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Abstract

The development of neutrino astronomy has unlocked new possibilities in the study of astrophysical

phenomena, including the discovery of the origin of ultra-high-energy cosmic rays (UHECR). So far, IceCube

Neutrino Observatory has confirmed the existence of an astrophysical diffuse flux and a neutrino emission

from the galactic plane. Nevertheless, the identification of the sources responsible for the emission remains

elusive, with only two individual extragalactic sources, NGC 1068 and TXS 0506+056, achieving significances

over 3𝜎. Both of these sources belong to a class of objects known as Active Galactic Nuclei (AGN), which

are characterized by a supermassive black hole (SMBH) in the center of a galaxy that accretes matter with

enough power to outshine the host galaxy. These powerful engines make them suitable candidates to produce

UHECR, and the dense matter and photon fields could potentially enhance the production of high-energy

neutrinos.

In recent years, it has been suggested that TXS 0506+056, which was traditionally characterized as a BL Lac

blazar, would belong in reality to a new subclass of blazars, known as masquerading BL Lacs. This new type

of blazars would be characterized by an intermediate or high synchrotron peak 𝜈𝑠
peak

≥ 10
13.5

Hz, while they

will also have an efficient accretion mechanism which would give them very high luminosities. The existing

evidence from TXS 0506+056 and their intrinsically powerful properties make this kind of object particularly

interesting as a potential neutrino and UHECR source.

In this work, we selected a population of potential masquerading BL Lac sources to test through a stacking

analysis their possible neutrino emission using the 10-year All-Sky Point Source Events Catalog released

by the IceCube. We tested the possible neutrino emission under four different assumptions, considering

possible correlations of the potential neutrino flux with their radio and gamma fluxes. No evidence of

neutrino emission from our selected population was found, and 90% upper limits on the flux for the different

hypotheses are established, limiting their contribution to the total astrophysical neutrino flux to just ∼ 3% for

a spectral index of 𝛾 = 2.

In the framework of this thesis, they also developed the necessary tools within the SkyLLH Python library to

perform a stacking likelihood analysis with the selected IceCube Public dataset, with improvements in the

background energy probability distribution function computation. These resources are now available to the

community, enabling them to conduct this type of analysis as well. Through our own analysis, we have also

shown the potential of stacking analysis as a way to overcome the statistical limitations faced in single-source

analysis, but also the effects of the chosen hypothesis for the stacking.





Zussamenfassung

Die Entwicklung der Neutrino-Astronomie hat neue Möglichkeiten für das Studium astrophysikalischer

Phänomene eröffnet, einschließlich der Entdeckung des Ursprungs ultrahochenergetischer kosmischer

Strahlen (UHECR). Bislang hat IceCube Neutrino Observatory die Existenz eines astrophysikalischen diffusen

Flussesund einer Neutrinoemission von der galaktischen Ebene bestätigt. Dennoch bleibt die Identifikation

der für die Emission verantwortlichen Quellen schwer, wobei nur zwei einzelne extragalaktische Quellen,

NGC 1068 und TXS 0506+056, mit einer Signifikanz von mehr als 3𝜎 detektiert werden konnten. Beide

diese Quellen gehören zu den Active Galactic Nuclei (AGN). Diese charakterisiert ein supermassive black

hole (SMBH) in ihrem Zentrum, das Materie mit genügend Energie akkreditiert, um die Wirtgalaxie zu

überstrahlen. Das macht sie zu geeigneten Kandidaten für die Erzeugung von UHECR, wobei ihre dichten

Materie- und Photonfelder die Produktion von hochenergetischen Neutrinos potenziell verstärken.

In den letzten Jahren wurde die Hypothese aufgestellt, dass TXS 0506+056, das traditionell als ein BL Lac

Blazar charakterisiert wurde, tatsächlich zu einer neuen Unterklasse von Blazaren gehört, die als maskierte BL

Lacs bekannt sind. Diese neue Art von Blazaren würde durch einen intermediären oder hohen Synchrotron-

Gipfel 𝜈𝑠
peak

≥ 10
13.5

Hz gekennzeichnet und würde einen effizienten Akkretionsmechanismus aufweisen, der

ihnen sehr hohe Leuchtkräfte verleiht. Die bestehenden Hinweise von TXS 0506+056 und deren intrinsisch

leistungsstarke Eigenschaften machen diese Art von Objekt besonders interessant als mögliche Quelle für

Neutrinos und UHECR.

In dieser Arbeit haben wir eine Population potenzieller maskierter BL Lac-Quellen ausgewählt, um durch eine

Stacking-Analyse ihre mögliche Neutrino-Emission mit dem 10-jährigen All-Sky Point Source Events Katalog

zu testen, der vom IceCube veröffentlicht wurde. Wir haben die mögliche Neutrino-Emission unter vier

verschiedenen Annahmen getestet und dabei mögliche Korrelationen des potenziellen Neutrino-Flusses mit

den Radio- und Gamma-Flüssen berücksichtigt. Es wurden keine Hinweise auf eine Neutrino-Emission aus

unserer ausgewählten Population gefunden. Es wurden obere 90%-Grenzen für den Fluss der verschiedenen

Hypothesen festgelegt, was ihren Beitrag zum gesamten astrophysikalischen Neutrino-Fluss auf etwa ∼ 3%

für einen Spektralindex von 𝛾 = 2 begrenzt.

Im Rahmen dieser Arbeit wurden auch die notwendigen Werkzeuge innerhalb der SkyLLH Python-

Bibliothek entwickelt, um eine Stacking-Likelihood-Analyse mit dem ausgewählten IceCube Public-Datensatz

durchzuführen, mit Verbesserungen in der Berechnung der Hintergrund Energie Wahrscheinlichkeitsdichte-

funktion. Diese Ressourcen sind nun der Gemeinschaft zugänglich. Das macht diese Art der Analyse für

die Allgemeinheit zugänglich. Durch die hier gezeigte Analyse wird außerdem das Potenzial aufgezeigt,

die bei der Einzelquellenanalyse auftretenden statistischen Einschränkungen zu überwinden, sowie die

Auswirkungen der gewählten Hypothese für das Stacking zu verstehen.
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Introduction 1
Since their existence was first proposed in 1930 by Wolfgang Pauli [1],

neutrinos have played a key role in the development of particle physics

and many of its subfields. From a theoretical perspective, they were the

key to explain the conservation of energy and momentum in 𝛽-decays

and the formulation of Fermi theory [2]. Today, many questions about

them remain open, such as the measurement of their mass, their mass

hierarchy, the neutrino oscillation parameters, whether they are Dirac or

Majorana fermions, the measurement of neutrinoless double beta decays,

or the existence of the cosmic neutrino background [3].

From an experimental point of view, their very low mass and the fact that

they are neutral have defined their aloof character. It took more than 20

years since it was first proposed for the experimental confirmation of their

existence in 1956 by Cowan and Reines [4], and the main characteristic

of most of the neutrino detection experiments is their massive size to

compensate for their very low cross section.

The role of astrophysics and astroparticle physics has been central in

the understanding of neutrinos. The discovery of neutrinos would not

have been possible without the knowledge of cosmic rays and their

role as background, which means that most neutrino experiments are

performed in underground facilities. Already in the 1960s, the Homestake

experiment was the first one to detect neutrinos from an astrophysical

source, the Sun[5]. The number of detected neutrinos was approximately

one-third of the theoretical expectation, and this problem, known as

the "solar neutrino puzzle", was not solved until the 1990s by the Super

Kamiokande and SNO experiments that confirmed the neutrino flavor

oscillations[6–8].

In recent years, neutrinos have finally revealed their potential as a new

window to explore the cosmos. They have become one of the legs on which

a new paradigm in astronomy, known as multimessenger astronomy, stands.

In this framework, astrophysical phenomena are not studied only through

their electromagnetic emission, but rather the light measurements are

combined with those of cosmic rays, gravitational waves, and neutrinos

produced by these same events. Each of these messengers has different

properties and carries different information about the phenomena that

originated them, allowing us to disentangle their mysteries.

In this work, we will explore the potential of neutrinos as messengers

and try to unveil whether a population with some of the most energetic

blazars can be responsible for some of the astrophysical neutrinos, and

how this could point to the origin of high-energy cosmic rays. In our way,

we will develop the necessary tools to perform this kind of analysis with

IceCube public data, and make them available for other researchers to

conduct similar studies in the future.

In Chapter 2, we summarize the basic astrophysics theory upon which

our work is built. We introduce what cosmic rays are and how their

origin remains uncertain. We then explain how astrophysical neutrinos

are linked to this problem, and how their observation can help us to



2 1 Introduction

solve this question. At the end of the chapter, we present Active Galactic

Nuclei (AGN), and in particular blazars, which will be the objects we

will study in our analysis.

Chapter 3 presents the experimental principles for astrophysical neutrino

detection, and how it works. It also introduces the IceCube Neutrino

Observatory, which collected the data used for our analysis.

Chapter 4 treats the mathematical foundation supporting the statistical

analysis done in our study. It introduces the unbinned likelihood ratio

test, focusing on the specifics of the likelihood function used in this thesis.

The chapter finishes by explaining the main results we can extract from

our analysis, their interpretation, and their limitations.

Chapter 5 we present the work done to develop the necessary tools to

carry out our analysis with IceCube public data. We present the dataset

used and its technical characteristics. We then introduce SkyLLH, the

Python library used to perform this analysis, and the contributions made

in this thesis to improve it and enable stacking analysis with this public

data.

Chapter 6 contains the analysis performed in our thesis, where we study a

population of extreme blazars. Through a stacking analysis, which allows

us to improve the statistics by examining the population together rather

than each source individually, we also explore the possible connections of

neutrino emission with the radio and 𝛾-ray emissions, which could hint

at the internal mechanisms involved in neutrino production in blazars.

Finally, Chapter 7 summarizes the results of this work and future

prospects of neutrino astronomy.
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For most of history, using visible light was the only way to do astronomy.

It was not until the 20th century that we started to utilize other lenses to

see the universe, and a rich fauna emerged. The use of all electromagnetic

spectra has allowed us to study a wide variety of phenomena otherwise

invisible to us. Without microwave astronomy, we would have never

seen the Cosmic Microwave Background, the first picture of our universe.

Radio Astronomy showed us that galaxies can be much bigger than we

could naively see.

But it was not only light that we received from the sky. Already in

1912, even before the advent of multi-wavelength astronomy, Victor Hess

detected from a balloon highly energetic charged particles reaching the

Earth from outer space [9], and he had just discovered the cosmic rays.

Until the advent of particle accelerators, these cosmic particles were the

only way to access high-energy physics, and they are responsible for

many of the early discoveries of new particles, such as the positron in

1932 [10].

It is here that the final pieces of our current astronomy tool set come into

place. The arrival of the first neutrino telescopes and gravitational wave

detectors has marked the start of the multimessenger astronomy era.

Each messenger (light, cosmic rays, neutrinos, and gravitational waves)

carries unique information about the complex and violent phenomena

that generate them, and allows us to unveil their mysteries.

One of these mysteries is precisely the origin of cosmic rays. Despite being

first detected over a century ago, their origin remains uncertain. Their

charged nature makes them deflected by magnetic fields, obscuring their

origin. Nevertheless, the neutrinos they can produce are neutral, and

they have tiny cross sections, which allows them to travel long distances

without interacting or being deflected.

In this chapter, we will introduce our current astrophysical knowledge

about cosmic rays. We will explore their connection to astrophysical

neutrinos and how the latter can help us to unveil where the most

energetic cosmic rays are generated. We will focus on a particular type

of galaxy called Active Galactic Nuclei (AGN). We will introduce these

sources and their basic properties and present why they are suitable

candidates to emit astrophysical neutrinos.

2.1 The Cosmic Rays

As their name suggests, cosmic rays (CR) are charged particles coming

from the cosmos. They are composed primarily of protons (∼ 90%), alpha

particles (∼ 9%), and the rest of heavy nuclei. We can distinguish between

primary cosmic rays, those produced at their astrophysical source, and

secondary, those created as a result of the interaction of primary cosmic

rays with the interstellar medium.
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Their energy spectra, shown in Figure 2.1, span several orders of magni-

tude in energy, from a few MeV up to hundreds of EeV. At the same time,

the fluxes also decline exponentially, from about 1000 CR per square

meter per second at lower energies to less than one per square kilometer

per century at the high end of the spectrum. Such ranges also imply that

several detection techniques are needed to account for the differences

in energy and fluxes, from balloon experiments in the atmosphere, in

satellites or in the International Space Station, such as AMS-02 [11] and

CALET [12] for the lower, more frequent CR, to ground-based detectors

that cover thousands of square kilometers like the Pierre Auger Obser-

vatory [13], aimed to detected the air showers produced by the most

energetic CR when they interact with the atmosphere.

Figure 2.1: The all-particle cosmic ray

energy spectrum from air shower exper-

iments. Extracted from [14]

In Figure 2.1 we can distinguish differentiated regions in the energy

spectra. Up to 10
15 − 10

16
eV, the spectra follows a power-law 𝑑𝜙/𝑑𝐸 ∝

𝐸−𝛾
, with 𝛾 ≈ 2.7. After this first transition, known as the (first) knee, the

spectrum becomes softer with 𝛾 ≈ 3.1 until the second knee at around

10
17

eV, where it softens again to 𝛾 ≈ 3.3. At 10
18.5

eV we reach the

ankle, where the spectrum hardens again to 𝛾 ≈ 2.7, until it cuts off at

∼ 10
20

eV[15]. This cut-off could result from reaching the limit of possible

acceleration from the most energetic sources [16]. Another option is that

we reached the Greisen-Zatsepin-Kuzmin limit [17, 18]. They realized that

over a certain energy threshold around 𝐸 ∼ 5 × 10
19

eV, the cosmic

rays would start interacting with the photons of the cosmic microwave

background (CMB) to produce, and the universe would become opaque

to them.

At the lower end of the energy spectra, up to energies of ∼ 4 GeV ,

the dominating contribution comes from the Sun, as demonstrated by

temporal coincidences with solar activity [19]. At higher energies, we

do not know the exact sources. Nevertheless, it is believed that until the

knee, the cosmic rays originate mostly within our galaxy, from supernova

remnants, which would reach their maximum acceleration for protons

around that energy [20]. We would then have a first transition energy, in

which the limit for heavier elements arises. For the most energetic end,
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above the ankle, the origin would be extragalactic, while the intermediate

region would be a transition region. [21]

2.1.1 Possible Sources

The basic concept we used to understand why it is believed that the knee

and ankle can mark the separation between galactic and extragalactic

origin is the same that allows us to identify, in general, potential source

candidates for the cosmic rays. In order to achieve such high energies,

the cosmic rays must first be accelerated. This acceleration is possible

as long as the particles are confined within the acceleration site, which

holds as long as their Larmor Radius is smaller than the radius 𝑅 of

the accelerator. Once they gain enough energy, they will escape and no

longer accelerate. This maximum energy is given by:

𝐸𝑚𝑎𝑥 = 𝑒𝑍𝛽𝐵𝑅 ≈ 0.9 × 𝑍𝛽
(
𝐵

𝜇G

) (
𝑅

kpc

)
EeV (2.1)

This is known as the Hillas criterion [22]. For instance, the transition

region between the first and second knee that we see in Figure 2.1 can

be seen as the heavier elements reaching the same limits as protons for

the first knee. In Figure 2.2 we can see these limits for different potential

source candidates. We can appreciate that Active Galactic Nuclei (AGN),

and a particular subclass of them called blazars, are suitable candidates

for the most energetic cosmic rays, and therefore neutrinos too.

Figure 2.2: Illustration of the Hillas cri-

terion for different source classes. The

red lines represent the upper limits for

cosmic rays at the knee, ankle, and GZK

cut-off. Figure extracted from [23].

2.1.2 Acceleration Mechanisms

Even though the Hillas criterion gives us a theoretical maximum energy

that the cosmic rays can reach, we still need a mechanism to produce such

acceleration. The main acceleration mechanism was proposed by Fermi

in 1949 [24]. This is known as Fermi acceleration, and it is based on the

idea that charged particles are accelerated by shock waves in magnetic

fields. There are actually two different mechanisms that fall under this

definition.
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In the first order Fermi acceleration, also known as diffuse shock acceleration,

there is a shock wave plane, and the charged particles scatter at both sides

of this plane, with an average energy gain per interaction proportional to

the velocity of this shock. The original mechanism proposed by Fermi

was the second-order Fermi acceleration, where the interaction happens on a

moving cloud of plasma. In this scenario, the energy gain is proportional

to the square of the plasma velocity and is therefore less efficient. In

both cases, the final spectrum for the cosmic rays follows a power-law

𝑑𝑁/𝑑𝐸 ∝ 𝐸−𝛾
. Interestingly, the spectral index in the case of first-order

acceleration is actually independent of the shock wave velocity. This is

why most models that appear in astrophysical fluxes, for cosmic rays,

neutrinos, and high-energy photons, follow a power law spectrum.

2.2 Astrophysical Neutrinos

Neutrinos are neutral, stable, elementary fermions that only participate in

weak interactions. There exist 3 flavors of neutrinos: electron neutrinos 𝜈𝑒 ,
muon neutrinos 𝜈𝜇, and tau neutrinos 𝜈𝜏, named after their corresponding

charged lepton (𝑒− , 𝜇− , 𝜏−). They are also the lightest fermions known,

and their masses have not been determined yet. The current best upper

limit from direct measurements is 𝑚𝜈 < 0.45 eV from the KATRIN

experiment [25], where they use high precision measurements of tritium

𝛽-decay spectrum. Even more constraining bounds on can be set from

cosmological measurements, than can impose up to

∑
𝑖 𝜈𝑖 > 0.12 eV

within the standard ΛCDM cosmology [26].

They have also the peculiarity that their interaction eigenstates (𝜈𝑒 , 𝜈𝜇 , 𝜈𝜏)
are not the same as their mass eigenstates (𝜈1 , 𝜈2 , 𝜈3), which implies that

their flavor oscillates during propagation. This phenomenon was precisely

discovered from the observation of solar neutrinos [6–8], and it implies

that neutrinos have mass.
1

The fact that the Standard Model of particle

physics predicts they are massless is one of the main open doors for

new physics. Another interesting open question regarding neutrinos is

whether they are Majorana fermions, that is, whether they are their own

antiparticles.

From an astrophysics perspective, the fact that they are neutral and they

have very small cross sections makes them unique messengers. Together,

these two properties mean that magnetic fields do not deflect them, and

they can travel long distances without being absorbed, making them ideal

for locating their sources and exploring their interior. Some examples are

the neutrinos from the Sun, which allow us to study its core, otherwise

invisible to us. They can also serve as an early alert for nearby supernovas,

since they arrive before the light produced by them, and they carry 99%

of their energy [27].

Their low cross sections also mean that they are very challenging to

detect. It has not been until recently that we could start considering

neutrinos as viable astrophysical messengers to perform studies, and the

sensitivities are much lower than those of the electromagnetic telescopes.

Nevertheless, in 2013, the IceCube neutrino telescope discovered the

diffuse astrophysical neutrino flux [28]. Ten years later, it was confirmed

the existence of a neutrino flux coming from the galactic plane [29].
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2: All the values for branching ratio have

been extracted from [33]

The detection of neutrinos from individual sources is still challenging.

So far, only two extragalactic point-like sources had a strong association

(> 3𝜎) with neutrino emission: the non-jetted galaxy NGC 1068 [30],

and the blazar TXS 0606+056 [31, 32]. They both are AGN, and as we

will see Section 2.3 and pointed out in Figure 2.2, they are among the

most promising candidates to explain the high-energy cosmic ray and

neutrino emission.

