and Pan-
daX, have been op�mized for DM masses greater than � GeV [�]. This is a straigh�or-
ward kinema�c consequence, as these detectors rely on DM–nucleon elas�c sca�er-
ing: in such interac�ons, a frac�on of the DM par�cle’s kine�c energy is transferred
to the nucleon. However, if the dark ma�er par�cle is light, as in the case of sub-GeV
candidates, the transferred energy is very small, typically below � keV, and thus below
the detec�on threshold of these experiments, which is o�en at the keV scale. As a
result, form� < 1 GeV, these detectors completely lose sensi�vity[��].
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To access this parameter space, new low-threshold detec�on technologies have been
developed. Since the loss of sensi�vity is driven by the energy threshold, one solu�on
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 �.� eV [��],
and DAMIC-M, targe�ng thresholds of a few eV [��], enabling sensi�vity to very small
ioniza�on signals. Similarly, CRESST-III has achieved nuclear recoil thresholds as low as
��.� eV [��], while other experiments based onDM–electron elas�c sca�ering, such as
NEWS-G, aim to probe masses down to approximately � GeV [��]. The results of these
experiments complement those from large neutrino detectors and collider searches,
collec�vely contribu�ng to a systema�c explora�on of the low-mass DM fron�er.

�.�.� sub-GeV Dark Ma�er Searches at Indirect Detectors

The sensi�vity of DM detec�on through Indirect Detec�on methods, as presented
brie�y in the following, depends on the symmetry and velocity dependence of the
DM-SM cross-sec�ons. This implies that the strength of the indirect detec�on 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 annihila�on rate is given by the thermally av-
eraged cross-sec�on h��i. If DM annihilates via an s-wave process, then the cross-
sec�on is approximately constant with velocity (h��i ⇠ const). Thus, annihila�ons
remain e�cient not only at thermal freeze-out, but at subsequent �mes and even to-
day, when DM par�cles are non-rela�vis�c. These residual annihila�ons inject energy
into the early plasma, imprin�ng signatures in the anisotropies of the CMB. Conse-
quently, s-wave annihila�on scenarios are closely bound by CMB data, in par�cular by
the Planck satellite [�], and by indirect detec�on of annihila�on products in the astro-
physical se�ng.

In contrast, when themost signi�cant annihila�on channel is p-wave, the cross-sec�on
is suppressed at low veloci�es, with behavior h��i / v

2. While annihila�on remains
e�ec�ve at freeze-out (when veloci�es were compara�vely large), the rate reduces
sharply at subsequent �mes. This makes annihila�ons in the present Universe negli-
gible, resul�ng in an extremely weak or unobservable indirect signal. Symmetric DM
models dominated by p-waves are therefore much less constrained by current CMB
observa�ons and indirect detec�on experiments [��].

In asymmetric DM models, the abundance of relics is �xed by a primordial par�cle-
an�par�cle asymmetry. A�er freeze-out, nearly all an�par�cles annihilate away and
only the par�cle excess remains. As a result, annihila�on is e�ec�vely cut o�, and in-
direct detec�on signal is not expected [��].

In addi�on to annihila�on, indirect detec�on experiments can also probe DM through
its decay. If the DM has a cosmological �mescale instability, its decay products, as
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photons, neutrinos, or charged par�cles, are accessible today [�]. In contrast to anni-
hila�on, which scaleswith theDMdensity squared, decay signals increase linearlywith
density, making them very a�rac�ve in di�use se�ngs like galaxy clusters or the cos-
mic background. The predicted signal is velocity-independent for the DM and indirect
detec�on limits on decaying DM typically imply constraints on the life�me of the DM,
which must be greater than the age of the Universe by several orders of magnitude
[��]. Decay is par�cularly signi�cant in the case of asymmetric DM, where annihila-
�on is not present but decay can produce observable signatures if there is a small so�
breaking of the stabilizing symmetry [��].

�.�.� sub-GeV Dark Ma�er Searches at Colliders
Dark ma�er searches at colliders are highly promising, as they could poten�ally allow
for the produc�on, and thus the detec�on, of DM par�cles in a controlled environ-
ment. Depending on the speci�c 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 interac�on cross-sec�on it escapes the detector without interac�ng, leaving be-
hind only a missing energy signature, similar to that of neutrinos ([��], [��]).

In the following, I present two of the most interes�ng 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 produc�on of��̄ pairs is invisible,
the best signatures are mono-jet signals from ��̄j produc�on, where the jet comes
from ini�al state radia�on. In addi�on, other channels can be studied, such as the
monophoton channel, the dijet channel, the DM pair produc�on in associa�on with
the EW gauge bosons and also more complex signatures, which are usually model-
dependent[��].

The monojet channel aims to inves�gate processes such as pp ! ��̄j, which should
be a commonevent at hadron colliders if DM interactswith hadrons. The experimental
signature of this event is a largemissing energy, given by the DMpair which is escaping
the detector, and a jet. With jet, we refer to the narrow cone of par�cles produced by
the hadroniza�on of a single quark or gluon ([��], [��], [��]).
An example of such an event, recorded in ���� by ATLAS, one of the four main exper-
iments at the LHC, is shown in Figure �.�.

In general, limits on the cross-sec�on of this process as a func�on of the DMmass can
be derived from both ATLAS and CMS data [��]. This channel is sensi�ve to a wide
range of models, considering di�erent types of mediators; in par�cular, 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 inves�gated
through a t-channel process [��]. Examples of Feynman diagrams of these processes
are shown in Figure �.�.

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

(a) (b) (c)

Figure �.�. Feynman diagrams of (a) DM pair produc�on in associa�on 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 produc�on through a colored mediator. Credits: [��].

These monojet events at colliders have been widely used to probe di�erent DMmod-
els. The strongest constraints are typically obtained formediatormasses in the ���–����
GeV range, with the best bounds above ��� GeV coming from ATLAS and from the
Collider Detector at Fermilab (CDF). For mediator masses below �� GeV, however, the
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monojet bounds are weaker than those in the contact interac�on limit� [��].

Mesons decays at Colliders

Strong constraints on hadronically-interac�ng DM can also be given by hadron de-
cays; in par�cular, rare meson decays to invisible �nal states, such asB ! K + /ET

�,
B ! ⇡+ /ET andK ! ⇡+ /ET can be interpreted as DM signatures likeB ! K+�̄�,
B ! ⇡ + �̄� andK ! ⇡ + �̄� and therefore can be used to place stringent bounds
on DMmodels with a light mediator [��].

A lot of experiments have been and are ac�vely searching for signals of light DM
through rare meson decays and missing energy signatures, o�ering complementary
sensi�vity to di�erent couplings and mass ranges. The strongest constraints derive
from the following experiments:

• Belle II: is a B-factory experiment located at the SuperKEKB accelerator in Japan.
It is an electron-positron collider and operates as a �avor factory at the inten-
sity fron�er, aiming to improve the precision of StandardModel measurements.
Belle II studies rare decays of B mesons with high precision and large sta�s�cs.
It is par�cularly sensi�ve to processes involving missing energy, making it an
excellent probe for sub-GeV DM and light mediators [��];

• LHCb: located at CERN, is a proton-proton collider designed to search for new
physics by performing precise measurements in the heavy-�avor sector of the
StandardModel. Therefore, it is designed to study thedecays of b- and c-hadrons
produced in proton-proton collisions. Its excellent vertex and par�cle iden��-
ca�on capabili�es make it ideal for inves�ga�ng �avor physics and rare decays,
including those with invisible �nal states such as B ! K

⇤
�̄� [��];

• BaBar: it was an electron-positron collider, born to be a B-factory at SLAC in the
United States; its primary goal was the systema�c 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 s�ll used to set
compe��ve limits on light DM through analyses of rare and invisible decays [��];

• NA��: it is a �xed-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

+
! ⇡

+
⌫̄⌫. Due to its precise control of backgrounds

and missing energy signatures, NA�� also places strong constraints on models
of light DM and invisible decays of kaons [��].

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

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

�This is a �avor-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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Themeasurement of the Branching Ra�o for the kaon SM decay into a pion and a neu-
trinos pair,BR(K+

! ⇡
+
⌫̄⌫) = (1.06± 0.4)10�10 [��], places a strong upper bound

on the branching ra�o to other invisible �nal states, including DM. Making the sim-
plifying approxima�on that the signal acceptance at NA�� is the same for the decays
K

+
! ⇡

+
⌫̄⌫ and K

+
! ⇡

+
�̄� and requiring consistency with the measurement at

2�, this leads to the bound BR(K+
! ⇡

+
�̄�) < 10�10; this upper limit can also

be translated into a bound on the DM–nucleon cross-sec�on. The exclusion region
obtained in this way is presented in Figure �.�.

Figure �.�. Constraints on theDM–nucleon cross-sec�on. The red shaded regions are excluded
by BBN+CMB. The orange region is excluded byK+

! ⇡+�̄�. The gray lines denotewhere the
freeze-in process �� ! �̄� yields the observed relic abundance. The blue and green regions
are excluded by exis�ng bounds from structure forma�on and direct detec�on experiments,
respec�vely. Credits: [��].
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CHAPTER �

Neutrino Telescopes as Dark Ma�er
Detectors

Over the past few decades, many experiments have been built and en�rely dedicated
to the search for dark ma�er. In addi�on, the results of already exis�ng experiments,
originally designed for other purposes, have been studied to derive sensi�vity limits
for the numerous dark ma�er models proposed to date.
In par�cular, neutrino telescopes such as IceCube at the South Pole [��], KM�NeT in
the Mediterranean Sea [��], and Baikal-GVD in Lake Baikal [��] have already been
used in indirect dark ma�er searches (see Refs. [��], [��] and [��]).

The aim of this thesis is to explore the use of large neutrino detectors, and in par-
�cular IceCube, as direct DM detectors, relying on the high-energy DM popula�ons
that are necessarily induced by DM-CR sca�erings in the galaxy. As the detec�on
method of these experiments is crucial for this endeavour, this Chapter provides a
general overview about it. First, Sec�on �.� provides an introduc�on to neutrino phe-
nomenology, followed by an overview of cosmic ray phenomenology in Sec�on �.�
and Cherenkov radia�on in Sec�on �.�. In Sec�on �.�, the main neutrino signatures in
this type of detector are presented, and �nally, Sec�on �.� discusses the advantages
of using IceCube for direct dark ma�er searches.

�.� Overview of Neutrinos’ Phenomenology

Since Wolfgang Pauli proposed the existence of the neutrino in ����, and it was later
discovered in ���� by Frederick Reines and Clyde L. Cowan [��], the neutrino has
played an essen�al role in our understanding of nuclear and par�cle physics.
The inves�ga�on into its basic proper�es has been a par�cularly ac�ve area of re-
search in the past years. Research conducted over the la�er half of the 20th century
has revealed, for example, that neutrinos can no longer be considered massless par�-
cles as in the StandardModel, represen�ng the �rst signi�cant altera�on to the theory.
Furthermore, in recent years, neutrino experiments have been crucial in understand-
ing the proper�es of ordinary ma�er in a deeper way [��].
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�.�.� Neutrinos’ Proper�es
In the SM, neutrinos are considered as neutral massless par�cles that can interact
only weakly with other par�cles. Even if SM is based on the gauge group SU(3)C ⇥

SU(2)L⇥U(1)Y , as far as neutrinos are concerned, we can disregard the color group
SU(3)C and focus only on the electroweak subgroup SU(2)L ⇥ U(1)Y [��].
As discovered in ���� by the Super-Kamiokande experiment and in ���� by the Sud-
buryNeutrinoObservatory, neutrinos oscillate and therefore possessmass [��]. 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 proper�es of these par�cles [��] are:

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

• gravita�onally and weakly interac�ng: they interact with ordinary ma�er only
through gravity and weak interac�on. Since the interac�on strength is really
weak, neutrinos are op�mal probes of dense and far environments;

• electrically neutral: they are chargeless regarding the electromagne�c interac-
�on, therefore they do not interact electromagne�cally;

• three �avors: there exist three neutrino �avors, rela�ve to the three charged
leptons. They are electron neutrino ⌫e, muon neutrino ⌫µ, tau neutrino ⌫⌧ and
the respec�ve three an�-neutrinos;

• oscilla�ons: as discovered from both Super-Kamiokande and Sudbury Neutrino
Observatory, neutrinos can change �avor while they are travelling in space. This
is a quantum process and is known as neutrino oscilla�ons;

• 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 tri�um
�-decay near its endpoint, has set an upper limit on the e�ec�ve electron an�-
neutrinomass ofm⌫̄e < 0.45 eV (90% C.L.) [��]. Cosmological observa�ons pro-
vide even stronger constraints, under certain assump�ons. In par�cular, com-
bining CMB data with baryon acous�c oscilla�ons and gravita�onal lensing, and
assuming the ⇤CDM model, the current upper limit on the sum of the three
neutrino masses is

P
m⌫ < 0.07–0.12eV (95% C.L.) [��].

�.�.� Neutrinos Interac�ons with Ordinary Ma�er
Neutrinos interact with ordinary ma�er primarily through weak interac�ons, medi-
ated by either chargedW± or neutralZ0 bosons [��]. These interac�ons all fall within
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the general gauge theory of SU(2)L ⇥U(1)Y ; therefore, we can classify the neutrino
interac�ons �rst according to the interac�on type and then according to the interac-
�on regime [��].

Interac�on Type

Depending on the mediator exchanged during the interac�on [��], we can have:

• Neutral Current interac�ons (NC): they are mediated by the exchange of a neu-
tral Z boson;

• Charged Current interac�ons (CC): they are mediated by the exchange of a
chargedW± boson.

In Figure �.�, the Feynman diagrams for these two kinds of interac�on are shown.

Figure �.�. Feynman tree-level diagram for charged and neutral current components of ⌫e +
e ! ⌫e + e sca�ering. Credits: [��].

Interac�on Regimes

Then, according to the ini�al neutrino energyE⌫ and the �nal state, neutrino interac-
�ons with nucleons can be classi�ed [��] as:

• Inverse Beta Decay (IBD), low energy (E⌫ ⇠ 1 � 100 MeV): relevant for reac-
tor and solar electron an�-neutrino ⌫̄e. The reac�on that occurs is a Charged
Current interac�on, such that

⌫̄e + p ! n+ e
+ ; (�.�)

• Quasi-Elas�c Sca�ering (QE), intermediate energy (E⌫ ⇠ 0.1 � 20 GeV): for
neutrino energies less than ⇠ 2 GeV, this is the predominant neutrino-hadron
interac�on. In aQE interac�on, the neutrino sca�ers o� an en�re nucleon rather
than its cons�tuent partons. In a charged current neutrino QE interac�on, the
target neutron is converted to a proton. In the case of an an�-neutrino sca�er-
ing, the target proton is converted into a neutron:

⌫` + n ! `
� + p and ⌫̄` + p ! `

+ + n , (�.�)

where ` is a charged lepton;
��
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• NC elas�c sca�ering, intermediate energy (E⌫ ⇠ 0.1� 20 GeV): neutrinos can
also elas�cally sca�er from nucleons via Neutral Current interac�ons, such as

⌫ + p ! ⌫ + p , ⌫̄ + p ! ⌫̄ + p ,

⌫ + n ! ⌫ + n , ⌫̄ + n ! ⌫̄ + n .
(�.�)

• Resonant Produc�on, intermediate energy, (E⌫ ⇠ 0.1� 20 GeV): this is an in-
elas�c interac�on where neutrinos, if they have enough energy, can excite the
nucleon to an excited state. In this case, the neutrino interac�on produces a
baryonic resonance, which quickly decays. For example, one of the most com-
mon �nal states is the single pion produc�on:

⌫` +N ! `
�+N

⇤

N
⇤
! ⇡N

0
,

(�.�)

whereN,N
0 = n, p andN⇤ is the baryon resonance.

• Deep Inelas�c Sca�ering (DIS), high energy (E⌫ & few GeV): neutrino sca�ers
o� a quark in the nucleon via the exchange of a virtualW± orZ boson, produc-
ing a lepton and a hadronic system in the �nal state. Both Charged Current and
Neutral Current processes are possible:

⌫` +N ! `
� +X , ⌫̄` +N ! `

+ +X ,

⌫` +N ! ⌫` +X , ⌫̄` +N ! ⌫̄` +X ,
(�.�)

whereX is the hadronic resonance andN = n, p.

In Figure �.�, the cross-sec�ons as a func�on of the neutrino energy are shown; in
this plot, it is no�ceable that the dominant interac�on channel depends on the ini�al
neutrino energy.

Figure �.�. Muon neutrino (le�) and an�-neutrino (right) charged-current cross-sec�on as a
func�on of neutrino energy. The contribu�ng processes in this energy region include quasi-
elas�c (QE) sca�ering, resonance produc�on (RES), and deep inelas�c sca�ering (DIS). Credits:
[��].
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�.� Overview of Cosmic Rays’ Phenomenology

Cosmic rays (CRs) are high-energy charged par�cles that are generated outside our at-
mosphere, in astrophysical environments; they were discovered in ���� by Victor Hess
while he was conduc�ng some experiments on radioac�vity [��].
Since then, a lot of progress has been made towards revealing their composi�on and
their origin: although the sources of cosmic rays are s�ll uncertain, their composi�on
is determined to consist mostly of free protons (79%) and helium nuclei (15%) [��].
In Figure �.�, the Primary Cosmic Rays’ Spectrum, as a func�on of kine�c energy per
primary par�cle, is shown.

Among themost plausible astrophysical sources of primary cosmic rays are supernova
remnants, ac�ve galac�c nuclei (AGNs), and gamma-ray bursts (GRBs), although no
single class of sources can yet account for the full observed spectrum [��].

Figure �.�. Spectrum of primary Cosmic Rays: the measurements of the intensity of charged
and neutral CRs, mul�plied by kine�c energy squared, are shown. Credits:[��].

This spectrum extends over several orders of magnitude in energy and shows charac-
teris�c features such as the steepening around 3 ⇥ 1015 eV, called the knee, and the
�a�ening star�ng at 1019 eV, called the ankle of the spectrum. These are the cosmic
rays origina�ng 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 par�cles which forms air showers [��].
These showers include a variety of par�cles 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 �.�, a possible evolu�on of the air shower is shown;
as illustrated in this �gure, the shower is made up of threemain components: muonic,
hadronic, and electromagne�c. Addi�onally, so-called atmospheric neutrinos are pro-
duced by the interac�on between CRs and nuclei in the atmosphere.

Figure �.�. Diagram of the possible evolu�ons of a cosmic ray air shower. Credits: [���].

�.� Cherenkov Radia�on
All the possible neutrino interac�ons described in Sec�on �.�.� canbedetected through
the chargedpar�cles produced in their interac�ons, thanks, for instance, to theCherenkov
e�ect. It is therefore necessary to explain what the Cherenkov e�ect is.

