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Abstract

The quest to uncover physics Beyond the Standard Model (BSM) faces two fundamental
experimental limitations: the energy reach of terrestrial colliders, limited to the TeV scale
by current accelerator technology, and the depth of cosmological observations, which typi-
cally probes only up to the epoch of the cosmic microwave background. Yet, the universe
itself provides laboratories at energies and epochs far beyond human made experiments.
In this thesis, I explore how emerging cosmic messengers, gravitational waves (GWs) and
high-energy neutrinos, offer unprecedented opportunities to probe new physics in otherwise
inaccessible regimes.

In particular, I investigate how these probes can shed light on some of the most profound
open questions in fundamental physics: the origin of the matter-antimatter asymmetry, the
nature of dark matter (DM), and the origin of neutrino masses. GWs, whose direct detection
became reality less than a decade ago, have rapidly evolved into a powerful observational tool.
Recent evidence for a stochastic GW background by the pulsar timing arrays underscores
their potential to reveal phenomena from the very early Universe. Next generation detectors,
such as LISA and the Einstein Telescope, have the potential to probe even earlier epochs and
to test a plethora of new physics scenarios. Among these, a particularly intriguing possibility
that I discuss is that a stochastic GW signal may originate from a first-order phase transition
in the early universe, potentially connected to the generation of the baryon asymmetry.

Similarly, the past decade has witnessed the first detections of astrophysical high-energy
neutrinos made by IceCube, opening a new observational window on both cosmic accelera-
tors and possible dark sectors. New generation neutrino observatories, such as IceCube-Gen2
and KM3NeT, will offer improved sensitivity and larger datasets, enabling more stringent
tests of BSM scenarios. At the same time, they will enhance our understanding of astro-
physical sources. These two goals, probing new physics and characterizing cosmic sources,
are inherently intertwined, requiring a complementary, multi-messenger approach. Among
potential astrophysical sources, blazars have emerged as key candidates for high-energy neu-
trino emission. In this context, I explore the possibility that the observed neutrino flux from
blazars may originate from DM–proton interactions in the dense environments surrounding
them.

Throughout this work, I emphasize the complementarity of gravitational waves and neu-
trino observations with traditional probes, including high-energy and high-intensity labora-
tory tests, direct DM detection and cosmology. I highlight how their unique properties enable
them to test BSM scenarios at energy scales and epochs inaccessible to other current exper-
iments. As both fields are undergoing rapid experimental advances, the results presented
here aim to contribute to the growing effort of leveraging multi-messenger astrophysics as a
strategic frontier in the search for new physics.
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Motivation and Purpose

The Standard Model of particle physics describes the interactions among the fundamental
constituents of matter, and its theoretical predictions have been in astonishing agreement
with experimental data so far. Nevertheless, it cannot represent the ultimate Theory of
Everything. Indeed, despite its remarkable success in describing particle interactions up to
the TeV scale, the Standard Model is widely understood to be an effective theory, valid only
below a certain energy cutoff. In particular, it does not incorporate gravity, and its struc-
ture is expected to break down near the Planck scale, where quantum gravitational effects
become important. This theoretical limitation underscores the need for a more fundamental
framework that unifies the Standard Model with gravity. Moreover, even well below this
cutoff, the Standard Model fails to account for several key observations. One of the most
immediate and experimentally established shortcomings is the existence of neutrino masses.
In the Standard Model, neutrinos are introduced as massless fermions, yet the existence of
neutrino oscillations imply that they need to have a non vanishing mass. This fact requires
an extension of the Standard Model field content or symmetries.

A second major puzzle is the nature of dark matter. Astrophysical and cosmological
observations, from galactic rotation curves and gravitational lensing to studies on large scale
structure formation and on the cosmic microwave background, provide compelling evidence
for a non-luminous, non-baryonic component of matter that makes up about 27% of the
universe’s energy density. Still, the Standard Model offers no viable dark matter candidate,
strongly suggesting the existence of new particles and interactions.

Finally, the observed matter-antimatter asymmetry of the universe remains a mistery.
While the Standard Model contains sources of CP violation and baryon number violation,
they are insufficient to account for the magnitude of the baryon asymmetry generated in
the early universe. Explaining this asymmetry requires new dynamics in the early universe,
which could also intersect with the physics of neutrino masses and phase transitions.

It is also worth noting that these problems may not require entirely independent solutions.
Several theoretical frameworks propose unified explanations that simultaneously address two
or more of these open questions. Examples include models where dark matter is involved in
baryogenesis through matter–dark matter oscillations, or radiative neutrino mass generation
mechanisms in which neutrino masses and dark matter originate from the same dynamics.

One of the major challenges in the search for physics beyond the Standard Model lies in
the uncertainty surrounding the energy scale at which new phenomena emerge. While collider
experiments, such as the LHC, have pushed our direct exploration up to the TeV scale, their
progress in the coming decade is likely to be incremental and technically demanding. In this
context, alternative approaches become increasingly valuable, particularly those that can
access scales and epochs far beyond the reach of terrestrial experiments.

Among these, gravitational waves and high-energy neutrinos stand out as promising mes-
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6 CONTENTS

sengers of new physics. Gravitational waves offer a unique opportunity to probe the early
universe, including processes such as first-order phase transitions associated with symmetry
breaking and baryogenesis. Excitingly, recent results from pulsar timing arrays have reported
hints of a stochastic signal around the nanohertz frequency that could be the first detection
of a gravitational wave background. While its origin remains under investigation, these ob-
servations strengthen the case for pursuing new physics signatures through the gravitational
wave sky. Future space based interferometers like LISA, as well as next generation ground
based detectors such as Einstein Telescope, could be sensitive to stochastic gravitational
wave backgrounds from these primordial events.

On the other hand, high-energy neutrinos can serve as probes of violent astrophysical
environments where new physics may be at play, for instance, in regions with dark matter
acceleration or cosmic-ray interactions with hidden sectors. Importantly, both gravitational
wave and neutrino astronomy are rapidly evolving fields, with groundbreaking observations
already achieved by collaborations such as LIGO/Virgo/KAGRA for gravitational waves,
and IceCube and KM3NeT for neutrinos. These developments mark the beginning of a
new era in particle physics and cosmology, in which non-electromagnetic messengers offer
complementary and potentially groundbreaking insights into the fundamental laws of nature.

What makes these messengers particularly powerful is their broad relevance across dis-
tinct areas of fundamental physics. The same gravitational wave or neutrino signal can
simultaneously carry information about dark matter, baryogenesis, or neutrino mass genera-
tion, depending on the underlying dynamics. This convergence motivates a unified approach
in which observational signatures are studied not in isolation, but as probes of multiple in-
terconnected problems. In this thesis, we adopt such a strategy, exploring how gravitational
waves and high-energy neutrinos can test a range of BSM dynamics and scenarios addressing
these deep open questions.

The thesis is structured in four main chapters. In Chapter 1 the following open issues of
the Standard Model are discussed: the matter-antimatter asymmetry, the origin of neutrino
masses and the nature of dark matter. In Chapter 2 we introduce the messengers beyond
light, gravitational waves and high-energy neutrinos, with emphasis on their relevance to the
cosmology of the early universe and extreme astrophysical environments. In Chapter 3 we
discuss in detail first-order phase transitions and the associated stochastic gravitational wave
spectrum, in particular in the context of supercooled phase transitions. We build concrete
models for the generation of the baryon asymmetry and we show that our framework could
be testable through gravity waves at LISA and the Einstein Telescope. We also propose a low
scale baryogenesis model, addressing also DM abundance, that relies on a supercooled phase
transition below the GeV scale, in order to address the gravitational wave signal recently
observed by the pulsar timing arrays. In Chapter 4 we discuss some implications of the
observations of high-energy astrophysical neutrinos on Beyond the Standard Model physics.
We study the possibility that the neutrino observed in 2017 by IceCube associated to the
blazar TXS 0506+056, as well the diffuse astrophysical neutrino flux detected in the past
decade at IceCube could be the result of the interaction of dark matter around blazars with
high-energy protons that are accelerated in the blazar environment. We also suggest that
high-energy neutrinos could probe the only component of dark matter which is predicted by
the Standard Model, namely the relic neutrino background. We conclude by summarizing the
main results of this thesis and outlining future directions for addressing the open questions of
the Standard Model, emphasizing the growing role of non-electromagnetic messengers such
as gravitational waves and high-energy neutrinos in unveiling new physics.



Chapter 1

Open Issues of the Standard Model

1.1 Generation of the Baryon Asymmetry

Matter-Antimatter asymmetry of our Universe

The existence of antimatter is a fundamental prediction of relativistic quantum mechanics.
In 1928, Dirac’s formulation of the electron’s wave equation implied the existence of a particle
with identical mass and spin but opposite electric charge, the positron [10]. This prediction
was confirmed a few years later, in 1932, when Anderson observed positron tracks in a
cloud chamber [11]. Today, antimatter is an integral part of the Standard Model (SM):
every fermion has an associated antiparticle, with the possible exception of neutrinos due
to the ongoing debate on their Dirac/Majorana nature. The CPT theorem implies an exact
symmetry between particles and antiparticles in their intrinsic properties such as mass and
lifetime. Despite this fundamental symmetry, the observable Universe exhibits a striking
imbalance, dominated almost entirely by matter rather than antimatter. Indeed, cosmic ray
observations, gamma-ray constraints, and the absence of antimatter regions up to the scale
of galaxy clusters [12, 13] all point to the conclusion that the observable Universe has a net
cosmological matter-antimatter asymmetry.

Measurements of the Cosmic Microwave Background (CMB) [14] and Big Bang Nucle-
osynthesis (BBN) [15] yield a precise value for the baryon-to-photon ratio,

ηB ≡ nB − nB̄
nγ

≃ 6.1× 10−10 , (1.1)

where nB, nB̄ and nγ are the number densities of baryons, antibaryons and photons, respec-
tively, indicating a tiny but significant excess of baryons over antibaryons. As the photon
number density nγ can change due to processes such as electron-positron annihilation, it
is more convenient to express the baryon asymmetry of the Universe (BAU) in terms of
the baryon-to-entropy ratio, which remains constant as long as baryon number violating
processes are inactive. The baryon-to-entropy ratio is defined as

YBAU ≡ nB − nB̄
s

= ηB
45 ξ(3)

π4g∗s
≃ ηB

7.04
≃ 8.6× 10−11 , (1.2)

where g∗s = 3.75 is the effective number of relativistic degrees of freedom after recombination.
Explaining this value of the observed BAU is theoretically challenging. Indeed, if one assumes
no initial baryon asymmetry, then baryon-antibaryon annihilations would have occurred as

7



8 CHAPTER 1. OPEN ISSUES OF THE STANDARD MODEL

the temperature dropped below the baryon mass, Boltzmann suppressing their abundance
[16]. The remaining relic densities of both baryons and antibaryons would be negligible,
of order ∼ 10−20nγ , far below the value required by BBN and CMB data. Moreover, the
absence of strong diffuse gamma-ray signals from annihilations, as well as the consistency
of BBN and CMB physics, rules out this symmetric freeze-out scenario by many orders of
magnitude.