2.2.1 The Connection between Cosmic Rays and
Neutrinos

In our quest to find the sources for cosmic rays, we have seen that neutral

messengers like neutrinos are perfect for locating them. We still lack,

though, the connection that correlates them, and would allow us to

expect that the neutrinos we measure are produced from cosmic rays.

There are two proton interaction processes that result in the production

of neutrinos and gamma rays.

The photo-meson interactions (𝑝 − 𝛾) consist of the interaction of a

proton with an ambient photon. As a result, they can produce a Δ+

resonance that decays to produce more particles. There are two branches

in this interaction:

𝑝 + 𝛾 −→ Δ+ −→



a) 𝑛+𝜋+

↩→𝜇+ + 𝜈𝜇
↩→ 𝑒+ + 𝜈𝑒 + 𝜈̄𝜇

b) 𝑝 + 𝜋0

↩→𝛾 + 𝛾

(2.2)

The ratio between both branches is 𝐾𝜋+/𝜋0 = 1, so we expect the same

number of charged and neutral pions. If we look at the charged pion 𝜋+
,

it further decays into a muon 𝜇+
(𝐵𝑅(𝜋+ → 𝜇+ + 𝜈𝜇) ≈ 99.8%

2
), with an

muon neutrino 𝜈𝜇, and then a positron 𝑒+ more neutrinos. Meanwhile,

the neutral pion 𝜋0
decays primarily into two gamma-ray photons

(𝐵𝑅(𝜋0 → 2𝛾) ≈ 98.8% ). This gives us a flavor ratio for neutrinos at the

sources of (𝜈𝑒 : 𝜈𝜇 : 𝜈𝜏) = (1 : 2 : 0) and a ratio of neutrinos to photons of

(𝜈 : 𝛾) = (2 : 1).

It is more interesting to look at the expected energy distribution among the

products. The original energy threshold for this photo-meson interaction

is:

𝐸𝑝 ≳
2𝑚𝑝𝑚𝜋 + 𝑚2

𝜋

4𝜖𝛾
(2.3)

where 𝐸𝑝 and 𝜖𝛾are the energies of the proton and photon, and 𝑚𝑝

and 𝑚𝜋 the masses of the proton and pion. We see, therefore, that the

energy of the ambient photon field will determine which cosmic rays

can produce neutrinos and gamma rays. If the photon field is ultraviolet,

then we will need 𝐸𝑝 ∼ 100 PeV, but for higher energy photon fields, like

X-rays in the keV band, the required energy for the cosmic rays would

decrease to 𝐸𝑝 ∼ 100 TeV.
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The other kind of interaction processes are the hadronuclear (𝑝 − 𝑝)
interactions, in which the cosmic rays interact with ambient matter fields.

In this scenario, we have

𝑝 + 𝑝 −→ 𝑛𝜋(𝜋0 + 𝜋+ + 𝜋−) + 𝑋 (2.4)

where 𝑋 is an hadronic cascade and 𝑛𝜋 is the pion multiplicity. In this

scenario, the pions further decay into charged leptons, neutrinos, and

photons, just like we see in Equation 2.2
3
. The difference is now the ratio

between charged and neutral pions 𝐾𝜋±/𝜋0 = 2. It also has a lower energy

threshold

𝐸𝑝 ≳ 𝑚𝑝 +
𝑚𝜋(𝑚𝜋 + 4𝑚𝑝)

2𝑚𝑝
∼ 1.3 GeV (2.5)

given that the rest mass of the proton is 𝑚𝑝 ∼ 1 GeV, we need a kinetic

energy of ∼ 300 MeV to produce a pion. Therefore, 𝑝 − 𝑝 is favored

over 𝑝 − 𝛾 when both interactions are possible. Nevertheless, the actual

proportion between both will ultimately depend on the ambient fields.

In both cases, the pions take around 20% of the original proton energy,

which roughly corresponds to their mass ratio 𝑚𝜋/𝑚𝑝 . For the 𝜋0
decay,

each photon has half of the energy of the pion. In contrast, for the charged

pions 𝜋±
, each lepton in the final state receives approximately 1/4 of the

parent pion roughly corresponding that the relation between the photon

and neutrino energies is ⟨𝐸𝜈⟩/⟨𝐸𝛾⟩ ≈ 1/2 [34].

This expected connection between all three messengers, cosmic rays,

neutrinos, and photons, in the high-energy sky can be appreciated in

Figure 2.3. We can see that although we expect the photons to have more

energy than the neutrinos, their spectra cut off earlier, around ∼ 100 GeV,

due to the interaction of these gamma rays with the cosmic microwave

background. This is also one of the reasons we use neutrinos in our

search for cosmic ray sources, since they will not be opaqued by the own

structure of the sources nor the intergalactic medium.

Figure 2.3: Connection of the spectral

fluxes of the three messengers. Figure

extracted from [35].

2.3 AGN as potential sources

All galaxies are believed to contain a supermassive (≳ 10
6
MSun) black

hole (SMBH) at their core. For a small percentage of them, around
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5% − 10%, the accretion of material by this SHBM is powerful enough to

emit electromagnetic radiation, and even outshine the emission of the

rest of the galaxy. These galaxies are known as active galaxies, and their

central region responsible for this emission is an Active Galactic Nucleus

(AGN).

This powerful motor makes AGN the most powerful non-explosive

sources of the universe, with luminosities up to 𝐿𝑏𝑜𝑙 ≈ 10
48

erg s
−1

[36]. They also have broad emission lines all across the electromagnetic

spectrum, and they show significant variability in their luminosities

[37].

To understand this wide spectrum and why they are promising candidates

for neutrino emission, we have to look at their structure, shown in Figure

2.4. Surrounding the SMBH, there is a thin accretion disk, which comprises

the material that falls onto it. In this process, their gravitational potential

energy transforms into electromagnetic radiation, with an emission

peaking at the UV/optical part of the spectrum. The accretion disks are

subparsec structures, geometrically thin, but optically thick. Above and

below this disk, there is the corona, which is comprised of hot material, and

with an emission that peaks at X-ray energies, due to inverse Compton

scattering of photons from the accretion disk.

At larger scales, with up to ∼ 10 pc, surrounding the innermost region,

we can find a dust torus, which is optically thick and can obscure the

emission from the inner parts. The emission of this torus peaks in the

infrared. In between the accretion disk and this torus, we find the broad
line region (BLR), named like this because its emission shows broad

spectral lines due to the Doppler effect produced by hot, relatively dense

(𝑛 ∼ 10
9

cm
−3) plasma clouds. Conversely, there is also narrow line region

(NLR), which extends for several kpc from the SMBH above and below

the accretion disk. It shows narrow lines in its spectrum, and it has

smaller plasma densities (𝑛 ∼ 10
3 − 10

5
cm

−3), than the BLR region.

Finally, in around 10% of all AGN, we can find two highly collimated jets

of relativistic particles, which are responsible for the bulk of the radio and

gamma-ray emission, although they emit across the entire spectrum.

Overall, AGN represent very energetic environments where cosmic rays

can be accelerated to high energies. They also present several different

regions, with different physical processes and photon fields that can

enhance the production of neutrinos. Finally, the optical thickness of

some of their parts might obscure the electromagnetic emission, making

neutrinos the perfect messengers to explore all the regions.

2.3.1 AGN Classification

Historically, the classification of AGN classes was made from observa-

tional properties. This led to a proliferation of several categories based

on several different properties. We have radio loud and radio quiet AGN

based on their radio emission, Fanaroff-Riley class I (FR-I) or II (FR-II),

depending on whether the bulk of the radio emission is in the core or

the edges, respectively. We also have Seyfert I and II galaxies, quasars,

blazars, radio-galaxies... This apparent zoo of classes can be explained

through a handful of parameters, namely the orientation [36], accretion
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Figure 2.4: Left: Structure of an AGN in the unified scheme. Right: The spectral energy distribution (SED) of an AGN, with the

contributions from each component of the AGN. The left figure is based on [38], while the right one is from [36].

[39]: Giommi et al. (2021), ‘Astrophysical

Neutrinos and Blazars’

rate, and the presence or absence of jets, within the AGN Unification

model. In table Table 2.1, we can find a small summary of some of the

main AGN classes based on the presence of jets and the orientation.

Table 2.1: AGN classification based on

the AGN unified model. The columns

face on and side-view represent the ori-

entation of the galaxy that we observe.

face-on side-view

Jetted

(radio-loud)

Blazars Radio-galaxies

Non-jetted

(radio-quiet)

Seyfert I Seyfert II

For instance, the orientation plays a considerable role in the observed

properties of a source, even in the cases where they are intrinsically equal.

For example, a side-view of an AGN will show that the inner regions are

more obscured by the torus compared to a face-on view.

2.3.2 The Case for Blazars

In the case where there is a jet pointing towards the Earth, we will observe

a relativistic boost that will make the AGN orders of magnitude brighter,

and it can outshine the emission of other parts of the galaxy. These define

the class of AGN known as blazars.

The energy spectral distribution (SED) of blazars spans all electromagnetic

spectra, and its main characteristic is the presence of two humps, as we

can appreciate in Figure 2.5. The one at lower energy is due to synchrotron

radiation from electrons, and it defines the synchrotron peak 𝜈𝑠
𝑝𝑒𝑎𝑘

. The

location of this peak allows to make a distinction between low-energy

peaked (LBL) blazars, with 𝜈𝑠
peak
≲ 10

13.5
Hz and intermediate and

high-energy peaked (IHBL) blazars 𝜈𝑠
peak
≳ 10

13.5
Hz [39]. This division

is not arbitrary, as both classes present different intrinsic properties. For

instance, the variability of the peak position and the optical polarization

is higher in the IHBL. The second hump, in the gamma region, can be

explained by leptonic or hadronic models. In the first ones, it is the result

of Compton up-scattering of the same electrons of the first hump. In the
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hadronic scenario, it would be the result of proton synchrotron emission

or proton-induced electromagnetic cascades.

Figure 2.5: SED of blazars PKS

1424+240(red) and TXS 0506+056(light

blue). Both of them are examples of mas-

querading BL Lac. Figure extracted from

[40].

Within blazars, we find a further division into two classes: BL Lacertae

objects (BL Lacs) and Flat Spectrum Radio Quasars (FSRQs). This is based

on the observed optical spectrum, with the division line at a rest-frame

equivalent width (EW) at EW = 5 Å, where BL Lacs are blazars above

that threshold, and FSRQ are the ones below. This translates into strong,

broad emission lines for FSRQ, while BL Lacs show weak or no emission

lines in the optical band. Although this threshold seems arbitrary, we can

find some differences between these two populations, as summarized in

Table 2.2.

BL Lacs FSRQ

EW ≤ 5 Å > 5 Å

Radio morphology Mostly FR I FR II

Accretion efficiency LERG HERG

Redshift distribution Mostly 𝑧 ≲ 0.6 𝑧 ∼ 1 − 2

Synchrotron peak Any LBL

Table 2.2: Summary with some proper-

ties of the two blazar subclasses popula-

tions.

To understand if there is an intrinsic difference between the two classes, or

if these are just selection effects, we must understand the contributions to

the optical spectrum. There are three mixed contributions: a non-thermal

one, associated with the jet emission, a thermal radiation component

from the accretion disk and the BLR region, and finally a contribution

from the light of the host galaxy itself, as we can see in Figure 2.6.

Depending on the efficiency of the accretion disk, AGN can be further

distinguished between high-excitation radio galaxies (HERGs) and low-

excitation radio galaxies (LERGs). The first ones have highly efficient

accretion, while LERGS do not, and thus are less luminous. These two

categories are highly correlated with the Fanaroff-Riley classes, with

HERGs usually being FR-II, in which the radio emission is displaced

towards the edges, and LERGs FR-I, where the radio emission is close to

the center. Altogether, these suggest that BL Lacs are LERGs/FR-I, while

FSRQs are HERGs/FR-II.

Nevertheless, since the classification into BL Lacs and FSRQ is still

observational, and based on the emission lines, there actually exist two

different possibilities for a galaxy to be a BL Lac:

1. The blazar has intrinsically weak lines. It is a LERG/FR-I galaxy

with an inefficient accretion disk. This would be the true BL Lacs.
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Figure 2.6: SED of 3C 273 (FSRQ) and Mk 501(BL Lac). The color lines represent the main contributions: the non-thermal radiation from

the jet (red), the thermal component from the accretion disk and the BLR region (blue), and the light from the host galaxy (orange). We

can appreciate how, for the FSRQ, the thermal contribution dominates in the optical spectrum; thus, we have strong emission lines.

Figures extracted from [41].

[42]: Blandford et al. (1978), ‘Some Com-

ments on Radiation Mechanisms in Lac-

ertids.’

[41]: Giommi et al. (2012), ‘A Simplified

View of Blazars’

[43]: Padovani et al. (2019), ‘TXS

0506+056, the First Cosmic Neutrino

Source, Is Not a BL Lac’

2. The blazar is actually a HERG/FR-II galaxy with an efficient ac-

cretion disk, but the thermal emission is very diluted by the

non-thermal, jet emission. These would be masquerading BL Lacs,
since they would be classified as BL Lacs, but they are intrinsically

FSRQ.

Although the second possibility was already suggested in 1978 in [42],

new attention to this possibility has been brought in the recent years

[41], and it has been suggested that the neutrino source candidate TXS

0506+056 is indeed one of them [43]. Moreover, these sources typically

have high powers and high 𝜈𝑠
peak

, which explains why the thermal

emission is diluted despite not being intrinsically weak. The consequence

is that the masquerading BL Lacs would be the missing FSRQ with

relatively high 𝜈𝑠
peak

. A summary of the main characteristics of these

three classes can be found in Table 2.3

Table 2.3: Corrected classification of

blazars, attending to their intrinsic prop-

erties.

BL Lacs FSRQ Masquerading BL LAcs

Accretion inefficient efficient

efficient

(but apparently not)

EW ≤ 5 Å > 5 Å ≤ 5 Å

Radio morphology FR I FR II FR II

LERG/HERG LERG HERG HERG

Synchrotron peak LBL, IHBL LBL IHBL

These masquerading BL Lacs reunite a series of characteristics that make

them uniquely suitable as neutrino source candidates. Their efficient

accretion disk makes them powerful sources, capable of accelerating

cosmic rays to very high energies. One of the only two neutrino source

candidates, TXS 0506+056, belongs to this class. With this in mind, in

Chapter 6 we will perform a study to test if a population of potential

masquerading BL Lac sources can explain the observed astrophysical

neutrino emission, and hence point also to a source of ultra-high-energy

cosmic rays.
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The tiny cross sections of neutrino interactions, which make them a

suitable messenger to study cosmic ray sources without being obscured,

have a counterpart that makes it challenging for us to detect them. This

problem is even more acute for astrophysical neutrinos since we also face

lower fluxes here than neutrinos produced in nuclear reactors.

Another factor to consider is the high energies of the neutrinos we are

interested in for neutrino astronomy. While neutrinos that are produced

in nuclear decays and nuclear reactors have energies of the order of MeV,

for the astrophysical messengers signaling cosmic rays, their energies

are above ∼ 100 GeV, and span several orders of magnitude above

that, as we discussed in the previous chapter. This will also affect the

kind of interactions neutrinos can undergo and the necessary detection

volumes and configurations needed to accurately measure their energies.

In this thesis, we will focus on the neutrinos of astrophysical origin, and

although they can also be produced from nuclear reactions with MeV

energies, such as those coming from the Sun, we refer only to those at

higher energies, which point to a cosmic ray origin.

In order to detect these neutrinos, multiple experiments such as IceCube

[44], KM3NeT [45], Baikal-GVD [46] have been developed within the

last two decades, with new ones such as P-ONE [47] also coming in the

foreseeable future. All of them rely on huge detection volumes based on

a transparent natural medium, like water or ice. The incoming neutrinos

interact close to these volumes to produce high-energy charged leptons,

which in turn produce Cherenkov light that we can detect and use to

reconstruct the original neutrino properties.

In this chapter, we introduce the basic principles of the detection of

these neutrinos. We will analyze the physical interactions that generate

our signals and background, and identify the main background sources.

Finally, we will introduce the IceCube Neutrino Observatory, which

provided the experimental data used in our analysis. This will help us to

better understand the dataset we will use in our analysis, and possible

sources of uncertainty.

3.1 Principles of Astrophysical Neutrino
Detection

3.1.1 High energy neutrino interactions

Neutrinos interact with matter via the weak force. At the energies above∼
100 GeV, the dominant processes are the deep inelastic scattering (DIS). In

them, the neutrinos have enough energy to interact with individual quarks

of a nucleus 𝑁 . We distinguish two types of interactions, depending on

whether there is a neutrino or a charged lepton in the final state:
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▶ Neutral current (NC). In them, the interaction is mediated through

a neutral 𝑍0 boson, and in the final state, we have again a neutrino

with the same flavor as the original one.

𝜈𝑙 + 𝑁 −→ 𝜈𝑙 + 𝑋 (3.1)

▶ Charged current (CC). In this case, the interaction is mediated

through a charged𝑊±
boson, and in the final state, we now have

the associated lepton.

𝜈𝑙 + 𝑁 −→ 𝑙+ + 𝑋 (3.2)

In both cases, the interactions also produce a hadronic cascade 𝑋, and

the interaction with the corresponding antiparticles is analogous. The

ratio between CC and NC interactions is ∼ 2.4, and it is independent of

the energy, as we can see in Figure 3.1. Since the detectors only measure

Cherenkov radiation, which is only produced by charged particles, the

outgoing neutrino in the NC is invisible to us, and we rely on the

hadronic cascade to reconstruct the event. In the CC interactions, we

have information on both the hadronic shower and the leptons. In the

next section, we will see how each lepton produces a different, distinctive

signal, which helps us to characterize the flavor of the original neutrino.

In addition to the DIS processes, we also have to consider the antineutrino-

electron interaction. Although in general the cross-section for these

interactions is negligible compared to DIS due to the smaller electron

masses, if the interaction energy is close to the 𝑊+
mass, we have

a resonance that enhances its production. This 𝑊+
later decays into

hadrons or a charged lepton/neutrino pair.

𝜈̄𝑒 + 𝑒− −→𝑊− −→ 𝑞 + 𝑞̄ or 𝑙− + 𝜈̄𝑙 (3.3)

This is known as the Glashow resonance [48], and it has its peak at

an 𝐸𝜈̄ ≈ 𝑚2

𝑊
/2𝑚𝑒 ∼ 6.3 PeV. As we can observe in Figure 3.1, at these

energies this resonance becomes the dominant interaction. IceCube has

detected with a significance of 2.3𝜎 particle showers compatible with

this resonance [49].

Figure 3.1: Neutrino cross section for

different scattering processes at high en-

ergies. We see how the DIS processes are

dominant, except for the Glashow reso-

nance. Figure extracted from [50].
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Although in theory all the interactions described in Equation 3.1, Equa-

tion 3.2, and Equation 3.3 have their analogs for the antiparticles, we have

to take into account the medium in which these interactions take place,

in this case, water or ice. For the CC and NC interactions, the differences

in the valence quarks of protons (𝑢𝑢𝑑) and neutrons (𝑢𝑑𝑑) favor neu-

trino interactions over antineutrinos at lower energies. Above 1PeV, the

interactions occur mainly with the sea quarks, so both interactions have

the same cross section in the medium. On the other hand, the target for

the Glashow resonance is the electrons present in the medium. Therefore,

only 𝜈̄𝑒 will interact, since there is no analogous 𝑒+ target material.