The basic idea is to detect Cherenkov radia�on emi�ed by a dielectricmedium, such as
water or ice, when a charged par�cle propagates at a su�cient speed through it[���].
If the par�cle’s speed is greater than the speed of light in that medium, the dielectric
molecules polarized by the charged par�cle emit an electromagne�c radia�on at a
certain angle, called Cherenkov angle, given by

cos ✓C =
1

n�
, (�.�)

where n is the refrac�ng index of themedium and � is the ra�o between the par�cle’s
speed and the speed of light � = v/c [���].
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The propaga�on of this electromagne�c shock wave through themedium is illustrated
in Figure �.�. This non-isotropic emission looks like a cone aligned with the direc�on
of the charged par�cle, allowing the reconstruc�on of the direc�on of its propaga�on.
It is then possible, using kinema�cs and conserva�on laws, to iden�fy the direc�on of
the incoming neutrino if the charged par�cle is the corresponding lepton produced in
a charged current interac�on.

As previously men�oned, the charged par�cle must travel faster than the light speed
in the medium to have such radia�on; from this condi�on, one can obtain the energy
threshold for the Cherenkov e�ect:

Eth =
mc

2

p
1� n�2

; (�.�)

this threshold value depends on the refrac�ve index of the medium. As an example,
considering ice as dielectric material and a refrac�ve index equals to 1.33, the energy
threshold for the kine�c energy is about 0.3 MeV for electrons, 54.6 MeV for muons
and 914.7MeV for taus [���].

Figure �.�. The genera�on of Cherenkov light (CL). (a) Top: A charged par�cle (red dot) trav-
elling faster than light in a medium polarizes the medium. Bo�om: As the medium returns to
the ground state, CL (blue wavy lines) is emi�ed in a forward direc�on. (b) Top: Analogous to
a sonic boom, coherent waves are produced through the Cherenkov mechanism. Bo�om: As
the par�cle travels forward, the wavefront propagates at a forward angle ✓C with light being
emi�ed in the direc�on of travel. Credits: [���].

Finally, one can also derive the photon yield expected in the detector; as the energy
threshold, it also depends on the refrac�ve index of the medium [���]. The Frank-
Tamm formula allows for the es�ma�on of the number of Cherenkov photons with a
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wavelength � emi�ed per unit length x:

d
2
N

dxd�
=

2⇡↵

�2

✓
1�

1

�2n2�

◆
, (�.�)

with ↵ being the �ne structure constant [���].
Integra�ng this expression over the range 300 � 600 nm, which corresponds to the
sensi�vity window of the IceCube sensors, and using the refrac�ve index of ice, yields
an emission of approximately 330 photons per cen�meter along the track of a rela-
�vis�c charged par�cle [���].

�.� Neutrinos detec�on in Water and Ice
Because of their low interac�on cross-sec�on with ma�er, neutrinos are considered
elusive par�cles, which iswhymassive and expensive detectors are required to achieve
appreciable event rates. For instance, an electron an�-neutrino with energy E⌫̄e ⇠ 1
MeV, has a cross-sec�on of ⇠ 10�44 cm2, therefore only one neutrino out of 1011 in-
teracts when travelling along the Earth’s diameter [��].
Moreover, the interes�ng feature of neutrinos, in which they di�er from protons and
photons, is that they can travel through the Universe without being de�ected and ab-
sorbed, and therefore carry precious informa�on about their source [���].

In this Sec�on, the main characteris�cs of neutrino detec�on through Cherenkov ra-
dia�on produced by the secondary charged par�cles are presented.
This detec�on method has its origins in an idea of Mosey Markov that, in the ����s,
proposed to install detectors deep in a lake or the sea and to determine the direc�on
of charged par�cles with the help of Cherenkov radia�on [���].

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

• in its large volume, it provides numerous free target nucleons for neutrino in-
terac�ons;

• it is also a shield against secondary par�cles produced by CR interac�ons;

• it is the medium in which the Cherenkov photons, produced by rela�vis�c par-
�cles, propagate.

In these experiments, neutrinos are detected through charged par�cles produced by
neutrino-nucleon interac�ons, both Neutral and Charged current (as presented in Sec-
�on �.�.�); these charged par�cles, if rela�vis�c, emit Cherenkov Radia�on in the di-
electric medium [���], which can be detected.
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The charged par�cles travel through themedium un�l they decay or interact; the path
length travelled by par�cles in the medium depends on their ini�al energy and the
energy loss [���]. Depending on the kind of event recorded by the telescope, one
can obtain informa�on about the primary neutrino, since, depending on the par�cle’s
type, the signature is di�erent; these signatures are presented in Figure �.�. More-
over, no separa�on between neutrinos and an�-neutrinos is possible, since neutrinos
and an�-neutrinos signatures are indis�nguishable.
The two main classes of events are tracks and showers, as brie�y described in the fol-
lowing.

Figure �.�. Main event signature topologies for di�erent neutrino �avors and interac�ons:
a) CC interac�on of ⌫e that produces both an electromagne�c and a hadronic shower; b) CC
interac�on of a ⌫µ that produces a muon and a hadronic shower; c) CC interac�on of a ⌫⌧
that produces a ⌧ that subsequently decays; d) a NC interac�on produces a hadronic shower.
Par�cles and an�par�cles cannot be dis�nguished in neutrino telescopes. Credits: [���].

Neutrino-Induced Tracks
As shown in diagram b) of Figure �.�, the muon neutrino that crosses the detector can
undergo a CC interac�on, producing a muon. Since the muon is a minimum ionizing
par�cle, that is a par�cle with a �ny energy loss, the typical signature that leaves in the
detector is a track [���]; the signature that this kind of event leaves in the detector is
presented in Figure �.�. This allows for an accurate reconstruc�on of muon direc�on,
and therefore also of the neutrino direc�on [���].

Figure �.�. Track event: illustra�on of a muon traveling through a regular la�ce of photo
sensors (le�) and a corresponding IceCube event view (right). Credits: [���].
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Neutrino-Induced Showers
In addi�on to track-like events, shower-like events can be induced in the detector,
which have a more complex signature, given by a mul�tude of par�cles. Showers can
be electromagne�c, if induced by an electron neutrino and composed of photons,
electrons and positrons, or hadronic, if they are composed of hadrons [���]. There-
fore, while track events can arise only by a CC muon (an�)neutrino interac�on, show-
ering events can arise from several channels [��]:

• electron (an�)neutrino CC interac�ons: a high-energy electron resul�ng from a
CC ⌫e interac�on, can radiate a photon via the Bremsstrahlung e�ect�. This in-
duces the development of an electromagne�c shower with a lateral extension
negligible with respect to the transversal one. Therefore, in good approxima-
�on, this shower represents a point source of Cherenkov light, emi�ed almost
isotropically along the shower axis. This is shown in diagram a) of Figure �.�;

• tau (an�)neutrino CC interac�ons: here the �nal-state lepton is a tau, which
travels some distance�, 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 [��]. Because of the presence of two
showers, this signature is called double-bang and can be detected if both the ⌫⌧
and ⌧ interac�ons happen inside the detector. This is shown in diagram c) of
Figure �.�;

• all �avor (an�)neutrinoNC interac�ons: the signature in this channel is the same
for all neutrino �avors. Such an event is characterized by the non-observa�on
of a frac�on of the ini�al energy of the incoming neutrino, which is carried away
by the secondary neutrino. This is shown in diagram a) of Figure �.�.

The signatures of shower-like and double-bang events induced in the detector are
shown, respec�vely, in Figures �.� and �.�.

�The radia�on of a photon typically happens a�er few tents of cm of water or ice, since the radia�on
length in water is⇠ 36 cm [��].

�The distance travelled by the tau inside the detector depends on its ini�al energy; for the range of
interest of neutrino telescopes, this path is usually from a few meters up to a few kilometers [��].
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Figure �.�. Shower event: illustra�on of a cascade in a regular la�ce of photo sensors (right)
and a corresponding IceCube event view (le�). Credits: [���].

Figure �.�. Double-bang event: illustra�on of a high-energy tau event in a regular la�ce of
photo sensors (le�) and a corresponding IceCube event view of a simulated event (right). Cred-
its: [���].

�.� Why IceCube for Dark Ma�er Searches?

IceCube is the �rst 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 interac�on strength of DM, comparable to that of neutrinos.
It is also the largest neutrino telescope built to date, providing a very large e�ec-
�ve area, which is par�cularly advantageous when searching for rare processes such
as DM-induced interac�ons, as it enables the study of signals with very low cross-
sec�ons.
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Furthermore, being located underground and embedded in the Antarc�c ice, IceCube
bene�ts froma signi�cant reduc�on in background, primarily fromatmosphericmuons
and neutrinos.

Moreover, thanks to DeepCore (see Sec�on �.�.� for details) and innova�ve selec�on
criteria, IceCube is sensi�ve to neutrinoswith energiesE⌫ ⇠ 1�100GeV, precisely the
energy range where our expected DM �ux, induced by CR-DM sca�erings, is peaked.

Finally, we can use data corresponding to a ��-year live�me and a target volume of
hundreds of Megatons. This, combined with the large detec�on volume and the long
exposure �me, has the poten�al to signi�cantly improve the sensi�vi�es with respect
to analogous exis�ng searches, which reached atmost tens of kilotons at Super-Kamiokande
([���], [�]).

To conclude, this is a case study that opens theway for the use of next-genera�on neu-
trino telescopes as dark ma�er direct detectors, since the general approach adopted
in this work is applicable to a broad class of experiments.
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CHAPTER �

The IceCube Neutrino Observatory

The analysis presented in this work starts from the IceCube neutrino e�ec�ve areas,
which are then converted into dark ma�er e�ec�ve areas, as described in Chapter �.
IceCube is a neutrino telescope located at the geographic South Pole, designed to
record the Cherenkov emission produced by high-energy charged par�cles traversing
the detector volume, via the detec�on method described in Sec�on �.�.

In this chapter, the principal features of this telescope are introduced. First, in Sec�on
�.�, a general descrip�on of the detector is provided. Then, in Sec�on �.�, the main
features of noise and backgrounds in IceCube are presented. Lastly, in Sec�on �.�,
the two principal event selec�ons employed in this analysis, ELOWEN and GRECO, are
introduced.

�.� 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 par�cles ever observed, with energies over
a million �mes those reached by today’s par�cle accelerators on Earth [IceCube Col-
labora�on site].
To prove that the extremely clear Antarc�c ice was suitable for detec�ng energe�c
neutrinos, in themid-����s, theAntarc�cMuonandNeutrinoDetector Array (AMANDA)
was built [���]. Star�ng from the results of AMANDA, the IceCube detector was gradu-
ally developed in several years; the deployment started in ����, when the �rst string
was lowered in the ice, and the detector was completed on December ��, ����. There
have been many analyses for each detector con�gura�on, as the detector started tak-
ing data once the �rst string was deployed, allowing numerous analyses to be con-
ducted as more strings were added.

�.�.� Detector Layout
IceCube is a cubic-kilometer neutrino observatory made of Antarc�c ice and located
near the Amundsen-Sco� South Pole Sta�on. The detector is placed deeply in the ice
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for two reasons: �rst, because the upper ice sheet provides a natural �lter against low-
energy cosmic rays, and secondly, because the ice at this depth has a high transparency
for visible light.
In addi�on to the main In-Ice array, IceCube includes a surface detector (IceTop) and a
more densely instrumented core (DeepCore). The detector con�gura�on is presented
in Figure �.�.

Figure �.�. A schema�c view of the IceCube detector with its components DeepCore and Ice-
Top. Credits: [IceCube Collabora�on site].

This layout signi�cantly enhances the capabili�es of the observatory, making it a mul-
�purpose facility [���]. These three main components di�er in both their layout and
scien��c goals; a brief overview of each is provided below:

• IceTop Array: this is an air shower array; it consists of �� sta�ons, located on top
of the same number of IceCube strings, each hos�ng two frozen water tanks
instrumented with two DOMs each, for a total of ��� DOMs. IceTop, built as a
veto and calibra�on detector for IceCube, also detects air showers from primary
cosmic rays in the range of about ��� TeV to � EeV and reveals their composi�on
and characteris�cs [���];

• Main In-Ice Component: it consists of �,��� digital op�cal modules (DOMs), ar-
ranged in �� strings (including � DeepCore strings), arrayed over a cubic kilo-
meter from �,��� meters to �,��� meters depth. The strings are deployed on
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a hexagonal grid with ���-meter spacing and hold �� DOMs each. The ver�cal
separa�on of the DOMs is �� meters. The In-Ice Component can detect neu-
trinos with energies E⌫ � 100 GeV. The strings and DOM spacings have been
op�mized for the primary scien��c goal of IceCube, namely the detec�on of
High-Energy Extraterrestrial Neutrinos [���];

• Deep-Core Subdetector: it is formed by � standard IceCube strings plus � ad-
di�onal special strings. Thanks to this con�gura�on, the spacing between each
DOM is smaller with respect to the In-Ice Component, with a horizontal sepa-
ra�on of about �� meters and a ver�cal DOM spacing of � meters. This subde-
tector lowers the neutrino energy threshold to about E⌫ � 10 GeV, crea�ng,
among many other things, the opportunity to study neutrino oscilla�ons[���].

�.�.� The Digital Op�cal Module

As previously introduced in Sec�on �.�, neutrinos are not observed directly, but when
they interact with the ice they produce electrically charged secondary par�cles that
in turn emit Cherenkov light. These Cherenkov photons are recorded by Digital Op�-
cal Modules (DOMs), making these DOMs the centerpieces of the IceCube detector.
Therefore, DOMs are the fundamental light sensor and data acquisi�on units for Ice-
Cube; a picture and a schema�c view of a DOM are reported in Figure �.�.

Figure �.�. Le�: Picture of the last Digital Op�cal Module, installed inside the detector in
December ����. Right: Schema�c view of the DOM’s major components.
Credits: [IceCube Collabora�on site].

EachDOMcontains a downwards oriented ��-inch Photomul�plier Tube (PMT) to record
the photons, along with a DOMMainboard (DOMMB) to further process and digi�ze
the signal. The PMT, which is in contact with the glass via a transparent silicone gel,
and the DOMMB are powered by a 2 kV high voltage power supply and is housed in a
��mm thick glass sphere, capable of withstanding pressures to 70MPa [��].
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A photon, to be detected, �rst 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. A�er absorp�on, a photo-electron is emi�ed, which is ampli�ed by a factor
107 as it passes 10 dynodes. This ampli�ed signal is read out as a change in voltage of
the anode in the PMT and is passed to the DOMMB for further processing[���].
Finally, the IceCube Laboratory on the surface converts the messages from individual
DOMs into light pa�erns that reveal the direc�on and energy of muons and neutrinos.

�.�.� Triggering and Filtering
Once the various expected signatures have been described, it becomes essen�al to
dis�nguish 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
�me window. If two or more neighboring or next-to-neighboring DOMs register hits
within a±1µs window, these hits are tagged as Hard Local Coincidence (HLC). In con-
trast, if no such coincidence is found, the isolated hit is classi�ed as a So� Local Coin-
cidence (SLC) [��].

At this stage, the resul�ng data sample is s�ll largely dominated by noise. To reduce
this noise, IceCube applies trigger condi�ons based on �me coincidences. The main
trigger is the Simple Majority Trigger, or SMT-�, which requires at least � DOMs with
HLC pulses to occur within a 5µs window. To lower the energy threshold and improve
sensi�vity to low-energy events in the DeepCore, a so�er trigger condi�on can be
used, as the SMT-�. The SMT-� trigger works similarly to the SMT-�, but requires only
� DOMs with HLC pulses within a 2.5µs window [��].

Once an event sa�s�es the trigger condi�ons, it is passed through a series of �lters
designed to select events of par�cular physical interest. For example, the Cascade Fil-
ter iden��es cascade-like events, while the Extremely High Energy Filter targets events
associated with extremely high-energy neutrino interac�ons. Another important �lter
is the DeepCore Filter, which acts as a veto against certain atmospheric muons [���].

�.� Noise and Backgrounds in IceCube
In typical data-taking condi�ons, most of the hits recorded in the detector are due to
detector noise, while only a small frac�on corresponds to real neutrino interac�ons
[���]. Therefore, before discussing the event selec�on, a brief introduc�on to the
backgrounds in IceCube and about how noise hits are removed is presented.
Before any �ltering, detector dark noise is the dominant source [���]. However, a�er
the applica�on of �lters such as NoiseEngine [���], its contribu�on becomes subdom-
inant compared to atmospheric muons and neutrinos.

�.�.� Atmospheric Muons and Neutrinos
Atmospheric muons and neutrinos are produced by CRs interac�ons with Earth’s at-
mosphere. Up to energies of about E ⇠ 100 TeV, they are primarily generated from
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the decay of charged pions and kaons in the resul�ng air shower cascades. Addi�on-
ally, low-energy neutrinos are also produced from the decay of muons [��].
Atmospheric muons are approximately �ve orders of magnitude more abundant than
muons produced by cosmic neutrino interac�ons inside IceCube. As a result, iden�fy-
ing and rejec�ng this background is crucial for neutrino analyses [���]. These muons
can penetrate several kilometers into ice or water, cons�tu�ng the majority of recon-
structed events in large-volume neutrino detectors.
In IceCube, the atmospheric muon event rate is typically between �.�kHz and �.�kHz.
Although many muons do not trigger the detector, they may s�ll leave detectable sig-
nals. In par�cular, 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 [���]. Finally, to es�mate the number of atmospheric muons that
trigger the detector, CORSIKA (COsmic Rays SImula�ons for KAscade) simula�ons can
be used.

A major challenge for neutrino telescopes is also the separa�on of astrophysical neu-
trinos from thebackgroundof atmospheric neutrinos produced in CR-induced air show-
ers. Here again, CORSIKA and GENIE (Generates Events for Neutrino Interac�on Ex-
periments) simula�ons are useful to model and quan�fy this background contribu�on
([��], [���]).

�.�.� DOM noise
Triggered and non-triggered atmospheric muons produce only a small frac�on 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 emi�ed
from an ice-traversing charged par�cle; this is called dark noise.
The following discussion is based on and adapted from the comprehensive treatment
found in Ref. [���] and in Ref. [���].

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

• Prepulses and A�erpulses: these are PMT-induced e�ects, 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 a�erpulses is at-
tributed to ioniza�on of residual gases by electrons that were accelerated in be-
tween the dynodes. These resul�ng ions are a�racted to the photocathode and
cause the libera�on of electrons which follow the same ampli�ca�on process
of the original photoelectron. Laboratory measurements show that a�erpulses
arise most likely at 6µs a�er the main peak, following a Gaussian distribu�on;

• Uncorrelated Noise: noise in the electronics of the DOMs as well as decay of ra-
dioac�ve 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;

• Correlated Noise: the origin of this contribu�on is not fully understood yet.
Short-�me interval hits happen with an increased rate compared to what ex-
pected from a�erpulses; it follows that a non-thermal noise component domi-
nates over thermal emission at temperatures below 200K, with a rate that fol-
lows an exponen�al 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 contribu�ons 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.