Taken together, these considerations imply that the observed matter-antimatter asym-
metry must have a dynamical origin. It is extremely unlikely that such a small imbalance
was set as an initial condition, particularly in the context of inflationary cosmology, which
tends to erase any pre-existing asymmetry [17]. Therefore, the baryon asymmetry must have
been generated through physical processes in the early Universe, after inflation and before
BBN. This leads to the concept of baryogenesis, a dynamical mechanism by which a net
baryon number is created out of an initially symmetric state.

The theoretical foundation for baryogenesis was established by Sakharov, who identified
three necessary conditions for generating a baryon asymmetry in the early Universe. These
conditions, which we review in the next section, provide the essential ingredients for any
successful model which can account forn the generation of the BAU.

1.1.1 The Sakharov conditions

In 1967, Sakharov presented three necessary conditions that must be simultaneously fulfilled
in order to generate the observed BAU [18]. These conditions are: i) the violation of the
baryon number, ii) violation of C and CP symmetries, and iii) the presence of an out-of-
equilibrium phase. Let us analyze each of these requirements in some detail, see [19] for a
similar discussion. We begin by defining the total baryon number operator in terms of the
quark fields q(x) at spacetime point x = (t, x⃗):

B̂tot(t) ≡
1

3

∑
q

∫
d3x q†(x)q(x), . (1.3)

This operator therefore counts the number of baryons in a given volume at the time t.

• The first condition is obvious. If the baryon number B̂tot is strictly conserved, then
the operator commutes with the Hamiltonian Ĥ

[Ĥ, B̂tot] = 0, (1.4)

and therefore its expectation value ⟨B̂tot(t)⟩ is constant in time. Consequently, no
net baryon number can be generated dynamically from an initially baryon-symmetric
state.

• Using the transformation properties of spinor fields under discrete symmetries, one can
show:

P̂ B̂tot(t)P̂
−1 = B̂tot(t), (1.5)

ĈB̂tot(t)Ĉ
−1 = −B̂tot(t), (1.6)

and therefore,

(ĈP̂ )B̂tot(t)(ĈP̂ )
−1 = −B̂tot(t). (1.7)
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Now consider the quantum expectation value of baryon number at time t, computed
using the density matrix ρ(t):

⟨B̂tot(t)⟩ = Tr[ρ(t)B̂tot(t)], (1.8)

with ρ(t) = eiĤtρ(0)e−iĤt. Assuming that the theory is invariant under charge conjuga-
tion Ĉ, i.e., [Ĉ, Ĥ] = 0, and that the initial state is C-symmetric, namely Ĉρ(0)Ĉ−1 =
ρ(0), is then Ĉ-invariance is preserved at all times, Ĉρ(t)Ĉ−1 = ρ(t).

The expectation value of B̂tot(t) can be computed as :

⟨B̂tot(t)⟩ = Tr[ρ(t)B̂tot(t)] (1.9)

= Tr[Ĉρ(t)Ĉ−1ĈB̂tot(t)Ĉ
−1] (1.10)

= Tr[ρ(t)(−B̂tot(t))] = −⟨B̂tot(t)⟩. (1.11)

Therefore ⟨B̂tot(t)⟩ = 0 and hence no baryon asymmery is generated. A similar argu-
ment holds if the theory is CP symmetric (i.e., [ĈP̂ , Ĥ] = 0) and ρ(0) is CP-invariant.
In both cases, the system cannot evolve to produce a net baryon number from an
initially symmetric state.

• The third Sakharov condition requires that baryon-generating interactions occur out
of thermal equilibrium. This necessity can be seen from the fact that, in equilibrium,
the density matrix ρ is time-independent and commutes with the Hamiltonian:

[ρ, Ĥ] = 0. (1.12)

As a result, the expectation value of any observable, including the total baryon number
B̂tot, is conserved. Moreover, in equilibrium the system respects CPT symmetry. Since
θ̂ ≡ CPT satisfies

θ̂B̂totθ̂
−1 = −B̂tot, θ̂ρθ̂−1 = ρ, (1.13)

it follows immediately that

⟨B̂tot⟩ = Tr[ρB̂tot] = Tr[ρ(−B̂tot)] = −⟨B̂tot⟩ ⇒ ⟨B̂tot⟩ = 0. (1.14)

Baryogenesis within the Standard Model

Let us now examine whether the SM satisfies the above Sakharov conditions. In the SM
there are four global accidental U(1) symmetries, meaning that they are not fundamental
symmetries but result from gauge invariance, renormalizability and the particle content of
the theory. These are the baryon number B and the lepton family numbers, Le, Lµ, Lτ
(clearly the total lepton number L = Le + Lµ + Lτ is conserved as well). Though conserved
at the classical level, the baryon and lepton number are anomalous, namely their conservation
is broken at the quantum level. The baryonic and leptonic currents, specifically JµB and JµL,
are not conserved at the non-perturbative level but they satisfy the following equation [20]

∂µJ
µ
B = ∂µJ

µ
L = − nf

32π2

(
g2W a

µνW̃
µν,a − g′2BµνB̃

µν
)
, (1.15)

where g(g′), Wµν(Bµν) and Ŵµν(B̂µν) denote the gauge coupling, the field strength tensor
and its dual of the SM SU(2)L(U1(Y )) gauge groups; nf is the number of fermionic families,
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that is nf = 3 in the SM. It thus follows that in the SM B − L is conserved while B + L is
violated.

In the SM, baryon number violation (BNV) arises from the chiral anomaly and is medi-
ated by non-perturbative SU(2)L gauge field configurations. These are characterized by the
Chern-Simons number NCS, a topological quantity defined on spatial slices:

NCS(t) =
g2

32π2

∫
d3x ϵijk

(
W a
i ∂jW

a
k +

g

3
ϵabcW a

i W
b
jW

c
k

)
. (1.16)

These vacuum configurations, distinguished by different integer values of NCS, are classically
degenerate but topologically distinct. Transition between topologically distinct vacua induce
a change ∆NCS, which leads to baryon and lepton number violation (LNV) through the
anomaly:

∆B = ∆L = nf ∆NCS, ∆(B − L) = 0. (1.17)

At zero temperature, such transitions are mediated by instantons, which are finite-
action solutions to the Euclidean equations of motion for the gauge fields, describing tun-
neling events between topologically distinct vacua, with an exponentially suppressed rate
Γinst ∼ e−4π/αW ≈ 10−170 [21, 22], where αW ≡ g2/(4π). However, at finite temperature,
thermal fluctuations can induce transitions over the potential barrier between the degenerate
vacua. These transitions are mediated by the electroweak sphalerons [23], which are the field
configurations at the maxima of the energy barriers and are characterised by half-integer
Chern-Simons number. The rate per unit volume of these transitions depends strongly on
the temperature. At low temperatures T ≤ TEW, that is in the electroweak broken phase,
the sphaleron rate is exponentially suppressed:

Γ
(T≤TEW)
sph ∼ A(T ) e−Esph(T )/T , (1.18)

where A(T ) ∼ T 4 and Esph(T ) ∼ 4πv(T )
g is the temperature-dependent sphaleron energy,

with v(T ) the Higgs VEV. At high temperatures T ≥ TEW, namely in the symmetric phase,
the rate becomes unsuppressed and is estimated as [24]:

Γ
(T≥TEW)
sph ∼ κα5

WT
4, (1.19)

where κ ∼ 20 is a constant determined by lattice simulations [25]. To determine whether
sphalerons are in thermal equilibrium, we compare Γsph to the Hubble expansion rate H(T ),
which in the radiation-dominated era is given by

H2(T ) =
ρrad

3MPl
2
, ρrad(T ) =

g∗π
2

30
T 4 , (1.20)

where g∗ is the effective number of relativistic degrees of freedom and MPl ≃ 2.4× 1018 GeV
the reduced Planck mass. The condition for equilibrium, Γsph/T

3 > H, then implies that
electroweak BNV is in thermal equilibrium in the temperature range:

Tsph ≤ T ≤ 1012 GeV , (1.21)

with Tsph ≃ 130 GeV [24]. In this range of temperatures, B+L is effectively violated, while
B − L remains conserved. As long as the EW sphalerons are in thermal equilibrium, one
can derive relations between the chemical potential of the various particles composing the
plasma and, correspondingly, between the numbers B, L and B − L, [26]:
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B = cs(B − L) , L = (cs − 1)(B − L) , (1.22)

where cs is the sphaleron coefficient, which is given by

cs =


8nf + 4nH
22nf + 13nH

T ≳ TEW,

8nf + 4(nH + 2)

24nf + 13(nH + 2)
T ≲ TEW ,

(1.23)

where TEW ≃ 160 GeV the temperature of the electroweak crossover [24] and nH the number
of Higgs doublets of the theory. As in the SM nH = 1, it follows that cs = 28/79 for
T ≥ TEW and cs = 12/37 for T ≤ TEW. The expressions in Eq. (1.22) imply that, as
long as B+L violating process are in thermal equilibrium, a pre-existing baryon asymmetry
can be reprocessed by the EW sphalerons into a lepton asymmetry and vice-versa, in the
presence of a net B −L initial asymmetry. Therefore, if a B −L asymmetry is generated at
T > TEW, it is reprocessed into B and L asymmetries by EW sphalerons, as long as T > Tsph
and effectively ”frozen in” below Tsph. This is the key idea of leptogenesis, where the B −L
asymmetry is first produced in the lepton sector and is then transferred to the baryon sector.

Regarding the other Sakharov’s conditions, C is maximally violated in the SM by the
weak interactions. Moreover, CP is violated in the quark sector by the physical phase of the
CKM matrix [27]. However, it was shown in Refs. [28, 29] that CP-violating effects in the
SM are far too small to account for the observed BAU. A straightforward way to quantify
CP violation in a basis-independent way is through the construction of reparametrisation
invariant combinations of the quark mass matrices. The leading CP-violating quantity can
be written as

Im
[
Det

[
MuM

†
u,MdM

†
d

]]
≃ −2J m4

tm
4
bm

2
cm

2
s,

where Mu and Md are the up and down type quark mass matrices, mi the quark masses and
J is the Jarlskog invariant [30], defined as

J ≡ Im [VusVcbV
∗
ubV

∗
cs] ≃ 2× 10−5 ,

with Vij the elements of the CKM matrix. To assess the cosmological relevance of this
CP violating invariant quantity, one can construct a dimensionless ratio by normalising to a
temperature scale relevant for baryogenesis. Taking T = Tsph ≈ 130 GeV the temperature at
which the sphaleron processes freeze out, we can define the following dimensionless quantity:

YSM ∼ J m4
tm

4
bm

2
cm

2
s

T 12
sph

∼ 10−19 ≪ YBAU . (1.24)

This result implies that there should be other sources of CP violation beyond the CKM
phase to produce the observed matter-antimatter asymmetry.