3.1.2 Cherenkov Radiation

The secondary particles generated in neutrino interactions travel through

the medium with relativistic speeds. When a charged particle travels

through a dielectric medium, it polarizes the surrounding molecules,

which re-emit the energy as photons. When the particle speed is faster

than that of light in the medium, the polarization of the particles is

asymmetric along the direction of motion of the charged particle, and

the emitted light waves coherently superpose to create a light signal with

a conic shape. This is analogous to the pressure shockwaves produced

by objects traveling faster than the speed of sound. This cone has a

characteristic opening angle of

cos𝜃𝑐
1

𝛽𝑛(𝜆) (3.4)

where 𝛽 = 𝑣/𝑐 represents the speed of the charged particle and 𝑛(𝜆) is

the refractive index of the medium, which depends on the wavelength.

For IceCube, which medium is ice, we have 𝑛 ≈ 1.32, which for 𝛽 ∼ 1

give us a light cone of 𝜃𝑐 ≈ 41
◦

[51]. The number of photons 𝑁 per unit

of length 𝑥 with a wavelength 𝜆 produced by particle with charge 𝑧𝑒 is

given by the Franck-Tamm formula

𝑑2𝑁

𝑑𝑥 𝑑𝜆
=

2𝜋𝛼𝑧2

𝜆2

sin
2 𝜃𝑐 (3.5)

where 𝛼 is the fine structure constant. While from this formula we can see

that shorter wavelengths produce more light yield, we have to take into

account that in ice 𝑛(𝜆) < 1 for 𝜆 ≲ 300 nm, suppressing the emission of

Cherenkov photons. The optimal photon wavelength in water and ice

lies in the range 𝜆 ∈ [300, 600] nm, which gives it its characteristic blue

color.

3.1.3 Event Topologies

Depending on the kind of interaction, we can observe different light

patterns produced by the charged particles, which ultimately help us

identify the flavor of the original neutrino.
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Tracks

This signal is produced by muons. Since they can travel several kilometers

before decaying, they can emit light all along their path. This creates a

long, track-like light pattern (left figure in Figure 3.2). We can further

distinguish between starting tracks, if the muon is produced within

the detection volume, or through-going tracks, in which the muon was

produced outside the detector. For the first kind, a small signal from the

hadronic cascade can be seen close to the interaction point.

Since this kind of track is only produced by muons, they are the signature

for 𝜈𝜇-CC interactions. Nevertheless, since the signal comes from muons,

they can also be atmospheric muons, which is the main background for

this kind of signal.

These elongated shapes allow for a precise directional reconstruction

of the original incoming particle, which for IceCube can reach ≲ 1
◦

for

energies above TeV. This makes them a suitable choice for point source

searches, which is why the dataset we will use in our analysis in Chapter

6 is composed of track-like events. On the other hand, the long tracks

imply that most of its energy is usually deposited outside the detection

volume, which makes the energy reconstruction more uncertain.

Cascades

This is the morphology produced by 𝜈𝑒 -CC and NC interactions. In this

case, the energy is deposited very close to the interaction vertex, in a

spherical distribution (middle figure in Figure 3.2). This is due to the

short propagation length of the electromagnetic cascade produced by

the electron in the 𝜈𝑒 -CC interaction, and the hadronic cascades in the

NC one. This spherical shape limits the angular resolution for this type

of event, which ranges from 10
◦
-15

◦
for energies below 10 TeV, to 5

◦
-7

◦

for energies above 100 TeV on average [29]. On the other hand, since

they deposit all their energy close to the interaction point, their energy

reconstruction is more precise.

Double Bangs

In the case of high-energy 𝜈𝜏-CC interactions, the resulting products are

a hadronic cascade and a 𝜏. The hadronic cascade will produce a first

cascade at the interaction point, just as the NC interactions. But the 𝜏
will travel some distance before it decays, leaving a short track along

its path. The decay can be hadronic (hadrons with a 𝜈𝜏, ∼ 65% of the

times), into 𝜈𝜏𝑒𝜈𝑒 (∼ 17.5%) or into 𝜈𝜏𝜇𝜈𝜇(∼ 17.5%). The first two cases

will produce a second cascade; in the second case, we see a track again.

The topology with two cascades, separated by a short track, is known

as double bang (right figure in Figure 3.2). To clearly resolve them, the 𝜏
particle has to have enough energy, so it can travel enough distance to

clearly separate both cascades. The travel distance of the 𝜏 depends on

energy as 𝑥𝜏 ∼ 50 m (𝐸𝜈𝜏/PeV). In IceCube, for energies below PeV, the

second cascade cannot be resolved, and therefore, for low-energy 𝜈𝜏-CC,

we obtain a single cascade topology.
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In this scenario, we again have limited angular resolution, and the energy

resolution is worse than that of the single cascade case. Nevertheless, since

𝜈𝜏 production is strongly suppressed in the atmosphere, the double bang

topology corresponds mostly to neutrinos from astrophysical origin.

Figure 3.2: Example of different event topologies in IceCube detector. Left: track-like, center: cascade-like, right: double-bang(simulated).

Each sphere represents a Digital Optical Module (DOM). The colored ones are those that detected photons from the event. The radius of

the sphere is proportional to the deposited energy, while the color indicates the temporal evolutions from early photons (red) to late

photons (blue). Figure extracted from [52].

3.1.4 The Atmospheric Background

Once we have identified how the possible signals in a detector look

like, we should identify the possible background that can affect our

experiment. The two main components are atmospheric muons and

atmospheric neutrinos. They are both generated due to the cosmic ray

interaction with the atmosphere. These are hadronuclear interactions

that, as a result, produce mesons like pions 𝜋0 ,𝜋±
and kaons 𝐾0 , 𝐾±

. In

Subsection 2.2.1 we already saw the pion production, and how their decay

produces 2𝛾 in the 𝜋0
case, and muons together with muon neutrinos in

the case of 𝜋±
(see Equation 2.4 and Equation 2.2). In the case of kaons,

the main decay channels are the following, with their branching ratios in

parentheses.

𝐾± −→ 𝜇± + 𝜈𝜇[𝜈̄𝜇] (∼ 64%)

𝐾0

𝐿 −→ 𝜋∓ + 𝑒± + 𝜈𝑒[𝜈̄𝑒] (∼ 41%)

𝐾0

𝐿 −→ 𝜋∓ + 𝑒± + 𝜈𝑒[𝜈̄𝑒] (∼ 27%)

𝐾0

𝐿 −→ 𝜋+ + 𝜋− + 𝜋0 (∼ 13%)

(3.6)

These particles will either decay again or interact, further developing

the cascade of particles, and producing what is known as an air shower.
To understand the evolution of these showers, we have to model the

evolution of each particle species through a set of coupled differential

equations that behave non linearly, known as cascade equations. These

are usually solved numerically with specific software such as GEANT

[53].

To have a big picture, we can see that for each species (𝜋, 𝐾) there are

two possible processes, it either decays as we saw in Equation 2.2 and

Equation 3.6, or it interacts, creating a new cascade that with new particles

with lower energies, that can decay or produce new cascades and so on.

For energies below certain critical energy(𝜖𝜋 ∼ 100 GeV , 𝜖𝐾 ∼ 850 GeV),
the decay of the particles happens before they interact, and therefore

their spectral is similar to the energy spectrum of the primary cosmic
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rays (𝑑𝑁/𝑑𝐸 ∝ 𝐸−𝛾
with 𝛾 ≈ 2.7). The interactions start to dominate for

energies above that critical energy, and the mesons lose energy before

decaying. In this limit, their spectra soften to 𝛾 ≈ 3.7.

Hence, for energies 𝐸 ≲ 100 GeV, the muon flux is dominated by pion

decays, while the 𝜈𝑒 , 𝜈𝜇 fluxes come from the decays of the same pions

and the pionic muons (i.e., those muons produced in the pion decays).

At higher energies, the kaon decay becomes the primary source for the

fluxes. This goes until we reach the critical energy 𝜖𝐾 . In that moment,

the kaon contribution also starts to decay, and the total spectrum softens

from the original 𝛾 ≈ 2.7 to the characteristic 𝛾 ≈ 3.7.

Another possible atmospheric component not yet detected, but predicted

from the models, would arise around 100 TeV, as a result of the decay of

the heavier, charmed mesons 𝐷, Λ. These would decay almost instantly,

and thus conserve the energy spectrum of the cosmic rays. For this reason,

this is also known as prompt flux.

Although the signal rate of these atmospheric muons and background

neutrinos is much higher than the astrophysical neutrino signals, there

are some ways to deal with it, and effectively allow for the identification of

signals with astrophysical origins. For instance, for atmospheric muons,

the Earth can be used as a shield, which effectively suppresses them for

half of the sky. On the other hand, the softer spectral index of 𝛾 ≈ 3.7

allows us to separate this signal from that of astrophysical neutrinos,

which will follow a harder spectrum, closer to the cosmic rays one.

Unfortunately, atmospheric muons can also produce muon bundles,

which mimic the signal of a single high-energy muon, and thus reduce

the effectiveness of the energy cuts [54].

3.2 The IceCube Neutrino Observatory

The IceCube Neutrino Observatory is a cubic-kilometer-scale detector

located at the South Pole. It consists of 5160 digital optical modules

(DOMs), which are glass spheres with a photomultiplier tube facing

downwards to detect the Cherenkov light. They are deployed on 86

strings buried in the ice, between 1450 m and 2450 m of depth. 79 strings

are arranged in a hexagonal grid pattern, with a separation of 125 meters

between them, which allows for sensitivity for energies 𝐸 ≳ 100 GeV

[44]. The other 7 strings are placed in the central region, known as Deep
Core, lowering the distance between strings to 72 m, which allows for

lowering the energy threshold to ∼ 10 GeV, which makes them suitable

for neutrino oscillation studies [55]. In addition, there are 81 stations

on the surface with ice-filled tanks called IceTop, that serve as a cosmic

air-shower array and allow for improved background vetos. Finally, the

IceCube Lab in the center serves as an operations building. A schematic of

the experiment is shown in Figure 3.3.

One of the consequences of its location at the South Pole is that its

exposition to all right ascensions 𝛼 is almost uniform, and its effective

capabilities will depend only on the declination 𝛿. For instance, for the

northern sky (𝛿 > −5
◦), the Earth serves as a shield for the atmospheric

muons, considerably reducing the background.
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Figure 3.3: Illustration of the IceCube

Neutrino Observatory. Figure provided

by the IceCube Collaboration.
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The main systematic uncertainty of IceCube comes from the ice optical

properties at the location. To measure this, each DOM was installed with

an LED flasher board for calibration purposes, which allowed them to

characterize the ice.

The directional reconstruction of the events is mainly based on the time

stamps of the energy deposition at the DOMs, where the basic idea

is to track the DOMs that were illuminated earlier and later to get the

incoming direction. Formally, this is done through a maximum likelihood

method,
1
, with corrections to take into account the light propagation in

the ice [51]. In the case of muon neutrino signals, like the ones used in

our analysis, the angular separation between the reconstructed direction

of the muon and the incoming direction of the parent muon neutrino is

given by [56]

𝜓𝜈𝜇 = 0.7◦
(
𝐸𝜈

TeV

)−0.7

(3.7)

So for high-energy events, the direction of the incoming neutrino can

be reconstructed with the same precision as the reconstructed muon

direction.

For the energy reconstruction, a lower limit on the neutrino energy

can be set, based on the collected Cherenkov light [57]. In the case of

cascades from 𝜈𝑒 -CC interactions, all the energy will be deposited near

the interaction vertex, so if this happens within the detector volume, the

resolution is only limited by the instrumentation. For the NC, there is

a fraction of the energy that is carried away by the neutrino, and it can

only be statistically estimated.

For the case of the muon tracks, they are usually longer than the detector

size. For instance, for a 10 TeV muon, the track is ∼ 6 km. Therefore, part

of the energy will be carried away from the detector. To estimate the

reconstructed muon energy, the energy losses per unit of length of the

muons in their travel through matter are modeled

𝑑𝐸𝜇

𝑑𝑥
= 𝐴 + 𝐵𝐸𝜇 (3.8)
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where A characterizes the energy loss due to ionization, and B due

to stochastic processes. Above 1 TeV, the stochastic radiative processes

dominate. Thus, the energy loss per unit length becomes proportional

to the energy of the muon, while the photoelectrons produced in the

Cherenkov light also increase proportionally to the energy, as we saw in

Equation 3.5. Therefore, we can directly relate the measured energy from

the Cherenkov light to the muon energy losses and use this to reconstruct

the muon energy. On the other hand, the spread on 𝑑𝐸/𝑑𝑥 also increases,

and the fluctuations in the energy loss grow. To mitigate this effect, the

algorithm computes the energy losses for different parts of the muon

track and discards those with large fluctuations to then compute the

average on the remaining bins [58].
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Once we have collected our data from a neutrino telescope, it is time

to transform it into statements about nature. But how is this actually

done?

In the searches for astrophysical neutrino emission, the data is background-

dominated. This background comes primarily from atmospheric muons

and neutrinos, but it also includes the astrophysical diffuse neutrino flux

contribution. On the other hand, the signal we are looking for is emission

from point-like sources that follow power-law spectra.

Ideally, one would like to state precisely whether our data is the result

of neutrino emission from our population or if it is just background.

In reality, we cannot make such a strong statement. What we do is to

establish how unlikely it is that our data is explained by our background

hypothesis compared to our signal hypothesis. Then, if this probability

is smaller than a certain predefined threshold 𝛼, we claim that our signal

model is correct with a confidence level of 1 − 𝛼.

The most used mathematical method for point-source searches of astro-

physical neutrino emitters is the unbinned maximum likelihood analysis.

A detailed discussion of its application is given in [59]

[59]: Braun et al. (2008), ‘Methods for

Point Source Analysis in High Energy

Neutrino Telescopes’

.

We start with an introduction to the hypothesis test and the likelihood ratio

test, explaining what they are and what they actually tell us. We continue

with a discussion of how the signal and background are modeled and

introduced in this approach. Then, we introduce the p-value to explain

how we compute the statistical significance of our search and other useful

parameters such as sensitivities, discovery potentials, and 90% upper

limits. We finish our chapter with a brief discussion of the interpretation

of our results within the hypothesis test framework. The core of the

general discussion about statistical analysis has been extracted from

[60].

4.1 Unbinned Likelihood Ratio Test

4.1.1 The Likelihood

The starting point of our analysis is our data x. In our case, this data

x = {𝑥𝑖}𝑖∈𝑁 corresponds to all N events 𝑥𝑖 in our datasets. Each event

contains information about the reconstructed muon energy 𝐸𝜇, direction

(𝛼𝜇 , 𝛿𝜇), the angular uncertainty of the reconstructed muon direction

with respect to the original neutrino direction 𝜎𝜇, and arrival time 𝑡, so

we have 𝑥𝑖 = 𝑥𝑖(𝐸𝜇 , 𝛼𝜇 , 𝛿𝜇 , 𝜎, 𝑡).

To describe this data, we define a hypothesis 𝑯 , which will be charac-

terized by a set of M parameters 𝜽 = {𝜃𝑘}𝑘∈𝑀 . This hypothesis will

define a probability density function (PDF) 𝑓 (𝑥𝑖 |𝜽), which will tell us

the probability of observing the data point 𝑥𝑖 under our hypothesis 𝑯 .

From here, we can define the likelihood :
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ℒ(𝜽 |x) = 𝑓 (x|𝜽) =
𝑁∏
𝑖

𝑓 (𝑥𝑖 |𝜽) (4.1)

Which seems just the joint PDF for all the events. The difference is simply

conceptual; when we talk about the likelihood ℒ(𝜽 |x) we consider it as a

function of the parameters 𝜽 for a given fixed data x; while for the joint

PDF 𝑓 (x|𝜽) we consider it as a function of certain data points x given

fixed parameters 𝜽.

To give some intuition in the meaning of the likelihood values, if our

hypothesis is correct, we expect that the PDF we constructed from it will

describe the data well, so the likelihood value will be high. Conversely, if

the hypothesis does not describe the data, the expected likelihood value

will be low.

With this in mind, we can see that if the model derived from our

hypothesis 𝑯 does not fix the values of its parameters 𝜽, we can estimate

them from our data by maximizing the likelihood over the parameter

space 𝚯. In other words, the optimal way a hypothesis 𝑯 can explain the

data is given by the value of the parameters 𝜽 that gives the supremum

value of the likelihood over all the space parameters.

𝜽̂ gives the best description of

the data x under the hypothesis 𝑯
⇐⇒ ℒ(𝜽̂ |x) = sup𝜽∈𝚯ℒ(𝜽 |x)

4.1.2 Hypotheses Test

In our analysis, we will compare two alternative hypotheses in four

different scenarios:

▶ Background-only hypothesis 𝑯𝒃: 𝜽 = 𝜽𝑏 - The observed data

comes from an atmospheric muon and neutrino flux, and the

diffuse astrophysical neutrino flux. All these fluxes are isotropic.

In statistics literature, this would be the null hypothesis.

▶ Signal hypothesis 𝑯𝒔 : 𝜽 = 𝜽𝑠 - The observed data is the result of

background and signal events. The signal comes from a defined

population of K point-like sources in the sky at positions 𝑥𝑘 =

(𝛼𝑘 , 𝛿𝑘). The source emission spectrum follows an unbroken power

law 𝜙𝑘(𝐸) = 𝜙𝑘,0𝐸−𝛾
, where 𝛾 is a population-averaged spectral

index, and the same for all sources. The relative expected emission

between sources is determined by an additional physical hypothesis.

The background is the same as in the background hypothesis. In

statistics literature, this would be the alternative hypothesis.

The four different scenarios are precisely four different physical hy-

potheses about the expected relative emission of each source within our

population. These hypotheses will link the expected neutrino emission

with other physical properties of the sources, such as radio emission,

𝛾-ray emission, or the distance. A detailed description will be given in

the Section 6.2.
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In order to compare both hypotheses, we do a likelihood ratio test. The

likelihood ratio is defined as:

𝜆 (x) =
sup𝜽𝒃∈𝚯𝒃

ℒ(𝜽𝒃 |x)
sup𝜽𝒔∈𝚯𝒔

ℒ(𝜽𝒔 |x)
(4.2)

This new variable 𝜆(x) is an example of a test statistic, which is a

function of the measured data. It is a random variable itself, and its PDF

𝑓 (𝜆|𝐻) will be different for the different test hypotheses. This will be the

mathematical tool we will use to distinguish which hypothesis explains

our data better.

In our case, we will actually use a related test statistic, the negative

log-likelihood ratio:

𝑇𝑆 = −2 × ln𝜆(x) = 2 × ln

[
sup𝜽𝒔∈𝚯𝒔

ℒ(𝜽𝒔 |x)
sup𝜽𝒃∈𝚯𝒃

ℒ(𝜽𝒃 |x)

]
(4.3)

This test statistic will conserve all the good properties of𝜆(x)while adding

new extra features. First, the logarithm will transform the product on

Equation 4.1 into a sum, which improves numerical stability in the

computations. Since the logarithm is a monotonically increasing function,

it will not affect the result of the maximization or computation of the

supremum, which also eases the computations and numerical stability.

Finally, in the large sample limit 𝑁 → ∞, Wilk’s theorem [61] tells us

that, under the appropriate conditions, the test statistic precisely defined

by Equation 4.3 approaches a 𝜒2
-distribution if the null hypothesis 𝐻𝑏

is true. The number of degrees of freedom of this 𝜒2
distribution is the

difference between the number of free parameters in 𝐻𝑏 and 𝐻𝑠 .