�.�.� HitSpooling Data Stream
To be�er understand the various pure noise contribu�ons, the IceCube collabora�on
has u�lized the data stream known as HitSpool data [���], which is a raw data bu�er�
primarily designed to improve data acquisi�on for supernova neutrino analysis. This
data-takingmethod records all hits within the detector in a con�nuous stream, in con-
trast to the typical triggered data approach.
This data stream allows us to save every neutrino interac�on happening in the neigh-
borhood of the detector, both triggering and sub-threshold interac�ons; this increases
the e�ec�ve volume for low-energy neutrinos.

Figure �.� compares the detector noise, with �ts of the di�erent contribu�ons brie�y
described above, with the histogram of �me di�erences between successive hits from
HitSpool data.

�.�.� The Vuvuzela Noise Model
This noise event generator is based on an empirical model consis�ng of three compo-
nents inherent to IceCube DOMs: uncorrelated thermal noise, uncorrelated radioac-
�ve noise and correlated scin�lla�on noise. The study of the behavior of these pure
noise events allowed to development of an algorithm able to iden�fy them [���].

As previously introduced in Sec�on �.�.�, the uncorrelated noise is given by two com-
ponents: thermal and radiac�ve noise; the la�er is due to radioac�ve decays within
the glass of the DOM and PMT. For both components, the number of hits is treated as
a Poissonian distribu�on and the hit �mes are sampled from a uniform distribu�on.
In the thermal component, the number of hits is simulated with a rate dependent on
the temperature of the DOM, while for the radioac�ve component the rate is inde-
pendent of the temperature.

�Adata bu�er is a temporarymemory storage used to hold datawhile it is being transferred between
components, ensuring smooth and e�cient data processing.
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Figure �.�. Histogram of �me di�erences between successive hits from HitSpool data of DOM
��-�� (blue) on a logarithmic scale in order to visualize the di�erent noise components (without
prepulses which are compara�vely insigni�cant). Credits: [���].

A part of the correlated noise originates from the radioac�ve decays, since daughter
par�cles from each radioac�ve decay can interact within the glass, producing scin�lla-
�on light. This scin�lla�on light is produced in fast bursts and enters the PMT, hi�ng
the photocathode to form a photoelectron signal. The number of hits in a burst is de-
termined from a Poisson distribu�onwith a constantmean determined for each DOM,
and the �me between subsequent hits is drawn from an empirically characterized log-
normal distribu�on.

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 distribu�on

fUncorrelated(x) =
(��t)x

x!
e(���t)

, (�.�)

where � is the rate parameter associated with the process and �t is the dura�on of
the simulated �me window.
For thermal noise, the typical rate is on the order of 20Hz and varies with depth, while
radioac�vity occurs with a signi�cantly higher rate of about 250 Hz, which is constant.

Regarding the correlated noise, the number of scin�lla�on photoelectrons y is simu-
lated again as a Poissonian distribu�on, but independent of the �me window being
simulated:

fCorrelated(y) =
⌘
y

y!
e�⌘

, (�.�)

where ⌘ is an empirically �t constant value for each DOM.
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Then, for each correlated hit, a standard normal distribu�on is sampled for a value z:

fCorrelated(zi) =
1

p
2⇡

e�z2i ; (�.�)

then the zi value is converted to a �me �ti by transla�ng to a log-normal distribu�on.

This noise model, which encodes the noise sources explained in Sec�on �.�.�, is used
to elaborate the ELOWEN event selec�on.

�.�.� Hit Cleaning
With Hit Cleaning, we refer to the use of several algorithms to remove noise hits and
therefore increase the purity of the sample. Mul�ple strategies exist to iden�fy pulses
likely origina�ng from detector noise; a brief overview of these methods, based on
the discussion in Ref. [���], is presented below.

HLC Cleaning
Taking into account the local coincidence informa�on, we can obtain very strict clean-
ing results; this type of cleaning is referred to as HLC cleaning.
In general, when a speci�c DOM records a light signal, it no��es the nearby DOMs. By
selec�ng only pulses that result from DOMs sa�sfying the HLC criteria, the series can
be cleaned of nearly all detector noise, although this implies a poten�ally signi�cant
amount of informa�on 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 iden�fy po-
ten�ally interes�ng pulses that fails the HLC condi�on.
To do this, the SeededRT algorithm can be used; it requires a seed, radius, and �me
to search for addi�onal informa�on in the event. Star�ng from selec�ng interes�ng
pulses, such as a selec�on 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 �me
window are added to the output pulse series. The typical parameters used for Deep-
Core are a radius of 75m and a �me window of 500 ns.

Dynamic Time Window Cleaning
This is a speci�c kind of �me window cleaning, used in GRECO selec�on; it is an algo-
rithm that uses the maximum pulses density in �me to �nd a likely interac�on �me
for a physical event. Then the �ming window, o�en consis�ng of a few hundred of ns,
is placed around this �me. In the following, we refer to is as DTW.

�.� Event Selec�ons in IceCube
To obtain the number of Dark Ma�er expected events in the detector, we need to de-
�ne an E�ec�ve Area for this kind of events, which can be derived from the neutrino
one; this computa�on is worked out in Chapter �. Hence, it is useful to describe how
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the neutrino e�ec�ve area is de�ned and then extract the DM one; we use two dif-
ferent e�ec�ve areas, derived from two di�erent event selec�ons, according to the
neutrinos’ ini�al energy. To obtain these e�ec�ve areas, some criteria must be used
to select signals with respect to the high background rate.

In general, the e�ec�ve area Ae� is de�ned as [���]

Ae� =
Observed event rate

Incoming �ux
, (�.�)

re�ec�ng the area of the detector, scaled down by the frac�on of events triggering
the detector over the total number of events incident on the detector. This e�ec�ve
area can only be obtained by means of simula�on studies.

In the following, we brie�y describe the selec�on criteria used to de�ne the two neu-
trino e�ec�ve areas of interest; in Sec�on �.�.� we introduce ELOWEN e�ec�ve area,
a selec�on criterion op�mized for GeV signals; then, in Sec�on �.�.�, we consider the
GRECO e�ec�ve area, op�mized for higher energies, up to thousands of GeV.

�.�.� Searches for GeV signals and ELOWEN e�ec�ve area
The IceCube Neutrino Observatory was originally designed to observe TeV neutrinos;
despite that, using DeepCore, we are able to extend the sensi�vity 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 sec�on is largely derived from Refs. [���] and [���], which
cons�tute the main sources of the material presented.

Before these analyses, neutrino searches in IceCube were feasible in the MeV range
using the Supernova Data Acquisi�on system� and above approximately �� GeV for
neutrino oscilla�on and atmospheric studies in DeepCore (for more details, see [��]).
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 interac�ons, is to
search for an increase in the rate of GeV-like events in IceCube during an astrophysical
transient, such as a solar �are.

Furthermore, to understand the behavior of the selec�on to the di�erent types of
events, di�erent simula�on 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 interac�ons of atmospheric and astrophysical neutrinos be-
tween 100MeV and a few hundreds GeV, the GENIE Neutrino Monte Carlo Generator

�IceCube can iden�fy transientMeVneutrino sources, like supernovae, trhough a collec�ve increase
in the PMT trigger rates [���]. However it cannot resolve individual MeV neutrino signal, making it
e�ec�ve for transient signals like supernovae, it is not op�mal for dark ma�er searches. Therefore, to
reach our goal, it is be�er to consider event selec�on as a strategy to achieve a higher sensi�vity
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has been used. In addi�on, a Pure Noise events are produced by a noise event gener-
ator (see Sec�on �.�.� for more details).
Finally, signal-like events are created using GENIE; several neutrino interac�on pro-
cesses are included in the simula�on, as deep inelas�c sca�ering, quasi-elas�c scat-
tering, resonant produc�on, coherent sca�ering. Two di�erent simula�ons sets have
been used: ELOWEN for neutrinos between 500MeV and 1 GeV and lowen for neutri-
nos between 1 GeV and 5 GeV.

These simula�on sets have been used to model di�erent signals occurring in the de-
tector, to understand their main features and �lter out uninteres�ng 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�rst part of ELOWEN event selec�on is to reduce the amount ofhigh-energy events�
from the data sample.
Themain di�erence between an event with arbitrarily high energy and a GeV neutrino
interac�on is the amount of light emi�ed in ice; therefore, to eliminate neutrinos with
energy exceeding 5 GeV, it is su�cient to impose strong constraints on the number of
DOMs that provide a signal due to the interac�on. Using available data streams, de-
veloped to tag speci�c kinds of events, we can extract the low-energy events.
Since, as men�oned before, the low-energy events ac�vate a small number of DOMs
and thus are not expected to pass any of the �lters designed to tag high-energy inter-
ac�ons. Therefore, for an event to be included in the low-energy data sample, it must
pass the DeepCore �lter and fail all other �lter condi�ons.
Considering a speci�c combina�on of �lters, a substan�al reduc�on in the number of
atmospheric muons is possible. A�er applying this �lter selec�on, the data rate de-
creases to approximately ��Hz, compared to the original rate of around ����Hz. More
than 98% of simulated neutrino events, in both the lowen and ELOWEN simula�ons,
pass this �lter selec�on.
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, selec�ng 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 interac�on.
By applying the SRTInIce algorithm� and selec�ng hits that have at least one neighbor-
ing hit within a sphere of radius R = 150 m and a �me window of 1µs, the data rate

�With high-energy events we refer to neutrinos with an energy > 5 GeV; this is mo�vated by the
expected energy range for the solar �are neutrinos, for which this event selec�on has been performed.

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

Minimizing the contribu�on of Pure Noise

The next step of the event selec�on is to di�eren�ate low-energy neutrino interac-
�ons from detector noise.
As presented in Sec�on �.�.�, DOMs’ noise can arise from numerous sources; all the
contribu�ons add together, resul�ng in a rate of 560 Hz for IceCube DOMs and 780 Hz
for the DeepCore DOMs.
The algorithm to iden�fy and eliminate this kind of noise has been developed based
on triggers with few hits and no preferred direc�on, since DOMs’ noise triggers occur
with these characteris�cs.
In this frame, an event is classi�ed as physics if it contains, during a certain �me win-
dow, a minimum of pairs of hits with an e�ec�ve speed contained in a de�ned inter-
val, poin�ng in excess towards a certain direc�on; otherwise the event is classi�ed as
noise.
This algorithm was originally op�mized to di�eren�ate noise from 10� 100 GeV neu-
trino interac�ons, and then it has been re-op�mized to be e�ec�ve for lower-energy
events.
Using this noise �lter, 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 simula�on 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 selec�on criteria are applied:

• Charge distribu�on: it is focused on the removal of the remaining muons. Since
the energy loss of amuon can bedetected as soon as it enters the detector, while
a neutrino interac�on deposits most of its energy close to the interac�on point,
we can use this property to discriminate between the two di�erent par�cles.
We consider the �rst 600 ns a�er the �rst HLC hit in DeepCore and integrate the
charge in DeepCore DOMs; this �me window has been op�mized to maximize
the signal-to-background ra�o. Then we de�ne the Q-ra�o as the frac�on of
this integrated charge and the total charge in the event. Selec�ng only events
with Q-ra�o higher than 0.26, the data rate is reduced down to 0.08 Hz, while
keeping at this stage more than 50% of ELOWEN;

• Depth of the interac�on: this step aims to reduce the contamina�on 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 �rst HLC hit in DeepCore, by selec�ng events with a �rst
DeepCore HLC hit between [�2453,�2158]m, reduces the data rate to 0.055 Hz
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(����), while preservingmore than 40% of the ELOWEN events compared to the
ini�al number;

• 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 �me. Hence, we can cut on the distance and �me delay
between the �rst and the second HLC hits in the DeepCore; asking for a distance
between these two hits smaller than 70m and for a �me delay not more than
50ns, we can reach a data rate of 0.030Hz and about 40% of ELOWEN events
pass the selec�on so far;

• 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 interac�ons. Selec�ng 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;

• HLC Hits: Finally, we have to remove the events with a rela�vely high number of
HLC hits in DeepCore, compared to the expecta�ons for GeV neutrino interac-
�ons. 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 selec�on.

Event Characteris�cs at the Final Level

Once de�ned all the selec�ons applied to IceCube data to cons�tute a GeV-like sam-
ple, we can now describe the event characteris�cs at the �nal level.
In Figure �.� a summary table of the rate of di�erent sets at the �nal level is presented.

Figure �.�. Rate of di�erent simula�on and data sets at �nal level of ELOWEN event selec�on.
Credits: [���]
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Performing a qualita�ve es�ma�on of the data composi�on at the �nal level, we see
that there are poten�ally two dominant components: atmospheric muons and events
due to pure noise trigger.

Then, de�ning the passing frac�on (P) as the number of events at the �nal level over
the number of events a�er triggering, we get, for the simulated electrons-, muon-,
tau- neutrinos, the following passing frac�ons [���]:

P(⌫e) ⇠ 46% , P(⌫µ) ⇠ 44% , P(⌫⌧ ) ⇠ 40%. (�.�)

In general this passing frac�on depends by neutrinos ini�al energy; these values have
been computed for a neutrino energy E⌫ 2 [1, 5] GeV, for which values this event
selec�on is op�mized.

�.�.� Searches for hundreds-GeV signals and GRECO e�ec�ve area

The GeV Reconstructed Events with Containment for Oscilla�ons (GRECO) event selec-
�on was originally developed for tau appearance oscilla�on 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 selec�on are shown; these cuts are designed
to remove atmospheric muons and accidental triggers maintaining neutrino events.
The content of this sec�on is largely derived from Refs. [���], [���], and [���], which
cons�tute the main sources of the presented material.
As ELOWEN, GRECO is an event selec�on that results from applying cuts at seven dif-
ferent levels.
The star�ng point is that muons dominate the events passing the SMT� trigger in the
DeepCore, with a rate of 280Hz compared to a neutrino rate of about 4mHz. Thanks to
the GRECO event selec�on, the muon rate is reduced to around 0.07mHz, preserving
around 0.7mHz of atmospheric neutrino events.

Level �: The DeepCoreFilter

The �rst step in any selec�on process is to design a trigger that maximizes the accep-
tance of the expected physical signal.
A�er triggering, a �lter can be applied with the purpose of removing the collected
background; in the case ofGRECO selec�on the �lter considered is theDeepCoreFilter.
This �lter analyzes the �rst pulses detected on each DOM, iden��ed through Seed-
edRT cleaning, and categorizes them as either ’veto’ or ’�ducial’ pulses. To further
reduce noise contribu�ons, it calculates the mean �me of the �rst pulses across all
DOMs and removes any hit DOM whose �rst pulse occurs more than one standard
devia�on 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 �: Hit Cleaning algorithms

A�er the applica�on of the DeepCoreFilter, other Hit Cleaning algorithms are used. As
explained in Sec�on �.�.�, these are algorithms developed to remove the noise hits
and increase the sample’s purity.
This processing stage does not remove events from the selec�on, therefore is not in-
teres�ng for our discussion.

Level �: Low-Energy Cuts in the DeepCore

These cuts are standardized and used in all DeepCore oscilla�on analyses.
A�er Level � cuts, approximately half of the remaining rate consists of muons; also
accidental triggers due to random detector noise are an important contribu�on, due
to the low trigger threshold used in DeepCore; hence, the Level � cuts are introduced
to remove these two contribu�ons.

To reject accidental hits, events are required to have at least �pulses and a total charge
of at least � photoelectrons in a 250 ns DTW cleaned pulse series in the DeepCoreFidu-
cial region. In addi�on, NoiseEnigine algorithm is used to iden�fy accidental triggers,
using the rela�ve direc�on between each pair of hits to search for the direc�onality
of the event. Rejec�ng events with fewer than three hit pairs poin�ng in the same
direc�on, more than 96% of accidental triggers are removed from the analysis.

Now we have to look at the rejec�on of Atmospheric Muon Events; at this level,
muons are generally bright enough to be iden��ed 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 iden�fy muons, the following cuts are used:

• First Hit Z Posi�on: 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 �ducial volume, leading to li�le or
missing light emission in the top half of the detector. Considering this di�erence,
events with a �rst hit above Z = �120m are removed;

• NAbove���: this variable measures the integrated charge occurring before the
SMT� trigger, above a depth of�200m; the event is removed from the sample
if more than �� DOMs are hit above this depth;

• RTVeto: this step aims to remove clusters of hits due tomuons. Using, as before,
the SeededRT algorithm, we can iden�fy 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 �me window of 1000 ns for both DeepCore and
InIce DOMs. This cut is used in combina�on with the total amount observed in
the DeepCore �ducial region, removing each event with a cluster of 4 or more
hit DOMs in the InIce detector;
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• C�QR�: another aspect to be considered is that atmospheric muons tend to
leave long tracks and take O(3µs) to cross the detector, while neutrino events
produce small light pa�erns due to the low energies involved, with a quick de-
posi�on of light; therefore, to reject muon events, the di�erence in the light
emission pro�le can be considered. De�ning the charge ra�o in ��� ns (QR�)
as the ra�o of charge observed in the �rst 600 ns and the total amount of ob-
served charge, we can discriminate between muons (with QR��! 0 since they
deposit light over a longer�mescale) and neutrinos (with a quicker deposi�on of
light, hence QR��! 0). Finally, in order to reduce the possibility of an erroneous
de�ni�on of the �me window, the �rst two hits can be neglected, determining
the cleaned charge ra�o in ��� ns (C�QR�).

A�er the applica�on of the Level � cuts, the atmospheric muons are reduced of about
one order ofmagnitude, and the accidental trigger events decrease bymore than 96%.

Level �: 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 sta�c �me window cleaning is applied with a range of
�3500ns  t  4000ns for hits in the DeepCore �ducial volume; then a dynamic
�me window cleaning, with a window of 200 ns, is applied and �nally 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 iden�fy the ones missed at Level �; to do this, thee following cuts are applied:

• First Hit Z Posi�on, NAbove���, C�QR�: applied as at Level �;

• Tensor of Iner�a: many neutrinos with energies in the range 1�100GeV have a
compact hit pa�ern in the DeepCore, while muons have a more elongated pat-
tern. This hit topologies’ di�erence can be measured with the Tensor of Iner�a
eigenvalue ra�o, de�ned as the tensor of iner�a frommechanics, with themass
replaced by the measured charge, IX =

Pnhits
i=0 (y

2
i + z

2
i )qi and similarly for IY

and IZ . The eigenvalue ra�o is de�ned as

e =
max(Ij)

IX + IY + IZ
. (�.�)

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

3 ;

• Line�t Speed: this cut takes into account the average velocity of the event (v̄) to
rejectmuon events. This is related to the fact that in cascade-like events photons
have no average preferred direc�on, hence v̄ ⇠ 0, while rela�vis�c atmospheric
muons have a preferred direc�on and therefore they travel through the detector
with a speed cice = 0.3m/ns.
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A�er 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 s�ll larger than the
number of neutrinos expected; therefore further cuts are necessary.