In addition to the weakness of CP violation, the SM also fails to provide the necessary
departure from thermal equilibrium. A first-order electroweak phase transition (EWPT)
would create bubbles of broken electroweak symmetry in a symmetric background, driving
the system out of equilibrium. However, for the measured value of the Higgs mass mH =
125 GeV, the EWPT in the SM is known to be a smooth crossover [31, 32], and thus fails
to provide a significant deviation from thermal equilibrium.
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Together, the absence of B − L violating interactions, the extreme suppression of CP
violation and the absence of a strongly first-order phase transition imply that the SM alone
cannot account for the observed BAU. These limitations of the SM provide a compelling
motivation for BSM physics that includes new sources of CP violation, a mechanism for
generating a net B − L asymmetry and dynamics capable of inducing a strong departure
from thermal equilibrium.

1.1.2 Mechanisms for the generation of the baryon asymmetry

Several theoretical frameworks have been proposed to explain the origin of the BAU, each
of them relying on BSM physics to satisfy the Sakharov conditions.

One of the earliest proposals came in the context of Grand Unified Theories (GUT), which
aim to unify the electroweak and the strong interactions by embedding the SM particles into
the fundamental representations of larger gauge groups, e.g. SU(5) or SO(10) [33]. As
quarks and leptons are unified into the same multiplets, the appearance of BNV processes
becomes natural. This mechanism, known as GUT Baryogenesis is driven by the out of
equilibrium decays of heavy bosons X present in the GUT, whose mass is comparable to
the GUT scale, MX ∼ 1016 GeV [34, 35]. However, these models are strongly constrained
by bounds on the proton lifetime [36] and from inflation. Indeed, the former puts a lower
bound on the mass of the decaying boson, and therefore on the reheating temperature of
the Universe after inflation. Simple inflation models do not give such a high reheating
temperature, which might also produce unwanted heavy relics [37]. Finally, in the simplest
SU(5) based GUTs, B+L is violated but B−L is not. Consequently, EW sphalerons would
wash-out any baryon asymmetry produced at the GUT scale (see [38] for a review).

An alternative high-scale mechanism for generating the baryon asymmetry is the Af-
fleck–Dine baryogenesis [39], originally proposed in the context of supersymmetric (SUSY)
theories. In this framework, scalar fields carrying baryon or lepton number, typically flat
directions of the scalar potential in SUSY extensions of the SM, develop large vacuum ex-
pectation values during inflation. These scalar condensates later evolve and rotate in field
space, effectively generating a net baryon or lepton number through CP-violating phases in
the potential. As the universe expands, the condensate eventually decays into SM particles,
transferring its asymmetry to the thermal plasma. A nice feature of this mechanism is that
it can lead to an asymmetry in any combination of B and L. However, its predictions are
sensitive to the details of the scalar potential, SUSY breaking, and reheating, and often re-
quire careful model building to ensure consistency with cosmology and avoid overproduction
of unwanted relics (see [40]).

Leptogenesis [41] is a compelling mechanism for generating the BAU, intimately linked
to the origin of neutrino masses via the seesaw mechanism [42, 43]. In this framework, heavy
right-handed neutrinos, singlet under the SM gauge group, are introduced and coupled to
the lepton doublets and the Higgs field via Yukawa interactions. Their Majorana masses
explicitly violate lepton number, and their out-of-equilibrium decays can generate a lepton
asymmetry through the complex Yukawa couplings. This lepton asymmetry is then partially
converted into a baryon asymmetry by the electroweak sphalerons.
A particularly attractive feature of leptogenesis is its natural embedding in the seesaw mech-
anism, which simultaneously explains the smallness of neutrino masses observed in oscillation
experiments. However, the canonical scenario of thermal leptogenesis typically requires the
lightest right-handed neutrino to have a mass above 109 GeV [44], placing it well beyond
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the reach of current experiments. Nevertheless, alternative realizations such as resonant
leptogenesis [45], where two or more right-handed neutrinos are nearly degenerate in mass,
can enhance CP violation and lower the scale of leptogenesis to the TeV range or below,
offering potential prospects for experimental tests via lepton flavor violation, neutrinoless
double beta decay, or collider signatures. For a comprehensive review of this framework see
[46, 47].

Electroweak baryogenesis (EWBG) offers a compelling framework to explain the observed
BAU via new physics at the electroweak scale [23, 48]. In this scenario, a departure from
thermal equilibrium is provided by the EWPT itself, which is set to be first-order, during
which bubbles of broken electroweak symmetry nucleate and expand in a symmetric phase
background. CP violating interactions between particles in the plasma and the advancing
bubble walls generate a CP asymmetry in left-handed fermions, which is converted into
a baryon asymmetry by the EW sphalerons active in the symmetric phase. The generated
baryon number is subsequently swept into the broken phase, where sphalerons are suppressed,
preventing washout.

As discussed in the previous section, the SM fails to support EWBG due to two key
shortcomings: i) the EWPT is a smooth crossover for the observed Higgs mass; ii) the
only source of CP violation, the CKM phase, is too small, appearing only at high order in
the Yukawa expansion. Viable models of EWBG therefore require extensions of the Higgs
sector and new CP violating sources, as realized in two-Higgs-doublet models, SUSY, or
composite Higgs frameworks. These models are highly testable: indeed, they may lead to
electric dipole moments (EDMs) near current experimental limits [49], collider signatures,
and, in particular, gravitational wave signals from first-order phase transitions that could
be observed by future detectors such as LISA [50, 51]. While traditional EWBG relies on
subsonic bubble walls, recent proposals have explored mechanisms that allow for relativistic
walls and novel particle production effects [52, 53, 54], potentially broadening the class of
viable models and their gravitational wave phenomenology.

While many baryogenesis models operate at high temperatures, often well above the
electroweak scale, it is in principle possible to generate the baryon asymmetry at much
lower scales, even around 1–100 MeV. Such scenarios naturally emerge in frameworks with
low reheating temperatures, as predicted in certain SUSY models [55] or axion DM models
with suppressed isocurvature perturbations [56]. Recent low-scale baryogenesis proposals
have revived and improved upon early ideas from the 1980s, addressing challenges such as
washout by late-decaying particles and EDM constraints, see [57] for a review on the topic,
here we will mention a few interesting examples four our purpose.

One scenario, known asMesogenesis [58, 59], exploits CP violating processes in SM meson
systems, such as B0

d,s mixing or charged meson decays, which occur after quark hadronization
at low temperatures. The baryon number can be transferred to a dark sector state carrying
B = −1, enabling an overall baryon symmetric universe. These models are experimentally
testable through CP violation in meson systems, exotic decays into invisible particles, and
collider peak searches.

Another intriguing baryogenesis framework seeks to explain the observed abundances
of both baryonic matter and DM through a common origin, as motivated by the fact that
their cosmological energy densities differ by only an order-one factor, with ρDM/ρB ∼ 5. A
well-known example is the class of asymmetric dark matter (ADM) models, see [60], where a
shared asymmetry in a conserved global charge (such as B−L) is split between the visible and
dark sectors. This leads to a DM density naturally comparable to that of baryons if the DM
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mass is of a few GeV. Two broad classes of ADM models exist. In cogenesis [61], the visible
and dark sector asymmetries are generated simultaneously from a common out-of-equilibrium
process, such as the decay of a heavy particle. In contrast, darkogenesis [62, 63] refers to
scenarios in which the asymmetry is first generated in the dark sector, and subsequently
transferred to the visible sector. This causal structure offers a dynamical explanation for the
baryon asymmetry as a consequence of dark sector dynamics. Both approaches are especially
attractive as they predict correlated cosmological and laboratory signatures, motivating new
searches for exotic baryon-violating processes, dark sector particles, and indirect signatures
such as altered cosmic abundances or novel collider decays.

Interestingly, the possibility of a strongly first-order phase transition occurring at MeV-
scale temperatures also opens the door to connections with the stochastic gravitational wave
background hinted at by recent Pulsar Timing Array (PTA) observations [64]. If confirmed,
such signals could point to cosmological dynamics in the very temperature range relevant for
low-scale baryogenesis, making this class of models particularly timely and intriguing. We
will present a darkogenesis model connected to the scale of the PTA signal in Section 3.3.
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1.2 The origin of neutrino masses

1.2.1 From neutrino oscillations to New Physics

Neutrinos are the most enigmatic particles in the SM. First postulated by Wolfgang Pauli in
1930 as a solution to the apparent violation of energy and momentum conservation in β-decay
[65], neutrinos were experimentally discovered in 1956 by Reines and Cowan using a nuclear
reactor as a source of electron antineutrinos [66]. Since then, neutrinos have been detected
from a wide variety of astrophysical and terrestrial sources, see Section 2.1 for details.

A pivotal moment in neutrino physics came with the observation of the so-called solar
neutrino problem. The Homestake experiment found in the 1960s that the flux of solar
neutrinos was significantly lower than the theoretical predictions [67]. This discrepancy per-
sisted across other solar neutrino detectors and was ultimately resolved by the phenomenon
of neutrino oscillations.

The idea that neutrinos could change flavor as they propagate, initially proposed by
Pontecorvo [68, 69], was experimentally confirmed by the Super-Kamiokande collaboration in
1998 through the observation of atmospheric neutrino oscillations [70]. Further confirmation
came from solar neutrino measurements by SNO [71] and reactor neutrino experiments like
KamLAND [72].

1.2.2 Flavor Mixing and the PMNS Matrix

In the SM, neutrinos appear in three flavor states νe, νµ, ντ , each associated with a charged
lepton. However, neutrino oscillation implies that these flavor states are not the eigenstates
of the free Hamiltonian, but rather coherent mixtures of mass eigenstates ν1, ν2, ν3. From
neutrino oscillation data it follows that at least two neutrinos must have non-zero masses.
This mixing is described by the 3 × 3 unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix U [73]:

|να⟩ =
3∑
i=1

Uαi|νi⟩ . (1.25)

The PMNS matrix can be parameterized in terms of three mixing angles θ12, θ23, θ13 and up
to three CP-violating phases. For Dirac neutrinos, only one CP phase δCP is physical, while
for Majorana neutrinos two additional Majorana phases η1 and η2 appear. The standard
parametrization is given by [74]

UPMNS =

 c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13
s12s23 − c12c23s13e

iδCP −c12s23 − s12c23s13e
iδCP c23c13

·

1 0 0
0 eiη1 0
0 0 eiη2

 ,

(1.26)
where cij = cos θij , sij = sin θij . The charged current interaction in the mass basis is then
given by

LCC = − g√
2
ℓ̄αγ

µPLUαiνiW
−
µ + h.c. (1.27)
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1.2.3 Neutrino Oscillations in Vacuum

In vacuum, the transition probability that a neutrino of flavor α will be detected as a neutrino
of flavor β after travelling a distance L with energy E is given by:

P (να → νβ) = δαβ − 4
∑
i>j

Re
[
U∗
αiUβiUαjU

∗
βj

]
sin2

(
∆m2

ijL

4E

)

+2
∑
i>j

Im
[
U∗
αiUβiUαjU

∗
βj

]
sin

(
∆m2

ijL

2E

)
,

(1.28)

where ∆m2
ij = m2

i − m2
j are the neutrino mass squared differences and the expression for

the antineutrinos are obtained by simply taking the conjugate of the corresponding PMNS
matrix elements. This equation illustrates that neutrino oscillations are sensitive to mass
squared differences and mixing angles, but not to the absolute value of the mass eigenvalues
or to the Majorana phases. We can also see explicitly from Eq. (1.28) that the phase δCP

induces CP violation, as in general P (να → νβ) ̸= P̄ (ν̄α → ν̄β).