4.1.3 Our Likelihood

The expression of likelihood ℒ will depend on the assumed hypotheses.

Let us focus first on the scenario where we assume the signal hypothesis

𝐻𝑆. In this case, we define the PDF as a composition of a signal PDF 𝒮
and a background PDF ℬ:

𝑓 (xi |𝜽) = 𝛼𝑠𝒮(xi |𝜽) + 𝛼𝑏ℬ(xi |𝜽) with 𝛼𝑠 + 𝛼𝑏 = 1 (4.4)

In addition to this, we have that our data consists of 𝑁 events. In an

experiment like ours, the number of observed events over a certain period

of time follows a Poisson distribution. The probability to observe then 𝑁

events when we have an expectation 𝜆 is
𝑒−𝜆𝜆𝑁
𝑁 !

. This information can be

added to the likelihood to define an extended likelihood:

ℒ(𝜽,𝜆, 𝛼𝑠 , 𝛼𝑏 |x) =
𝑒−𝜆𝜆𝑁

𝑁 !

𝑁∏
𝑖

(𝛼𝑠𝒮(xi |𝜽) + 𝛼𝑏ℬ(xi |𝜽)) ⇒

⇒ ℒ(𝜽,𝜆𝑠 ,𝜆𝑏 , |x) =
𝑒−(𝜆𝑠+𝜆𝑏 )

𝑁 !

𝑁∏
𝑖

(𝜆𝑠𝒮(xi |𝜽) + 𝜆𝑏ℬ(xi |𝜽))
(4.5)
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where we defined 𝜆𝑠 = 𝜆𝛼𝑠 , 𝜆𝑏 = 𝜆𝛼𝑏 . The advantage of these two new

variables is that they have a clear physical meaning; they are the expected

values of the number of signal and background events, respectively,

and unlike 𝛼𝑏 , 𝛼𝑠 , they are not bounded anymore by the normalization

condition. Note that the background-only hypothesis 𝐻𝑏 is obtained in

the case we fix 𝜆𝑠 = 0.

The next step is to compute the supremum of this likelihood over the

parameter space 𝚯 for both the signal and background-only hypotheses.

So far, we have not specified the extra parameters encapsulated in 𝜽
for both hypotheses. In the case of the background-only hypothesis

𝐻𝑏 , we will have no free parameters. For all the signal hypotheses

𝐻𝑠 , the extra parameters will be the position of all the K sources in

the sky (𝜶𝒔 , 𝜹𝒔) = (𝛼𝑘 , 𝛿𝑘)𝑘∈𝐾 ; their relative weights in the population

𝝎 = {𝜔𝑘}𝑘∈𝐾 and the population spectral index 𝛾, so𝜽𝒔 = {𝜶𝒔 , 𝜹𝒔 , 𝝎, 𝛾}.
The coordinates and the weights of the sources are fixed, and only the

spectral index will be a free parameter. The maximization of the likelihood

with respect to 𝜆𝑏 on the background-only hypothesis gives the condition

𝜆̂𝑏 = 𝑁 , where the hat represents the optimized estimated parameter. For

the signal hypothesis, the result for 𝜆𝑏 ,𝜆𝑠 gives a system of equations,

but enforces 𝜆̂𝑏 + 𝜆̂𝑠 = 𝑁 . With all of these together, we can rewrite our

test statistic expression of Equation 4.3 as

𝑇𝑆(x|𝛾̂, 𝑛̂𝑠 ; 𝜶𝒔 , 𝜹𝒔 , 𝝎) = 2

𝑁∑
𝑖

ln

[
1 + 𝑛̂𝑠

𝑁

(𝒮(𝑥𝑖 |𝛾̂; 𝜶𝒔 , 𝜹𝒔 , 𝝎)
ℬ(𝑥𝑖)

− 1

)]
(4.6)

Where 𝑛̂𝑠 ≡ 𝜆̂𝑠 , the estimated number of signal events; and 𝛾̂, the

population spectral index, are the only two free parameters.

Numerically, we will work with Equation 4.6. We will obtain the values

of 𝑛̂𝑠 , 𝛾̂ by maximizing the 𝑇𝑆 . The range value we will allow for

our parameters in the optimizations is 𝑛̂𝑠 ∈ [0, 1000] and 𝛾̂ ∈ [1, 5].
These restrictions on the parameter space will affect the test statistic

distribution, producing a deviation with respect to the ideal conditions

of Wilk’s theorem when we reach these boundaries of the parameter

space.

4.2 Signal and Background PDF

In the previous section, we introduced the signal and background PDFs,

and we have even advanced their parameters. We will now look at their

complete expressions. These PDFs should quantify how much each event

𝑥𝑖 is signal-like and background-like, based on our physical hypotheses

and the recorded observables, which are again: the reconstructed muon

energy 𝐸𝜇, direction ®𝑥𝜇 = (𝛼𝜇 , 𝛿𝜇), angular uncertainty 𝜓𝜇, and arrival

time 𝑡.

We can split the PDF into spatial and energy components without loss of

generality.

𝑓 (®𝑥𝜇,𝑖 , 𝐸𝜇,𝑖 ,𝜓𝑖 , 𝑡𝑖 |𝜽) = 𝑓spatial(®𝑥𝜇,𝑖 ,𝜓𝑖 |𝑡𝑖 , 𝜽) 𝑓energy(𝐸𝜇,𝑖 | ®𝑥𝜇,𝑖 ,𝜓𝑖 , 𝑡𝑖 , 𝜽)
(4.7)
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Our study is time-integrated. We will therefore consider a steady emission

averaged over time. This allows us to isolate the time dependence of the

PDF in an extra constant factor 𝑓time(𝑡𝑖) = 1/𝑇𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑. This will be the

same factor for both the background ℬ and signal 𝒮 PDF, so they will

cancel each other in the log-likelihood ratio, and we can safely ignore the

time dependence from now on.

We will focus on the specifics of our analysis, which was performed with

the SkyLLH software and the 10-year tracks public data from IceCube,

which will be discussed in detail in Chapter 5.

4.2.1 Background PDF ℬ

To construct the background PDF ℬ, we have used the data directly. This

is possible because we are dominated by the background, so we can

approximate that all the data is background. The number of total events

we have is over 10
6
, while the expected number of signal events is 𝒪(100).

While this approach does not depend on any model a priori, it has the

problem that the statistics are limited for certain regions of the parameter

space, where we have no data available. This can be problematic for

sensitivity analysis, where we inject an artificial signal, and it can also

lead to artifacts in the boundary regions due to statistical fluctuations.

For the background spatial PDF ℬ𝑠𝑝𝑎𝑡𝑖𝑎𝑙 , we generated it from a normal-

ized histogram in sin 𝛿𝜇. Due to the symmetry of IceCube with respect

to the right ascension 𝛼, this will contribute with just a normalization

factor
1

2𝜋 .

Similarly, for the background energy PDF ℬ𝑒𝑛𝑒𝑟𝑔𝑦 , we perform a 2D

histogram in (log𝐸𝜇 , sin 𝛿𝜇), to later normalize it for each declination

band. In addition, to mitigate the problem of the lack of high-energy

events statistics, we added the expected contribution of the astrophysical

diffuse flux. This was one of the main improvements on the analysis

methods performed in this work, and it is discussed in detail in Section

5.5.

Together, the background PDF reads:

ℬ(𝑥𝑖) =
1

2𝜋
ℬ𝑠𝑝𝑎𝑡𝑖𝑎𝑙(sin 𝛿𝜇,𝑖)ℬ𝑒𝑛𝑒𝑟𝑔𝑦(log𝐸𝜇,𝑖 | sin 𝛿𝜇,𝑖) (4.8)

4.2.2 Signal PDF 𝒮

For the signal PDF, we construct it from the physical hypothesis of the

expected emission of our source, convoluted with the response of our

detector. Let us start with the case of a single source.

For the spatial signal PDF, we assume a point source 𝑘 with coordinates

(𝛼𝑘 , 𝛿𝑘). If we consider that the distribution of events on 𝛼 and 𝛿 are

gaussians centered at the source location, both with the same angular

uncertainty 𝜎𝑖 , then the spatial PDF will follow a Rayleigh distribution

𝒮𝑘;𝑠𝑝𝑎𝑡𝑖𝑎𝑙(®𝑥𝑖 , 𝜎𝑖 | ®𝑥𝑘) =
1

2𝜋 sin𝜓𝑖 ,𝑘

𝜓𝑖 ,𝑘

𝜎𝑖
𝑒
− 𝜓𝑖 ,𝑘

2𝜎2
(4.9)
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1: The smearing matrix contribution is

actually more complex, as it also con-

siders parameters such as the angular

uncertainty 𝜎 and the true angular sep-

aration between the neutrino and the

reconstructed muon directions. Further

discussion regarding the experimental

effective area and smearing matrix can be

found in the next chapter, under Section

5.1.

where 𝜓𝑖 ,𝑘 is the angular distance, which is the angle defined between

the source direction ®𝑥𝑘 = (𝛼𝑘 , 𝛿𝑘) and the event direction ®𝑥𝑖 = (𝛼𝑖 , 𝛿𝑖). It

satisfies the relation sin𝜓𝑖 ,𝑘 = cos(𝛼𝑘 − 𝛼‘𝑖) cos 𝛿𝑖 cos 𝛿𝑘 + sin 𝛿𝑖 sin 𝛿𝑘 .

The energy signal PDF is the most complex one. To understand it, we

can visualize it as the combination of three different contributions.

𝑃(𝐸𝜇 |𝛿𝑘 , 𝛾) ∽
∫

𝑑𝐸𝜈𝑃𝑆𝑀(𝐸𝜇 |𝐸𝜈 , 𝛿𝑘)𝑃𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚(𝐸𝜈 |𝛾)𝑃𝐴𝑒 𝑓 𝑓 (𝐸𝜈 |𝛿𝑘)
(4.10)

The first expected contribution is from the shape of the spectral emission

of the sources 𝑃𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚(𝐸𝜈 |𝛾). In our study, these will come just as our

power law spectrum normalized to the energy range to which we are

sensitive. Secondly, we have a contribution 𝑃𝐴𝑒 𝑓 𝑓 (𝐸𝜈 |𝛿𝑠) that takes into

account how our detector has different sensitivities for different parts of

the sky. These two contributions are modeled regarding the neutrino’s

energy, but our PDF is defined in terms of the measured quantities from

muons. To consider the probability of measuring a muon energy given

a specific neutrino energy and direction, we use the smearing matrix,

whose contribution will be encoded in the term 𝑃𝑆𝑀(𝐸𝜇 |𝐸𝜈 , 𝛿𝑠). 1

After the proper normalization, one defines from these three contributions

the energy signal PDF 𝒮𝑘;𝑒𝑛𝑒𝑟𝑔𝑦(log𝐸𝜇 |𝛿𝑘 , 𝛾). Combined, the signal PDF

is:

𝒮𝑘 = 𝒮𝑘;𝑠𝑝𝑎𝑡𝑖𝑎𝑙(®𝑥𝑖 , 𝜎𝑖 | ®𝑥𝑘)𝒮𝑘;𝑒𝑛𝑒𝑟𝑔𝑦(log𝐸𝜇,𝑖 |𝛿𝑘 , 𝛾) (4.11)

4.2.3 Source Stacking

The signal PDF discussed in the previous subsection applies to one

individual source, but our signal hypothesis considers the joint emission

of an entire population. Formally, this is implemented by considering

the signal hypothesis as the weighted sum of the individual signal

hypotheses for each source.

𝒮(xi |𝜽) =
∑𝐾
𝑘
𝑤𝑘𝑌𝑘𝜽𝒌𝒮𝑘(xi |𝜽𝒌)∑𝐾
𝑘
𝑤𝑘𝑌𝑘(𝜽𝒌)

(4.12)

The individual weights 𝑎𝑘 = 𝑤𝑘𝑌𝑘(𝜽𝒌) are composed of two contributions.

The first one is the physical weight 𝑤𝑘 , which considers the relative

strength of our sources. Here, we can assume different scenarios, such

as considering that all sources emit equally, that the expected flux will

depend on the distance, or that it is correlated with some source property.

This extra parameter enriches the amount of physics we can test compared

to a single-source analysis. However, it has the disadvantage that incorrect

hypotheses for 𝑤𝑘 will give us no signal, even in the cases where there is

emission from some of the sources. In our study, we tested four different

hypotheses for 𝑤𝑘 , which are described in Section 6.2.

The other contribution is the detector signal yield 𝑌𝑘 , which is the mean

number of expected signal events in the detector from the given source
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[59]: Braun et al. (2008), ‘Methods for

Point Source Analysis in High Energy

Neutrino Telescopes’

2: A more detailed discussion about Ice-

Cube effective area and this difference

between north and south can be found

in Section 5.1

k.

𝑌𝑘(𝜽𝒌) =
∫
Ω𝑘

𝑑Ω

∫ ∞

0

𝑑𝐸

∫ 𝑡𝑒𝑛𝑑

𝑡𝑠𝑡𝑎𝑟𝑡

𝑑𝑡 𝐴𝑒 𝑓 𝑓 (𝐸, 𝑡 |𝜽𝒌)
𝑑4𝜙𝑘(𝐸, 𝑡 |𝜽𝒌)
𝑑𝐴𝑑Ω𝑑𝐸𝑑𝑡

(4.13)

The effective area 𝐴𝑒 𝑓 𝑓 (𝐸, 𝑡 |𝜽𝒌) represents the equivalent detector area

for a hypothetical instrument with 100% efficiency [59]. Hence, this

contribution to the source weights is the one that takes into account how

our specific detector will have different sensitivities for different sources.

In IceCube, this is mainly due to the Earth’s shielding. For instance, for

sources in the northern sky, very high energy events will be stopped

while crossing the Earth, while for the southern sky, the lack of shielding

makes the low energy end saturated with atmospheric muon background,

which forces us to impose a cut for lower energies
2
.

4.3 Significance, Sensitivity, Discovery
Potential.

Now that we have discussed the specific details of how our likelihood

and our test statistic are, we can continue with the discussion of how we

use them to perform our hypothesis test introduced in Subsection 4.1.2.

With the likelihood described by our model and the experimental data,

we obtain a certain value 𝑇𝑆𝑒𝑥𝑝 . It is important to remember that this 𝑇𝑆

value will depend on our specific models for the signal Equation 4.12

PDFs, and in particular, for each of our four stacking hypotheses, we will

have one specific value.

To assess the compatibility of our observation with the background-only

hypothesis, we compute the p-value:

𝑝 =

∫ ∞

𝑇𝑆𝑒𝑥𝑝

𝑓 (𝑇𝑆 |𝐻0) (4.14)

where 𝑓 (𝑇𝑆 |𝐻0) is the probability distribution of the test statistic under

the assumption of the null hypothesis. The p-value is then the probability

of obtaining a 𝑇𝑆 value equal to or higher than the one observed if we

had assumed the null hypothesis. The smaller the p-value, the higher the

confidence for rejecting the background hypothesis. This quantity is the

one that defines the statistical significance of our result, and whether we

accept or reject the model based on our observations and a predefined

threshold 𝛼 for our p-value. We will reject the null hypothesis when

𝑝 < 𝛼

To obtain the𝑇𝑆 PDF under the background hypothesis 𝑓 (𝑇𝑆 |𝐻0), we gen-

erated 10
5

pseudo-datasets under the assumption of the background-only

hypothesis. Since we know our data is overwhelmingly background-

dominated, we could generate these pseudo-datasets from our experi-

mental data by assuming all data is background
3

3: The total number of events is ∼ 10
6
,

while the expected signal events are at

most of the order 𝒪(100).

. Then we can generate

new pseudo-data by randomizing the right ascension of all events.

The value of this threshold 𝛼 used to reject the null hypothesis is arbitrary,

and depends on the consensus of the scientific community. In particle

physics and in our study, the common statistical significance needed is
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Table 4.1: Different levels of common

statistical significance values in different

equivalent units. They all refer to one-

sided tests.

𝜎 units 𝛼-value Expectancy

2 𝜎 0.0228 1 in ∼ 44

3 𝜎 0.00135 1 in ∼ 741

5 𝜎 2.87 × 10
−7

1 in ∼ 3.48 × 10
6

the equivalent of a 5𝜎 deviation in a normal distribution, which for a

one-sided analysis like ours is equivalent to a value 𝛼 ≃ 2.9 × 10
−7

. In

other fields, like sociology or psychology, significantly lower thresholds

of 𝛼 = 0.95 (∼ 2𝜎) or 𝛼 = 0.99 (∼ 3𝜎) are commonly used. In Table 4.1,

we give a summary of different common statistical significance values in

different equivalent units.

4.3.1 Upper limits, Sensitivity and Discovery Potential

Even in the scenario that our statistical significance is lower than the

one needed to claim a discovery, we can still extract some information

from our analysis. We can, for example, compute some upper limits to

the incoming flux from our source according to our hypothesis. The 90%

confidence level upper limit is given by the flux for which 90% of the 𝑇𝑆

distribution would be over the experimental 𝑇𝑆 value. In other words,

if the incoming flux was higher than this upper limit, then we would

expect 90% of the time an experimental 𝑇𝑆 value greater than the one

we have observed.

We can also study the analysis capability to confirm a signal and claim a

discovery. There are two main figures of merit that help us to quantify

the ability of our experiment for our analysis, which in our case aims to

identify point-source populations. A representation of these scenarios is

shown in Figure 4.1

▶ The sensitivity is the average flux needed to shift 90% of the 𝑇𝑆

distribution over the median of the background distribution. This

is equivalent to the 90% CL upper limit if the observed 𝑇𝑆 value

was equal to the 𝑇𝑆 background distribution median.

▶ The 5𝜎 discovery potential is the flux needed to shift 50% of the 𝑇𝑆

distribution at values higher than the 5𝜎 quantile of the background

distribution.

0 2 4 6 8 10 12
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0.4

0.5

f(T
S)

a) Sensitivity
x q0.5, H0

x > q0.1, H1
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TS

b) 3  Discovery potential
x q3 , H0

x > q0.5, H1
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c) 90% upper limit
TSobs

x > q0.9, H1

Figure 4.1: PDF distributions for sensitivity, discovery potential and 90% upper limits. The blue line is the background hypothesis

distribution 𝑓 (𝑇𝑆 |𝐻0), while the red one is the signal hypothesis distribution 𝑓 (𝑇𝑆 |𝐻1). The shaded areas represent the relevant quantiles

𝑞𝑎,𝐻𝑖 , where a is the quantile value and 𝐻𝑖 the hypothesis to which it applies.