Level �

At this level, to reject accidental events the STW+SRT pulse series is used to �t sev-
eral parameters, as the interac�ons’ posi�on and �me and the direc�on of a muon
track; therefore, an implicit requirement on the number of hit DOMs arises, requiring
at least � hit DOMs in the hit series.

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

• Time to 75% Charge: this variable is designed to look at the hit distribu�on in
�me and is de�ned as the amount of �me 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
�me due to the long travel �me through the detector;

• Veto Iden��ed 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;

• First Hit ⇢: de�ning the radial distance from the center of the DeepCore ⇢, is
possible to discriminate between atmosphericmuons enteringDeepCore, which
are more likely to be found at larger values of ⇢, while neutrinos are more likely
to be found within the DeepCore, therefore at ⇢  125m;

• Quar�les 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 di�erent types of par�cles;

• Z-travel: because atmospheric muons cannot penetrate the Earth, no back-
ground muon events are upgoing; therefore the distance and direc�on of travel
can be a useful variable to iden�fy atmospheric muon events. Considering the
chargeweighted average distance in the Z direc�onof pulses, atmospheric down-
going muons have a nega�ve z-traveled distance, while for neutrinos this may
be posi�ve or nega�ve;

• SPE Zenith: this is the �rst likelihood reconstruc�on used in GRECO event selec-
�on; it includes a model of the e�ect of sca�ering in the ice based on the �me
of �rst observed pulse in each DOM. The likelihood is maximized to obtain the
best-�t values for the posi�on, �me, and direc�on of the track. This is referred
to as Single PhotoElectron (SPE) �t, because this construc�on assumes that only
one photon is received per DOM. The zenith angle returned by this �t is con-
sidered to separate between muons and neutrinos since muons are primarily
down-going events.

��



CHAPTER �. THE ICECUBE NEUTRINO OBSERVATORY

A�er the applica�on of these cuts, the event rates for the atmospheric muons are a
factor of 3⇥ larger than the neutrino�ux and the accidental triggers rate is comparable
to the muons one.

Level �

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

• Fill-Ra�o: this variable is typically used in the search for high-energy cascades,
by quan�fying the compactness of hitswithin an event. De�ning a reconstructed
vertex as the �rst hit posi�on 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 iden��es all DOMs contained in the sphere centred
in the vertex and with radius r. Finally, the �ll-ra�o value f is de�ned as the
ra�o of contained DOMs observing a pulse to the total number of contained
DOMs. In a cascade, we expect the resul�ng hit distribu�on 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 separa�on between neutrino events
and accidental triggers, while it has no signi�cant separa�ng power between
neutrinos and atmospheric muons;

• Number ofHit DOMs: eventswith fewer than 8hit 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 signi�cant number of acci-
dental triggers from the selec�on.

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

• CorridorCut: since, in the past, muons were discovered to be leaking into the
DeepCore �ducial volume along corridors�, a cut was developed to look along
pre-de�ned corridors. A cut limi�ng the number of discovered corridor hits to
zero would result in a signi�cant loss of signal events, due to the e�ects of ran-
dom detector noise, therefore one hit is allowed;

• FiniteReco Star�ng Containment: using the SPE reconstruc�on from Level �,
we can obtain the star�ng posi�on of the resul�ng reconstructed par�cle and
therefore its interac�on point. If an event begins outside of the DeepCore �du-
cial volume, it is likely to contain amuon and hence is removed from the sample.

A�er the applica�on of these cuts, the sample is dominated by neutrino events, the
expected muon rate from CORSIKA simula�on makes up 22% of the total sample and
the rate of random detector noise events is 5% of the total.

�With corridorswe refer to lines connec�ng the inner part of the detector to the outer edge without
crossing any strings
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Level �: the Final Level

This is the most computa�onally expensive stage of the selec�on; it employs the Pe-
gleg reconstruc�on to further reduce the atmospheric muon rates, based on the po-
si�on of events in the detector. This reconstruc�on uses a hybrid cascade+muon hy-
potesis in order to consider addi�onal constraints on the containment of the star�ng
ver�ces. Similarly to the previous stage, events at the top and near the edge of Deep-
Core are more likely to be muons; an addi�onal cut is applied at the bo�om of the
detector in order to limit the e�ect of observed discrepancies between data and sim-
ula�on.
At this level, cuts are also applied to the average reconstructed energy per hit DOM
and the sca�er in the �ming distribu�on of hits: a cut removing events withmore than
3 GeV/DOM is applied only to events with fewer than 14 hits, limi�ng the impact on
the neutrino signal events.
Finally, the sca�er in hit �mes is used to iden�fy accidental events, which are not ex-
pected to produce hits correlated across DOMs; this cut removes events where the
standard devia�on of the hit �mes is larger than 800 ns and is also applied for events
with fewer than 14 hits.

Proper�es of GRECO Event Selec�on

In Figure �.�, the event rates for each simula�on sample are shown. Although atmo-
spheric muons dominate the ini�al sample, their contribu�on is signi�cantly reduced
a�er applying the seven levels of the GRECO selec�on. At the same �me, the neutrino
components are largely preserved.

Figure �.�. Rates at each cut level in the GRECO event selec�on algorithm. The muon and
accidental trigger rates decrease, a�er the DeepCoreFilter, from approximately �� Hz to less
than �mHz at the Final Level. All values are obtained from simula�ons. Credits: [���].
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CHAPTER �

New IceCube Sensi�vi�es to sub-GeV
Dark Ma�er

In the previous sec�ons, I presented an overview of the evidence and proper�es of
Dark Ma�er, as well as the methods for neutrino detec�on in neutrino telescopes.
Subsequently, the ELOWEN andGRECO selec�on criteria, those used inmy study, were
introduced and discussed.
All these elements converge in my analysis, which leads to the deriva�on of sensi-
�vi�es to sub-GeV Dark Ma�er via Direct Detec�on, for the �rst �me at the IceCube
Neutrino Telescope.

This Chapter is organized as follows: Sec�on �.�presents the theore�cal framework, in-
cluding the deriva�on of the di�eren�al cross-sec�ons for interac�ons between Stan-
dardModel par�cles and DarkMa�er par�cles. In Sec�on �.�, I compute the expected
signal at IceCube, �rst by evalua�ng the Dark Ma�er �ux at Earth and then the result-
ing number of DarkMa�er events expected at IceCube. Sec�on �.� introduces the Test
Sta�s�c used in my analysis to discriminate between the background-only hypothesis
and the background-plus-signal hypothesis. Finally, Sec�on �.� presents the results of
the analysis.

�.� Theore�cal Framework: Hadrophilic Dark Ma�er

We de�ne the Dark Ma�er par�cle as a Dirac fermion, �, which is a singlet under the
SM gauge group SU(3)C ⇥ SU(2)L ⇥ U(1)Y , and has massm�.
In addi�on to the SM ma�er content, we introduce the DM par�cle and a new medi-
ator responsible for the interac�on between DM and SM par�cles.
Two scenarios are considered: a scalar-mediated interac�on, involving a new scalar
�eld �with massm�, and a pseudoscalar-mediated interac�on, involving a new pseu-
doscalar �eld a with massma.
In this framework, we focus on Hadrophilic Dark Ma�er, DM par�cles that couple pri-
marily to hadrons. This property makes it par�cularly suitable for detec�on in Direct
Detec�on experiments, where the target materials are composed mainly of nucleons.
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At a �rst stage, the interac�on between DM and SM quarks is described by the follow-
ing Lagrangians [�]:

L� = g���̄��+ gq�q̄q� ,

La = g�a�̄i�5�a+ gqaq̄i�5qa ,
(�.�)

where q runs over the quarks; this is the Rela�vis�c Lagrangian, valid at energies larger
than about a GeV (but smaller than the electroweak scale).

�.�.� Dark Ma�er E�ec�ve Coupling with Nucleons
Since the energies involved in DM sca�ering with ordinary ma�er are very low, the
relevant degrees of freedom are nucleons and nuclei rather than quarks ([�], [���]).
As a consequence, in our study, DM–nucleon interac�ons are described using a non-
rela�vis�c e�ec�ve Lagrangian.
This framework is broadly used in the literature, including in Ref. [�], 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-rela�vis�c interac�on terms, we follow the methodology pre-
sented in Refs. [�] and [���].

Scalar Mediator case
In this paragraph, we derive the Non Rela�vis�c 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 includingNext-to-LeadingOrders, as previously done
in Ref. [���]. The Lagrangian at the quark level is given by L�, expressed in Equa�on
(�.�), while the scalar-nucleon interac�on can be wri�en as

LN� = h�N | L� |�Ni �̄�N̄N

= h�N | g���̄��+ gq�q̄q� |�Ni �̄�N̄N

= h�N | g���̄�+ gq�q̄q |�Ni��̄�N̄N ,

(�.�)

where we have used the fact that � is a scalar and is independent of the states |Ni

and |�i.
Considering the direct product between the nucleon andDM states |�Ni = |�i⌦|Ni,
we have that

• the operator g���̄� acts only on |�i states,

• the operator gq�q̄q acts only on |Ni states;

this implies that in the computa�on of the matrix element, we have a factoriza�on.
Evalua�ng the matrix element, we obtain

M = h�| g���̄� |�i hN | gq�q̄q |Ni

= g��gq� h�| �̄� |�i hN | q̄q |Ni ,
(�.�)
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where N is the nucleon spinor wave-func�on, mN and mq are, respec�vely, the nu-
cleon’s and quark’s masses.

Finally, we de�ne the form factor at zero momentum transferred f
N
q , which is con-

stant, and the scalar nucleon form factor G, which incorporates the �nite size of the
nucleon [�], as

f
(N)
q ⌘

hN |mq q̄q |Ni

2m2
N

, G(q2) =
1

(1 + q2

⇤2 )2
; (�.�)

these parameters are taken from Ref. [�], where they are given as 2mN · f
N
u =

1.99⇥ 10�2, 2mN · f
N
d = 4.31⇥ 10�2, ⇤H = 770MeV and ⇤He = 410MeV.

In this way, the matrix element in Equa�on (�.�) becomes

M = g��gq�
mN

mq
f
N
q G(�t)2m�2mN ; (�.�)

where t = (pf � pi)2 is the Mandelstam variable. In the deriva�on, we have consid-
ered that h�| �̄� |�i ⇠ 2m� in the non-rela�vis�c limit, as derived in Appendix B.

By subs�tu�ng these results in Equa�on (�.�), we can rewrite the NR Lagrangian for
the scalar-mediated interac�on as

LN� = g��gq�
mN

mq
f
N
q G(�t)2m�2mN��̄�N̄N (�.�)

As presented in Ref. [�], we can consider the following assump�ons:
• the nuclei form factor is given by nAFA(q2), with FA(q2) = GA(q2). We nA as
the number of nucleons inside the nuclei A and GA as the nucleon form fac-
tor. In this study, for DM-CRs interac�ons considered in the computa�on of the
�ux, we consider only the sca�ering with protons and Helium, assuming that
all the DM components upsca�ered by other CRs elements are negligible. Fur-
thermore, regarding the DM interac�on with the par�cles of the detector, we
consider as relevant degrees of freedom the target nucleons rather than nuclei,
since the energy transferred in the interac�on is large enough that the DM par-
�cles resolve the cons�tuents of the nuclei;

• we assume an isoscalar coupling for up and down quarks gu� = gd�;

• we assume the coupling to all other quarks vanishes.
In conclusion, we can obtain the �nal formula�on of the NR Lagrangian as

LN� = g��gN�nAFA(�t)2m�2mN��̄�N̄N (�.�)

where the nucleon-scalar coupling, considering the isoscalar coupling gu� = gd� = g�

and all the other couplings vanishing, is given by

gN� = gu�

✓
mN

mu
f
N
u +

mN

md
f
N
d

◆
. (�.�)

At tree level, the leading non-rela�vis�c operator in momentum space, induced byL�

is the iden�ty 1, so detec�on techniques which search for scalar-mediated DM-SM
interac�ons 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 Equa�on (�.�), considering

LNa = h�N | La |�Ni �̄�N̄N

= h�N | g�a�̄i�5�a+ gqaq̄i�5qa |�Ni �̄�N̄N

= h�| g�a�̄i�5� |�i hN | gqaq̄i�5q |Ni a�̄�N̄N ;

(�.�)

the la�er deriva�on is obtained considering that the pseudoscalar mediator a does
not depend on the nucleon state.
Evalua�ng the matrix element, we obtain

M = h�| g�a�̄i�5� |�i hN | gqaq̄i�5q |Ni

= g�agqa h�| �̄i�5� |�i hN | q̄i�5q |Ni .
(�.��)

In this case, the form factor at zero momentum transferred hq is de�ned as

hq =
hN |mq q̄i�5q |Ni

2m2
N

. (�.��)

The nucleon form factor Gq
a is given by the par�ally conserved axial current rela�on

[�] as
G

q
a(�t) = GA(�t) +

t

4m2
N

G
q
p(�t)� 2✏qGG(�t), (�.��)

where the axial vector form factorGA, and the pseudoscalar form factorGq
P are given

by

GA(q
2) =

1

(1 + q2

⇤2
a
)2

and G
q
P (q

2) = GA(q
2)

Cq

q2 +M2
q

. (�.��)

Finally, we neglect the anomaly form factor GG, since it has li�le signi�cance on the
�nal result.
As for the scalar case, the form factor at zero momentum transfer and the parameters
needed to de�ne the nucleon form factor are obtained from Ref. [�]; their values are:
2mN · hu+d = 0.45, ⇤a = 1.32 GeV, Cu+d = 0.90 GeV2 andMu+d = 0.33 GeV.

Therefore the matrix element in Equa�on (�.��) becomes

M = g�agqa
2m2

N

mq
hqG

q
a(�t)

(~s� · ~p)

2m�

(~sN · ~p)

2mN
; (�.��)

in this deriva�on, we have considered that hN |
~�·~p
2m |Ni ⇠

~s·~p
2m in the non-rela�vis�c

limit, as derived in Appendix B.

Then our NR Lagrangian becomes

LNa = g�agqa
2m2

N

mq
hqG

q
a(�t)

(~s� · ~p)

2m�

(~sN · ~p)

2mN
a�̄�N̄N . (�.��)
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In this study, we consider, as in the scalar mediator case, the isoscalar coupling gua =
gda = ga and all the other couplings vanishing; defying the nucleon form factor as
Fa(q2) = G

u+d
a (q2)� we get that the nucleon-pseudoscalar coupling is given by

gNa = ga
2mN

mu +md
hu+d. (�.��)

Finally, the Non-Rela�vis�c Lagrangian for the pseudoscalar mediator case becomes

LNa = g�agNaFa(�t)
(~s� · ~p)

2m�

(~sN · ~p)

2mN
2mNa�̄�N̄N (�.��)

At tree level, the leading non-rela�vis�c operator in momentum space, induced byLa

is (~s� ·~p)(~sN ·~p). This implies that detec�on techniqueswhich search for pseudoscalar-
mediated DM-SM interac�ons give spin-dependent searches. No�ce that, since He-
lium does not have a net spin, only the sca�ering with CRs Hydrogen is considered for
the DM upsca�ered �ux given by a pseudoscalar mediated DM-CRs interac�on.

�.�.� Determina�on of the Di�eren�al cross-sec�on
To obtain the expected signal at the detector, we need to compute the di�eren�al
cross sec�on for DM–SM interac�ons. The full deriva�on is presented in Appendix C;
here, we summarize the key results.
The DM–SM interac�ons considered are two-to-two sca�ering processes, where par-
�cle � (massm1) is ini�ally at rest, and par�cle � (massm2) is incoming. This con�gura-
�on is illustrated in Figure �.�. The four-momenta of the two par�cles are, respec�vely,

p1 = (m1,
~0) ,

p2 = (E2, ~p2), m
2
2 = E

2
2 � |~p2|

2
.

(�.��)

Figure �.�. Diagram of a two-to-two sca�ering process involving a par�cle ini�ally at rest and
an incoming par�cle.

�In the pseudoscalar mediator case, nA = 1 because we consider only DM sca�ering on Hydrogen,
due to the spin con�gura�on of Helium.
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For the DM-SM interac�on mediated by a scalar par�cle, the �nal form for the di�er-
en�al cross-sec�on in terms of the kine�c energy is

d��

dKf
=

1

Kmax

g
2
��g

2
N�

16⇡s

(4m2
� � t)(4m2

A � t)

(t�m2
�)

2
n
2
AF

2
A(�t)⇥(Kmax �Kf ) (�.��)

Similarly, for a pseudoscalar mediator, the expression becomes:

d�a

dKf
=

1

Kmax

g
2
�ag

2
Na

16⇡s

t
2

(m2
a � t)2

F
2
a (�t)⇥(Kmax �Kf ) (�.��)

�.� Expected Signal at the Detector

The goal of this Sec�on is to determine the expected number of DMevents at IceCube.
This quan�ty can be derived from the interac�on cross-sec�ons obtained in the pre-
vious sec�on.
In par�cular, this study focuses on hadrophilic light DM that is upsca�ered by Cosmic
Rays. Therefore, the events detected at IceCube result from a two-step interac�on
process.

First, DM par�cles from the Galac�c halo, which are non-rela�vis�c and ini�ally con-
sidered at rest due to their much lower velocity compared to CRs, are assumed to
interact with incoming CRs. A por�on of the CRs’ kine�c energy is transferred to the
DM, producing an upsca�ered component of the DM �ux. This upsca�ered �ux is
computed in Sec�on �.�.�.
This �ux, 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 interac�on is derived from the DM interac�on cross-sec�on and the detector’s
e�ec�ve area, as described in Sec�on �.�.�.
Addi�onally, for a more precise analysis, one can also consider that the upsca�ered
DM �ux may traverse di�erent path lengths through the Earth’s rock or Antarc�c ice
depending on the arrival direc�on. How the �ux is a�enuated as a func�on of its ar-
rival direc�on is discussed in Sec�on �.�.�.

The DM candidate considered in this analysis is the same as the one introduced in
Ref. [�]. While the upsca�ered DM �ux is computed following a similar approach, the
expected number of events is evaluated here di�erently, using the IceCube detector’s
e�ec�ve area.

�.�.� Dark Ma�er Upsca�ered Flux

High-energy Cosmic Rays, as already introduced in Sec�on �.�, are known tobepresent
in our Galaxy. As input for our analysis, we adopt the CRs �uxes derived in Ref. [��],
fromwhich we extract the contribu�ons from Hydrogen and Helium. These CRs �uxes
are reported in Figure �.�.
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Figure �.�. Cosmic Rays �uxes used as input of this analysis; in green we present the Hydrogen
�ux, while in orange the Helium one. The �uxes shown in this plot were reproduced from [��].