1.2.4 Experimental Status

The absolute mass scale of neutrinos remains unknown and cannot be accessed through
oscillation experiments, which are sensitive only to mass squared differences, see Eq.(1.28).
Direct bounds are instead obtained from β-decay experiments such as KATRIN [75], which
currently provides an upper bound of mν < 0.45 eV (90% C.L.), and from cosmological data
[76], which constrain the sum of neutrino masses to be

∑
mν ≲ 0.07-0.16 eV depending on

the cosmological model and dataset used.

A closely related question in neutrino physics is the mass ordering, that is, whether
the mass eigenstate ν3, which has the smallest electron flavor content, is heavier (normal
ordering, NO) or lighter (inverted ordering, IO) than the other two. In the NO, the masses
satisfy m1 < m2 < m3, while in the IO m3 < m1 < m2. The labels ν1, ν2, and ν3 are fixed
by their flavor composition, with the electron neutrino mixing element |Uei|2 decreasing
from ν1 to ν3. Current global fits of oscillation data slightly favor the NO, though the
statistical significance remains below the 3σ level. Upcoming experiments such as JUNO
[77], DUNE [78], and Hyper-Kamiokande [79] are expected to provide a definitive resolution
to this question.

The parameters governing neutrino oscillations have been determined with increasing
precision over time. Solar, atmospheric, reactor, and accelerator experiments have all con-
tributed to the current picture. In particular, reactor neutrino experiments like Double
Chooz [80] and KamLAND [81] have precisely measured θ13 and ∆m2

21, while long-baseline
accelerator experiments such as T2K [82] have provided important constraints on θ23 and
δCP.

The CP-violating phase δCP remains poorly constrained, but current data provide in-
triguing hints of CP violation in the leptonic sector. In particular, long-baseline (LBL)
experiments such as T2K and NOνA have reported a preference for values of δCP close to
3π/2, which would correspond to maximal CP violation. However, these results are sub-
ject to statistical and systematic uncertainties, and there exist some tensions between the
datasets of different experiments [83, 84]. Despite these suggestive indications, global fits
to all available neutrino oscillation data cannot yet exclude CP-conserving values of δCP
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(i.e., 0 or π) at a statistically significant level. Future LBL experiments such as DUNE and
Hyper-Kamiokande are expected to clarify this picture with much greater sensitivity.

Thanks to the synergy of reactor, solar, atmospheric, and accelerator experiments, we
now have precise measurements of the three mixing angles and two mass squared differences.
Global fits (e.g., NuFit 6.0 [85]) compute the following best-fit values for these parameters,
which we report in Table 1.1:

Parameter Best Fit ± 1σ 3σ Range

∆m2
21 [10−5 eV2] 7.49+0.19

−0.19 6.92− 8.05

∆m2
31 (NO) [10−3 eV2] 2.51+0.02

−0.02 2.45− 2.58

∆m2
31 (IO) [10−3 eV2] 2.48+0.02

−0.02 2.42− 2.54

sin2 θ12 0.308± 0.11 0.275− 0.345

sin2 θ23 (NO) 0.47+0.02
−0.01 0.435− 0.585

sin2 θ23 (IO) 0.55+0.01
−0.01 0.440− 0.584

sin2 θ13 (NO) 0.02215+0.0006
−0.0006 0.02030− 0.02388

sin2 θ13 (IO) 0.02231+0.0006
−0.0006 0.02060− 0.02409

δCP/(
◦) (NO ) 212+26

−41 124− 364

δCP/(
◦) (IO) 274+22

−25 201− 335

Table 1.1: Best-fit values and 3σ ranges of neutrino oscillation parameters for Normal Order-
ing (NO) and Inverted Ordering (IO). Values taken from the global fit [85]. If not specified,
results hold for both mass hierarchies.

1.2.5 Dirac vs Majorana Nature

The observation that neutrinos possess non-zero masses raises a fundamental question about
their nature: are they Dirac or Majorana particles? This distinction is closely tied to the
conservation of the total lepton number. If neutrinos are Dirac fermions, total lepton number
is conserved. In contrast, Majorana neutrinos violate total lepton number by two units, as
they are their own antiparticles.

A clear phenomenological difference between these two possibilities arises in the structure
of the PMNS matrix. While Dirac phases can be reabsorbed through field redefinitions, the
Majorana phases η1 and η2 remain physical in the Majorana case and can influence LNV
processes, even though they have no impact on neutrino oscillations.

The most promising avenue to experimentally probe the Majorana nature of neutrinos
is the search for neutrinoless double beta decay (0νββ), a hypothetical nuclear process in
which a nucleus undergoes double beta decay without emitting neutrinos. Observation of
this process would unambiguously signal LNV and confirm that neutrinos are Majorana
particles.

Assuming that the decay is mediated by light neutrinos, its half-life is [86]

T−1
1/2 = G(Q,Z) g4A M2 |mββ |2

m2
e

, (1.29)

where G(Q,Z) is the phase-space integral, which depends on the atomic number Z of the
decaying nucleus and on the Q-value of the reaction; gA ≃ 1.27 [87] is the axial-vector
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Figure 1.1: Maximally allowed parameter space for |mββ | as a function of the lightst neutrino
mass, assuming central value of neutrino oscillation parameters. The orange and green areas
show the parameter space allowed assuming NO and IO, respectively. The shaded areas
indicate the regions already excluded by 0νββ searches. Figure taken from Ref. [89].

coupling;M is the nuclear matrix element, which accounts for all the hadronic current effects
inside the nucleus; mββ is the effective Majorana mass, normalized for convenience by the
electron mass me. The quantity G(Q,Z) is typically of order (10−14-10−15) yr−1 for common
isotopes such as 76Ge and 136Xe [88]. The nuclear matrix element M is dimensionless and
typically ranges from 1 to 5 depending on the nuclear model adopted [89]. Finally, the
effective Majorana mass mββ is given by

|mββ |2 =
∣∣m1|Ue1|2 +m2|Ue2|2eiη1 +m3|Ue3|2eiη2

∣∣2 ,
which depends on the neutrino masses, the mixing angles and the Majorana phases. Theo-
retical predictions for |mββ | depend significantly on the neutrino mass ordering, see Figure
1.1:

• In the IO, |mββ | has a lower bound given by |mββ | ≤ 18.4±1.3 meV, whose uncertainty
is dominated by the uncertainty on the solar mixing angle θ12.

• In the NO, destructive interference may allow |mββ | to vanish.

So far, no confirmed 0νββ event has ever been observed in any of the numerous dedicated
experiments. Current and future 0νββ experiments aim to reach sensitivities that can probe
the IO region [89]. A positive signal would confirm the Majorana nature of neutrinos,
while a null result would begin to constrain or rule out the IO scenario, depending on the
uncertainties in the nuclear matrix elements involved.

The interplay of future neutrino oscillation measurements, cosmological observations, and
searches for rare processes such as 0νββ decay will be essential to fully characterize neutrino
properties and their implications for physics beyond the SM.
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1.2.6 Neutrino masses and mixings

The discovery of neutrino oscillations has firmly established that neutrinos have non-zero
masses, thereby requiring an extension of the SM. However, the nature of these masses,
whether they are of Dirac or Majorana type, remains unknown. This question is not only
central to understanding the fundamental properties of neutrinos, but also intimately linked
to LNV and to the structure of possible UV completions of the SM.

From the theoretical standpoint, the distinction between Dirac and Majorana neutrinos
hinges on the conservation or violation of lepton number. In the Dirac case, one introduces
right-handed neutrinos νR, which are singlets under the SM gauge group. This allow intro-
ducing a Yukawa interaction with the SM Higgs doublet H and the left-handed neutrinos
νL, analogous to the interactions responsible for the masses of charged leptons and quarks:

LY = −yν LH̃νR + h.c., (1.30)

where L is the lepton doublet and H̃ = iσ2H
∗. After EWSB a Dirac mass term is generated

as

LD = −mD νLνR + h.c., (1.31)

with mD = yνv/
√
2. In this case, lepton number is conserved, with the assignment L(ν) = 1,

L(ν̄) = −1, and the neutrino behaves like any other Dirac fermion. However, the smallness
of the observed neutrino masses would imply Yukawa couplings yν ∼ O(10−12), much smaller
than those of all the other fermions in the SM.

In contrast, if one introduces a right-handed neutrino νR as a gauge singlet, its SM-
neutral nature allows the construction of a Majorana mass term 1

2MR νcRνR. This term is
not forbidden by any SM gauge symmetry, making it a technically natural extension. In this
framework, the smallness of the light neutrino masses arises not from tiny Yukawa couplings,
but from the suppression due to the large Majorana mass scale MR. Thus, the Majorana
scenario provides a more appealing and economical explanation, both from a symmetry
perspective and in terms of naturalness.

However, in the minimal SM, where no right-handed neutrino is present, one cannot write
a mass term for neutrinos at the renormalizable level. The left-handed neutrino νL, being
part of an SU(2)L doublet, cannot form a gauge-invariant Majorana mass term without
introducing additional fields or violating gauge symmetry. Consequently, any attempt to
generate neutrino masses and violate lepton number must occur through higher-dimensional
operators.

The key theoretical tool to describe the generation of Majorana neutrino masses at low
energies is the Weinberg operator [90], a dimension-5 effective operator that violates lepton
number by two units and represents the leading contribution to neutrino masses in an effective
field theory expansion:

O5 =
Cαβ5
Λ

(L̄cαH)(HTLβ) + h.c. (1.32)

Here, L is the SM lepton doublet, with α and β flavor indices, H the Higgs doublet, Λ the
scale of new physics, and C5 a dimensionless flavor matrix. After electroweak symmetry
breaking, this operator yields a Majorana mass for neutrinos:

(mν)αβ =
Cαβ5 v2

Λ
, (1.33)
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νL

H

νL

H

Figure 1.2: Representation of the Weinberg operator O5 defined in Eq. (1.33). Being of
D = 5 it must be generated by some BSM physics above the EW scale.

where v ≈ 246GeV is the Higgs vacuum expectation value. The observed tiny masses of the
neutrinos are naturally explained for Λ ∼ 1014GeV, assuming C5 ∼ O(1).