In all these scenarios, to obtain the 𝑇𝑆 distribution for a given flux, we

generate pseudo-data with a simulated signal according to the flux we

want to compare, given our signal hypothesis. For each level of flux and

hypothesis, we generated 5000 pseudo-datasets to generate the expected

𝑇𝑆 distribution 𝑓 (𝑇𝑆 |𝐻𝑖 , 𝜙𝜈).
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4: See Table 6.3 in Section 6.2

The computation of the 5𝜎 discovery potential requires knowing the

5𝜎 quantile of the 𝑇𝑆 background distribution. As we discussed earlier,

since we generate this distribution from only 10
5

points, to estimate this

quantile, we make use of Wilks’ theorem, which says that this background

distribution should behave as a 𝜒2

2
distribution. Nevertheless, due to our

limits on the exploration of the parameter space (𝑛𝑠 , 𝛾) and the fact that

these two variables are not completely independent, we expect some

deviations from this 𝜒2

2
distribution. Therefore, we used to fit the tail of

our distribution a truncated Γ distribution Γ(𝑇𝑆 |𝑎, 𝑏, 𝜂),

𝑓 (𝑇𝑆) ≈
𝑇𝑆≥𝜂

Γ(𝑇𝑆 |𝑎, 𝑏, 𝜂) =
𝑇𝑆≥𝜂

𝜉
𝐶0

Γ(𝑇𝑆 |𝑎, 𝑏) (4.15)

where 𝜂 is the lower threshold for the integration of the distribution, 𝑎

and 𝑏 are the shape and scale parameters, 𝜉 is the fraction of pseudo

experiments with a TS value larger than 𝜂, and 𝐶0 =
∫ ∞
𝜂

Γ(𝑇𝑆′ |𝑎, 𝑏) 𝑑𝑇𝑆′
is a normalization constant. The Γ distribution is a generalization of the

𝜒2

𝑘
distribution, with 𝜒2

𝑘
= Γ(𝑎 = 𝑘

2
, 𝑏 = 2). In our analysis, we used this

truncated version with 𝜂 = 3 to ensure that our fit is not affected by the

distortion of the distribution close to zero.

4.3.2 Local vs Global p-value

Since the concept of significance is attached to how unlikely it is to obtain

a TS value as extreme or more than the one observed, if we conducted

many experiments, it is possible that by mere chance in one of them we

obtain a small p-value. For example, if we set our significance at 𝛼 = 0.05

and explore 20 independent hypotheses, then we expect statistically that

at least one has a p-value≤ 𝛼, even if all the signal hypotheses were false.

It would therefore be erroneous to claim that we made a discovery in this

scenario. This phenomenon is known as look elsewhere effect, and it shows

the need to correct our significance to account for multiple testing.

In our analysis, we studied four different hypotheses, and for each of

them we got a p-value from Equation 4.14. This is known as the local
p-value, and it does not take into account the effects of multiple testing.

One approach to tackle this problem is to correct our local p-values with

an explicit trial factor 𝒩 . In the example of the previous paragraph, a

trial factor 𝒩 = 20, so that the effective p-values are 𝑝/𝒩 would solve

the problem. In our analysis, since our hypotheses are correlated
4

, our

trial factor should approach an effective number of trials that takes into

account this, so 𝒩 < 4.

Rather than computing an explicit trial factor 𝒩 , we have followed a

different approach. For each one of the 10
5

background pseudo-datasets

we generated, we computed the p-value for every hypothesis, and kept

the smallest one 𝑝𝑚𝑖𝑛 . Then, the trial-corrected p-value, also known as

global p-value, would be the fraction of background-only p-values smaller

than the observed one. In other words, the global p-value is the p-value

of the distribution 𝑔(𝑝) of the expected p-values in our analysis, which

we can generate with the smallest p-value obtained in each search. The

rationale is that this global p-value tells how likely it is to get our observed

small p-values if we repeated our search 10
5

times.
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Figure 4.2: Example of type I (blue) and

type II (red) error. The grey dotted line

represents case the observed TS value.

[62]: Neyman et al. (1997), ‘IX. On the

Problem of the Most Efficient Tests of

Statistical Hypotheses’

4.3.3 Some Remarks on the Actual Interpretation of the
Hypothesis Test. Type I and II Errors.

To finish this chapter, let us reflect on the nature of the analysis we

will perform. The hypothesis test is a method of statistical inference, in

which we use experimental data to check if it is consistent with the null

hypothesis, or with its rejection in favour of the signal hypothesis.

The first point to stress is its statistical nature. When we get a very small

p-value, this means that it is very unlikely to obtain the experimental

data under the null hypothesis, but technically, it is still possible to get

such a statistical fluctuation, so the null hypothesis is still true. On the

other hand, we can get a high p-value, which would mean that the data

is consistent with the background hypothesis, but that indeed the null

hypothesis is wrong and our test does not see it. These two possibilities

of getting a false answer from our test are called type I and type II errors,

respectively.

We see then that on one hand, we make a decision to accept or reject

the null hypothesis. On the other hand, there is the actual truth of

whether this null hypothesis is true or false. Our decision is based on our

predefined threshold 𝛼 for the p-value, which will define the statistical

significance of our result. We cannot know the actual truth, and it is

possible that our decision and the truth are different, like in the previously

described scenarios. Table 4.2 summarizes all possibilities for the decision

taken and the actual truth.

Table 4.2: Possible different outcomes in

a hypothesis test for the actual truth and

the decision taken. Here, p indicates the

probability for that outcome.

Decision

Truth

𝐻0 is true 𝐻0 is false

𝐻0 is accepted

Correct decision

𝑝 = 1 − 𝛼
Type II error

𝑝 = 𝛽

𝐻0 is rejected

Type I error

𝑝 = 𝛼
Correct decision

𝑝 = 1 − 𝛽

By definition, the quantity 𝛼 corresponds to the type I error. We can

associate it with a 𝑇𝑆 value 𝑇𝑆𝛼, so that 𝛼 corresponds precisely to the

probability of getting a 𝑇𝑆 value equal to or higher than 𝑇𝑆𝛼 under the

null hypothesis. The quantity 𝛽 denotes the type II error, and it is the

probability of getting a 𝑇𝑆 value equal to or lower than 𝑇𝑆𝛼 under the

signal hypothesis.

𝛼 =

∫ ∞

𝑇𝑆𝛼

𝑓 (𝑇𝑆 |𝐻0) , 𝛽 =

∫ 𝑇𝑆𝛼

0

𝑓 (𝑇𝑆 |𝐻1) , 1−𝛽 =

∫ ∞

𝑇𝑆𝛼

𝑓 (𝑇𝑆 |𝐻1)

(4.16)

The quantity 𝛽 depends on the PDF distribution of the signal hypothesis.

The complementary 1 − 𝛽 is known as the power of the test, and it is

a measure of how suitable our test is for our signal hypothesis. If the

signal and the background PDF were very similar, a small p-value might

reject the background hypothesis, but it would also mean that the signal

hypothesis is very unlikely, and therefore not supported by the data

either.
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In the case of a likelihood ratio test, the Neyman-Pearson lemma [62]

ensures that our test has the highest possible power. In order to quantify

it, once we get our exact signal hypothesis
5

5: Our signal hypothesis is not fully de-

fined until we maximize the likelihood,

since before we have a family of signal

hypotheses, each one characterized by

the pair of values (𝑛𝑠 , 𝛾). The maximiza-

tion fixes those values to the ones that

give the highest 𝑇𝑆 , and therefore the

smallest p-value.

we should model the signal

PDF and compute its actual power.

The concepts of sensitivity, discovery potential, and 90% upper limits

fluxes revolve around the signal PDF, and therefore are related to a certain

test power 1 − 𝛽. They point to specific fluxes and, therefore, specific

signal hypotheses
6

6: The spectral index is fixed in this sce-

nario.

. They set the specific flux required so that our test

has a specific power.

Concept

Test Significance

𝛼
Test Power

1 − 𝛽

Sensitivity 0.5 0.9

5𝜎 discovery potential 2.87 × 10
−7

0.5

90% CL Upper Limits - 0.9

Table 4.3: Interpretation of the figures of

merit in terms of their test significance

and power. Notice that while the sensi-

tivity and 5𝜎 discovery potential aim to

define a neutrino flux that would give

such significance and power to our test,

the 90% Cl upper limits make use of

the experimental 𝑇𝑆𝑜𝑏𝑠 to define the flux

that would give such power to our test.

By the end of the day, we cannot assess the truth of a theory or a

hypothesis. The best we can do is to state that the evidence in nature is

against the previously accepted theory, and the new one can explain it

better. We can never be sure that this is the truth of nature.





[63]: IceCube Collaboration (2021), All-
Sky Point-Source IceCube Data
[64]: IceCube Collaboration (2021), Ice-
Cube Data for Neutrino Point-Source
Searches Years 2008-2018
[65]: Aartsen et al. (2020), ‘Time-

Integrated Neutrino Source Searches

with 10 Years of IceCube Data’

[66]: Aartsen et al. (2017), ‘The IceCube

Neutrino Observatory’

1: See Section 3.2 for more information

about IceCube components

Searches with IceCube Public
Data with SkyLLH 5

5.1 The 10-year Tracks Public
Data Release . . . . . . . . . 33

5.2 The SkyLLH Package . . . 34
5.3 Implementation of the

Point-Source Stacking Like-
lihood Analysis for IceCube
Public Data . . . . . . . . . . 35

5.4 Fixes to the Signal Genera-
tion Event Splitting . . . . . 36

5.5 Improvements in Back-
ground Energy PDF for
IceCube Public Data . . . . 37

In the previous chapter, we discussed the statistical methods we will use

in our analysis from a more theoretical perspective. Although some parts

of the discussion were more general, we also explained the specifics of

our likelihood functions and the variables our experimental data contain.

Now we will turn our focus to how this was specifically implemented.

Besides the study of the blazar population, one of the goals of this

thesis was to develop an implementation of the stacking analysis on our

open-library SkyLLH.

We will start by describing this public dataset used in our analysis. Then,

we will introduce the SkyLLH framework used in the study and explain

the improvements made in this work. The two main contributions were, on

the one hand, the aforementioned implementation of the stacking analysis

for the public. On the other hand, there were several improvements on

the background energy PDF implementation for public data, aimed at

correcting numerical instabilities due to limitations on the public data. In

addition, we also discuss the fixes made to the problem of distributing

generated signal events among multiple sources.

5.1 The 10-year Tracks Public Data Release

In 2021, IceCube released to the public the IceCube All-Sky Point-Source

Neutrino Events Catalog (ICECUBEPSC) [63, 64]. This catalog included

all the events used in their 10-year time-integrated neutrino point search

[65].

This selection contains 1134450 track-like neutrino candidates detected

between April 2008 and July 2018. Even though these neutrino candidates

have already been filtered to reduce the background content of the

sample [66], this is still background-dominated. In the southern sky,

the main contribution comes from atmospheric muons. To reduce this

contamination, strict cuts on the reconstructed energy of the muons

are imposed, effectively removing all events with 𝐸𝜇 ≲ 10 TeV. For the

northern sky, the Earth acts as a shield that absorbs these atmospheric

muons, so there is no need for an energy cut. However, the Earth also

absorbs the very high-energy events. In addition, for both hemispheres,

we have a contribution from atmospheric neutrinos and another from

the astrophysical diffuse neutrinos. The data is separated into different

seasons, denoted by IC40, IC59, IC79, and from IC86-I to IC-86VII,

comprising roughly one year each. The number in the name of each

season indicates the number of detector strings deployed
1
.

As we saw in the previous chapter, each event 𝑥𝑖 includes the information

about the reconstructed muon energy 𝐸𝜇, direction (𝛼𝜇 , 𝛿𝜇), the angular

uncertainty between the neutrino and the reconstructed muon direction

𝜎𝜇, and arrival time 𝑡, so we have 𝑥𝑖 = 𝑥𝑖(𝐸𝜇 , 𝛼𝜇 , 𝜎𝜇 ,𝜓, 𝑡).

Together with the events, this public data release includes a detector

response model in the form of tabulated binned tables constructed
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by IceCube from Montecarlo simulated data. On one hand, we have

the effective area 𝐴𝑒 𝑓 𝑓 (log𝐸𝜈 , 𝛿𝜈) for several bins in log energy and

declination of the neutrino. The effective area is defined as the equivalent

detector area for a hypothetical instrument with 100% efficiency for

detecting the passage of neutrinos [59], and it models how our detector

has a varying sensitivity for different parts of the sky. Due to the special

location of IceCube at the South Pole, in this case, it only depends spatially

on the declination.
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Figure 5.1: Effective Area 𝐴𝑒 𝑓 𝑓 for the

dataset IC86_II. It characterizes the de-

tector sensitivity to the different parts

of the sky. We can appreciate how high-

energy neutrinos’ sensitivity drops in the

northern sky due to the Earth shielding

stopping them, while for the southern

sky, the lack of this shielding renders the

low-energy range unusable due to the

excessive background. Figure included

in the data release.

On the other hand, we also have the smearing matrix SM, which gives the

probability 𝑃(𝐸𝜇 ,𝜓, 𝜎𝜇 |𝐸𝜈 , 𝛿𝜈) of measuring a given set of reconstructed

muons observables (𝐸𝜇 ,𝜓, 𝜎𝜇) given the neutrino true energy and decli-

nation (𝐸𝜈 , 𝛿𝜈). Here, 𝐸𝜇 is the reconstructed muon energy; 𝜓 is the True

Angular Separation, that is, the angle between the reconstructed muon

direction and the true neutrino direction; and 𝜎 is the estimated angular

uncertainty, which is symmetric in 𝛿 and 𝛼. One of the main limitations

of the public data is that there are only three neutrino declination bins:

[−90
◦ ,−10

◦], [−10
◦ , 10

◦], and [10
◦ , 90

◦], corresponding to the southern,

central, and northern sky. Notice that this limited binning also has a

different division between northern and southern sky than the usual

frontier set at 𝛿 = −5
◦
, which means that we have mixed events with

different selection algorithms for the central bin. Overall, these effects

slightly reduce the sensitivity of the analysis with respect to the published

IceCube results [67].

For both of them, IceCube provides one different tabulated matrix for

the seasons IC40, IC59, IC79, IC86-I, and one for IC86-II-VII, since the

processing did not change in these seasons. As we saw in the previous

section, both the effective area and the smearing matrix are used to build

the PDFs we need in our analysis.

Figure 5.2: Example of the smearing matrix information. Here is the binned muon energy proxy reconstruction measured for the

Northern sky (𝛿 < −10
◦), horizon (−10

◦ ≤ 𝛿 < 10
◦), and Southern sky (𝛿 ≤ 10

◦) from the IC86-II and later seasons. Each colored

histogram corresponds to a different true neutrino energy range. In the Southern sky, high-energy events reconstruct near the incident

neutrino energy. In the Northern sky and at the horizon, high-energy events may interact far from the detector, producing energy losses

which are not visible in IceCube. Figure extracted from [64]

5.2 The SkyLLH Package

SkyLLH [68, 69] is a Python-based, open-source framework that per-

forms unbinned log-likelihood analysis. Although developed within the

IceCube collaboration, it has been designed for general multi-messenger

astronomy analysis. With this in mind, it has been built in a modular way.

The basic structure is abstract classes representing different mathematical

objects such as signal and background PDFs, PDF ratios, test statistics...
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In addition, there are abstract classes for basic objects used in an analysis,

like datasets, signal and background generators, and analysis classes

that bundle all the objects needed together. These are built into the core

module and define a minimum interface common to all multi-messenger

log-likelihood analysis.

These abstract classes can then be used to create specific classes that

implement different realizations adapted to the particular experiment

and analysis. This was already done for the IceCube experiment and the

public data release we have used. For instance, there were specific dataset

classes adapted to the data format released, classes that implemented the

particular signal and background generation methods, or background

PDF classes that implemented the PDF described in Subsection 4.2.1.

One of the main goals of this thesis has been the development of the

necessary tools to perform a point-source stacking analysis with IceCube

public data. In particular, in the scope of this thesis, my main contributions

to the SkyLLH framework have been the implementation of this stacking

log-likelihood analysis with IceCube public data and an improvement

on the background PDF implementation.

5.3 Implementation of the Point-Source
Stacking Likelihood Analysis for IceCube
Public Data

Prior to this thesis work, SkyLLH already had all the classes available

to perform a single point-source analysis with IceCube public data, and

it has shown its ability to reproduce the IceCube 10-year search [67].

However, it was not possible to do a stacking analysis with multiple

sources.

A new crate_analysis function was defined for the time-integrated

stacking analysis with multiple point-sources, with a similar interface as

the single source one. Many specific classes that existed for the single-

source analysis were already prepared to accept several sources.

The main adaptation came to the creation of the PDSignalEnergyPDFSet-

MultiSource and PDSignalEnergyPDFSetMultiSource classes, which

implement the signal energy PDF (Equation 4.11) for public data and

stacking multiple sources (Equation 4.12). Similar to the single source

case, they create a set of signal PDFs 𝒮𝑒𝑛𝑒𝑟𝑔𝑦(log𝐸𝜇 |𝛿𝑠𝑟𝑐 , 𝛾) for each 𝛾
value in the range [1, 5] in steps of Δ𝛾 = 0.1. For each of these 𝛾 values,

a cubic spline is now created to represent the individual energy PDFs. To

do this, the smearing matrix, effective area, and flux model, as shown

in Equation 4.10, are taken with the proper normalizations. Generating

all the possible energy PDFs for all the 𝛾 values is actually the most

computationally expensive task of the whole analysis. Therefore, part of

the effort of this adaptation was to optimize the computation as much as

possible. Due to the limited number of declination bins in the smearing

matrix and the effective area, the energy PDF of two sources within the

same declination bins will be the same and can be reused. This effectively

means that the new implementation will not scale indefinitely with the
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2: It is the sum of the number of bins in

both cases because due to the different

bin limits, we have to take all the bins of

the finest binning at least once, in this

case the 𝐴𝑒 𝑓 𝑓 binning. Then, for those

bins of 𝐴𝑒 𝑓 𝑓 which have values in two

different SM bins, we have to make a

distinction between each case.

3: There is actually a previous step in

which this is further divided per dataset.

This is the reason why in Figure 5.3 the

value 𝑛
𝑖𝑛 𝑗

𝑟𝑒𝑎𝑙
= 4 seems underrepresented,

since the effective 𝑎𝑘 is between 0.05 and

0.7 of the total value.

number of sources, but rather will be limited in the worst-case scenario,

in which every source is in a different declination bin, to
2
:

# of 𝛿𝜈 bins in the SM + # of 𝛿𝜈 bins in 𝐴𝑒 𝑓 𝑓 = 53

The previously existing PDDataBackgroundI3EnergyPDF class used to

compute the background energy PDF was improved to support improved

numerical stability options, and the possibility to include the astrophysical

diffuse background. This was another major update and will be discussed

in detail in Section 5.5.

The new implementation was tested against the existing one for single

sources. The results were numerically identical to the single-source

implementation in the scenario in which only one source was used. It

was also tested in the limit scenarios of multiple sources, but with one

dominating over the others.

Other minor changes in different classes were also needed to adapt the

new output format to the ones we have discussed. All these changes are

compatible with the single-source implementation, so the new classes and

create_analysis function can eventually substitute the single-source

versions without any back compatibility issues.

5.4 Fixes to the Signal Generation Event
Splitting

As we saw in Subsection 4.3.1 sensitivity and discovery potential studies,

we generated artificial pseudo-datasets, in which we injected 𝑛 signal

events coming from the sources. This division is proportional to the

sources’ relative weights 𝑎𝑘 .

For the injection, we set a number 𝑛̃ 𝑖𝑛 𝑗 , which will be the mean of a

Poisson distribution from which we extract the number of injected events

𝑛 𝑖𝑛 𝑗 for each pseudo-dataset.

The already existing SignalGenerator class was ready to split the events

among multiple sources, but it had some issues. The division after the

total number of injected events was set, and there was no check for

possible accumulation of rounding errors. This meant that some sources

might be overrepresented in the first place, while others might never

inject any event. It also ensured that each source had some preferred

injected values 𝑛𝑘 , based on the rounding of each specific value of the

total 𝑛. On the other hand, the accumulation of rounding errors could

cause the fact that in some extreme cases, we get a few, overrepresented

values instead of the expected Poisson distribution with mean 𝑛.