Furthermore, sincewe consider interac�ons between CRs andGalac�c DM, it is neces-
sary to introduce the standard halo DM �ux. As men�oned previously, the deriva�on
of the upsca�ered DM �ux follows the approach outlined in Ref. [�].
The Galac�c DM Halo is given by

�
halo
� =

⇢�

m2
�

c
2
f(v(K�)), (�.��)

where c is the speed of light and v(K�) =
q

2K�

m�
; the speed distribu�on and the

normaliza�on factor are rispec�vely

f(v) =
1

N

r
2

⇡

v
2

�3
exp

✓
�

v
2

2�2

◆
⇥(vesc � v),

N = Erf
✓

vesc
p
2�

◆
�

r
2

⇡

vesc

�
exp

✓
�

v
2

2�2

◆
,

(�.��)

where ⇥ and Erf are, respec�vely, the Heaviside Theta Func�on and the Error Func-
�on. We consider a peak velocity of vpeak = 230 km/sec, corresponding to � =
163 km/sec and vesc = 600 km/sec [�].

As in all Direct Detec�on scenarios, we assume that DM interacts with SM par�cles,
and thus it can also interact with CRs. In such DM–CR interac�ons, DM par�cles, ini-
�ally at rest due to their non-rela�vis�c nature in the cold DM paradigm, can gain
kine�c energy from the rela�vis�c CRs. This process leads to an upsca�ering of DM,
resul�ng in a popula�on with kine�c energies signi�cantly higher than those typical
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of the Standard Halo.

Furthermore, to embed the DM- and CR-distribu�ons in the galaxy, the J -factor is con-
sidered. This factor is an astrophysical quan�ty, which depends on l and b, respec�vely
the galac�c longitude and la�tude. This factor is de�ned as:

J(b, l) =

Z

l.o.s

dL⇢�(r) =

Z

l.o.s

dL⇢�
r�(r� + rc)2

r(r + rc)2
, (�.��)

sincewe consider theNavarro–Frenk–White (NFW)pro�le asDMdensity pro�le⇢�(r) =
⇢NFW(r). This pro�le was introduced in Sec�on �.� and is shown in Figure �.�.
Since we expect a DM distribu�on peaked in the Galac�c Center, we bound the inte-
gra�on in a leaky cylinder; we choose the radius and the half width asR = 10 kpc and
h = 1 kpc. Finally, considering the NFW pro�le, we have that r is the distance from
the galac�c center, and we take r� = 8.5 kpc, rc = 20 kpc, ⇢� = 0.42 GeV/cm3.

Figure �.�. Navarro-Frenk-White pro�le, used to parametrize the Galac�c DM Halo density
pro�le.

In our model, we assume a CRs �ux homogeneous in a leaky cylinder centered on the
galac�c center, and vanishing outside, therefore the DM �ux upsca�ered by the CRs
is given by

d��

d⌦
=

J(l, b)

m�

X

A

Z
dKA

d�A

d⌦

d�

dK�
, (�.��)

where J(b, l) is the J -factor, d�A/d⌦ is the di�eren�al CRs �ux,KA is the CRs kine�c
energy, and d�/dK� is the cross-sec�on computed previously.
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Since we are considering hadrophilic DM, the leading source of the high-energy com-
ponent of the DM �ux 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 q̄q.
This sca�ering, as shown in Appendix B, is spin-independent in the non-rela�vis�c
regime and its strength is propor�onal to the nucleon mass. As a result, Hydrogen
and Helium nuclei can contribute to the sca�ering process both in the rela�vis�c and
in the non-rela�vis�c regime, as the total cross-sec�on is provided by the sum over all
nucleons of the target nucleus. Therefore, for scalar-mediated interac�ons, we include
both Hydrogen and Helium in our sca�ering 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 q̄�5q. Appendix B discusses limits derived in
the non-rela�vis�c regime. In that regime, the pseudoscalar interac�on couples to
the net spin of the target nucleus, and Helium-�, having zero nuclear spin, does not
contribute at leading order. However, in the rela�vis�c regime, Helium nuclei can con-
tribute to the sca�ering process despite their zero net spin. Therefore, also in the case
of pseudoscalar-mediated interac�ons, both Hydrogen andHelium should be included
as sca�ering targets A = p, He.

The di�eren�al DM �ux de�ned in Equa�on (�.��) is not homogeneous across the
Galac�c sky; due to the dependence of the J-factor on l and b, and the choice of the
NFW pro�le, it is strongly peaked toward the Galac�c Center, as can be seen in Figure
�.�.

Figure �.�. Map of the Galac�c sky where we show only our DM �ux for the following pa-
rameters: K� = 1GeV ,m� = 0.01 GeV ,m� = 1GeV , gu� = 0.1 , g�� = 1. As can
be seen, it is peaked at the Galac�c Center, (l, b) = (0�, 0�), or in equatorial coordinates,
(↵0, �0) = (266.4�,�28.9�) = (86.4�,�28.9�).
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A�er de�ning all the relevant quan��es involved in its deriva�on, in Figure �.� we
present the upsca�ered DM �ux, sky-integrated and computed for �xed values of the
model parameters:m� = 0.010 GeV,m� = 1 GeV and g��gu� = g��gd� = 0.1 for the
scalar mediator case, whilem� = 0.010 GeV,ma = 1 GeV and g�agua = g�agda = 0.1
for the pseudoscalar mediator case.
As can be seen from this plot, the �ux of upsca�ered DM in the pseudoscalar case
peaks at higher energies compared to the scalar case. This is a very interes�ng feature
for its detec�on in IceCube, since, as shown later, the e�ec�ve area of the experiment
is larger at energies of tens of GeV and above.
With respect to the DM �uxes presented in Ref. [�], these �uxes results slightly varied,
especially for the scalar mediator case; this di�erence is due to an upda�ng of the CRs
�uxes.

Furthermore, in Figure �.�, we present this �ux compared with the DM Halo one.
From the comparison plot, we see that the intensity of the upsca�ered �uxes 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 essen�al condi�on to probe these DM compo-
nents using neutrino experiments.

Finally, we present a set of plots to illustrate the dependence of the upsca�ered DM
�ux on the parameters of the model. Since the dependence on the couplings is purely
mul�plica�ve, 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
�.�, while the dependence on the mediator mass is presented in Figure �.�. For the
pseudoscalar mediator case, the DMmass dependence is shown in Figure �.�, and the
mediator mass dependence in Figure �.��.

From these plots, we can see that varying the DM mass increases the �ux and shi�s
the peak to progressively lower energies as the mass increases. On the other hand,
changing the mediator mass leaves the shape of the �ux prac�cally unchanged, al-
though the �ux is strongly suppressed as the mediator mass increases.
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Figure �.�. Upsca�ered DM �uxes at Earth, computed for the following parameters’ values:
m� = 10MeV, m� = ma = 1 GeV and g��gu� = g�agua = 0.1. Results for the scalar and
pseudoscalar mediator scenarios are shown in blue and red, respec�vely.
These �uxes results slightly varied in respect to the ones reported in [�], especially for the
scalar case; this is due to the upda�ng of the CRs �uxes.

Figure �.�. Dark Ma�er �uxes at Earth, for the following parameters’ values: m� = 10MeV,
m� = ma = 1 GeV and g��gu� = g�agua = 0.1. The Halo is also shown as a comparison (in
black). We immediately see that the DM component upsca�ered by CRs has a lower �ux but
at higher Kine�c EnergiesK�, as expected.

��



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

Figure �.�. DM upsca�ered �ux for the scalar mediator case, computed for di�erent DM
masses:m� = 0.001GeV in teal,m� = 0.010GeV in blue andm� = 0.100GeV in violet. Here
the mediator mass and the coupling are �xed respec�vely atm� = 1 GeV and gu�g�� = 0.1 .

Figure �.�. DM upsca�ered �ux for the scalar mediator case, computed for di�erent mediator
masses: m� = 1 GeV in blue,m� = 3 GeV in petrol blue andm� = 5 GeV in light blue. Here
the DM mass and the coupling are �xed respec�vely atm� = 1 GeV and gu�g�� = 0.1 .
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Figure �.�. DM upsca�ered �ux for the pseudoscalar mediator case, computed for di�erent
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 �xed respec�vely at ma = 1 GeV and
guag�a = 0.1 .

Figure �.��. DM upsca�ered �ux for the pseudoscalar mediator case, computed for di�erent
mediator masses: ma = 1 GeV in red,ma = 3 GeV in magenta andma = 5 GeV in pink. Here
the DM mass and the coupling are �xed respec�vely atm� = 1 GeV and guag�a = 0.1 .
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�.�.� Events at IceCube Detector

Once the DM par�cle interacts with the CRs and has been accelerated, then it can
reach one of the exis�ng detectors on Earth and interact with a target par�cle; if the
target’s recoil energy is higher than the threshold, then this interac�on 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 interac�ons are
quite high, we have to consider that we can resolve the inner structure of Oxygen nu-
clei, and therefore we consider the DM sca�ering with protons, given by both Oxygen
and Hydrogen nuclei.

The goal of this Sec�on is to compute the DM event rates at the neutrino detectors,
neglec�ng, as a �rst approxima�on, the Earth and Ice a�enua�on.
The number of expected DM events at the detector de�ned in Ref. [�] is experiment-
independent and can be a good approxima�on; moreover, we can delve into a more
accurate analysis considering public IceCube data. We can start from the previous
knowledge about neutrino-proton interac�on in the detectors. Determining the needed
correc�on factors, we can study the DM interac�ons in the detector.

To be sensi�ve to an energy range of E� > 500MeV, we consider a combina�on of
ELOWEN and GRECO, the two event selec�ons already described in Sec�on �.�.
In general, the number of expected neutrino events in the detector [���] is given by

N⌫ = t

Z
dEA

⌫
e�(E)�⌫(E) , (�.��)

where t is the acquisi�on �me, A⌫
e� is the e�ec�ve area, and �⌫(E) is the neutrino

�ux. The e�ec�ve area is generically de�ned as

A
⌫
e� = �⌫p ·NT · ✏, (�.��)

where �⌫p is the cross-sec�on for the neutrino-proton interac�ons,NT is the number
of target par�cles of the detector, and ✏ is the detector e�ciency, such that ✏  1.

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

NDM = t

Z
dEA

DM
e� (E)�DM(E) (�.��)

where A
DM
e� is the DM e�ec�ve area, and �DM is the DM Flux computed in the previ-

ous sec�on. At this stage, we consider the sky-integrated DM �ux; moreover, in the
following, also the direc�onality of the signal is considered.
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DM E�ec�ve Area de�ni�on
Similarly to the neutrino case, the DM e�ec�ve area can be de�ned as

A
DM
e� = �DMp ·NT · ✏ (�.��)

in �rst approxima�on, we assume that this e�ec�ve area di�ers from the neutrino one
only due to the cross-sec�on. This is a simple prescrip�on to get an es�mate in this
thesis, and a more re�ned deriva�on of the DM e�ec�ve area would be needed for
future studies
Therefore, the DM E�ec�ve Area can be obtained by a rescaling of A⌫

e�. This implies
that, to obtain A

DM
e� , the only missing point is the cross-sec�on correc�ve factor:

F (K) ⌘
�DMp(K)

�⌫p(K)
; (�.��)

this factor is energy-dependent because of the energy dependenceof the cross-sec�ons.

To obtain the correc�ve factor, we use as input the DM cross-sec�on parametrized by
the model and the neutrino cross-sec�on, both as a func�on of the kine�c energy. To
be�er parameterize the energy dependence of A⌫

e�, we consider two di�erent sam-
ples: ELOWEN for smaller energies and GRECO for higher ones.
Since ELOWEN and GRECO Neutral Current e�ec�ve areas are not published, we as-
sume that Neutral Current and Total e�ec�ve areas have the same shape; in this way,
we can consider the total all-�avor e�ec�ve area. These e�ec�ve areas are shown in
Figure �.��.

Figure �.��. Neutrino’s total and all-�avor e�ec�ve area for ELOWEN event selec�on (in green,
credits: [���]) and GRECO event selec�on (in orange, credits: [���])
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Regarding the neutrino cross-sec�on, we have considered the ones well known in the
literature; in par�cular, we have used the ones provided in [��].
To obtain the correct rescaling of the neutrino e�ec�ve area, the rescaling must be
performed considering the cross-sec�on of the appropriate kind of interac�on.
Since the expected DM interac�on in our detector is of neutral current type, we should
use the NC neutrino e�ec�ve area, rescaled by a factor dependent on the NC neutrino
cross-sec�ons. However, since the only publicly available data are the total e�ec�ve
areas for the ELOWEN and GRECO selec�on criteria, we will rescale them using the
total cross-sec�ons, assuming that the energy dependence of the e�ec�ve areas and
cross-sec�ons is the same for the NC and total cases.
Hence, we consider the total neutrino-nucleon cross-sec�on to rescale both ELOWEN
and GRECO e�ec�ve area; this total neutrino cross-sec�on is shown in Figure �.��.
Once these correc�ve factors are de�ned, the deriva�on of the DM e�ec�ve areas is
straigh�orward. In Figure �.��, we show the DM e�ec�ve areas for both the scalar and
pseudoscalar cases, and for comparison, we also include the neutrino e�ec�ve areas.

Figure �.��. Neutrino-nucleon cross-sec�on as a func�on of the neutrino kine�c energy. This
plot is obtained by adap�ng Figure � from [��].

Number of Expected Dark Ma�er Events at IceCube

Once we have obtained the DM E�ec�ve Area, from Equa�on (�.��) 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 sensi�vi�es; otherwise, weneed to performamore precise analysis, for
instance, by reducing the background rate. In Figure �.��, the sky-integrated number of
events for both scalar and pseudoscalarmediator case in shown; we�x the parameters
asm� = 0.010 GeV,m� = ma = 1 GeV, and gu�g�� = g�agua = 0.1.
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Figure �.��. This plot presents the following e�ec�ve areas: in blue, the DM e�ec�ve area for
the scalar case, solid line for the one derived from ELOWEN and dash-do�ed line for the one
from GRECO; in red, the DM e�ec�ve area for the pseudoscalar case, solid line for ELOWEN
and dash-do�ed line for GRECO. Finally, the neutrino e�ec�ve areas are also shown: in solid
green for ELOWEN and in dash-do�ed orange for GRECO. The DM e�ec�ve areas have been
obtained form� = 0.01 GeV,m� = ma = 1 GeV and gu�g�� = guag�a = 0.1 .

Figure �.��. Sky-integrated number of DM expected events at IceCube. In blue, the scalar me-
diator case is shown, with a con�nuum line for the number of events obtained from ELOWEN
event selec�on and with a dashed-do�ed line for the ones obtained with GRECO. Similarly,
for the pseudoscalar mediator case, these results are shown in red. These events have been
obtained form� = 0.01 GeV,m� = ma = 1 GeV and gu�g�� = guag�a = 0.1 .
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The di�erence in the e�ec�ve areas between the scalar and pseudoscalar cases, as
shown in Figure �.��, is due to the di�erence in the di�eren�al cross-sec�ons for the
DM-SM interac�ons mediated via a scalar or a pseudoscalar par�cle.
Furthermore, the di�erence in the expected number of events between the scalar and
pseudoscalar cases, as shown in Figure �.��, is also due to the scalar DM �ux peaking
at lower energies compared to the pseudoscalar DM �ux.

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 selec�ons. We report these values for some values of the DM and mediator
masses and of the couplings.

Dark Ma�er Mass Dependence
In the following two tables, we present, for scalar and pseudoscalar mediators respec-
�vely, the number of expected events at IceCube in � year of detec�on, depending on
the Dark Ma�er mass (di�erent rows) and on the mediator-quark coupling� (di�erent
columns). We present the results for the scalar case with m� = 1 GeV, and for the
pseudoscalar case withma = 1 GeV, respec�vely in Table �.� and in Table �.�. Here we
report the sky-integrated number of expected events computed using ELOWEN and
GRECO event selec�on, respec�velyNe andNg.

gu� = 0.1 gu� = 0.01 gu� = 0.003
mDM = 1MeV Ne = 3.19⇥ 101 Ne = 3.19⇥ 10�3

Ne = 2.58⇥ 10�5

Ng = 1.61⇥ 101 Ng = 1.61⇥ 10�3
Ng = 1.30⇥ 10�5

mDM = 10MeV Ne = 1.45⇥ 104 Ne = 1.45⇥ 100 Ne = 1.18⇥ 10�2

Ng = 1.42⇥ 103 Ng = 1.42⇥ 10�1
Ng = 1.15⇥ 10�3

mDM = 100MeV Ne = 9.15⇥ 105 Ne = 9.15⇥ 101 Ne = 7.41⇥ 10�1

Ng = 1.41⇥ 103 Ng = 1.41⇥ 10�1
Ng = 1.14⇥ 10�3

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

gua = 0.1 gua = 0.01 gua = 0.003
mDM = 1MeV Ne = 7.70⇥ 104 Ne = 7.70⇥ 100 Ne = 6.23⇥ 10�2

Ng = 1.98⇥ 105 Ng = 1.98⇥ 101 Ng = 1.60⇥ 10�1

mDM = 10MeV Ne = 2.40⇥ 106 Ne = 2.40⇥ 102 Ne = 1.94⇥ 100

Ng = 1.75⇥ 106 Ng = 1.75⇥ 102 Ng = 1.42⇥ 100

mDM = 100MeV Ne = 8.86⇥ 106 Ne = 8.86⇥ 102 Ne = 7.18⇥ 100

Ng = 4.09⇥ 105 Ng = 4.09⇥ 101 Ng = 3.31⇥ 10�1

Table �.�. Number of events at the detector in � year, pseudoscalarmediatorwithma = 1 GeV.

From these tables, we can infer a general behaviour:
�We’re working in the isoscalar coupling assump�on, so gu� = gd� and gua = gda.
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• increasing theDMmass, the number of expected events slowly increases, even if
there are someexcep�ons. Regarding the expected events fromGRECO e�ec�ve
area, between m� = 10 MeV and m� = 100 MeV we have a decrease. This is
due to the fact that the �ux’s peak is shi�ing at lower energies, where GRECO
e�ec�ve area is cut;

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

• 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 � year of detec�on, depending on themediatormass (di�erent rows) andon
the mediator-quark coupling (di�erent columns). We present the results, withm� =
10MeV, for the scalar case and for the pseudoscalar case respec�vely in Table �.� and
in Table �.�.

gu� = 0.1 gu� = 0.01 gu� = 0.003
m� = 1 GeV Ne = 1.45⇥ 104 Ne = 1.45⇥ 100 Ne = 1.18⇥ 10�2

Ng = 1.42⇥ 103 Ng = 1.42⇥ 10�1
Ng = 1.15⇥ 10�3

m� = 3 GeV Ne = 2.38⇥ 100 Ne = 2.38⇥ 10�4
Ne = 1.93⇥ 10�6

Ng = 3.01⇥ 10�1
Ng = 3.01⇥ 10�5

Ng = 2.44⇥ 10�7

m� = 5 GeV Ne = 4.03⇥ 10�2
Ne = 4.01⇥ 10�6

Ne = 3.26⇥ 10�8

Ng = 5.57⇥ 10�3
Ng = 5.57⇥ 10�7

Ng = 4.51⇥ 10�9

Table �.�. Number of events at the detector in � year, withmDM = 10MeV, scalar mediator.

gua = 0.1 gua = 0.01 gua = 0.003
ma = 1 GeV Ne = 2.40⇥ 106 Ne = 2.40⇥ 102 Ne = 1.94⇥ 100

Ng = 1.75⇥ 106 Ng = 1.75⇥ 102 Ng = 1.42⇥ 100

ma = 3 GeV Ne = 2.10⇥ 103 Ne = 2.10⇥ 10�1
Ne = 1.70⇥ 10�3

Ng = 2.47⇥ 103 Ng = 2.47⇥ 10�1
Ng = 2.00⇥ 10�3

ma = 5 GeV Ne = 4.91⇥ 101 Ne = 4.91⇥ 10�3
Ne = 3.97⇥ 10�5

Ng = 6.58⇥ 101 Ng = 6.58⇥ 10�3
Ng = 5.33⇥ 10�5

Table �.�. Number of events at the detector in � year, with mDM = 10MeV, pseudoscalar
mediator.