The Weinberg operator is not fundamental as it is not renormalizable but can be UV
completed in several ways. In particular, there are three possible 4-dimensional operators
allowed by the SM gauge group that can generate the Weinberg operator at tree-level [91].
These are classified on the basis of the type of the heavy mediator which is integrated out
in the low-energy theory. It can be either a fermion singlets N [42], SU(2)L triplet scalars
∆ [92, 93], or SU(2)L triplet fermions Σ [94]. We refer to these specific realizations as the
type-I seesaw for the singlet fermion, type-II seesaw for the triplet scalar and type-III seesaw
for the triplet fermion. In addition to tree-level realizations, there are radiative neutrino
mass models, see [95] for a review, where the smallness of neutrino masses is justified by the
fact that they appear at the loop level, compared to those of the other SM fermions. We
will briefly review the phenomenology of these neutrino mass mechanisms in this section.

1.2.7 The Seesaw Mechanism

The seesaw mechanism is the current high-energy theory paradigm for the generation of
the neutrino masses. The attractiveness of this framework stems from several key features.
First, it is minimal, requiring only the addition of a single new field to the SM. Second,
it provides a natural explanation for the smallness of neutrino masses. Third, it allows
for leptogenesis at high energies, thanks to LNV interactions, offering a possible origin for
the observed BAU, something that would not occur if neutrinos were purely Dirac particles.
Then, the theory is renormalizable at high energies, containing a finite set of parameters that,
in principle, can be fully constrained by low-energy measurements. Finally, this setup can
be elegantly embedded into larger unified frameworks such as SU(2)L × SU(2)R or SO(10),
linking neutrino physics to more unified theories of fundamental interactions.

• Type-I seesaw [42]:

The type-I seesaw mechanism extends the SM by introducing n ≥ 2 copies of right-
handed, SM singlet, neutrino fields NR, sharing the same quantum numbers as the
previously defined νR, but are now allowed to possess large Majorana massesMR. The
most general renormalizable Lagrangian involving these fields is given by

LSS1 = LSM + iNR /∂NR −
(
LYνH̃NR +

1

2
N c
RMRNR + h.c.

)
, (1.34)
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where Yν is a general n × 3 Yukawa coupling matrix, and MR is a symmetric n × n
Majorana mass matrix.

After electroweak symmetry breaking, the neutral lepton mass terms can be written
in the basis (νL, N

c
R) as

−Lν =
1

2

(
νL N c

R

)( 0 mT
D

mD MR

)(
νcL
NR

)
+ h.c., (1.35)

where the Dirac mass matrix is mD = Yν
v√
2
. Assuming the hierarchy mD ≪MR, the

effective mass matrix for the light neutrinos is given by

mν ≈ −mT
DM

−1
R mD. (1.36)

This naturally explains the smallness of neutrino masses if the right-handed neutrinos
have large masses, typically around 1014GeV for Yν ∼ O(1). While the large scale of
MR makes the testability of this model challenging, the type-I seesaw still provides an
elegant and minimal mechanism for generating neutrino masses.

• Type-II seesaw [92]: The type-II seesaw mechanism extends the Standard Model by
introducing a scalar SU(2)L triplet ∆ with hypercharge Y = 1, which can be written
as

νL

H

νL

H

N

νL

νL

H

H

∆

νL

H

νL

H

Σ

Figure 1.3: Diagramatic representation of neutrino mass generation via the seesaw mecha-
nism : (left) type-I via fermion singlet N , (center) type-II via scalar triplet ∆, and (right)
type-III via fermion triplet Σ.

∆ =
σi√
2
∆i =

(
∆+
√
2

∆++

∆0 −∆+
√
2

)
.

The relevant Yukawa interaction coupling the triplet to the lepton doublets is

LY = −Y∆Lciσ2∆L+ h.c.,

where Y∆ is a symmetric matrix in flavor space. The scalar potential contains a crucial
trilinear term

V ⊃ µHT iσ2∆
†H + h.c., (1.37)

where µ is a dimensionful parameter that explicitly breaks lepton number by two units.
This term induces a small vacuum expectation value for the neutral triplet component

after electroweak symmetry breaking, v∆ ≈ µv2√
2m2

∆

, being m∆ the mass of the triplet

scalar. The neutrino mass matrix is then generated as

mν =
√
2Y∆v∆, (1.38)
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showing the direct connection between the neutrino mass scale and the induced triplet
VEV. Indeed, m∆ does not to be close to the GUT scale as in the type-I Seesaw, since
µ is technically small, as it breaks lepton number. The scalar triplet ∆ in the type-II
seesaw is typically heavy, with its vacuum expectation value constrained to lie within
the range

O(10−2 eV) ≲ v∆ ≲ O(1 GeV),

where the lower bound ensures perturbative Yukawa couplings and the upper bound
arises from electroweak precision measurements [96]. Moreover, if m∆ lies near the
TeV scale or below, these new scalars can produce rich phenomenological signatures,
particularly at collider experiments. The doubly-charged scalars ∆±± offer especially
distinctive signals, such as same-sign dilepton events, which provide a promising avenue
for experimental tests. Recent studies have extensively analyzed the constraints and
discovery prospects of the type-II seesaw scalars in various experimental contexts [97].

• Type-III seesaw [94]:

In the type-III seesaw mechanism, the SM is extended by at least two SU(2)L fermion
triplets with zero hypercharge, denoted as Σ = (Σ+,Σ0,Σ−). These are vector-like
fermions with a Majorana mass term and couple to the SM lepton doublets via Yukawa
interactions. The relevant part of the Lagrangian is:

L ⊃ Tr
[
Σi /DΣ

]
− 1

2
Tr
[
ΣcMΣΣ

]
−
√
2Y αi

Σ LαΣ
iH̃ + h.c., (1.39)

where Lα is the SM lepton doublet of generation α and i runs over the triplet compo-
nents. After electroweak symmetry breaking, this leads to the neutrino mass matrix
in the basis (νL,Σ

0):

M =

(
0 mD

mT
D MΣ

)
, with mD =

YΣv√
2
. (1.40)

Assuming mD ≪ MΣ, the heavy triplets can be integrated out, yielding an effective
mass for the light neutrinos:

mν = −mDM
−1
Σ mT

D = −v
2

2
YΣM

−1
Σ Y T

Σ . (1.41)

While the neutrino mass matrix has the same structure of the type-I seesaw, this
mechanism features a richer phenomenology. Indeed, as the triplets are charged under
SU(2)L, they can be produced via electroweak interactions, making the type-III seesaw
potentially testable at colliders. Moreover they mix with the SM charged leptons with
the NP states through the Yukawa YΣ. As a result, direct searches impose stringent
lower bounds on the mass of the triplet, which should be larger than the TeV scale
[98].

Besides tree level realizations of the Weinberg operator, radiative models provide an appeal-
ing alternative to tree-level seesaw mechanisms by generating neutrino masses at loop level.
The loop suppression naturally explains the smallness of neutrino masses without requiring
extremely high-scale physics or tiny Yukawa couplings. These models [99, 100, 101] often
involve new particles at or below the TeV scale, making them testable at current or near-
future experiments. A particularly attractive feature is the possibility of connecting neutrino
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mass generation to the DM problem: in many radiative models, the same symmetry that
forbids a tree-level mass term also stabilizes a viable DM candidate. A well known example
is the Scotogenic model [102], where neutrino masses are generated via a one-loop diagram
involving a scalar doublet and singlet fermions, all odd under a Z2 symmetry. This symmetry
not only enables radiative neutrino masses but also ensures the stability of the lightest new
particle, which can serve as a DM candidate. Thus, radiative models offer a minimal and
economical framework to simultaneously address two of the most pressing open questions in
particle physics.



24 CHAPTER 1. OPEN ISSUES OF THE STANDARD MODEL

1.3 The search for Dark Matter

The aim of this section is to provide a structured overview of the theoretical and experimen-
tal landscape related to the dark matter puzzle. We begin by reviewing the observational
evidences for dark matter from astrophysical and cosmological probes. We then discuss the
main strategies to detect dark matter, highlighting both the prospects and current limita-
tions of each approach. Particular attention is given to the thermal freeze-out mechanism
and the so-called ”WIMP miracle,” which has historically guided much of the experimental
effort. We also discuss more recent developments that extend the DM mass range below the
GeV scale, as well as alternative candidates beyond the WIMP paradigm. This organization
is designed to guide the reader from established empirical facts to theoretical frameworks
and current frontiers in dark matter research, setting the stage for the more model specific
discussions in Sec. 3.3 and Sec. 4.1.

1.3.1 Evidences for Dark Matter

Astrophysical and cosmological observations strongly point towards the existence of a mas-
sive, weakly-interacting component of our Universe. These observations are only sensitive to
the gravitational interaction of this component, which is therefore refered to as Dark Matter
(DM). Due to its elusive nature and far reaching implications, the study of DM stands at
the intersection of cosmology, astrophysics, and particle physics, making it one of the most
active and interdisciplinary areas of research in modern science. The current concordance
model of cosmology, known as the ΛCDM model, provides a remarkably successful frame-
work for describing the large-scale structure and evolution of the Universe. In this model, the
energy content of the Universe today is dominated by three main components: dark energy
Λ, responsible for the accelerated expansion of the Universe; cold DM (CDM), a neutral,
non-relativistic, pressureless form of matter that clusters gravitationally and drives structure
formation; and ordinary baryonic matter. Together with a nearly scale-invariant spectrum of
primordial perturbations and the assumption of a spatially flat Universe, the ΛCDM model
has proven to be in excellent agreement with a wide array of observations, from the CMB
to galaxy surveys and large-scale structure. DM plays a central role within this framework,
acting as the gravitational potential source for the formation of galaxies and clusters. In the
remainder of this section, we summarize the key astrophysical and cosmological observations
that support the existence of this dark component.

Astrophysical Evidences for DM

One of the earliest and most direct evidence for DM arises from the study of galactic rotation
curves of spiral galaxies. For a star of mass m in uniform circular motion at a distance r
from the galactic center, Newton’s second law yields the circular velocity vc as

v2c (r) =
GM(r)

r
, with M(r) = 4π

∫ r

0
r′2ρ(r′) dr′, (1.42)

where ρ(r) is the radial mass density of the galaxy and M(r) the total enclosed mass. In
a galaxy where the visible matter is concentrated within a finite radius (typically ∼ 10–20
kpc), one expects the circular velocity to decay as vc(r) ∝ 1/

√
r beyond this radius. However,

astronomical observations, first performed by Rubin and Ford in the 1970s [103], reveal that
vc(r) remains approximately constant even far beyond the visible edge of galaxies. This
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observation points to the presence of an extended mass distribution not accounted for by
luminous matter. The flatness of the rotation curves suggests a halo of matter that does not
emit or absorb light, and which extends beyond the galactic disk, up to 100–200 kpc and
following a density profile ρ(r) ∝ 1/r2, such that M(r) ∝ r at large r. We show in Figure
1.4 (left panel), the rotation curve of the galaxy NGC 6503, with the contribution of visible
matter and DM.