In the example shown in Figure 5.3, each source has an equal weight

of 𝑎𝑘 = 0.04. For a Poisson distribution with 𝜆 = 100, the 3𝜎 confidence

level interval is (70, 130). Therefore, the number of events per source

would be
3

𝑛
𝑖𝑛 𝑗

𝑘
= round(𝑎𝑘 · 𝑛 𝑖𝑛 𝑗) ∼ [2, 5] (With a 3𝜎 confidence interval)
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Figure 5.3: Comparison between the pre-

vious implemented method (in yellow)

and the new implementation (in blue).

The histograms contain the actual num-

ber of injected events 𝑛
𝑖𝑛 𝑗

𝑟𝑒𝑎𝑙
in 5000 trials

for a catalog with 25 equally weighted

sources, with 𝑛
𝑖𝑛 𝑗

𝑡𝑜𝑡𝑎𝑙
= 100. On the left is

the histogram for all the injected events,

with bin size = 5. On the right, for one

source only, where 𝑛
𝑖𝑛 𝑗
𝑠𝑜𝑢𝑟𝑐𝑒 = 4. The red

line represents the Poisson distribution

with the expected values.

We see that in this scenario, it was almost impossible to get for individual

sources values like 𝑛
𝑖𝑛 𝑗

𝑘
= 0, 1. And also, since all the sources have the

same weight, they all inject the same number of events. This is why in

our example, the total number of real injected events 𝑛
𝑖𝑛 𝑗

𝑟𝑒𝑎𝑙
is locked to

multiples of the total number of sources 𝑛𝑠𝑜𝑢𝑟𝑐𝑒𝑠 = 25.

The final implementation ensures that the distributions of the total

number of injected events approach a Poissonian distribution with mean

𝑛. It also ensures that for each individual source, the number of injected

events follows a Poissonian with mean 𝜆𝑘 = 𝑎𝑘𝑛. The only deviations

that might appear from this ideal behavior come from rounding effects.

These are minimized by an algorithm that takes the total excess or defect

accumulation after the first distribution of the events among the sources

and randomly adjusts the events per source, considering their weights,

to ensure the expected number of total injected events.

5.5 Improvements in Background Energy PDF
for IceCube Public Data

5.5.1 The Background Energy PDF for Public Data

As we already discussed in Subsection 4.2.1, for the background en-

ergy PDF ℬ𝐸, we construct a 2D histogram of the dataset events
4

4: Remember that on a first approxi-

mation we consider all events are back-

ground.

in

(log𝐸𝜇 , sin 𝛿𝜇), to later normalize it for each declination band.
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Figure 5.4: On the right, the background

PDF histogram in (log𝐸𝜇 , sin 𝛿𝜇). The

PDF is normalized along the sin(𝛿𝜇) bins.

On the left, the background PDF for the

bin corresponding to 𝛿𝜇 = 10
◦
. We can

observe the problematic holes in the en-

ergy range log𝐸𝜇 ∈ [5, 6] (in GeV). The

data correspond to the datasets IC86_II-

VII.

As we can see in the left plot of Figure 5.4, there are entire regions in

the parameter space for which we had no events, and therefore, the
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Figure 5.5: TS distribution with 𝑛 𝑖𝑛 𝑗 =
0, 1 without correction on the back-

ground PDF. We can appreciate the

anomalous high values that appear with

only one injected event.

energy background PDF would be zero. The emptiness of these regions

is expected from our discussion in Section 5.1 due to selection cuts, Earth

shielding, and lack of high-energy events. To avoid a division by zero,

the algorithm previously set these null values to 10
−15

, which is several

orders of magnitude below the value of ℬ𝐸 in the regions where it was

defined. The consequence of this solution was that when we assessed the

log-likelihood, we encountered a division by an extremely small value,

which will translate into an anomalously high TS value when we evaluate

Equation 4.6. The "holes" that appear in more central regions, like the

one in the right plot of Figure 5.4, are particularly problematic due to the

lack of statistics, as most problematic injected events fall within those

regions.

This effect can be clearly seen in Figure 5.5, where the injection of a

single event has a massive, anomalous impact on the TS distribution. In

this situation, the trials corresponding to the TS values in the bump are

the ones in which there is an injected event within that region of the

parameter space with a null energy background PDF. The interpretation

in physical terms is that we have an event where the probability of getting

background is precisely zero, and therefore, it has to be a signal. This is

problematic because a single event in the whole dataset might be enough

to accept the signal hypothesis, which is unrealistic.

The situation worsens when we have a stacking analysis, since a single

event from a single source might be enough to accept the signal hypothesis

of emission from several sources. Another rising issue is that when the

number of injected events rises enough, which will happen for multiple

sources analysis, if only one or a few injected events fall in the anomalous

region, they will distort the TS distribution, but maybe not in an obvious

way since the bump might be hidden by other TS values given by a higher

contribution of many signal events.

To solve this issue, we implemented two methods: a numerically based

one in which we continuously extend the background energy PDF with an

ad-hoc function to solve the numerical instabilities, and a physics-based

one, in which we take into account the astrophysical diffuse neutrino

flux to extend the PDF. Here we present in detail the second method,

which was used in our analysis.

5.5.2 Correction Based on the Astrophysical Diffuse Flux

In this approach, we decided to fill the empty bins in the 2D histogram

in (log𝐸𝜇 , sin 𝛿𝜇) used to generate ℬ𝐸 with the number of expected

events from the astrophysical diffuse neutrino background. This is an

actual physical contribution that we can expect at high energies. In

the original histogram, since we use the actual events in each bin, our

resolution is limited to the statistics we have. For instance, if for one bin

we expect a single event for every million events we measure, if we had

just 10000 events, this bin would most probably have zero events in the

histogram. This approach allows it to fill the histogram with fractional

values, avoiding numerical instability. The result is shown in Figure

5.6, where the region of the parameter space where ℬ𝐸 is well defined

has been extended compared to Figure 5.4, and the "holes" have been
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5: These variables were already defined

in Section 5.1.

6: We have summed up the contribu-

tions from the angular uncertainty 𝜎.

This simplification is done because the

𝜎 are in general much smaller than the

𝜓 values, so we neglect its effect in the

determination of 𝛿𝜇

covered. It also solves the problem with the anomalous bumps in the TS

distribution, as we can see in Figure 5.5.

For the astrophysical diffuse neutrino background, we took as a model

an isotropic single power-law from [70], from which we have:

𝜙𝜈𝜇+𝜈̄𝜇(𝐸𝜈) = 1.44

(
𝐸𝜈

100 TeV

)−2.37

× 10
−18

GeV
−1

cm
−2

s
−1

sr
−1

(5.1)
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Figure 5.6: On the right, the background

PDF histogram in (log𝐸𝜇 , sin 𝛿𝜇) with

the correction based on the astrophysical

diffuse neutrino background. The PDF

is normalized along the sin(𝛿𝜇) bins. On

the left, the background PDF for the bin

corresponding to 𝛿𝜇 = 10
◦

with and

without the correction. Now the prob-

lematic "hole" has non-zero values, and

the energy range where the PDF is well

defined is extended. The data correspond

to the datasets IC86_II-VII.

To get its contribution to each (log𝐸𝜇 , sin 𝛿𝜇) we first have to take into

account IceCube’s effective area 𝐴𝑒 𝑓 𝑓 . With this, we can get the number

of expected neutrinos per (log𝐸𝜈 , sin 𝛿𝜈) bin in the 𝐴𝑒 𝑓 𝑓 tabulated data.

The challenge comes from the fact that we need the expected number of

reconstructed events, which are expressed in muon variables. To achieve

this, we can make use of the smearing matrix 𝑆𝑀(𝐸𝜇 ,𝜓, 𝜎𝜇 |𝐸𝜈 , 𝛿𝜈). The

provided SM is not expressed in terms of the muon declination 𝛿𝜇, but

rather the True Angular Separation 𝜓 and the angular uncertainty 𝜎𝜇 5
.

Here we start by computing the probability 𝑃(log𝐸𝜇 ,𝜓 | log𝐸𝜈 , sin 𝛿𝜈)
for each bin in (log𝐸𝜇 ,𝜓) in the SM

6
and each bin of (log𝐸𝜈 , sin 𝛿𝜈) in

the 𝐴𝑒 𝑓 𝑓 . Then, for each 𝜓 bin, we constructed a function 𝑃(sin 𝛿𝜇 |𝜓, 𝛿𝜈)
that gives the probability to get sin 𝛿𝜇 given a 𝜓 and a 𝛿𝜈.. Finally, all

these contributions are properly summed to get the expected number of

events produced by the astrophysical neutrino diffuse background for

each (log𝐸𝜇 , sin 𝛿𝜇) bin.
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Figure 5.7: Number of neutrinos(left)

and reconstructed muons(right) per

(log𝐸𝜈/𝜇 , sin 𝛿𝜈/𝜇) bin expected in

datasets IC86_II-VII from the astrophys-

ical diffuse neutrino flux. To compute

the left plot, we convolve the astrophysi-

cal flux with the effective area 𝐴𝑒 𝑓 𝑓 . For

the right one, we consider the effects of

the smearing matrix 𝑆𝑀 on the left plot.

The total number of expected detected

𝜈 is ∼ 1929, with an exposition time of

𝑡 = 2198.9 days.

In SkyLLH, this computation is implemented through a new function

create_astro_diffuse_signal_2D_hist, in which the user can tune

the parameters of the single-power law. Nevertheless, since this process is

time-consuming, the 2D histogram results for the parameters used in this

thesis were saved in the library and set as the default for this method so
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that they can be loaded rather than computed for every analysis instance

created.
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We have explained so far the experimental and analytical foundations and

the methods we have implemented to look into the origin of astrophysical

neutrinos introduced in Chapter 2. The ultimate goal of this thesis was

to study the evidence of this emission from blazars.

In this work, we have limited ourselves to a small list of blazars, which

are masquerading as BL Lacs candidates. To achieve this, this selection

focuses on the most powerful blazars in radio and gamma emission,

while also having an intermediate or high synchrotron peak
1

1: For a detailed description of mas-

querading BL Lacs, see Section 2.3.

. Through

a stacking analysis that allows us to study the population as a whole,

we tested the experimental evidence of this emission and the possible

connection with the radio and gamma emission mechanisms.

This chapter introduces the source list we used for our analysis. We

also define precisely the stacking hypotheses we tested in this study,

particularly the physical weights that would enter in Equation 4.12,

and discuss their characteristics. We compute the sensitivities and 5𝜎
discovery potential for the tested hypothesis following the definitions

made on Section 4.3, to assess the capabilities of our stacking analysis

with public data to show evidence of neutrino emission in the scenario we

have studied. Finally, we present the final results with p-values obtained

in each case and the upper limits on the neutrino flux we can impose in

each scenario.

6.1 Our Catalog Selection

Disclaimer: The catalogs presented in this section have been developed

in collaboration with Dr. Paolo Padovani and Dr. Paolo Giommi. A

publication detailing their construction will follow.

6.1.1 IHBL4

The starting point of our analysis was the IHBL4 catalog. This is a

selection of intermediate and high-energy synchrotron peaked blazars,

also known as IHBL, from the 4FGL-DR3 [71, 72] catalog. Precisely, IHBL4

selected the blazars from 4FGL-DR3 with an observed synchrotron peak

𝜈𝑠
peak

≥ 10
13.5

Hz.

To collect the sources’ data, the Firmamento tool [73] was used. Firma-

mento is an open, web-based tool that collects data from over 90 catalogs

and databases to characterize the sources’ Spectral Energy Distribution

(SED). From these SED, the observed 𝜈𝑆
peak

was computed with BlaST

[74], a machine learning algorithm. All the information used for this

analysis (coordinates, redshifts, radio, and gamma fluxes) was obtained

from the same catalogs used by Firmamento
2
.

An extra requirement to include a source in the catalog was that it

should have a clear, unique blazar counterpart candidate. If there were
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3: From [74], the median 1𝜎 uncertainty

for 𝜈𝑠
peak

(observed) for the [13.5, 14]
region was 𝜎 ∼ 0.45, expressed in

log(𝜈𝑠
peak

/Hz) units.

[43]: Padovani et al. (2019), ‘TXS

0506+056, the First Cosmic Neutrino

Source, Is Not a BL Lac’

4: Remember that the non-thermal emis-

sion came mostly from the jet, which

dominates the radio and gamma emis-

sion from blazars. A detailed discussion

can be found in Section 2.3

many potential sources in a region of the sky and it was not possible to

resolve each of them individually, then these sources were discarded.

Effectively, this meant that almost all potential sources in the galactic

plane (|𝑏 | < 10
◦
) were discarded due to the high density of sources

in this region. Nevertheless, this check of whether a source could be

unequivocally identified was done manually, allowing for the recovery

of up to 76 sources within the galactic plane. This can be appreciated

in Figure 6.2, where the galactic plane corresponds precisely with the

sparsely populated region of the skymap.

It is important to notice that this IHBL selection was based on the

observed 𝜈𝑆
peak

rather than the rest frame 𝜈𝑆
peak

. We use the rest frame

value to define whether a source is low-energy synchrotron peaked (LBL)

or IHBL. The relation between them is

𝜈𝑠
peak

(rest) = 𝜈𝑠
peak

(observed) · (1 + 𝑧)

The rest frame 𝜈𝑆
peak

is always greater than the observed one, and it

is possible that some of the real IHBL sources, if we consider the rest

frame values, are not included in IHBL4. Nevertheless, most redshift

values range between 𝑧 ∈ [0, 1], with only 6 sources over 𝑧 = 2 and a

highest value of 𝑧 = 2.83. The cut done in IHBL4 was 𝜈𝑠
peak

(observed) >

10
13.5

Hz ⋍ 3.16 · 10
13

Hz, while the standard cutoff for IHBL sources

is 𝜈𝑠
peak

(rest) > 10
14

Hz. Therefore, we are assured that at least all IHBL

sources are included in our list. On the other hand, it could be the case

that some sources that entered in IHBL4, but do not reach the threshold

𝜈𝑠
peak

(rest) < 10
14

Hz, are included. This is the potential scenario for

around 120 sources. Nevertheless, the estimation of 𝜈𝑠
peak

(observed) can

have relatively high uncertainties
3
, and it was preferred to have a softer

restriction in our selection for these limiting cases.

6.1.2 Our Catalog

With IHBL4 as a base, the next step was to reduce our list to a shortlist

of potential candidates. As one of the most promising candidates and

already identified as a masquerading BL Lac source [43], we took as a

reference for our cut TXS 0506+056. Since masquerading BL Lacs are

expected to be IHBL sources with powerful non-thermal emission that

will hide the also powerful thermal emission from the efficient accretion,
4
,

we studied the sources with both radio and gamma intrinsic luminosities

greater than those of TXS 0506+056, for which we had the following

values.

TXS 0506+056: log (𝐿𝑅𝑎𝑑𝑖𝑜) = 26.18 log

(
𝐿𝛾

)
= 46.47

where 𝐿𝑅𝑎𝑑𝑖𝑜 is in
𝑊
𝐻𝑧 , while 𝐿𝛾 is in

𝑒𝑟𝑔

𝑠 .
5

5: The conversion factor between both

units is 1
𝑊
𝐻𝑧

= 10
7
𝑒𝑟𝑔
𝑠 . Nevertheless,

both values are not directly compara-

ble, since 𝐿𝑅𝑎𝑑𝑖𝑜 is the value for a spe-

cific frequency, 1.4 GHz or 0.843 GHz

if the previous was not available, while

𝐿𝛾 is the integrated luminosity over the

100 MeV − 100 GeV range.

To compute the intrinsic luminosities, we need information relative to

the fluxes and redshifts of the sources. This meant we could not use all

sources that lacked any of these parameters, which added up to more

than half of the original IHBL4 catalog, as we can see in Table 6.1.

The specific expressions for our intrinsic luminosities were:
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Figure 6.1: Left plot: Radio vs gamma fluxes for the IHBL4 sources. Right plot: radio vs gamma powers. The points represent all the

sources in the IHBL4 catalog. On dark blue, the sources with no redshift or radio flux data, so no luminosity information is available. In

light blue are the sources with redshifts and fluxes information available, and therefore with luminosity data. In yellow, the sources

included in the final catalog. In red, TXS 0506+056.

[72]: Abdollahi et al. (2022), ‘Incremen-

tal Fermi Large Area Telescope Fourth

Source Catalog’

𝐿𝑅𝑎𝑑𝑖𝑜 =
4𝜋𝐹𝑅𝑎𝑑𝑖𝑜𝐷2

𝐿

(1 + 𝑧)1+𝛼 (6.1)

𝐿𝛾 =
4𝜋𝐹𝛾𝐷2

𝐿

(1 + 𝑧)2−Γ (6.2)

where 𝐹𝑅𝑎𝑑𝑖𝑜 is the radio flux at 1.4 GHz or 0.843 GHz in case the previous

value was not available, 𝐹𝛾 is the energy flux in the FermiLAT energy

range, which corresponds to the region from 100 MeV to 100 GeV, 𝐷𝐿 is

the luminosity distance, 𝛼 is the radio spectral index, and Γ is the photon

gamma spectral index. In our study, we assume all radio spectral indices

to be zero, 𝛼 = 0, while the gamma photon spectral indices are taken

from 4FGL data. An important update with respect to IHBL4 is that the

values of 𝐹𝛾 and Γ were updated to the ones from the latest data release

4FGL-DR4 [72].

The numerator in these relations is the expected value in the relation

between fluxes and luminosities. The denominator, on the other hand, is

the so-called k-correction, which takes into account the changes due to the

spectral shape. When we want to compare the intrinsic properties of the

source, we have to take into account that the observed frequencies are the

same for all sources. However, since they are at different distances, each

one suffered a different redshift, so the frequency we observe corresponds

to different emitted frequencies for each source. The k-correction takes

into account the fact that, given a spectral shape, for each frequency, we

have a different emission. Table 6.1: Some statistics of the catalog.

4FGL-DR3 sources 6659

IHBL4 sources 1477

With radio flux 𝐹𝑅𝑎𝑑𝑖𝑜 1267

With redshift z 763

With both 687

Above radio cut 54

Above gamma cut 38

Final list 29

After we applied all the criteria, we ended up with 29 sources on our

final list. In the table Table 6.1, there is a summary of the number of

sources we have in the different cut stages. These are the most extreme

sources in the radio and gamma spectrum, as we can see in the right

plot of Figure 6.1. It is important to notice that this extreme character is

intrinsic to the source. If we attend to the fluxes at the left Figure 6.1, we

can see how there are sources with higher fluxes, in particular, the one at

the top right corner is precisely BL Lacertae, which gives the name to the

blazar subclass. However, the reason for these high fluxes is a proximity
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Table 6.2: Summary of the weight

schemes.

Weight Scheme 𝑤𝑘 ∝
Gamma (1 + 𝑧)2−Γ 𝐹𝛾,𝑘
Radio (1 + 𝑧)1+𝛼 𝐹𝑅𝑎𝑑𝑖𝑜,𝑘

Inverse

Distance

1/𝐷2

𝐿𝑢𝑚,𝑘

Proportional

Distance

𝐷𝐿𝑢𝑚,𝑘

effect and is not related to their internal nature.

In Figure 6.2 we can appreciate the location of all sources in the sky. They

are predominantly in the northern hemisphere. Due to the differences

between the recorded events in the north and southern sky we discussed

in Section 5.1, this will have an impact on our analysis, and will reduce

even further the final relative weight of the southern sources, as we

will see in the next section. The details of the catalog are provided in

Appendix B.

Figure 6.2: All sources of the IHBL4

catalog in the sky. In light blue are

the sources with luminosity information.