From these tables, we can infer a general behaviour:

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

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

• 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 Considera�ons 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-
si�vity limits with pubblic e�ec�ve areas.
For ELOWEN selec�on criteria, the background is constant [���] at

N
ELOWEN
bkg ⇠ 0.021Hz ⇠ 6.6⇥ 105 year �1 (�.��)

while for GRECO selc�on criteria, it depends on the sky-direc�on, and the all-sky inte-
grated value [���] is

N
GRECO
bkg ⇠ 0.0046 Hz ⇠ 1.5⇥ 105 year �1 (�.��)

From the number of expected events computed before, we believe that the spin-
dependent interac�ons, mediated by a pseudoscalar mediator, is the most promising
�eld of inves�ga�on, 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-Direc�on
An interes�ng aspect of our DM signal, which can be considered to improve the anal-
ysis, is the direc�onality: given the shape of the DM density pro�le (NFW pro�le), we
expect a signal peaked in the Galac�c Center.
This aspect can be considered only if we can reconstruct the direc�on of the expected
events in IceCube; since the public ELOWEN e�ec�ve area is the sky-integrated one,
we lose the direc�on informa�on of the signal.
On the contrary, usingGRECO event selec�on, we have direc�on discrimina�on; there-
fore we can select only a speci�c sky region. Since the signal is peaked in the galac�c
center, we select the region of sky with � 2 (�90�,�5�).

At the beginning of this chapter, we have considered the sky-integrated DM �ux as��;
hence, the number of expected events is sky-averaged and is given by Equa�on (�.��):

N� = t ·

Z
dK���(K�)A

DM
e� (K�). (�.��)

To consider also the informa�onof the direc�onality of the signal, we can also consider
the number of events as a func�on of the sky’s direc�on; the di�eren�al DM �ux is
given by

d��

d⌦
=

J(b, l)

m�

X

A

Z
dKA

d�A

d⌦

d�

dK�
. (�.��)

Then the di�eren�al number of events in galac�c coordinates is given by

dN

d⌦
(l, b) = t

Z
dK�

d��

d⌦
(l, b)ADM

e� (K�). (�.��)
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This expression, integrated in the whole sky, returns the sky-integrated number of
events analyzedpreviously; hence in ELOWEN, wherewedonot havedirec�on-reconstruc�on
[���], the number of expected events is simply

N
ELOWEN =

Z ⇡

�⇡

dl

Z ⇡/2

�⇡/2

d sin b
dN

d⌦
(l, b). (�.��)

Regarding GRECO event selec�on, we can select only a region of sky in declina�on;
given the public e�ec�ve areas [���], we choose to useA⌫, GRECO

e� with � 2 [�90�,�5�],
such that

A
⌫, GRECO
e� =

(
Ae� if � 90�  �  �5�

0 if � 5� < �  90�
(�.��)

In this way, we can obtain the number of events for a speci�c region of sky � 2

[�90�,�5�], where we assume to have the majority of the DM �ux, given that
�GC ⇠ �29�.

Therefore, the total number of events for GRECO event selec�on becomes

N
GRECO(↵, �) =

Z ⇡

�⇡

d↵

Z �5�

�90�
d sin �

dN

d⌦
(↵, �); (�.��)

this number will be converted inN
GRECO(l, b), in order to get the plot in galac�c coor-

dinates.

The number of DM events expected at IceCube without any selec�on cut, for the
benchmark parameters m� = 0.01 GeV, ma = 1 GeV and guag�a = 0.1, are shown,
both in equatorial and galac�c coordinates, in Figures �.�� and �.��. A�er applying a
cut on the equatorial coordinates, the expected number of events is shown, both in
equatorial and galac�c coordinates, in Figures �.�� and �.��; as can be seen, there is a
loss of events, but it occurs in the region where the intensity is lowest and therefore
has li�le 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 galac�c 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 di�erence 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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Figure �.��. Expected number of DM events as a func�on of equatorial coordinates, form� =
0.01 GeV,ma = 1 GeV and coupling guag�a = 0.1, before the cut in declina�on. This plot has
to be compared with Figure �.�� to see the e�ects of the cut.

Figure �.��. Expected number of DM events as a func�on of galac�c coordinates, for m� =
0.01 GeV,ma = 1 GeV and coupling guag�a = 0.1, before the cut in declina�on. This plot has
to be compared with Figure �.�� to see the e�ects of the cut.
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Figure �.��. Expected number of DM events as a func�on of equatorial coordinates, form� =
0.01 GeV,ma = 1 GeV and coupling guag�a = 0.1, a�er the cut in declina�on.

Figure �.��. Expected number of DM events as a func�on of galac�c coordinates, for m� =
0.01GeV,ma = 1GeVand coupling guag�a = 0.1, a�er the cut in declina�on, which translates
in a cut in both galac�c la�tude and longitude.
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�.�.� Earth and Ice A�enua�on
In the previous sec�on, we computed the number of expected events at IceCubewith-
out considering any a�enua�on of the �ux. This is a simpli�ed assump�on, in which
we consider IceCube as being located on the Earth’s surface and that the �ux, coming
from all direc�ons, does not travel through any amount of ma�er before reaching the
detector. However, this assump�on is generally not valid, for two reasons.
First, IceCube is located deep inside the Antarc�c ice, at a depth between 1450m and
2450 m; therefore, a par�cle coming exactly downgoing with respect to the detector
must travel through this amount of ice.
Second, considering the various incoming direc�ons of the DM �ux, depending on the
sky direc�on, these par�cles may have to travel through a given amount of Earth’s
rock or Antarc�c ice before reaching the detector.

For these reasons, we need to consider in our analysis the a�enua�on of the �ux due
to the distance travelled by the par�cles through rock or ice.
This a�enua�on, at the microscopic level, is due to the fact that DM par�cles, while
travelling through these materials, can interact with nucleons before reaching the de-
tector. As a result, their kine�c energy can be reduced, and the par�cles could even
be stopped within the material.
This e�ect gives an a�enua�on of the DM �ux at the level of the detector. Tomodelize
this �ux a�enua�on, we consider the following approxima�ons [�]: at each sca�ering

• we impose that the energy loss is equal to its average value (for simplicity),

• we neglect the change of direc�on of the DM speed.

Finally, what encodes this a�enua�on is the DM kine�c energy K̄� at the depth z,
which is smaller with respect to the non-a�enuated kine�c energyK�, and is given by
the following di�eren�al equa�on [�]:

dK̄�(z)

dz
=

X

T

nT

Z
dKTKT

d�

dKT
, (�.��)

where nT is the number density of a target par�cle inside the crossed material.

This implies that the DM kine�c energy has a dependence from the depth z as

K̄�(z) = K� � npz

Z
dKTKT

d�

dKT
� nnz

Z
dKTKT

d�

dKT
, (�.��)

and on the Earth’s surface we have K̄�(z = 0) = K�. Concerning the target par�-
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 par�cles are protons and
neutrons, that we assume in equal quan�ty; regarding themass density of the crossed
material, for the Earth rocks we have ⇢Earthp+n = 2.7 g/cm3, [���] and for the Antarc�c Ice
⇢
Ice
p+n = 0.92 g/cm3; in general, to modelize the distribu�ons of rocks and ice around
IceCube is quite complex.

��



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

Therefore, the next step to implement Earth a�enua�on in our analysis is to compute
the dependence of the traveled distance as a func�on of (l, b); this is needed to ob-
tain the dependence of the a�enuated kine�c energy from the galac�c coordinates
K̄�(l, b). This depth z traveled inside the ma�er depends on the incoming direc�on
of the DM par�cle; calcula�ng this dependence is in general complex, but knowing
the exact posi�on of the detector, we can obtain the distance travelled as a func�on
of the zenith angle z(✓). Then, using a change of coordinates from local coordinates
(azimuth, zenith) to galac�c ones (l, b) we can obtain the �nal formula�on for z(l, b).
This deriva�on is computed in Appendix D; we obtain that the e�ec�ve path travelled
from a DM par�cle inside the Earth is

z(✓) =
q

R2 � (R� d)2 sin2
✓ � (R� d) cos ✓, (�.��)

where d is the ver�cal depth of the detector and ✓ is the zenith angle of the incoming
par�cle.
Then, transforming from IceCube’s local reference frame to galac�c reference frame,
the dependence of the a�enua�on from the galac�c coordinates is obtained. This cal-
cula�on is performed using the Python package Astropy (The Astropy Project), which
provides tools and func�onali�es for astronomy and astrophysics.

Figure �.��. A�enuated DMkine�c energy as a func�on of the non a�enuated ones, for several
values of the galac�c coordinates; the non a�enuated behavior is shown as a comparison. In
red, the kine�c energy’s a�enua�on for par�cles coming from the Galac�c Center is shown.
This plot is computed for the pseudoscalar case, with �xed parametersm� = 0.01 GeV,ma =
1 GeV and guag�a = 0.1.

Considering the expression in Equa�on (�.��), we can obtain the a�enuated kine�c
energy as a func�on of the non a�enuated one. Figure �.�� shows how this energy
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is a�enuated, for some values of the galac�c coordinates. This plot is computed for
the pseudoscalar case, with benchmark parametersm� = 0.01 GeV,ma = 1 GeV and
guag�a = 0.1.
Once obtained the dependence from the incoming direc�on, the deriva�on of the
number of events as a func�on of the galac�c coordinates is straigh�orward:

dN̄

d⌦
(l, b) = t

Z
dK̄�

d�̄�

d⌦
(l, b)ADM

e� (K̄�). (�.��)

In Figure �.��, this number of a�enuated events is shown, for the scalar case and
incoming DM direc�on of (l, b) = (0�, 0�); as benchmark parameters we have chosen
m� = 1 GeV, m� = 0.10 GeV and gu�g�� = 0.1. Similarly for the pseudoscalar
mediator, we have chosen the a�enuated number of events, for a DM par�cle coming
from the Galac�c Center, with parametersma = 1 GeV,m� = 2.0 GeV and guag�a =
0.1.
Only to give an idea of the importance of the a�enua�on of the expected number of
events, the integrated values in the DM kine�c energy are shown in Tables �.� and �.�.

ELOWEN GRECO
Non A�enuated 2.65⇥ 107 2.07⇥ 104

A�enuated 1.17⇥ 107 1.23⇥ 104

Table �.�. Number of a�enuated and non-a�enuated expected DM events for both ELOWEN
and GRECO event selec�on. These results are shown for the scalar case and for �xed parame-
tersm� = 1 GeV,m� = 0.10 GeV and gu�g�� = 0.1

ELOWEN GRECO
Non A�enuated 4.97⇥ 104 7.60⇥ 100

A�enuated 2.23⇥ 103 7.56⇥ 10�3

Table �.�. Number of a�enuated and non-a�enuated expected DM events for both ELOWEN
and GRECO event selec�on. These results are shown for the pseudoscalar case and for �xed
parametersma = 1 GeV,m� = 2.0 GeV and guag�a = 0.1.
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Figure �.��. Number of expected DM events for the scalar mediator case, for ELOWEN and
GRECO event selec�on. Both the non-a�enuated and a�enuated signal is shown, assuming
that the DM par�cles are coming from the Galac�c Center, for �xed parametersm� = 1 GeV,
m� = 0.10 GeV and gu�g�� = 0.1.

Figure �.��. Number of expected DM events for the scalar mediator case, for ELOWEN and
GRECO event selec�on. Both the non-a�enuated and a�enuated signal is shown, assuming
that the DM par�cles are coming from the Galac�c Center, for �xed parametersma = 1 GeV,
m� = 2.0 GeV and guag�a = 0.1.
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�.� Test Sta�s�c de�ni�on

To discriminate between the signal hypothesis (backgorund + DM events) and the
background-only hypothesis, a Test Sta�s�c is de�ned. Given the number of expected
events from the two event selec�ons, we can perform a binned likelihood analysis of
the number of events as a func�on of (m�, gu�g��) for the scalar mediator case or of
(m�, guag�a) for the pseudoscalar mediator case.

The Likelihood func�on measures how much the measured data, which are �xed, are
compa�ble with a theore�cal model, described by the variable parameter(s) ~✓ [���]:

L(✓) = P (data|~✓) (�.��)

In other words, L(~✓) is the probability of observed data as a func�on of the varying
model parameter(s) P (data|~✓), which di�ers from the usual de�ni�on of the proba-
bility, where the data vary while the parameter(s) ~✓ is �xed.

A Poisson distribu�on is chosen for the probability density func�on of the expected
DM signal, as it is commonly used tomodel the expected number of rare and indepen-
dent events in a �xed observa�on window, which is the case for possible DM events
in detectors like IceCube. This distribu�on is parametrized as [���]:

Poisson(k;�) =
�
k

k!
e��

, (�.��)

which models the probability of observing k independent events in a �xed interval,
given an expected number of events �.

Regarding ELOWEN event selec�on, from which we obtain a sky-integrated signal, the
Likelihood can be de�ned as�

L(N ELOWEN
|B

ELOWEN
,m�, g) = Poisson(N ELOWEN

, B
ELOWEN + S

ELOWEN(m�, g)); (�.��)

similarly we can de�ne the likelihood for GRECO, but in this second case we can con-
sider the direc�on dependence of the signal. Therefore, we perform a binned analysis
considering N ⇥ N bins in the (l, b) parameter space. In this way, we get N2 values
for each (m�, g) couple, due to the direc�on dependence of the number of events.

To simplify the analysis, we consider ELOWEN and GRECO as independent samples;
this is a reasonable assump�on given the vastly di�erent selec�on criteria. Defyning
a common index between ELOWEN and GRECO contribu�ons, i = 1, ..., N2 + 1, the
�nal form of the Likelihood is

L({Ni}|{Bi},m�, g) =
N2+1Y

i=1

Poisson(Ni, Bi + Si(m�, g)) (�.��)

�In the following paragraphs, we refer to gu�g�� = guag�a as g.
��
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Finally, using the frequen�st approach, we consider the minus log-Likelihood test
sta�s�c [���]

TS(m�, g) = 2 ln
L(Nj|m̂j, ĝj, B̂j)

L(Nj|m�, g = 0, Be)

= 2 lnL(Nj|m̂j, ĝj, B̂j)� 2 lnL(Nj|m�, g = 0, Be),

(�.��)

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

No�ce that, in general, B̂j 6= Be because the likelihood must be maximized in both
cases. While background es�mates are typically performed for all selec�ons, 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 �xed. This choice is due to a
simple considera�on:

• ELOWEN background: is integrated in all-sky and we don’t have informa�on
about the direc�on (in principle, we could have an excess from the galac�c cen-
ter that we are not able to see), hence it must be considered as a parameter in
the maximiza�on of the likelihood. Therefore Be is le� free, the only condi�on
that we have on it is Be 2 [0, Bnominal

e ], where Bnominal
e = 0.021 Hz.

• GRECObackground: the event rate inGRECOdoes not show signi�cant anisotropies
in the sky coordinates, therefore it is safe to assume that the contribu�on of a
galac�c signal does not a�ect the average rates used as background.

�.�.� Signal de�ni�on
Once the test sta�s�c is de�ned, we must specify the signal and background models.
In the case of the GRECO analysis, we adopt a 9 ⇥ 9 binning scheme in galac�c coor-
dinates. The signal is de�ned as follows:

• for the ELOWEN event selec�on, a single all-sky integrated value is considered;

• while for the GRECO event selec�on, a two-dimensional histogram with 81 bins
is considered.

Therefore, to get the value of the Test Sta�s�c for each (m�, g) pair, the �rst step is to
de�ne the signal. What we obtain for ELOWEN is the number of events integrated in
the full sky, de�ned as SELOWEN; for GRECO, we get a 2D-histogram in the (l, b) plane,
withN2 bins. This implies that for GRECOwe getN2-values for the number of events,
that we de�ne {SGRECO

i }i=1,...,N2 .
Combining ELOWEN and GRECO event selec�ons, we obtain N + 1 values for the ex-
pected signal; in our analysis, we have chosenN = 9 (hence i = 1, ..., 82).
This binning choice is due to two reasons: �rst, an odd number of bins has been chosen
to have the Galac�c Center in the middle of a bin. Secondly, we have chosen a large
enough bin size to not be sensi�ve to possible smearing of the signal due to GRECO

��



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

angular resolu�on, which in the energy range of our interest is approximately 30� [���].

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

S
ELOWEN(m�, g) =

Z
A

DM
e�, ELOWEN(E�,m�, g) · ��(E�,m�, g)dE�,

S
GRECO
i (m�, g, l, b) =

Z
A

DM
e�, ELOWEN(E�,m�, g) ·

d��

d⌦
(E�,m�, g, l, b)dE�.

(�.��)

In Figure �.�� we represent the histogram of number of expected events for GRECO
event selec�on, for the benchmark parameters m� = 0.01 GeV, ma = 1 GeV and
guag�a = 0.1. This histogram is plo�ed in the (l, sin b) plane since the di�eren�al in
the solid angle is d⌦ = cos(b)dldb = dld(sin b).

�.�.� Background de�ni�on
Now, the only missing point to obtain the Test Sta�s�c is the background rate.
Considering ELOWEN selec�on criteria, the background is considered as constant in
the sky-direc�on, and it’s given by Be ⇠ 0.021 Hz.
RegardingGRECO event selec�on, the background rate is a func�on of the zenith angle
[���]; in Figure �.�� we report the background rate distribu�on as a func�on of the
zenith.

Figure �.��. Background event distribu�on as a func�on of cos(zenith), derived from data,
with a spline used for the background PDF in red. Both the histogram and the background �t
are taken from [���].