In 1933, Zwicky measured the velocity dispersion σv of galaxies in the Coma cluster [104]
and, using the virial theorem, inferred a total cluster mass much larger than that deduced
from visible matter:

σ2v =
3GM

5R
, (1.43)

where R is the cluster radius and M its total mass. The observed dispersion velocity,
σv ∼ 100 km/s, far exceeded the value expected from the luminous mass, pointing again to a
substantial dark component. While galactic rotation curves provide compelling evidence for
DM on galactic scales, complementary techniques have been developed to probe its presence
at the scale of galaxy clusters. In particular, X-ray observations of the hot intracluster
medium offer an independent method to infer the total mass of clusters, providing further
support for the existence of a dominant non-luminous component. Indeed, hot intracluster
gas emits X-rays via bremsstrahlung and inverse Compton scattering, and its temperature
and density profile can be related to the total cluster mass under hydrostatic equilibrium:

M(r) = −kBTgasr
Gµgas

(
d lnngas
d ln r

+
d lnTgas
d ln r

)
, (1.44)

where Tgas and ngas are the temperature and number density of the gas, and µgas is the
mean molecular weight. Observations show that the visible matter (galaxies and hot gas)
accounts for only a fraction of the total inferred mass [105]. Similar signatures have been
observed in other merging clusters, such as MACS J0025.4-1222 [106] and the Virgo cluster
[107], establishing the presence of DM in a wide class of systems.

Gravitational lensing provides a further, independent evidence for DM. When light from
a background galaxy passes near a massive cluster, its path is bent, leading to distorted
images. In the weak lensing regime, such distortions yield the projected mass distribution.
A striking example is the Bullet Cluster, a merger of two galaxy clusters. Weak lensing maps
show that the dominant mass components are not associated with the X-ray-emitting gas
but rather with regions containing little baryonic matter, thus providing strong evidence for
the existence of collisionless DM [108] (see right panel of Figure 1.4).

Cosmological evidences for DM

The most convincing and precise evidence for DM comes from the largest possible scale,
namely the observable Universe. The basic point, qualitatively, is that our Universe would
not have acquired the features that we observe today if not for the critical role played by
DM. Without it, galaxies would not be distributed in their current web-like structure, and
the anisotropies in the CMB would not exhibit the precise features that we measure. In this
sense, DM acts as an indispensable catalyst for the formation of cosmic structures.

This becomes evident when considering early Universe cosmology. Tiny fluctuations in
the primordial plasma, imprinted as temperature anisotropies in the CMB, evolved over
billions of years into the large-scale structure of the Universe. These fluctuations required
gravitational amplification, which was primarily driven by the DM component, as baryonic
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Figure 1.4: Astrophysical evidences of DM: The rotation curve of Galaxy NGC 6503
[109] (left). Bullet cluster: colored map representing the X-ray image of the hot baryonic
gas. See the displacement from the distribution of the total mass reconstructed through
weak lensing, shown in green. Figure taken from [108].

matter alone was too tightly coupled to radiation before recombination. As such, cosmolog-
ical observables, especially the CMB spectrum, baryon acoustic oscillations (BAO), large-
scale structure (LSS), and Lyman-α forest data, offer some of the most powerful and precise
constraints on the abundance and nature of DM.

Among these, the CMB provides a particularly robust probe. During recombination,
photons decoupled from matter and formed a nearly uniform blackbody radiation with small
anisotropies at the level of 10−5. These anisotropies can be parametrized via the following
expansion at a specific position in the sky (θ, ϕ):

T (θ, ϕ) = T0 +
∞∑
ℓ=0

ℓ∑
m=−ℓ

aℓmYℓm(θ, ϕ) , (1.45)

where T0 = 2.7255 ± 0.0006 K the average CMB temperature[110], Yℓm(θ, ϕ) the spherical
harmonics and their angular power spectrum Cℓ = ⟨|aℓm|2⟩ encodes information on cosmo-
logical parameters.

The position and height of the acoustic peaks in the CMB angular power spectrum are
highly sensitive to the matter content of the Universe. Fitting the flat ΛCDM model to the
PLANCK data constrains the physical baryon and DM densities to be Ωbh

2 = 0.0224±0.0001
and ΩDMh

2 = 0.119± 0.001, respectively [14].

The CMB also confirms the need for DM at the time of recombination: without it,
BAO would be overdamped and inconsistent with observations. Indeed, the evolution of
the Universe from the nearly homogeneous state observed in the CMB to the complex web
of galaxies and clusters seen today cannot be explained by baryonic matter alone. A non-
luminous and non-relativistic component that interacts gravitationally is required to drive
the growth of structures and to reproduce the observed distribution of matter across cosmic
time.
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The observed large-scale distribution of matter in the Universe is well described by the
matter power spectrum, which quantifies the variance of matter density fluctuations across
different length scales. In Fourier space, the power spectrum P (k) is defined as:

⟨δ(k⃗)δ∗(k⃗′)⟩ = (2π)3δ(3)(k⃗ − k⃗′)P (k), (1.46)

where δ(k⃗) is the Fourier transform of the matter overdensity field δ(x⃗) = ρ(x⃗)−ρ̄
ρ̄ , and k⃗ is

the comoving wavenumber, inversely related to spatial scale.

The power spectrum serves as a powerful unifying tool in cosmology, connecting early
Universe physics with present day structure. Its shape and amplitude encode the imprint of
primordial perturbations, often assumed to arise from inflation, and their evolution under
gravitational instability in a Universe dominated by DM.

A key feature of the matter power spectrum is the imprint of BAO. These originate from
the same acoustic waves in the photon–baryon plasma that give rise to the peaks in the
CMB spectrum. Before recombination, photons and baryons were tightly coupled, forming
a relativistic fluid that supported sound waves. As the Universe expanded and cooled,
neutral hydrogen formed and photons decoupled, leaving a characteristic scale in the matter
distribution: the sound horizon at the drag epoch.

This scale acts as a standard ruler in the late-time Universe, appearing as a distinct
feature in the two-point correlation function of galaxies and as periodic “wiggles” in the
matter power spectrum. The BAO scale has been precisely measured in galaxy surveys such
as BOSS and eBOSS [111, 112], providing independent constraints on the expansion history,
spatial curvature, and matter content of the Universe. In particular, BAO data consistently
support a Universe with CDM, as purely baryonic models would predict a significantly
different pattern of clustering [111].

At smaller scales (k ≳ hMpc−1), the matter power spectrum can be probed by the
Lyman-α forest. The forest consists of a series of absorption lines in the spectra of distant
quasars, caused by neutral hydrogen clouds in the intergalactic medium (IGM). The pattern
and distribution of these lines trace the underlying density field and are sensitive to the
shape and amplitude of the matter power spectrum at scales of ∼ 1 Mpc. Lyman-α data
constrain not only the total amount of DM but also its properties, such as its thermal history
and free-streaming length. For instance, they place lower bounds on the mass of warm DM
candidates, since such particles would erase small-scale structure. Observations from SDSS
and XQ-100 have been used to exclude thermal relic warm DM with masses below a few
keV [113]. These observations are sensitive to the suppression of power at small scales that
would occur in scenarios with warm or hot DM, due to their free-streaming effect erasing
small-scale structures. Current Lyman-α data are consistent with CDM, lending further
support to the standard ΛCDM paradigm.

Together, these cosmological observables, namely CMB anisotropies, large-scale struc-
ture, BAO, and the Lyman-α forest, points to a consistent and precise picture of the Uni-
verse as dominated by cold, collisionless DM. Each of these probes tests different epochs and
scales of cosmic evolution, and yet they all converge on the need for a DM component with
properties well captured by the ΛCDM paradigm. The success of this model across such
diverse datasets is one of the strongest indirect arguments for the existence of DM, even
though its fundamental nature remains unknown.
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Figure 1.5: Cosmological evidences of DM: PLANCK measurements of the variance of
the CMB temperature anisotropies across a range of angular scales (red) together with a
6-parameter fit to the flat ΛCDM model (blue) [14] (left panel). Measurements of the linear
matter power spectrum via CMB, galaxy clustering, Lyman-α forest and weak lensing data,
Figure from [114] (right panel).

Figure 1.6: Main DM search strategies: direct detection, indirect detection and production
of particle at accelerators. Figure taken from [115].

1.3.2 Detection strategies

Having established the need for DM through a variety of astrophysical and cosmological ob-
servations, the next fundamental question is how to detect it directly. Under the assumption
that DM consists of elementary particles that interact, albeit very weakly, with SM particles,
a broad experimental program has been developed to search for such interactions. These
efforts are commonly categorized into three main strategies: direct detection, which aims to
measure the recoil of nuclei from rare DM scattering events in terrestrial detectors; indirect
detection, which seeks the by-products of DM annihilation or decay (such as photons, neu-
trinos, or charged cosmic rays); and collider production, where DM particles may be created
in high-energy collisions, such as those at the LHC, and inferred through missing energy
signatures. Each of these approaches probes complementary regions of the DM parameter
space and, together, form a comprehensive framework for exploring the particle nature of
DM.
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Direct Detection

Direct detection (DD) of DM aims to measure the rare collisions between DM particles and
atomic nuclei in underground detectors. In 1985, Goodman and Witten proposed that DM
particles inhabiting the Galactic halo might be detected through nuclear recoils induced by
their elastic scattering off the nuclei [116]. Since then, this has become a cornerstone of
experimental DM searches.

The differential nuclear recoil rate, as a function of the recoil energy Er, is given by:

dR

dEr
(Er, t) =

ρ⊙
mNmDM

∫ vesc

vmin

d3v⃗ v f(v⃗ + v⃗ ⊕ (t))
dσ

dEr
(Er, v) , (1.47)

where mN is the target nucleus mass, mDM the DM mass, ρ⊙ ≃ 0.4 GeV/cm3 the local DM
density and dσ/dEr the differential scattering cross section. The function f(v⃗+ v⃗⊕(t)) is the
velocity distribution of DM particles in the Earth frame, typically modeled as a truncated

Maxwell-Boltzmann distribution. The quantity vmin =
√

mNEr

2µ2χN
is the minimum velocity

required to produce a recoil of energy Er, being µχN = mNmDM
mN+mDM

the reduced mass of the
DM-nucleus system; finally vesc is the escape velocity from the MW gravitational potential.

Due to the Earth’s orbit around the Sun and the Sun’s motion around the Galactic
center, the Earth’s velocity in the Galactic frame varies throughout the year, producing
an annual modulation in the event rate. The expected modulation amplitude is ∼ 5%.
The DAMA Collaboration claims to have detected this expected seasonal variation in the
measured event rate [117]. However, the DAMA observation is puzzling in reason of the
absence of any statistical significant excess above the background in other DD experiments
[118, 119].

To translate the theoretical predictions of DM scattering into experimental constraints
on the cross section, one computes the expected number of recoil events in a detector us-
ing Eq. (1.47) and the appropriate differential cross section, spin-independent (SI) or spin-
dependent (SD). The total number of events is given by:

Nevents =

∫ Emax

Emin

dEr ϵ(Er)
dR

dEr
(Er), (1.48)

where ϵ(Er) is the detector efficiency and [Emin, Emax] is the detector’s recoil energy range
sensitivity.

This DM induced signal is then compared with the observed data or a well-modeled
background spectrum. In the absence of an excess above background, statistical methods
are used to derive upper bounds on the DM-nucleon cross section.