The sources in the final catalog are in

yellow. In red is TXS 0506+056.
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6.2 Stacking Hypothesis

As we discussed already in Subsection 4.2.3, when we stack multiple

sources in an analysis, we have to assign them a weight that considers

the importance of that source in the considered population. A reasonable

approach for the weights of the sources is to consider their relative

intrinsic power. In addition, since we measure fluxes, it is also sensible to

consider the distance of the source. The combination of the two is just

the fluxes. Finally, if we want to compare the same spectral bands, we

need to add the k-correction.

In this work, we have tested four different hypotheses:

1. Gamma weights. The weights are proportional to the gamma-

ray fluxes from 4FGL-DR4 [72]. We assume a k-correction factor.

𝑤𝑘 ∝ (1 + 𝑧)2−Γ 𝐹𝛾,𝑘
2. Radio weights. The weights are proportional to the radio fluxes. We

assumed a spectral index 𝛼 = 0 for all sources for the k-correction

factor. 𝑤𝑘 ∝ (1 + 𝑧)1+𝛼 𝐹𝑅𝑎𝑑𝑖𝑜,𝑘
3. Inverse distance weights. The weights are proportional to the

inverse of the luminosity distance squared. 𝑤𝑘 ∝ 1

𝐷2

𝐿𝑢𝑚,𝑘

4. Proportional distance weights. The weights are proportional to

the luminosity distance. 𝑤𝑘 ∝ 𝐷𝐿𝑢𝑚,𝑘

The first two schemes are a natural choice when we consider our catalog

selection criteria and try to correlate neutrino emission with the physical

processes on the jet. The inverse distance scheme is the most agnostic

one, in which only the expected correction from the inverse distance law

is taken into account. Finally, the last scheme is clearly unphysical since it

assumes that the further the source, the more flux we will receive. It was
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Gamma Radio

Inv.

Distance

Prop.

Distance

Gamma 1 0.70 0.81 -0.59

Radio 0.70 1 0.90 -0.61

Inv.

Distance

0.81 0.90 1 -0.66

Prop.

Distance

-0.59 -0.61 -0.66 1

Table 6.3: Correlation matrix for the dif-

ferent schemes.

added as a control test to show more explicitly the impact of the stacking

hypothesis on the results since it is anti-correlated with the three physical

hypotheses we want to test, as shown in Table 6.3.

The skymaps Figure 6.3 show the relative importance of our sources in

the sky for the different weight schemes. We can notice that the gamma,

radio, and inverse distance schemes are correlated, as shown in Table 6.3,

since the fluxes depend also on the inverse distance. In the table Table

6.4 we see how 3C 66A is the most relevant source for gamma and radio

schemes, while second for inverse radio. A similar situation happens

for PKS 0735+17. Nevertheless, there are also noticeable differences. For

instance, PKS 1424+240 is very relevant for gamma and inverse distance,

but not for radio, while the opposite happens for PKS 2240-260. On the

other hand, the weight distribution for the proportional distance scheme

is more homogeneous, with no source with over 9% of the total weight.

Table 6.4: Physical weights 𝑤𝑘 of the most significant sources. Results are in percentages.

Source

Gamma Radio Inv. Distance Prop. Distance

w/o TXS w/ TXS w/o TXS w/ TXS w/o TXS w/ TXS w/o TXS w/ TXS

3C 66A 20.0% 17.8% 17.2% 16.6% 20.0% 14.5% 0.9% 0.9%

PKS 1424+240 15.5% 13.8% 3.6% 3.4% 9.6% 6.9% 1.2% 1.2%

PKS 0735+17 9.1% 8.1% 16.6% 16.0% 22.3% 16.1% 0.8% 0.8%

PKS 2240-260 2.5% 2.2% 10.1% 9.8% 5.2% 3.8% 1.7% 1.7%

TXS 0506+056 - 10.9% - 3.6% - 27.8% - 0.6%

It is important to stress that so far we have discussed the physical weight,

i.e., the weight component that depends on our physical hypothesis. We

have to combine the physical weights 𝑤𝑘 with the detector effects 𝑌𝑘 for

the final weights, as shown in Equation 4.12. In the skymaps Figure 6.4,

we can see that this can significantly impact the final hierarchy of the

sources. The southern sources are favored for very hard spectral indices,

while for softer ones, they are almost faint.

In Table 6.4 we can also see the weights in the scenario where TXS

0506+056 is included. We can see that for the inverse distance and

gamma schemes, it becomes one of the main sources. Although our

source selection was based on sources with more luminosity than TXS

0506+056 both in radio and gamma, the weights depend on the fluxes,

and TXS 0506+056 is the closest source. Since TXS 05606+056 was the

motivation to select these sources due to the previously reported results

on TXS 0506+056 emission [31, 32], TXS 0506+056 has been excluded

from our analysis to avoid selection biases.
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Figure 6.3: Physical weights 𝑤𝑘 of the sources for each weight scheme. TXS 0506+056 is excluded.
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Figure 6.4: Normalized IceCube weights 𝑤𝑘𝑌𝑘of the sources for different spectral indices for the inverse distance scheme.

6.3 Biases

Before starting the analysis, we have to assess that the estimated pa-

rameters (𝑛̂𝑠 , 𝛾̂) represent what we are actually expecting from them.

Inaccuracies in the PDF model might introduce biases in those parame-

ters. To quantify them, we generate signal events 𝑛
𝑖𝑛 𝑗
𝑠 from our sources

according to our power-law spectrum for different injected spectral in-

dices 𝛾𝑖𝑛 𝑗 . Then, we maximize our TS value in Equation 4.6 to recover the

fitted parameters (𝑛̂𝑠 , 𝛾̂) and compare them to the injected values. This

has to be done for each weight scheme, as they affect both the likelihood

and the distribution of injected events, as we saw in detail in Section

5.4.

For our study, we have generated 5000 pseudo-datasets for each (𝑛 𝑖𝑛 𝑗𝑠 , 𝛾𝑖𝑛 𝑗),
where 𝑛

𝑖𝑛 𝑗
𝑠 was taken in the interval [5, 300] in steps of Δ𝑛

𝑖𝑛 𝑗
𝑠 = 5, and

𝛾𝑖𝑛 𝑗 ∈ [2, 3, 4, 4.5].

In Figure 6.5 we can appreciate that for cases with relatively few events
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[75]: Bellenghi (2024), ‘The Emergence

of a New Sky’

the biases are poor, and only for 𝑛
𝑖𝑛 𝑗
𝑠 ≳ 25 the bias values become more

acceptable. The 68% confidence regions are also relatively broad for 𝑛̂𝑠 .

One of the reasons for these is precisely the stacking of sources. Since

we have more sources, we need a larger total number of events to have

better statistics. This is more noticeable in the distance weight scheme,

where the sources’ weights are more evenly distributed.

0
50

100
150
200

ns

0 25 50 75 100 125 150
ninj

s

1
2
3
4
5

0 25 50 75 100 125 150
ninj

s

0 25 50 75 100 125 150
ninj

s

0 25 50 75 100 125 150
ninj

s

inj = 2.0 Distance Inverse Distance Radio Gamma

Figure 6.5: Biases in (𝑛̂𝑠 , 𝛾̂) for all the weight schemes with 𝛾𝑖𝑛 𝑗 = 2. The dots represent the median of 𝑛̂𝑠 and 𝛾̂ for every 𝑛
𝑖𝑛 𝑗
𝑠 , while the

shaded bands show the 68% central quantile. The dashed grey line represents the unbiased ideal scenario.

The biases are also heavily dependent on the spectral index 𝛾. As we

can see in Figure 6.6, the biases increase for the inverse distance weight

scheme for softer spectral indices. In [75], it is shown that in these cases,

the tails of the Gaussian spatial signal PDF Equation 4.9 cannot reproduce

the tails of events reconstructed at larger distances from the sources.

Therefore, those events are ignored by the spatial likelihood, and the

total number of signal events is underestimated. This will also cause a

broadening of the 68% confidence region for 𝛾̂. Another possible factor

that could affect this broadening 𝛾̂ estimation is that the softer spectral

index values increase the overall weight of the southern sources. A softer

spectral index would also favour the injection of lower energy signal

events, which will have higher values for the background PDF. This

would also produce an underestimation of 𝑛̂𝑠 for a high number of

injected events.
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Figure 6.6: Biases in (𝑛̂𝑠 , 𝛾̂) for different

injected spectral indices 𝛾𝑖𝑛 𝑗 for the in-

verse distance weight scheme. The dots

represent the median of 𝑛̂𝑠 and 𝛾̂ for ev-

ery 𝑛
𝑖𝑛 𝑗
𝑠 , while the shaded bands show

the 68% central quantile. The grey lines

represent the unbiased ideal scenarios.

The results for the other weight schemes

are similar.

Overall, the bias study shows us that if our best-fit results have soft

spectral indices or a low number of 𝑛̂𝑠 , we should be cautious with

their interpretation and the possible deviations with respect to the true

values.



48 6 Study of an Extreme Blazar Population

6.4 Sensitivities and Discovery Potentials

To measure the potential of our analysis, we compute the sensitivity and

discovery potential we defined in Subsection 4.3.1. To calculate them,

we used the same pseudo-datasets with injected events that we used in

the previous section to compute the biases, with the addition of extra

pseudo-datasets for (𝑛 𝑖𝑛 𝑗𝑠 , 𝛾𝑖𝑛 𝑗) values close to the relevant ones for the

sensitivities and discovery potential calculations.

Relation between 𝑛̂𝑠 and 𝜙𝜈+𝜈̄
1TeV

Although our likelihood parameter is the number of signal events 𝑛𝑠 ,

the results are usually given in terms of the flux. In particular, for a

power law flux

𝑑4𝜙

𝑑𝐴𝑑Ω𝑑𝐸𝑑𝑡
= 𝜙𝜈+𝜈̄

1TeV

(
𝐸

1TeV

)−𝛾
The relation is given by an analogous equation to Equation 4.13

𝑛𝑠 = 𝜙𝜈+𝜈̄
1TeV

∫
Ω𝑘

𝑑Ω

∫ ∞

0

𝑑𝐸

∫ 𝑡𝑒𝑛𝑑

𝑡𝑠𝑡𝑎𝑟𝑡

𝑑𝑡 𝐴𝑒 𝑓 𝑓 (𝐸)
(
𝐸

1TeV

)−𝛾
(6.3)

In Table 6.5 we show the results for the sensitivity. For 𝛾 = 2, the 𝑛
𝑖𝑛 𝑗
𝑠

values are relatively small, with around 15-20 signal events. Since we

have 29 sources, this effectively means that some sources could have no

contribution, and we still reach these sensitivity thresholds. If this were

to happen also for the 5𝜎 discovery potential, it would signal that maybe

our population is too large, and many of the sources would be irrelevant

to make a discovery. Nevertheless, we can see in Table 6.6 that this is not

our case. We can also appreciate explicitly how the relation between the

flux 𝜙 and signal events 𝑛𝑠 depends on the spectral index 𝛾 and also the

weight scheme. The sensitivity fluxes for 𝛾 = 3 and 𝛾 = 4 are similar,

while the difference in the number of signal events almost doubles.

Table 6.5: Sensitivity fluxes for vari-

ous spectral indices 𝛾 and all weight

schemes. 𝜙𝜈+𝜈̄
1 TeV

represents the fluxes

at 1 TeV, and they are expressed in

10
−12

TeV
−1

cm
−2

s
−1

. In parentheses,

the 𝑛
𝑖𝑛 𝑗
𝑠 value from which it was com-

puted.

Distance

Inverse

Distance

Radio Gamma

𝛾 = 2

𝜙𝜈+𝜈̄
1 TeV

1.24 1.17 1.28 1.32

(𝑛
𝑖𝑛 𝑗
𝑠 ) (18.40) (15.31) (15.64) (16.80)

𝛾 = 3

𝜙𝜈+𝜈̄
1 TeV

41.79 24.41 29.31 26.02

(𝑛
𝑖𝑛 𝑗
𝑠 ) (90.90) (52.39) (55.84) (55.88)

𝛾 = 4

𝜙𝜈+𝜈̄
1 TeV

49.74 27.63 32.92 29.96

(𝑛
𝑖𝑛 𝑗
𝑠 ) (158.51) (90.57) (94.97) (98.72)

The 5𝜎 discovery potential fluxes shown in Table 6.6 are 3-4 times larger

than the sensitivity fluxes. In this case, we reached the limits of our study,

as our maximal number of injected events was 𝑛
𝑖𝑛 𝑗
𝑠 = 300. For 𝛾 = 4 and

even 𝛾 = 3 in the case of the distance weight scheme, we could reach the

5𝜎 discovery potential condition, so no results are shown. Nevertheless,

the required number of signal events would then be too large so that no

previous analysis had identified such flux. Also, in case we reach those
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values, we should take special care to take into account the biases at such

large values.

Distance

Inverse

Distance

Radio Gamma

𝛾 = 2

𝜙𝜈+𝜈̄
1 TeV

3.98 4.14 4.22 4.53

(𝑛
𝑖𝑛 𝑗
𝑠 ) (59.22) (53.99) (51.55) (57.58)

𝛾 = 3

𝜙𝜈+𝜈̄
1 TeV

- 100.31 120.31 107.57

(𝑛
𝑖𝑛 𝑗
𝑠 ) (-) (215.29) (229.20) (231.00)

Table 6.6: 5𝜎 discovery potential fluxes

for various spectral indices 𝛾 and all

weight schemes. 𝜙1 TeV

𝜈+𝜈̄ represents the

fluxes at 1 TeV, and they are expressed

in 10
−12

TeV
−1

cm
−2

s
−1

. In parenthe-

ses, the 𝑛
𝑖𝑛 𝑗
𝑠 value from which it was

computed. The value for the distance

scheme at 𝛾 means that our analysis did

not extend to the value that meets the

5𝜎 discovery potential condition, so we

could not compute it. That was also the

case for all schemes for 𝛾 = 4, thus we

omit it.

The sensitivities and discovery potentials show clearly the power of

stacking analysis. In Figure 6.7 we show our sensitivity and 5𝜎 discovery

potentials fluxes at 1 TeV for all the weight schemes with 𝛾 = 2 compared

to the sensitivity flux for the individual source in IceCube [65]. If we

compare with the values for the northern sky, it seems we are less

sensitive than the IceCube analysis. However, we must consider that we

are adding the total contribution of 29 sources. The red crosses show

the proportional contribution each individual source would have for the

gamma weights for the sensitivity and 5𝜎 discovery potential fluxes. In

that case, we see they are all below IceCube values. We have then that it

could be the case that we study individually each of these sources, and

we don’t reach the sensitivity fluxes for any of them. However, when

studied as a population, their individual contributions can be lower and

still reach sensitivity levels. The price to pay is that the weights associated

with each source must be correct. A wrong hypothesis or even variations

due to uncertainties in the weights will negatively affect the stacking

results and erase this advantage, and even lower the performance of the

analysis compared with an analysis that studies each source individually.
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1 ]

a) Sensitivity
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b) 5  discovery potential
Distance Radio Gamma Inverse Distance Aarsten et al. 2020 Figure 6.7: Sensitivities and 5𝜎 discovery

potential fluxes at 1 TeVfor 𝛾 = 2 for all

weight schemes, compared to IceCube

values for individual sources at different

declinations. The dashed lines represent

the IceCube values for each declination,

extracted from [76]. The continuous lines

are the total flux for each weight scheme,

which does not depend on declination,

but rather a value for the whole popula-

tion of sources. The red crosses represent

the proportional flux each source would

contribute to the total flux for the gamma

weight scheme.

6.5 Significance of Neutrino Emission from our
Source Selection.

Table 6.7 summarizes the results from our analysis. For all weight schemes,

the results are compatible with the background hypothesis. The best fit

values for the spectral indices 𝛾̂ are in all cases very soft. A consequence
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is that the fits favour the sources in the northern sky, as we can see in

Figure 6.8. This leads to noticeable changes in the final weights of the

sources if we compare them with the physical values we introduce with

our stacking hypothesis (see Figure 6.3), as there are some of the southern

sky sources that were among the ones with the highest weights, and now

they have almost vanished.
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Figure 6.8: Normalized IceCube weights 𝑌𝑤𝑤𝑘 of the sources for each weight scheme for their best fit values. TXS 0506+056 is excluded.

Table 6.7: Summary of the results for each weight scheme. The value in parentheses for the p-values is the significance expressed in

terms of the equivalent deviation in terms of 𝜎 to get the same one-sided p-value on a Gaussian distribution. TXS 0506+056 is excluded

from this analysis.

Weight scheme TS 𝛾̂ 𝑛̂𝑠 𝜙𝜈+𝜈̄
1 TeV

[10
−12

TeV
−1

cm
−2

s
−1

] Local p-value Global p-value

Distance 12.68 4.13 178.07 49.1 0.0178 (2.10𝜎) 0.0441 (1.71𝜎)

Inverse Distance 3.92 3.92 47.12 15.3 0.2538 (0.66𝜎) 0.4647 (0.09𝜎)

Radio 1.82 3.83 45.52 18.4 0.3301 (0.44𝜎) 0.5679 (0𝜎)

Gamma 6.26 3.87 83.67 28.7 0.0609 (1.55𝜎) 0.1377 (1.09𝜎)

The broad, open contours for the confidence level of the best fit values

shown in Figure 6.9 show the compatibility with no emission from our

population. Nevertheless, the low significance of the results means that

the best-fit parameters are just a numerical result of the minimization

with no actual meaning, as there could be no actual signal.
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Figure 6.9: Confidence intervals for the

best fit results for all weight schemes.

The confidence intervals were computed

through a likelihood scan around the

best-fit values, assuming Wilks’ theorem

[61]. The open contours show the com-

patibility of the results with no signal.

TXS 0506+056 is excluded.

6.5.1 Results with TXS 0506+056

So far in our study, we have excluded TXS 0506+056. But what would

happen if we include it in the analysis? One would hope that if our

stacking analysis is robust and our hypothesis is well-founded, the

results would not change that much, since it would be a single source

added to a population of 29 more, and as we saw in Table 6.4 it does

not have a weight that completely outshines the other sources, although

could be very relevant for the inverse distance scheme, as it is the closest

source.
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Figure 6.10: Normalized IceCube weights 𝑌𝑤𝑤𝑘 of the sources for each weight scheme for their best fit values when TXS 0506+056 is

included. TXS 0506+056 is marked with the orange cross.
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Table 6.8: Summary of the results for each weight scheme when we include TXS 0506+056. The value in parentheses for the p-values is

the significance expressed in terms of the equivalent deviation in terms of 𝜎 to get the same one-sided p-value on a Gaussian distribution.

Weight scheme TS 𝛾̂ 𝑛̂𝑠 𝜙𝜈+𝜈̄
1 TeV

[10
−12

TeV
−1

cm
−2

s
−1

] Local p-value Global p-value

Distance 12.70 4.11 179.38 50.2 0.01824 (2.09𝜎) 0.05016 (1.64𝜎)

Inverse Distance 9.76 2.32 30.92 5.7 0.01752 (2.11𝜎) 0.04819 (1.66𝜎)

Radio 2.04 2.05 7.88 0.8 0.31552 (0.48𝜎) 0.57703 (0𝜎)

Gamma 8.80 2.78 83.04 33.4 0.02883(1.90𝜎) 0.07652 (1.43𝜎)

The results are summarized in Table 6.8, and we can already appreciate

differences in the best fit parameters. For the three physically based

weight schemes (inverse distance, gamma, and radio), the best fit spectral

index 𝛾̂ is now much harder and closer to what one would expect for

blazar emission. The p-value for the inverse distance scheme jumps from

0.09𝜎 to 1.66𝜎. On the other hand, the results for the distance scheme

barely change, as in this case, TXS 0506+056 has the smallest physical

weight 𝑤.