This background must be normalized at the total background rate 4.6mHz = 1.5 ⇥

105 year�1 [���]; to get theGRECO background distribu�on in the galac�c coordinates,
��
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we have to consider the dependence of the zenith angle from the galac�c coordinates
✓(l, b). In this way, we can obtain the GRECO background distribu�on in the galac�c
coordinates; this is shown in Figure �.��. 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 �! ✓ = 90�), while the minimum of the background is in correspon-
dence of the two poles (cos ✓ = ±1 �! ✓ = 0�, 180�), namely strictly down-going or
up-going events.

Figure �.��. GRECO background rate as a func�on of galac�c coordinates. I have produced this
background distribu�on in the galac�c coordinates star�ng from Figure �.��.

Finally, in Figure �.�� the histogram obtained from this background is shown; this is
the background which is compared with the signal histogram of Figure �.�� in the TS
de�ni�on.
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Figure �.��. Two-dimensional histogram of the expected number of dark ma�er events
in galac�c coordinates, corresponding to the GRECO event selec�on and computed for the
pseudoscalar-mediated interac�on with parameters m� = 0.01 GeV, ma = 1 GeV and
guag�a = 0.1.

Figure �.��. Two-dimensional histogram of the number of background events in galac�c coor-
dinates, corresponding to the GRECO event selec�on.
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�.�.� Likelihood maximiza�on and TS Distribu�ons

Finally, to get the Test Sta�s�c value, we should maximize the likelihood or minimize
the minus log-likelihood. We choose this second op�on, since in this way we can use
the Python func�on scipy.op�mize.minimize to minimize minus log-likelihood.
To perform this minimiza�on, we consider a four-steps procedure, as described in the
following:

• �rst we evaluate the likelihood for a given massm1, hence we get
L(Nj|m1, g, Be) = f1(g, Be);

• secondly, we get x1, the minimum of the minus log-Likelihood for a given mass
m1;

• then we repeat steps � and � for all the 50 values of the DM mass;

• �nally we get xmax , the minimum of xi for i = 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 L(Nj|g = 0, Be) where Be =
min{Ne, B

nominal
e }.

This procedure returns us the value of the TS for a given pseudo-experiment, in which
Ni is randomly sampled from a Poissonian distribu�on, Ni ⇠ Poissonian(Bi + Si),
for a given (m�, g) pair. Then, for each pair, we have to de�ne the TS distribu�on;
hence we perform a given number of pseudo-experiments, we get the TS for each of
them and �nally we record in an histogram the number of occurrence for which the
test sta�s�c gets a given value. What changes in the di�erent pseudo-experiments is
Ni, since is given by the Poissonian, which changes in all of them. We consider, for a
�rst analysis, a thousand pseudo-experiments. In this way, we get the TS distribu�on
for a given (m�, g) pair.

Finally, to de�ne the sensi�vity in the (m�, g) plane, we need to obtain the TS distri-
bu�ons for several (m�, g) pairs and to confront them with the background TS distri-
bu�on. To get the background TS distribu�on, the only thing that changes respect to
the signal TS distribu�ons isNi ⇠ Poissonian(Bi).

In this way, we get the background TS distribu�on and one signal TS distribu�on for
each (m�, g) pair. In the Figure �.��, we have reported a dra� of what we expect
regarding the TS distribu�ons: in black the background TS distribu�on, in green the
signal TS distribu�on for a given pair (m1, g1) and in blue for (m2, g2) with g2 > g1; if
the coupling increases, we expect that the distribu�on shi�s to the right.

Finally, to improve our sensi�vity, we can also consider that IceCube has recorded
more than �� years of data; therefore, if we de�ne the live�me ⌧ as the �me in which
the detector has been able to collected data, we can repeat the previous analysis con-
sideringNi ⇠ Poissonian(⌧ · (Bi+ Si)).
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Figure �.��. Dra� of the expected background (in black) and signal (in green and blue) TS
distribu�ons.

�.�.� Sensi�vity in the (m�, g) plane

Finally, to obtain the sensi�vity plots, we have to confront the signal TS distribu�ons
with the median of the background one TSthr = median(Pbkg).

To perform this comparison, we consider, for each (m�, g)pair of the parameter space,
TS90, de�ned as the TS value for which the 90% of the distribu�on lies above it.
Then, if TS90 is above TSthr, this pair of parameters (m�, g) is considered in the con-
tour, since the signal TS distribu�on is well separated from the background one (as the
blue distribu�on in Figure �.��). On the other side, if TS90 is below TSthr, this pair of
parameters (m�, g) is not considered in the contour, since the signal TS distribu�on is
superimposed to the background one and therefore we cannot discriminate between
them (as the green distribu�on in Figure �.��). To conclude, we can easily obtain the
90% contour plot by repea�ng this procedure for all the (m�, g) pairs of the parame-
ters’ plane.

�.� Analysis’ Results

The analysis’s goal is to obtain the sensi�vity of IceCube to CR-upsca�ered sub-GeV
DM, as a func�on of the DM parameters (m�, g).
The star�ng point of this analysis is the computa�on of the number of expected DM
events at IceCube, as a func�on of the DMmass and of the coupling. This computa�on
has been introduced in Sec�on �.�.�.
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 selec�on is shown in Figure �.��.

As shown in this �gure, the interpolator we designed to reproduce the expected num-
ber of events exhibits some �uctua�ons. These are likely due to the choice of using a
numerical integra�on method in order to op�mize performance.
In an a�empt to understand the origin of these �uctua�ons, I also implemented the
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analy�cal integra�on of the di�eren�al event rate�.
From the comparison between the two integra�on methods, I found that the �uctua-
�ons observed in the �gure correspond to underes�ma�ons of the signal. The analyt-
ical integra�on yields higher values, con�rming that the numerical method tends to
suppress the signal. Therefore, this bias does not lead to the inclusion of points in Ice-
Cube’s sensi�vity 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 sensi�vity
region.

Figure �.��. Number of expected DM events at IceCube, as a func�on of the DM mass and of
the coupling; these results have been obtained considering ELOWEN event selec�on, for the
scalar mediator withm�=� GeV.

�.�.� Considera�ons about the Test Sta�s�c Distribu�ons
In Sec�on �.�.�, we have de�ned how to derive the Test Sta�s�c distribu�on. The sig-
nal TS distribu�ons have to be compared with the background TS distribu�on, which
is represented in Figure �.��.
From this distribu�on, we can derive the median of the background TSthr = 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 distribu�on behaves as a
func�on of the parameters of the model.
Only as an example, we consider a DM-SM interac�on, mediated by a scalar par�-
cle with mass m� = 1 GeV; furthermore, similar results are also obtained for the

�This code is extremely slowand thus not feasible for scanning the en�re parameter space. However,
it provides a useful benchmark for selected (m�, g) values.
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Figure �.��. Test Sta�s�c distribu�on for the background-only hypothesis.

pseudoscalar case, for di�erent values of the mediator’s mass. The TS distribu�on, of
course, depends both on the DM mass and on the coupling, as shown respec�vely in
Figures �.�� and �.��.
In these plots, the background TS distribu�on is shown as a comparison; to improve
the readability of the plot, the background distribu�on is cut, even if the number of
occurrences in the �rst bin is, for this distribu�on 449. This cut will be applied in all
the following plots.

As one can see, in Figure �.��, the TS distribu�on has changed, both in shape and
median value, for di�erent DM masses. The behaviour of the TS distribu�on is non-
monotonic with respect to the DM mass. This could be due to under�uctua�ons in
the signal interpolator, which are evident in the Figure �.��; therefore, an improved
de�ni�on of the interpolator is needed to perform a more accurate analysis and to
be�er understand the behavior of TS distribu�ons for di�erent DM masses.
On the other side, in Figure �.��, is evident that, at the increase of the coupling, the
TS distribu�on is shi�ed to higher values.
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Figure �.��. Test Sta�s�c distribu�on form� = 1 GeV, coupling gu�g�� = 0.0754 and several
values of the DM mass.

Figure �.��. Test Sta�s�c distribu�on for m� = 1 GeV, DM mass m� = 0.0103 GeV and
several values of the DM-SM coupling.
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�.�.� Considera�on about the Live�me
All the previous results have been obtained considering a live�me of 13 years. A larger
live�me, in any case, provides an improvement in the analysis, since the discrimina�ng
power between signal and background is increased.
An example of this e�ect is shown in Figure �.��, where the same TS distribu�on is
obtained for � year and �� years of live�me; in this �gure, we have �xed parameters
asm� = 1 GeV,m� = 0.01 GeV and gu�g�� = 0.05.

Figure �.��. Test Sta�s�c distribu�on for the scalar mediator case, with m� = 1 GeV,
m� = 0.0103 GeV, gu�g�� = 0.0518. These two distribu�ons are produced for two di�er-
ent live�mes: in purple � year and in teal �� years; as expected, the distribu�on is shi�ed to
the right at the increase of the live�me, increasing our discrimina�on power.

�.�.� Considera�on about Ice A�enua�on
As introduced in Sec�on �.�.�, while DM par�cles travel before reaching the detector,
they cross a given amount of ma�er and therefore the �ux is a�enuated. In Figures
�.�� and �.��, the e�ects of this a�enua�on on the number of expected events is
shown.
Regarding the computa�on of the TS distribu�on, we have chosen, only for the a�en-
uated �ux, to consider only the component coming from the galac�c center, since the
NFW distribu�on is strongly peaked in it�.

�This approxima�on was introduced to improve the code’s e�ciency. Nevertheless, I also imple-
mented the full analy�cal computa�on of the a�enuated number of events, which converges to the
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The distance travelled by par�cles coming from this direc�on is approximately z =
5.16 km and this path is all inside Antarc�c ice; therefore, the a�enua�on of the DM
�ux coming from the Galac�c Center is only due to ice.

�.�.� Sensi�vity Plots
The �nal goal of my analysis is to obtain the sensi�vi�es for direct searches of Dark
Ma�er using IceCube Neutrino Telescope.
To obtain them, I have considered the Test Sta�s�c distribu�ons for signal andbackground-
only hypotheses, which enables us to discriminate between them.

As previously men�oned, the a�enua�on e�ect due to the Antarc�c ice was approx-
imated by considering only the DM �ux coming from the Galac�c center. First, I pro-
duced the contour plot for the non-a�enuated analysis. Then, I reproduced the TS dis-
tribu�on for the a�enuated signal at selected pairs in the parameter space, to iden�fy
which points included in the non-a�enuated contour are excluded in the a�enuated
one.

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

• IceCube sensi�vity (green line): this is the contour plot obtained by the analysis
described in this work, neglec�ng Earth and ice a�enua�on;

• A�enua�on-selected points (green dots): also these points have been obtained
inmywork, by considering ice a�enua�on under the simplifying approxima�ons
described before. These are the points which are included in the contour also
considering the a�enua�on of the �ux;

• A�enua�on-excluded points (orange dots): as the ones of before, they are ob-
tained considering �ux a�enua�on, but in this case these parameters’ pairs are
excluded by the contour;

• 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 [�];

• Super-Kamiokande sensi�vity (light-blue): as a comparison, I showalso the sen-
si�vity limit obtained in Ref. [�] 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: m� = 1 GeV andm� = 3 GeV.
Finally, in Figures �.�� and �.��, we show the contour plots for the pseudoscalar me-
diator case, for two values of the mediator mass: ma = 1 GeV andma = 3 GeV.

approximate result in the direc�on of the Galac�c Center.
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As shown in these plots, the study of the a�enuated �ux, although approximate and
limited to a subset of the parameter space, provides valuable insights into IceCube’s
sensi�vity. In par�cular, the excluded orange points indicate that, for higher values of
the DM–SM coupling, the sensi�vity is en�rely lost. This occurs because, with stronger
couplings, DM par�cles are more likely to interact with the medium in which they
travel before reaching the detector, causing them to be either stopped or signi�cantly
slowed down, and making them undetectable.
This e�ect is most evident in Figure �.��, where the overall behavior is consistent with
the results of Ref. [�].

As a �nal result of the analysis, we can now compare IceCube sensi�vi�es with other
exis�ng constraints. In the scalar case, for bothm� = 1 GeV andm� = 3 GeV, we are
not able to probe regions allowed by other constraints. Therefore, IceCube’s sensi�v-
ity remains lower compared to other types of searches.
On the contrary, for the pseudoscalar case, for both ma = 1 GeV and ma = 3 GeV,
IceCube’s sensi�vity lies, even if slightly, within a region allowed by all exis�ng con-
straints. This is very encouraging, especially considering that the analysis has been
conserva�ve. It can be signi�cantly improved by taking into account key aspects, such
as the dependence of the e�ec�ve area on the sky direc�on. Addi�onally, we can relax
some of the approxima�ons made regarding the a�enuated �ux, which was underes-
�mated in this work.
To conclude, the results obtained for the pseudoscalar mediator mo�vate a more re-
�ned analysis with the IceCube Collabora�on.
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Figure �.��. 90% Contour plot in the plane of couplings vs DMmass, for the scalar mediator of
massm� = 1 GeV. With the green line we represent the IceCube’s sensi�vity neglec�ng Earth
and Ice a�enua�on; �nally, with green dots, we represent the points of the parameter space
which survive the selec�on also in the assump�on of a�enuated DM �ux.

Figure �.��. 90% Contour plot in the plane of couplings vs DMmass, for the scalar mediator of
massm� = 3 GeV. With the green line we represent the IceCube’s sensi�vity neglec�ng Earth
and Ice a�enua�on; �nally, with green dots, we represent the points of the parameter space
which survive the selec�on also in the assump�on of a�enuated DM �ux.
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CHAPTER �. NEW ICECUBE SENSITIVITIES TO SUB-GEV DARK MATTER

Figure �.��. 90% Contour plot in the plane of couplings vs DM mass, for the pseudoscalar
mediator of mass ma = 1 GeV. With the green line we represent the IceCube’s sensi�vity
neglec�ng Earth and Ice a�enua�on; �nally, with green dots, we represent the points of the
parameter space which survive the selec�on also in the assump�on of a�enuated DM �ux.

Figure �.��. 90% Contour plot in the plane of couplings vs DM mass, for the pseudoscalar
mediator of mass ma = 3 GeV. With the green line we represent the IceCube’s sensi�vity
neglec�ng Earth and Ice a�enua�on; �nally, with green dots, we represent the points of the
parameter space which survive the selec�on also in the assump�on of a�enuated DM �ux.
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CHAPTER �

Conclusions and Outlook

In this study, we have performed the �rst exploratory determina�on of IceCube’s sen-
si�vity to direct detec�on of sub-GeV DM, a topic that is a�rac�ng increasing interest
in the community.
This analysis focuses on a speci�c DM candidate: light and hadrophilic. The study re-
lies on the CR-upsca�ered �ux of sub-GeV DM, which is inevitably produced once one
assumes that DM couples to hadrons, the same assump�on underlying all direct de-
tec�on experiments such as XENONnT and similar.
This candidate is gaining increasing a�en�on, but due to kinema�c constraints, it is
di�cult to probe with direct detec�on experiments. For this reason, we performed a
sensi�vity study of the IceCube detector, a neutrino telescope sensi�ve to energies in
theGeV range, where upsca�eredDM �uxes are expected to peak. Moreover, IceCube
is currently the largest neutrino telescope, which enhances the chances of observing
rare events such as DM interac�ons within the detector.

Before summarizing the main results of this thesis, we brie�y outline its main topics.
Chapter � introduces the main mo�va�ons at the basis of this study. In Chapter � we
have summarized the current status of our knowledge about DM, star�ng from its
observa�onal evidence, con�nuing with its main proper�es, mass distribu�ons and
candidates. Furthermore, a par�cular focus is given on the sub-GeV DM candidate,
which are the ones used in this study. Next, in Chapter �, a review of the neutrino de-
tec�on through Cherenkov radia�on is presented. Since the neutrino telescope used
in this analysis is IceCube, in Chapter � 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 selec�ons, the ones used in this study. Lastly, in Chapter
�, we have described the analysis procedure implemented to obtain the new IceCube
sensi�vi�es to sub-GeV Dark Ma�er.

Regarding the analysis method, the star�ng point is the DM upsca�ered �ux, which
has been derived as described in Ref. [�], with small varia�ons in the results due to
the update of the CRs spectra (see sec�on �.�.�). Unlike the �ux computa�on, the cal-
cula�on of the expected number of DM events at IceCube was performed using a new
methodology. Star�ng from the known response of the detector to neutrinos, we ob-
tained the DM e�ec�ve area, which allowed us to compute the number of expected
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DM events in the IceCube detector (see Sec�on �.�.�). This value depends on a set of
three parameters: the DM mass, the mediator mass, and the coupling between SM
and DM par�cles.
By performing an analysis based on the de�ni�on of a test sta�s�c (see Sec�on �.�),
we have been able to dis�nguish between the background-only and signal hypotheses
and draw, for several values of the parameters, the corresponding contour plot (see
Sec�on �.�.�).
As shown in the �nal contour plots (Figures �.��, �.��, �.��, �.��), the results are close
to those obtained for Super-Kamiokande, which gives encouraging prospects for con-
�nuing this study with a more detailed analysis.

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

• Be�er determina�on of the number of expected events: as shown in Figure
�.��, the signal interpolator used for the analysis produces someunder-�uctua�ons,
which give rise to a lower number of expected events. Therefore, an analysis
performed using an interpolator which has not these �uctua�ons, such as the
analy�cal code used to test some notable values of the parameters space, would
be able to improve our sensi�vity.

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

• Direc�onality of the signal: as introduced in Chapter � and well visible, for in-
stance, in Figure �.�, the studied DM �ux is expected to be peaked at the Galac-
�c Center. UsingGRECO event selec�on, this direc�onality informa�on has been
par�ally considered, since we have cut a region of sky in which we do not expect
signal (for declina�on greater than�5); furthermore, thanks to the di�erent be-
havior in the galac�c coordinates between signal and background (as visible in
Figures �.�� and �.��), we have been able to perform a binned likelihood anal-
ysis, which has increase our discrimina�on power. Nevertheless, a signi�cant
improvement to our analysis could come from the use of direc�on-dependent
e�ec�ve areas for neutrinos. Since our DM signal is strongly peaked towards the
Galac�c Center, this could lead to a substan�al enhancement in the sensi�vity
of the analysis;

• Discriminate between di�erent kinds of interac�ons: in the de�ni�on of the
DMe�ec�ve area, wehave considered the public neutrino e�ec�ve areas, which
are the total ones; hence, wehave consideredboth charged-current andneutral-
current interac�ons inside the detector. Moreover, our DM candidate is a neu-
tral par�cle, both respec�ng electromagne�c and weak interac�ons; therefore,
we expect only a Neutral Current signal induced in the detector by a DM par�-
cle. Thus, another step in the analysis’s improvement is to discriminate between
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CHAPTER �. CONCLUSIONS AND OUTLOOK

these two kinds of events, selec�ng only the Neutral Current neutrino e�ec�ve
area.