For SI interactions, DM couples coherently to all nucleons, leading to an enhanced cross
section proportional to A2, where A is the atomic mass number. The differential SI cross
section is given by [115]:

dσSI
dEr

=
mAA

2σSI
2µ2χNv

2
F 2(q), (1.49)

where σSI is the DM-nucleon SI cross section, µχN the reduced mass of the DM-nucleon
system, and F (q) the nuclear form factor, with q =

√
2mAEr the momentum transfer. In

the non-relativistic limit q → 0 and F (q) → 1; the SI interaction is coherently enhanced.
The total SI cross section is then given by:

σASI = σNSI
µ2χA
µ2χN

A2, (1.50)
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Figure 1.7: Bounds on the spin-independent (SI) DM-nucleon scattering cross-section (left
panel) and spin-indpendent (SD) DM-proton cross-section (right panel) from DM direct
detection. Also shown is the irreducible neutrino backround in grey. The sub-GeV mass
region is discussed in further detail in Section 1.3.5. Figure taken from [115].

where σNSI is the SI cross section for scattering off a single nucleon.

In contrast, spin-dependent (SD) interactions arise from the coupling of the DM spin to
the nuclear spin. The SD differential cross section is more involved and sensitive to nuclear
structure and can be written as:

dσSD
dEr

=
mA

2v2
JDM(JDM + 1)

(2JA + 1)

∑
τ,τ ′

cτ cτ ′W
ττ ′(q), (1.51)

where JDM and JA are the spins of the DM particle and nucleus, respectively, and W ττ ′(q)
are nuclear response functions [115]. The cτ coefficients encode the DM couplings to proton
and neutron spin content.

In the non-relativistic limit, the SD cross section can be approximated by:

dσSD
dEr

=
mAσSDS(q)

2µ2χNv
2

, (1.52)

where S(q) encapsulates the SD nuclear form factors. Unlike SI interactions, there is no A2

enhancement, making SD detection more challenging.

Figure 1.7 shows current constraints on σSI and σSD as a function of mDM from vari-
ous experiments. The most stringent bounds for mDM ≥ 10 GeV come from liquid xenon
experiments like XENON1T [119], XENONnT [120], LZ [121] and PandaX [122].

At low DM masses (mDM ≲ 10 GeV), the limits weaken due to insufficient recoil energy.
Techniques like probing electronic recoils or utilizing the Migdal effect [123] have been pro-
posed to address this. These approaches have gained significant traction in recent years as
promising avenues for sub-GeV DM detection, see Sec. 1.3.5 for more details and [124] for a
review.

As experimental sensitivities improve, they approach the so-called neutrino fog [125],
that is the background arising from solar, atmospheric, and diffuse supernova neutrinos,
which mimic the DM induced signal and will ultimately limit the reach of DD experiments
unless new techniques for background discrimination are developed.
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Indirect Detection

Indirect detection of DM aims to identify the annihilation or decay products of DM parti-
cles in the form of gamma rays, antimatter, or neutrinos. These products may show up as
anomalies in the cosmic ray spectrum; to this purpose the most promising sources to inves-
tigate are those with high DM densities, such as the Galactic center (GC), dwarf spheroidal
galaxies, and galaxy clusters. Leptonic channels are expected to produce hard spectra of
e± and neutrinos, while hadronic channels to produce mesons such as π0 (which decay into
gamma rays) and charged pions (which produce e± and neutrinos). Gamma rays may also
result from secondary processes such as inverse Compton scattering and synchrotron radi-
ation. A distinctive monochromatic gamma-ray line or a high-energy solar neutrino signal
would serve as a “smoking gun” for DM, though such signatures are rare and difficult to
separate from astrophysical backgrounds.

The GC is considered a promising target for DM searches because of its proximity to the
Earth and the fact that the DM density is expected to be higher towards the centre of the
MW. The 511 keV gamma-ray line observed from the GC is a prominent and long-standing
signal in the indirect detection of DM. Detected initially by balloon-borne instruments and
later confirmed by INTEGRAL/SPI, this line results from electron-positron annihilation
at rest [126]. The spatial distribution is approximately spherically symmetric around the
Galactic bulge, which is unexpected from standard astrophysical sources such as supernovae
or X-ray binaries alone. Several DM models have been proposed to explain the origin of
these positrons, typically involving MeV-scale DM particles annihilating or decaying into
e+e− pairs [127, 128, 129]. Constraints from the CMB and diffuse gamma-ray backgrounds,
however, significantly limit the allowed parameter space [130]. Additionally, the lack of a
similar signal in the Galactic disk complicates the DM interpretation. Astrophysical explana-
tions, including positrons from pulsars, neutron star mergers [131], and supernovae, remain
viable but are not yet definitive, see [132] for a review. Future high-resolution gamma-ray
observations may clarify the origin and test exotic particle physics explanations.

Another potential DM indirect signature associated to the GC is the GeV gamma-ray
excess, first identified in data from the Fermi-LAT telescope, see [133] for a review. This
excess peaks at around 1-3 GeV, and it appears spatially correlated with the inner 10 degrees
of the MW. The morphology of the GC excess is roughly spherically symmetric and centered
on the GC, consistent with predictions from annihilating DM with masses in the range of
30-70 GeV, particularly via bb̄ final states [134, 135]. The spectrum and spatial distribution
have prompted intense debate regarding its origin. While DM annihilation remains a viable
explanation, especially within models that respect existing constraints from other indirect
and DD channels, astrophysical sources such as a population of unresolved millisecond pul-
sars may also account for the signal [136]. Machine learning and statistical analyses of the
photon count maps have yielded evidence for point-source-like structure, favoring the pul-
sar hypothesis. However, uncertainties in the Galactic diffuse emission models and pulsar
population synthesis leave room for DM interpretations. Continued Fermi observations and
future missions with better angular resolution are critical for resolving this ambiguity.

Neutrinos are ideal probes due to their weak interactions and straight line propagation.
Neutrino telescopes like IceCube, ANTARES, and Super-Kamiokande search for muons pro-
duced by neutrino interactions in the vicinity of the detectors. WIMPs can be captured and
accumulate in massive celestial bodies such as the Sun or Earth, where they may annihilate
and produce high-energy neutrinos (1 GeV to 10 TeV) [137, 138, 139]. These are distinguish-
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able from the lower-energy solar neutrinos arising from nuclear fusion. Non-observation of
such signals places constraints on the WIMP-nucleon scattering cross section.

In the antimatter sector, the positron excess measured by PAMELA in 2008 [140] marked
a turning point in indirect DM detection efforts. PAMELA observed a significant rise in the
positron fraction above ∼ 10 GeV, in contrast with expectations from secondary production
in cosmic-ray interactions, suggesting the possibility of new primary sources. This trend was
later confirmed and extended to higher energies by Fermi-LAT and AMS-02, with AMS-02
measuring the excess up to several hundred GeV with high precision. While DM annihilation
or decay could explain this feature, particularly with leptophilic final states and enhanced
annihilation cross sections, a population of nearby pulsars remains a compelling astrophysical
alternative. Simultaneously, AMS-02 reported a mild excess in the antiproton-to-proton ratio
around ∼ 10-20 GeV, potentially consistent with DM annihilation to hadronic channels such
as bb̄ [141]. However, uncertainties in the cosmic-ray propagation models and secondary
production cross sections limit the robustness of this interpretation. Overall, antiproton
measurements are broadly consistent with astrophysical backgrounds and place stringent
constraints on hadronic annihilation channels. Finally, antinuclei, in particular antideuteron
and antihelium, being even rarer and with extremely low astrophysical backgrounds at low
kinetic energies, offer a promising probe. Upcoming or ongoing experiments like AMS-02
and GAPS are expected to reach the sensitivity required to test DM models predicting
antideuteron production [142].

Collider Searches

Another promising avenue for DM detection involves producing DM particles directly in
high-energy collisions at particle accelerators. The most powerful example to date is the
LHC, where beams of protons are accelerated in opposite directions and made to collide at
center-of-mass energies up to 13 TeV. If DM particles can be generated in such collisions, they
would traverse the detector without interacting, resulting in events with apparent missing
transverse momentum. Such events are often accompanied by a visible SM particle, giving
rise to mono-jet, mono-photon, or mono-Z signatures. These events allow for triggering and
reconstruction, enabling a search for deviations from SM predictions.

In most models, DM is stable and electrically neutral, meaning it must be produced
in pairs to conserve momentum and other quantum numbers. This implies a minimum
partonic collision energy

√
s > 2mDM is required. Theoretical interpretations of collider

searches are inherently model-dependent. Minimal approaches include DM production via
an off-shell Z or Higgs boson, while more elaborate frameworks embed DM within broader
extensions of the SM. SUSY models, for instance, predict the existence of a stable lightest
SUSY particle (LSP), often a neutralino, which can be a viable DM candidate [143]. At
the LHC, colored SUSY particles like squarks or gluinos may be produced with large cross
sections and undergo cascade decays, ending in the LSP and yielding events with multiple
jets, leptons, and significant missing energy.

Despite extensive searches across a wide range of final states and simplified model assump-
tions, no statistically significant excess compatible with DM production has been observed
at the LHC [144]. These null results have been used to place stringent constraints on the
masses and couplings of DM candidates and their mediator particles. In the SUSY context,
for example, searches for long decay chains such as pp → g̃g̃, g̃ → qq̄χ̃0 → qq̄ℓν̄χ̃0

1 have
been extensively studied. If such chains existed with sufficient production rates and kine-
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matic accessibility, they would allow for simultaneous insights into DM, SUSY breaking, and
even Higgs naturalness. The absence of such events in ∼ 140 fb−1 of LHC data places strong
lower bounds on sparticle masses, often pushing them above 1 TeV.

Beyond SUSY, other scenarios involve colored co-annihilation partners that are nearly
degenerate with the DM particle. These can lead to soft visible final states, challenging
current detector capabilities. Nevertheless, the strong production cross sections of these
partners make them attractive targets for hadron colliders. Additionally, exotic possibilities
such as long-lived particles, dark bound states, or decay signals delayed beyond the col-
lider run time offer non-traditional but intriguing signatures. Future colliders, with higher
luminosities or energies, may enhance sensitivity to such elusive signals.

It is important to note, however, that a collider signature alone cannot unambiguously
identify a particle as cosmological DM. For this, complementary confirmation is required
via direct or indirect detection methods that probe astrophysical DM. Nevertheless, collider
searches form a vital part of the broader experimental DM program, offering a unique window
into weak-scale interactions and exotic extensions of the SM.

1.3.3 Cosmological constraints: BBN and the CMB

Cosmological observables, particularly BBN and the CMB, provide robust and model in-
dependent constraints on DM properties. These early Universe probes are sensitive to the
expansion rate, particle content, and energy injection history of the Universe, and thus serve
as essential complements to laboratory searches.