Despite the harder spectra, we can see in Figure 6.10 that the relative

final weights of the southern source are tiny compared with the physical

values. Finally, the best fit contours in Figure 6.11, although with some

difference with respect to the result excluding TXS 0506+056 Figure 6.9,

still show the open contours compatible with no signal.

Figure 6.11: Confidence intervals for the

best fit results for all weight schemes

with TXS 0506+56 included. The confi-

dence intervals were computed through

a likelihood scan around the best-fit val-

ues, assuming Wilks’ theorem [61]. The

open contours show the compatibility of

the results with no signal.
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6.6 90% Upper Limit Fluxes

Despite our best fits being compatible with the background, we can still

compute the 90% upper limit fluxes as we defined in Subsection 4.3.1.

The results for spectral indices 𝛾 = 2, 3 are summarized in Table 6.9.

To put these values in perspective, we can compare them with the

astrophysical neutrino diffuse flux and other results. Figure 6.12 shows

our upper limits compared with several values from the literature. First,
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Distance

Inverse

Distance

Radio Gamma

𝛾 = 2

𝜙𝜈+𝜈̄
1TeV

2.99 1.74 1.65 2.78

(𝑛
𝑖𝑛 𝑗
𝑠 ) (44.57) (22.71) (20.15) (35.26)

𝛾 = 3

𝜙𝜈+𝜈̄
1TeV

112.21 36.65 39.26 59.13

(𝑛
𝑖𝑛 𝑗
𝑠 ) (244.09) (78.66) (74.79) (126.99)

Table 6.9: 90% upper limits for the

fluxes for all weight schemes and

𝛾 = 2, 3. 𝜙𝜈+𝜈̄
1 TeV

represents the fluxes

at 1 TeV, and they are expressed in

10
−12

TeV
−1

cm
−2

s
−1

. In parentheses,

the 𝑛
𝑖𝑛 𝑗
𝑠 value from which it was com-

puted.
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Figure 6.12: 90 % upper limit fluxes ob-

tained for the inverse distance, radio,

and gamma weight schemes. The dashed

lines correspond to 𝛾 = 2, while the dot-

ted line is the result for 𝛾 = 3. The orange

band represents the 68% confidence inter-

val for the astrophysical neutrino diffuse

flux, extracted from [70]. The black line

represents the 90% upper limit for the

TXS 0506+056 flux assuming a power

law with 𝛾 = 2, extracted from the addi-

tional material of [76]. The wine line is

the 90% upper limit for IHBL sources in

the 2LAC catalog, assuming a power-law

with 𝛾 = 2 and a weight scheme similar

to our gamma weight scheme, value ex-

tracted from [78]

[77]: Huber et al. (2021), ‘Searches for

Steady Neutrino Emission from 3FHL

Blazars Using Eight Years of IceCube

Data from the Northern Hemisphere’

[78]: Aartsen et al. (2017), ‘The Contri-

bution of Fermi-2LAC Blazars to Diffuse

TeV–PeV Neutrino Flux’

since the stacking analysis considers multiple sources, the contributions

add up, and one can get higher values than for individual sources. This is

the case if we compare against the 90% upper limit flux for TXS 0506+056

from the additional material of [76], represented by the black line.

If we compare against the total diffuse astrophysical neutrinos in the

energy range from 10 TeV to 2 PeV, the total contribution from our

population assuming a 𝛾 = 2 spectral index would be at the level of

1.8 − 3% of the total energy flux. These are slightly lower than similar

results from the literature. For analysis with wide samples of blazars like

3FHL, reports are around 13 − 16.7% of the contribution from all blazars

[77]. The wine color line in the plot represents the most similar result

to our analysis, and corresponds to a selection of IHBL sources with

a weight scheme analogous to our gamma weight scheme. The direct

comparison to this scheme shows our result is a factor of 6 smaller. The

reason for these differences is that our result is limited to a relatively

small sample of sources. In our analysis, we included 29 sources, while

the result in [77] contains 745 sources, and the IHBL subsample used

in [78] uses 298 sources. Therefore, after considering this size effect,

our value is comparable in order of magnitude to similar results in the

literature.
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The advent of neutrino telescopes has opened a new window to explore

the universe, which allows for a new approach to study astrophysical

phenomena such as the production of ultra-high-energy cosmic rays.

Although the current generation of neutrino telescopes have been respon-

sible for groundbreaking discoveries, such as confirming the existence

of an astrophysical diffuse flux [28], or the emission of neutrinos from

the galactic plane [29], the identification of specific source populations

remains a challenge, with only two sources, NGC 1068 and TXS 0506+056,

with a significance over 3𝜎 [30], and the blazar TXS 0606+056 [31, 32].

Both are AGN, the first a Seyfert II galaxy, while the second is a blazar.

This has sparked searches trying to link the AGN with the astrophysical

neutrino flux, with only upper limits set at the present moment [77, 78].

A closer look at TXS 0506+056 has lead to the proposal that they form

part of a new subclass of blazars, known as Masquerading BL Lacs, which

would combine intermediate and high energy synchrotron peaks, with an

efficient accretion disk, which would make them very suitable candidates

for the emission of very high energy cosmic rays and neutrinos [43]. For

the first time, in this thesis, a stacking analysis is performed with actual

data to determine the possible contribution of potential candidates of

this subclass to the astrophysical diffuse flux.

In order to do it, we first developed the necessary tools to conduct a

staking analysis with IceCube Public data. We have done this within the

SkyLLH package, an existing Python library designed to do unbinned

maximum likelihood ratio analysis. In addition, we have constructed

an improved method to characterize the background energy PDF of the

IceCube public data existing within the library, which can also improve

the single-source studies. These tools are available to the public, so

anyone interested can perform their own stacking analysis with IceCube

public data.

With respect to our own analysis, we collected a population of sources

with characteristics that make them potential masquerading BL Lacs

blazars, based on their IHBL synchrotron peak, and their high luminosi-

ties in both radio and gamma ray emission. We have tested their potential

emission of neutrinos under three different physical hypotheses, trying

to correlate their neutrino flux with their radio and gamma fluxes, as well

as just with corrections according to their distance. We have also tested a

fourth, unphysical hypothesis, in which we assumed the fluxes increased

proportionally to the distance. This hypothesis, anticorrelated with the

other three, allowed us to show the impact of the hypothesis selected

in a stacking analysis. The results showed no significant emission of

neutrinos for our source population under any of the tested hypotheses,

with upper limits to the contribution of this population to the to ≲ 3%

of total astrophysical neutrino diffuse flux in the energy range from

10 TeV to 2 PeV under a assumption of power law emission with an

spectral index 𝛾 = 2. Thus, pointing out that neutrino emission from this

powerful population must be rare.
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[79]: Pasumarti et al. (2024), ‘A Stacked

Search for Spatial Coincidences between

IceCube Neutrinos and Radio Pulsars’

[80]: Abbasi et al. (2025), ‘Search for Neu-

trino Emission from Hard X-Ray AGN

with IceCube’

[81]: Abbasi et al. (2025), A Search for
Millimeter-Bright Blazars as Astrophysical
Neutrino Sources
[82]: Ishihara et al. (2019), ‘The IceCube

Upgrade - Design and Science Goals’

[52]: Aartsen et al. (2021), ‘IceCube-Gen2’

The searches of neutrino emitter populations continue, and it is an active

field, with recent results studying the potential emission from different

populations, such as radio pulsars [79], hard X-ray AGN [80], or the

latest preprint looking at submillimeter bright blazars [81]. On the other

hand, the development of neutrino astronomy, with new telescopes

under construction such as KM3NeT[45] and P-ONE[47], upgrades to the

existing ones such as IceCube Upgrade [82], or the planned IceCube-Gen2

[52] is a representation of how neutrino astronomy is alive and in active

development. We are still in the dawn of multimessenger astronomy, but

its future looks bright as a blazar.
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Firmamento Catalog List A
All the data used to make the source selection for IHBL4 and our final

source list, except for the gamma fluxes 𝐹𝛾 and the photon gamma

spectral indices Γ, were retrieved from Firmamento. This web-based tool

collects data from over 90 catalogs and databases to characterize the

Spectral Energy Distribution (SED) of the sources.

Here, we present a list of the main catalogs and spectral databases, as

well as another with the main surveys this tool accesses. These tables

correspond with Tables 1 and 2 from [73].

Table A.1: List of the Main Catalogs and Spectral Databases Queried by VOU-Blazars V2.00 in Firmamento

Energy Band Catalogs/Databases

Radio

NVSS, VLSSR, VLASS-QL, SUMSS, RACS, FIRST, TGSS, LoTSS, PMN,

GB6, GB87, North20, WISH, GLEAM, ATPMN, Kühr, VLSS, AT20G,

ATPMN, CRATES, RATAN-600, PACO

Microwave/millimeter ALMA, Planck (PCCS 39, 44, 70, 100, 143, 217, 353, 545, 857)

Infrared

IRAS, AKARI (BSC, PSC) WISE, unWISE, NEOWISE, 2MASS, DENIS,

Herschel (SPIRE250, 350, 500, PACS70, ATLAS)

Optical USNO, HSTGSC, SDSS, PanSTARRS, Gaia, SMARTS

UV GALEX, Swift-UVOT, XMM-OM

X-ray

Einstein (IPC), IPCSlew, EXOSAT (CMA), ROSAT (WGA, RASS), BeppoSAX,

4XMM-DR13, XMMSL2, Swift (2SXPS), OUSX, XRTSPEC, BMW, BAT105

Chandra (CSC2), NuSTAR (NuBlazars), eROSITA (eFEDS, MAXI-GSC)

Gamma ray

Fermi (2FHL, 3FHL, 4FGL-DR4), 2BIGB, MST12Y, 1FLE, FMONLC, AGILE,

VERITAS, MAGIC, HESS

Source catalogs

5BZCat, 3HSP, 4LACDR3, ZWClusters, Abell, MilliQuas

Pulsars, CVCat, SNRGREEN, MWSC, MWMC, XRBCAT

Energy Band Survey Name

Radio

NVSS, VLASS (Epochs 1, 2.2, and 3.1), VCSS1,

TGSS ADR, SUMSS, RACS-low, RACS-mid

Infrared WISE, unWISE, 2MASS, Spitzer, Herschel

Optical

DSS2, PanSTARRS, SDSS, ZTF, DECaLS, BASS,

MAMA, SkyMapper, XMM-OM, Swift-UVOT

UV Galex, Swift-UVOT

Soft X-ray RASS, Swift-XRT, XMM, Chandra

Hard X-ray Swift-BAT, MAXI

Gamma ray Fermi-LAT

Table A.2: List of the surveys accessible

via the Firmamento interface.





Catalog information B
Table B.1: List of sources used in our analysis, with the main information. The units are the following: [𝛼, 𝛿] = [deg], 𝐹𝑟𝑎𝑑𝑖𝑜 = [mJy]

,[𝐹𝛾] = 10
−12

erg s
−1

cm
−2

, [𝐿𝑟𝑎𝑑𝑖𝑜] = [W Hz
−1], and [𝐿𝛾] = [erg s]

−1

FERMI NAME NAME z 𝛼 𝛿 𝐹𝑟𝑎𝑑𝑖𝑜 𝐹𝛾 log(𝐿𝑟𝑎𝑑𝑖𝑜) log(𝐿𝛾)
4FGL J0004.0+0840 SDSS J000359.23+084138 2.057 1.00 8.69 24.1 1.11 26.39 46.56

4FGL J0009.1+0628 TXS 0006+061 1.563 2.27 6.47 246.1 5.89 27.18 47.06

4FGL J0043.8+3425 GB6 J0043+3426 0.966 10.95 34.44 92.8 26.33 26.35 47.09

4FGL J0050.7-0929 PKS 0048-09 0.635 12.67 -9.48 814.0 35.89 26.93 46.79

4FGL J0222.6+4302 3C 66A 0.444 35.67 43.04 2303.1 128.21 27.06 46.96

4FGL J0250.6+1712 4FGL J0250.6+1712 1.100 42.66 17.20 62.8 5.08 26.30 46.49

4FGL J0253.2-0124 FBQS J0253-0124 1.480 43.32 -1.40 32.8 3.19 26.26 46.67

4FGL J0323.7-0111 4FGL J0323.7-0111 2.075 50.93 -1.20 29.8 7.12 26.49 47.31

4FGL J0509.4+0542 TXS 0506+056 0.337 77.36 5.69 535.9 75.41 26.18 46.47

4FGL J0525.8-0052 PMN J0525-0051 1.200 81.48 -0.86 93.6 3.56 26.54 46.52

4FGL J0630.9-2406 4FGL J0630.9-2406 1.238 97.75 -24.11 105.4 50.59 26.62 47.59

4FGL J0738.1+1742 PKS 0735+17 0.424 114.53 17.71 2257.7 57.38 27.01 46.57

4FGL J0902.4+2051 NVSS J090226+205045 2.055 135.61 20.85 58.6 13.13 26.77 47.67

4FGL J0908.9+2311 4FGL J0908.9+2311 1.184 137.25 23.19 46.6 5.12 26.23 46.55

4FGL J0922.4-0528 TXS 0919-052 0.974 140.60 -5.49 489.5 6.01 27.08 46.49

4FGL J1054.5+2211 87GB 105148.6+222705 2.055 163.63 22.18 64.9 13.97 26.82 47.71

4FGL J1132.7+0034 PKS B1130+008 1.223 173.19 0.57 469.0 23.35 27.26 47.35

4FGL J1209.4+4118 B3 1206+416 1.336 182.34 41.33 273.7 6.67 27.10 46.83

4FGL J1215.1+5002 IVS B1212+503 1.545 183.75 50.04 86.1 3.81 26.71 46.74

4FGL J1243.2+3627 4FGL J1243.2+3627 1.065 190.80 36.46 147.4 26.01 26.64 47.13

4FGL J1245.1+5709 1RXS J124510.5+571020 1.545 191.29 57.17 83.3 3.19 26.70 46.71

4FGL J1312.4-2156 PKS 1309-216 1.491 198.13 -21.94 349.3 17.17 27.29 47.40

4FGL J1427.0+2348 PKS 1424+240 0.604 216.75 23.80 429.7 107.42 26.61 47.17

4FGL J1509.7+5556 4FGL J1509.7+5556 1.680 227.45 55.94 30.9 2.47 26.34 46.60

4FGL J1630.7+5221 4FGL J1630.7+5221 1.545 247.68 52.36 120.0 14.68 26.86 47.35

4FGL J1748.6+7005 S4 1749+70 0.770 267.14 70.10 735.0 44.09 27.06 47.09

4FGL J2145.5+1006 4FGL J2145.5+1006 2.826 326.38 10.10 67.9 1.51 27.08 46.87

4FGL J2227.9+0036 PMN J2227+0037 2.145 336.99 0.62 101.0 7.79 27.04 47.45

4FGL J2243.4-2544 PKS 2240-260 0.774 340.86 -25.74 1102.2 14.77 27.24 46.64

4FGL J2255.2+2411 MG3 J225517+2409 1.370 343.81 24.17 79.2 10.73 26.58 47.12
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Table B.2: Physical weights 𝑤𝑘 of the sources for all weight schemes, expressed in percentages. The w/o and w/ columns make reference

to the values when we exclude or include TXS 0506+056, respectively.

NAME z 𝛼 𝛿
Distance

Inverse

distance

Gamma Radio

w/o w/ w/o w/ w/o w/ w/o w/

SDSS J000359.23+084138 2.057 1.00 8.69 5.62 5.58 0.47 0.34 0.19 0.17 0.38 0.37

TXS 0006+061 1.563 2.27 6.47 4.01 3.98 0.92 0.66 1.14 1.02 3.26 3.15

GB6 J0043+3426 0.966 10.95 34.44 2.21 2.20 3.02 2.18 4.01 3.57 0.94 0.91

PKS 0048-09 0.635 12.67 -9.48 1.32 1.31 8.45 6.11 5.69 5.07 6.88 6.64

3C 66A 0.444 35.67 43.04 0.86 0.85 20.01 14.46 20.00 17.82 17.20 16.58

4FGL J0250.6+1712 1.100 42.66 17.20 2.60 2.58 2.19 1.58 0.74 0.66 0.68 0.66

FBQS J0253-0124 1.480 43.32 -1.40 3.75 3.72 1.05 0.76 0.53 0.47 0.42 0.41

4FGL J0323.7-0111 2.075 50.93 -1.20 5.68 5.64 0.46 0.33 1.02 0.91 0.47 0.46

TXS 0506+056 0.337 77.36 5.69 - 0.62 - 27.76 - 10.91 - 3.57

PMN J0525-0051 1.200 81.48 -0.86 2.89 2.87 1.76 1.27 0.64 0.57 1.06 1.03

4FGL J0630.9-2406 1.238 97.75 -24.11 3.01 2.99 1.63 1.18 6.85 6.10 1.22 1.18

PKS 0735+17 0.424 114.53 17.71 0.81 0.81 22.33 16.13 9.13 8.13 16.63 16.03

NVSS J090226+205045 2.055 135.61 20.85 5.61 5.58 0.47 0.34 2.37 2.11 0.93 0.89

4FGL J0908.9+2311 1.184 137.25 23.19 2.85 2.83 1.82 1.32 0.71 0.63 0.53 0.51

TXS 0919-052 0.974 140.60 -5.49 2.23 2.22 2.96 2.14 1.00 0.89 5.00 4.82

87GB 105148.6+222705 2.055 163.63 22.18 5.61 5.58 0.47 0.34 2.59 2.31 1.03 0.99

PKS B1130+008 1.223 173.19 0.57 2.96 2.94 1.68 1.22 4.06 3.62 5.39 5.20

B3 1206+416 1.336 182.34 41.33 3.30 3.28 1.35 0.98 1.00 0.89 3.31 3.19

IVS B1212+503 1.545 183.75 50.04 3.95 3.93 0.94 0.68 0.57 0.51 1.13 1.09

4FGL J1243.2+3627 1.065 190.80 36.46 2.49 2.48 2.37 1.71 3.49 3.11 1.57 1.52

1RXS J124510.5+571020 1.545 191.29 57.17 3.95 3.93 0.94 0.68 0.53 0.47 1.10 1.06

PKS 1309-216 1.491 198.13 -21.94 3.78 3.76 1.03 0.74 2.82 2.51 4.50 4.34

PKS 1424+240 0.604 216.75 23.80 1.24 1.23 9.57 6.91 15.50 13.81 3.56 3.44

4FGL J1509.7+5556 1.680 227.45 55.94 4.38 4.35 0.77 0.55 0.33 0.30 0.43 0.41

4FGL J1630.7+5221 1.545 247.68 52.36 3.95 3.93 0.94 0.68 2.31 2.05 1.58 1.52

S4 1749+70 0.770 267.14 70.10 1.67 1.66 5.28 3.81 7.04 6.27 6.73 6.49

4FGL J2145.5+1006 2.826 326.38 10.10 8.26 8.21 0.22 0.16 0.18 0.16 1.34 1.30

PMN J2227+0037 2.145 336.99 0.62 5.91 5.88 0.42 0.30 1.28 1.14 1.64 1.58

PKS 2240-260 0.774 340.86 -25.74 1.68 1.67 5.21 3.76 2.49 2.22 10.11 9.75

MG3 J225517+2409 1.370 343.81 24.17 3.41 3.39 1.27 0.92 1.81 1.62 0.97 0.94
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