• Implement Earth and Ice A�enua�on more speci�cally: as introduced in Sec-
�on �.�.�, the a�enuated �ux considered in this work is only the one coming
from the Galac�c Center. This approxima�on has been chosen as a �rst es�ma-
�on of the a�enuated signal; moreover, a deeper study including the a�enuated
�ux from awider sky-direc�onwould increase the expected signal and therefore
improve our sensi�vity.
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Appendix A

Deriva�on of useful Kinema�cal
Quan��es

In this Appendix we derive the Mandelstam variables s and t for a two-body collision
between a CRs par�cleA and a DMpar�cle� (assumed at rest, since compared to CRs
veloci�es, DM can be considered at rest). The de�ni�on of these quan��es will be the
same also in the study of the DM interac�on inside the detector, but in this second
case we have that the DM par�cle is in mo�on and the detector target par�cles (that
we assume only protons) are ini�ally at rest.

The ini�al four-momenta are denoted by:

pA = (EA, ~pA), m
2
A = E

2
A � |~pA|

2
,

p� = (m�,
~0),

(A.�)

wheremA andm� are the masses of the CRs and DM par�cles, respec�vely.

Mandelstam variable s
The Mandelstam variable s is de�ned as the square of the total four-momentum in
the ini�al state:

s = (pA + p�)
2 = (EA +m�)

2
� |~pA|

2
, (A.�)

given that for a generic four-momentum q
µ, its square is qµqµ = E

2
� |~q|

2.
Considering the CRs four-momentum de�ni�on, |~pA|2 = E

2
A�m

2
A, the expression for

s becomes:
s = (EA +m�)

2
� (E2

A �m
2
A)

= E
2
A + 2EAm� +m

2
� � E

2
A +m

2
A

(A.�)

s = m
2
A +m

2
� + 2m�EA

Mandelstam variable t
The Mandelstam variable t is de�ned as the square of the four-momentum transfer:

t = (pA � p
0
A)

2 = (p0� � p�)
2 (A.�)

���



where p� = (m�,
~0) is theDM four-momentumbefore the collision and p0� = (E�, ~p

0
�)

is the one a�er the collision, with E� �nal DM kine�c energy and ~p 0
� �nal DM three-

momentum. Now we can derive it as

t = (p0� � p�)
2

= p
0
� · p

0
� + p� · p� � 2 p0� · p�.

(A.�)

Since the par�cles are on-shell, their four-momenta sa�sfy:

p
0
� · p

0
� = E

02
� � |~p

0
�|

2 = m
2
�,

p
0
� · p� = E

0
� m�.

(A.�)

Now, subs�tu�ng in t we get

t = m
2
� +m

2
� � 2m�E

0
� = �2m�(E

0
� �m�); (A.�)

in our assump�on of � ini�ally at rest, the kine�c energy transferred to � is given by
K� = E

0
� � m�, with E

0
� being the energy of � a�er the collision. So we obtain the

�nal expression for t:
t = �2m�K� (A.�)
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Appendix B

Non-Rela�vis�c Limits

In this Appendix, we derive the non-rela�vis�c limits of the products between the
spinor wavefunc�ons, needed to derive the non-rela�vis�c Lagrangian.

Scalar Mediator case

We have now to consider �̄�; considering the spinor wavefunc�ons u, we can com-
pute the product ūu in the NR limit for ~p �! 0, where ~p is the transferred momentum.

Recalling the Dirac equa�on
(i/@ �m) = 0 (B.�)

and since spinors sa�sfy also Klein-Gordon equa�on (2 +m
2) = 0, they’ve plane-

wave solu�ons:

 s(x) =

Z
d
3
p

(2⇡)3
us(p)e

ipx
. (B.�)

We obtain the spinor solu�on using the Dirac equa�on in the Weyl basis (so a four-
component spinor is seen as two two-component spinors):

✓
�m p · �

�p · � �m

◆
us(p) = 0 , (B.�)

where s is the spin index.
Considering the �momentum p

µ, the solu�ons are

us(p) =

✓p
pµ�µ⇠s

p
pµ�̄µ⇠s

◆
= ... =

1
p
4m

✓
(2m� ~p · ~�)⇠s
(2m+ ~p · ~�)⇠s

◆
+O(~p2) , (B.�)

where ⇠s are two-components Weyl spinors and we have de�ned �µ = (1,~�) and
�̄
µ = (1,�~�). Then, considering the NR approxima�on of the �-momentum,

p
µ = (

p
m2 + ~p2, ~p) ⇡ (m, ~p) + O(~p2), we can compute at the �rst-order approxi-
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ma�on of ūu:

ūs(p)us0(p) =

✓p
pµ�µ⇠s

p
pµ�̄µ⇠s

◆† ✓
0 1
1 0

◆✓p
pµ�µ⇠

s

p
pµ�̄µ⇠

s

◆

=
�p

pµ�̄µ⇠
r† p

pµ�µ⇠
r†�

✓p
pµ�µ⇠

s

p
pµ�̄µ⇠

s

◆

=
�
p
µ
�̄µ + p

µ
�µ

�
⇠
r†
⇠
s

=
�
m� ~p · ~� +m+ ~p · ~�

�
�rs

= 2m�rs

(B.�)

Using this result and considering |�i as a Dirac spinor, we can obtain the scalar oper-
ator �̄� as

�̄� = 2m� (B.�)

Pseudoscalar Mediator case

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

ūr�5us = u
r†
�
0
�5u

s

=
�p

pµ�µ⇠
r† p

pµ�̄µ⇠
r†�

✓
0 1
1 0

◆✓
�1 0
0 1

◆✓p
pµ�µ⇠

r

p
pµ�̄µ⇠

s

◆

=
�p

pµ�̄µ⇠
r† p

pµ�µ⇠
r†�

✓
�1 0
0 1

◆✓p
pµ�µ⇠

r

p
pµ�̄µ⇠

s

◆

=
�
�
p
pµ�̄µ⇠

r† p
pµ�µ⇠

r†�
✓p

pµ�µ⇠
r

p
pµ�̄µ⇠

s

◆

=

✓
�

p
pµ�̄µ

p
pµ�µ +

p
pµ�µ

p
pµ�̄µ

◆
⇠
r†
⇠
s = 0

(B.�)

This is zero at the lowest order, but if nowwe expand at the �rst order considering the
NR limit we have

us(~p) ⇠

✓
⇠
s

~�·~p
2m⇠

s

◆
; ūs(~p) =

⇣
⇠
s† ~�·~p

2m⇠
s†
⌘

(B.�)

where ⇠ is a two-components Weyl spinor represen�ng the NR spin state. Finally we
get

ūr(~p1)�5us(~p2) =
⇣
⇠
r† ~�·~ 1p

2m ⇠
r†
⌘✓

�1 0
0 1

◆✓
⇠
s

~�·~p
2m⇠

s

◆

=
⇣
�⇠

r† ~�·~ 1p
2m ⇠

r†
⌘✓

⇠
s

~�·~p
2m⇠

s

◆

= �
rs

✓
�
~� · ~p1

2m
+
~� · ~p2

2m

◆
=
~� · ~p

2m

(B.�)
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Using this result, we canobtain the pseudoscalar operators hN |
~�·~p
2m |Ni and h�| ~�·~p

2m�
|�i

as

ūr(~p1)�5us(~p2) =
~� · ~p

2m

where we have de�ned the transferred momentum ~p = ~p2 � ~p1.
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Appendix C

Determina�on of the Di�eren�al
cross-sec�on

In this paragraph, we derive the di�eren�al cross-sec�on for DM-SM interac�ons. To
remain general and obtain a formula valid for both DM-CRs upsca�ering and DM scat-
tering in the detector, we consider as the ini�al state a par�cle � at rest, with massm1,
and a par�cle � in mo�on, with mass m2. This situa�on is schema�zed in Figure C.�.
The �-momenta of these par�cles are, respec�vely:

p1 = (m1,
~0) ,

p2 = (E2, ~p2), m
2
2 = E

2
2 � |~p2|

2
.

(C.�)

Figure C.�. Diagram of a two-to-two sca�ering process involving a par�cle ini�ally at rest and
an incoming par�cle.

The deriva�ons obtained below apply both to DM-CRs interac�ons, where the ini-
�al state consists of a DM par�cle at rest (m1 = m�) and a cosmic ray in mo�on
(m2 = mA), and to DM-N interac�ons, whereN is a proton in the detector. In the lat-
ter case, the proton is at rest (m1 = mp) and the DM par�cle is in mo�on (m2 = m�).
Then, to derive the di�eren�al cross-sec�on 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 �nite size e�ect of the nucleus.
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FromQuantum Field Theory [�] we know that, for a two-to-two sca�ering, the general
expression for the cross-sec�on� is

✓
d�

d⌦

◆

CM
=

1

64⇡2E2
CM

| ~pf |

|~pi|
|M|

2⇥(ECM �m1 �m2) , (C.�)

where E2
CM = s is the square of the center-of-mass energy; addi�onally, since for an

elas�c sca�ering momentum and kine�c energy are conserved, we have that | ~pf | =
|~pi|.
To derive the di�eren�al cross-sec�on respect to the �nal kine�c energyKf , we can
consider that, in the center of mass frame,

Kf = Kmax
1 + cos ✓

2
, with Kmax =

4m1m2

(m1 +m2)2
·K2 (C.�)

where ✓ is the sca�ering angle [��]. Considering that the di�eren�al of the solid angle
is de�ned as d⌦ = d d cos ✓ = 2⇡d cos ✓, we can derive that

dKf

d⌦
=

Kmax

4⇡
. (C.�)

To conclude, we can derive the di�eren�al cross-sec�on respect to the �nal kine�c
energy, since plugging Eq. C.� into Eq. C.� we derive

d�

dKf
=

1

Kmax

1

16⇡s
|M|

2⇥(Kmax �Kf ) (C.�)

From this equa�on, we can now obtain the �nal form of this di�eren�al cross-sec�on,
deriving the square of the matrix element both in the scalar and pseudoscalar media-
tor cases.

Scalar Mediator case
The Feynman diagram of the �N �! �N sca�ering, mediated by a scalar par�cle, is
represented in Figure C.�.

Figure C.�. Feynman diagram of the �N �! �N sca�ering, mediated by a scalar par�cle.

�This formula corresponds to Equa�on (�.��) in Ref. [�].
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The sca�ering amplitude for this process is given by:

M = ū(p0�)(�ig��)u(p�)
i

t�m2
�

ū(p0N)(�igN�)u(pN)

=
�ig��gN�

t�m2
�

⇥
ū(p0�)u(p�)

⇤⇥
ū(p0N)u(pN)

⇤ (C.�)

where

• ū(p0�) and ū(p0N) are the Dirac spinors for the outgoing fermion and nucleon,
respec�vely;

• u(p�) and u(pN) are the Dirac spinors for the incoming fermion and nucleon,
respec�vely;

• t is the Mandelstam variable t = (p� � p
0
�)

2;

• m� is the mass of the scalar mediator.

Nowwe have to consider the square of thismatrix element, averaging over ini�al spins
and summing over �nal spins (in order to take into account the ini�al and �nal spin
states):

|M|
2 =

1

4

X

spins

⇢
g
2
��g

2
N�

(t�m2
�)

2

��ū(p0�)u(p�)
��2��ū(p0N)u(pN)

��2
�

(C.�)

The squared spinor contrac�ons can be expressed for each fermion and nucleon, using
the proper�es of Dirac spinors [���], as

X

spins

|ū(p0)u(p)|2 = Tr
⇥
(/p+m)(/p

0 +m)
⇤

= 4(p · p0 +m
2)

(C.�)

with /p = �
µ
pµ, where �µ is the gamma matrix of the Dirac theory. For an elas�c

sca�ering the t variable is expressed as

t = (p� p
0)2 = 2m2

� 2p · p0 �! p · p
0 = m

2
�

t

2
(C.�)

Subs�tu�ng all in the matrix element expression we get

|M|
2 =

1

4

g
2
��g

2
N�

(t�m2
�)

2
[4(m2

� �
t

2
+m

2
�)][4(m

2
N �

t

2
+m

2
N)]

= 4
g
2
��g

2
N�

(t�m2
�)

2
(2m2

� �
t

2
)(2m2

N �
t

2
)

=
g
2
��g

2
N�

(t�m2
�)

2
(4m2

� � t)(4m2
N � t)

(C.��)
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Now we can subs�tute the square of the matrix element in the expression of the dif-
feren�al cross-sec�on of Equa�on (C.�):

d��

dKf
=

1

Kmax

1

16⇡s

g
2
��g

2
N�

(t�m2
�)

2
(4m2

� � t)(4m2
N � t)⇥(Kmax �Kf ) (C.��)

Finally, to consider the �nite size of the nucleons, we have to consider a mul�plica�ve
term of n2

AF
2
A(�t), where nA is the number of nucleons inside the considered nuclei

and FA(�t) is the form factor.

The �nal form for the di�eren�al cross-sec�on in terms of the kine�c energy is

d��

dKf
=

1

Kmax

g
2
��g

2
N�

16⇡s

(4m2
� � t)(4m2

A � t)

(t�m2
�)

2
n
2
AF

2
A(�t)⇥(Kmax �Kf ) (C.��)

Pseudoscalar Mediator case
The sca�ering amplitude for the process �N ! �N , mediated by a pseudoscalar
par�cle, is:

M = �
g�agNa

t�m2
a

[ū(p0�)�
5
u(p�)][ū(p

0
N)�

5
u(pN)]. (C.��)

Similarly as the scalar case, the square of the matrix element averaging over ini�al
spins and summing over �nal spins is

|M|
2 =

1

4

X

spins

⇢
g
2
�ag

2
Na

(t�m2
a)

2

��ū(p0�)�5u(p�)
��2��ū(p0N)�5u(pN)

��2
�
. (C.��)

Due to the presence of the �5 matrix, the spin contrac�on becomes [���]:
X

spins

|ū(p0) �5 u(p)|2 = 2t . (C.��)

Therefore, the�nal form for the di�eren�al cross-sec�on in terms of the kine�c energy
is
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Appendix D

Dependence of the E�ec�ve Path on
the Zenith Angle

In this Appendix, we describe how we can derive the traveled distance of an incoming
par�cle inside a Earth or Antarc�c Ice, before to reaching the detector.

We consider an incoming DM par�cle, with zenith angle ✓ and a detector at the depth
d respect to Earth’s surface; this situa�on is represented in Figure D.�.

Figure D.�. Graphical representa�on of the geometry of the distance traveled by the DM inside
the Earth before reaching the detector; the Earth’s radius is indicated asR.

To study the Earth and Ice a�enua�on of the �ux, we have to derive the dependence
of the traveled distance z on the angle ✓.
Considering the triangle with sides R, R � d, and z, it immediately follows that ↵ +
� + � = 180� and ↵ = 180� � ✓; then, recalling the Law of Sines

z

sin �
=

R� d

sin �
=

R

sin↵
, (D.�)

we can easily get a �-equa�ons system
(

R�d
sin� = R

sin↵
z

sin � = R
sin↵ .

(D.�)
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Using that sin↵ = sin(180� � ✓) = sin ✓ and that sin � = sin(180� � ↵ � �) =
sin(✓ � �), the previous system becomes

(
sin � = R�d

R sin ✓

z = R
sin(✓��)

sin ✓ .
(D.�)

Finally, considering that sin(✓ � �) = sin ✓ cos � � sin � cos ✓, cos � =
p

1� sin2
�,

and subs�tu�ng sin � into the second equa�on, we get the �nal form for z(✓):

z = R

q
1� sin2

� �
cos ✓

sin ✓
sin �

�

= R

r
1�

(R� d)2

R2
sin2

✓ �
R� d

R
cos ✓

�

,! z(✓) =
q

R2 � (R� d)2 sin2
✓ � (R� d) cos ✓

(D.�)

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

J-factor in Galac�c and Equatorial
Coordinates

In this Appendix, we brie�y describe the coordinate systems used to determine the
posi�on of celes�al bodies rela�ve to a given reference frame. Speci�cally, we discuss
the galac�c coordinate system, centered in the center of the Sun, and the equatorial
coordinate system, centered in the center of the Earth.

Galac�c Coordinate system

The Galac�c Coordinate system is a spherical coordinate system where each object
is iden��ed by a galac�c la�tude b, and a galac�c longitude l. The galac�c la�tude
measures the angular distance of an object to the galac�c plane, while the galac�c
longitude is measured concerning the primary direc�on from the Sun to the center of
the galaxy in the galac�c plane.

In this coordinate frame, the Sun and the Galac�c center share the same direc�on
(l0, b0) = (0�, 0�); however, the distance between the two is di�erent, since the Sun
is approximately 8.5 kpc away from the Galac�c center.

Given that the DN pro�le follows the Navarro-Frenk-White pro�le, which is centered
at the galac�c center, it follows that, in the (l, b) coordinate plane, the J-factor exhibits
a higher value in the central regions of the reference frame, as shown in Figure E.�.

Equatorial Coordinate System

To de�ne the posi�on of celes�al 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 declina�on and the right ascen-
sion. The declina�on � measures the angular distance of an astronomical object from
the celes�al equator, while the right ascension ↵measures the angular distance of an

���



object along the celes�al 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 Galac�c Coordinate system, which corresponds to (↵0, �0) = (266.4�,�28.9�), as
shown in the Figure E.�.

Transforma�ons between the two coordinate frames
In the following, we present the transforma�ons between the Galac�c and Equatorial
systems.
To perform these transforma�ons, as reported in [���], the coordinates of the North
Galac�c pole are useful; theJ2000.0� equatorial coordinates of the northGalac�c pole
are

↵NGP = 192.86�, �NGP = 27.13�, (E.�)

while the J2000.0 galac�c coordinates of the north celes�al pole are

lNCP = 123.93�, bNCP = 27.13�. (E.�)

These transforma�ons involvemethods of spherical trigonometry, herewe report only
the transforma�on’s laws.
From equatorial (↵, �) to galac�c coordinates (b, l), the transforma�on’s law is:

8
><

>:

sin b = sin �NGP sin � + cos �NGP cos � cos(↵� ↵NGP)

cos b sin(lNCP � l) = cos � sin(↵� ↵NGP)

cos b cos(lNCP � l) = cos �NGP sin � � sin �NGP cos � cos(↵� ↵NGP)

(E.�)

Finally, from galac�c (b, l) to equatorial coordinates (↵, �), the transforma�on law is:
8
><

>:

sin � = sin �NGP sin b+ cos �NGP cos b cos(lNCP � l)

cos � sin(↵� ↵NGP) = cos b sin(lNCP � l)

cos � cos(↵� ↵NGP) = cos �NGP sin b� sin �NGP cos b cos(lNCP � l)

(E.�)

�This is the standard astronomical reference �me, which is the Julian Date corresponding to January
�, ����, at ��:�� TT (Terrestrial Time).
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Figure E.�. J-factor distribu�on in the galac�c coordinates.

Figure E.�. J-factor distribu�on in the equatorial coordinates.
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Libre de Bruxelles, ����.
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