BBN refers to the formation of light nuclei (such as D, 3He, 4He, and 7Li) when the
Universe had cooled to T ∼ MeV. The predicted abundances are highly sensitive to the
Hubble rate at that time, which in turn depends on the total energy density, including any
contribution from new relativistic species. Light DM candidates that are in equilibrium
during or after BBN can alter the neutron to proton ratio, inject entropy, and affect the
number of effective relativistic degrees of freedom, Neff. Moreover, decays of DM or other
unstable relics into electromagnetic or hadronic final states after BBN can cause significant
photodisintegration of light nuclei. High-energy photons produced in such decays initiate
electromagnetic cascades that eventually lead to a non-thermal photon spectrum capable
of breaking up previously formed nuclei [145, 146]. Observations of primordial element
abundances therefore constrain such scenarios, see [147] for a review.

The CMB also constrains DM properties in several ways. First, the anisotropies in
the CMB power spectrum are sensitive to Neff, placing bounds on light or interacting DM
species that were relativistic at recombination [14]. Second, DM annihilation or decay around
the time of recombination can inject energy into the photon-baryon plasma, altering the
ionization history and damping the acoustic peaks of the CMB. These effects have been used
to place limits on the annihilation cross section of light WIMPs and decaying dark matter
models [148].

Overall, BBN and CMB measurements provide stringent constraints on light or feebly
interacting DM, ruling out large regions of parameter space independently of assumptions
about local density or astrophysical backgrounds. These cosmological probes are especially
valuable for testing scenarios beyond the standard WIMP paradigm, such as sub-GeV ther-
mal relics, hidden sector models, or decaying dark matter.
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1.3.4 The WIMP miracle

As we have discussed in the previous sections, the existence of DM is firmly established
by astrophysical and cosmological observations, yet its particle nature remains unknown.
To account for its present day abundance, some mechanisms must have produced DM in
the early Universe. A particularly well motivated scenario is that DM was once in thermal
equilibrium with the SM plasma and later froze out as the Universe expanded and cooled.
We will now show that this thermal freeze-out mechanism [16] naturally leads to the observed
relic density for particles with masses and interaction strengths around the electroweak scale.

We consider the scenario where DM is made of spin 1/2 particles, with mass mDM and
gDM internal degrees of freedom, in thermal contact at early times with the SM plasma
through 2 → 2 scattering and annihilation processes:

DM+DM ↔ SM+ SM, (1.53)

DM+ SM ↔ DM+ SM, (1.54)

without specifying the underlying interaction model. The number density n of DM particles
evolves according to the Boltzmann equation:

ṅ+ 3Hn = ⟨σv⟩(n2eq − n2), (1.55)

where ⟨σv⟩ is the DM thermally averaged annihilation cross section times relative velocity
and neq its chemical equilibrium number density.

Defining the comoving number density Y ≡ n
s , where s is the entropy density of the

plasma, and noting that ṡ = −3Hs in an adiabatically expanding Universe, we obtain:

Ẏ = s⟨σv⟩
(
Y 2
eq − Y 2

)
. (1.56)

Introducing the dimensionless variable x = mDM
T , Eq. (1.56) can be rewritten as

dY

dx
= −λ(x)

x2
(
Y 2 − Y 2

eq

)
, (1.57)

with

λ(x) =

√
π

45
mDMMPl

g
1/2
∗ (x)⟨σv⟩

x2
. (1.58)

In the relativistic limit T ≫ mDM (x≪ 1), the equilibrium abundance is:

Yeq(T ≫ mDM) =
45ζ(3)

2π4
gDM

gs(T )
×
{
1 fermion,
3
4 boson,

(1.59)

whereas in the non-relativistic regime T ≪ mDM (x≫ 1), it is exponentially suppressed:

Yeq(T ≪ mDM) =
45

4π7/2
gDM

gs(T )
x3/2e−x. (1.60)

Freeze-out occurs approximately when the DM interaction rate Γ = n⟨σv⟩ falls below the
expansion rate of the Universe:

Γeq = ⟨σv⟩neq ≃ H . (1.61)
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After freeze-out, Y (x) asymptotically approaches a constant value, determining the present
relic abundance:

ΩDM,0 =
mDMY0s0

ρc
, (1.62)

where s0 ≃ 2.69 × 103 cm−3 is the present day entropy density [74], and ρc = 3H2
0M

2
Pl

the critical energy density of the Universe, being H0 ≃ (67.4 ± 0.5)km/s/Mpc the Hubble
parameter today as measured by PLANCK [14] andMPl ≃ 2.4×1018 GeV the reduced Planck
mass. We focus on cold relics, namely particles that are non-relativistic at the time of freeze-
out, since they naturally arise in WIMP scenarios and are favored by structure formation,
which requires DM to be sufficiently cold to seed the observed large-scale structure in the
Universe. For cold relics, the freeze-out typically occurs at xf ∼ 20 [149] and the freeze-out
condition yields:

xfe
−xf =

1√
gρ(xf )

√
45

2π7
1

gDMmDMMPl⟨σv⟩
. (1.63)

The final DM abundance is approximately given by [150]:

ΩDM,0h
2 ≈ 0.1 pb

⟨σv⟩ , (1.64)

and by matching it with the observed value, ΩDM,0h
2 ≃ 0.12, it follows that ⟨σv⟩ ≈ 3 ×

10−26cm3/s.
This result is only weakly dependent on the DM mass mDM, entering primarily through

the freeze-out parameter xf . A more precise computation shows that xf has a logarithmic
dependence on mDM and on the number of relativistic degrees of freedom at freeze-out, and
thus introduces only mild corrections to the relic abundance.

Remarkably, the required annihilation cross section to reproduce the observed DM density
is of the same order as the typical cross sections mediated by weak interactions at the
EW scale. Indeed, for mDM ≃ 100 GeV and interaction strength αweak ∼ 10−2, a naive
dimensional estimate gives

⟨σv⟩ ∼ α2
weak

m2
DM

∼ 10−26 cm3/s, (1.65)

which coincides with the value needed for thermal freeze-out. This numerical coincidence,
sometimes referred to as the ”WIMP miracle”, provides strong motivation for considering
DM candidates at the EW scale. Independently, new physics at or near the TeV scale is
theoretically motivated by natural solutions to the hierarchy problem of the Fermi scale
[143]. The fact that the same scale simultaneously explains both the stability of the EW
scale and the observed DM abundance adds strong appeal to the WIMP paradigm.

1.3.5 Hunting sub-GeV Dark Matter

The possibility that DM consists of particles lighter than a few GeV has received significant
attention recently, motivated by the absence of signals from WIMPs in the current standard
DD experiments [151, 120, 121]. Sub-GeV DM is a theoretically motivated framework (e.g.
asymmetric DM) [152, 153]. However, detecting such light DM particles is particularly
challenging, as their kinetic energy transfer to nuclei falls below the O(keV) threshold of
conventional detectors.
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To address this challenge, a number of DD experiments traditionally targeting WIMPs
through nuclear recoils have been pushing their sensitivity to smaller energy depositions
and lighter DM candidates. These include CRESST-III, DarkSide, NEWS-G, SENSEI, and
SuperCDMS [154, 155, 156, 157, 151].

In the case of hadrophilic sub GeV DM, which couples dominantly to nucleons, the
momentum exchange becomes comparable or smaller than the inverse atomic size, and target
nuclei can no longer be treated as free particles. In this regime, the scattering of sub GeV
DM can excite collective nuclear modes, such as phonons in crystal lattices [158]. Depending
on the DM mass and momentum transfer, the relevant processes include acoustic and optical
phonon excitations, as well as multi-phonon regimes.

Another promising detection strategy is through the Migdal effect [123, 159], where the
nuclear recoil from DM scattering perturbs the atomic electron cloud, leading to ioniza-
tion. This inelastic process allows detectors to register an electron recoil signal even when
the nuclear recoil alone would fall below detection thresholds. The Migdal effect can thus
significantly enhance the sensitivity of conventional detectors to sub GeV DM. However, a
dedicated search using neutron scattering in liquid xenon yielded a puzzling null result where
a signal was expected [160]. This outcome could indicate either an overestimation of the the-
oretical rate, or that electromagnetic interactions of neutrons complicate the detection of this
effect.

In addition, DM coupling to electrons provides another well-motivated search strategy
for DM in the sub MeV mass range, for which the mass of the target (the electron) is
closer to the mass of DM and so the energy transfer is efficient. Experimental concepts
based on atomic ionization [161], and scintillators [162] have been developed to exploit these
interactions, where the relatively low electron binding energies enable detection of small
energy depositions.

On the phenomenological side, additional strategies have also emerged to broaden the
reach of detection efforts. One promising approach involves cosmic ray-boosted DM [163, 164],
where high-energy cosmic rays scatter off DM particles in the MW halo, transferring enough
kinetic energy to allow sub GeV DM to produce observable signals in terrestrial standard DD
and neutrino experiments [165]. The existence of an upscattered DM component relies only
on the assumption of a non-vanishing DM-nucleus scattering cross section, a condition no
more restrictive than those typically assumed in any DD search. In this thesis we investigate
a similar scenario, known as Blazar boosted DM, first proposed in [166], in which sub-GeV
DM is boosted by high-energy protons inside the jets of active galactic nuclei, potentially
producing observable signals at neutrino detectors. The details and phenomenological im-
plications of this mechanism will be discussed in Section 4.1.

1.3.6 Other DM candidates

Aside from the well-studied WIMP and sub GeV paradigms, the landscape of DM candidates
is remarkably diverse, encompassing a range of models with distinct theoretical motivations
and cosmological production mechanisms, see Figure 1.8 for an illustrative map. These
candidates span an enormous range of masses—over 90 orders of magnitude—from ultra-
light bosons with masses ∼ 10−22 eV (as in fuzzy DM) to macroscopic primordial black holes
with masses up to several solar masses. In what follows, we briefly discuss a few representative
candidates beyond the thermal relic paradigm. Importantly, many of these scenarios are not
ad hoc constructions tailored to explain DM alone; rather, they emerge as natural byproducts
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Figure 1.8: Conceptual map of the most studied DM candidates and theories. Figure taken
from Ref. [167].

of broader theoretical frameworks. For example, axions are introduced to resolve the strong
CP problem, sterile neutrinos arise in the context of neutrino mass generation, PBHs may
form in connection with inflationary dynamics, and SUSY particles are motivated by the
hierarchy problem and gauge coupling unification. Each of these candidates features distinct
production mechanisms and phenomenology:

• Axions and axion-like particles (ALPs) are pseudo-Nambu–Goldstone bosons
associated with spontaneously broken global symmetries. The QCD axion, proposed
to solve the strong CP problem via the Peccei–Quinn mechanism [168], is produced
non-thermally through vacuum misalignment. Its relic abundance depends on the
symmetry-breaking scale and initial field configuration. More generally, ALPs arise in
various extensions of the SM, including string-theory constructions, and can populate
a wide parameter space of interest to laboratory and astrophysical searches.

• Sterile neutrinos are gauge singlet fermions that naturally extend the SM and par-
ticipate in the seesaw mechanism to generate active neutrino masses. In the early
universe, they can be produced through oscillations with active neutrinos via the Do-
delson–Widrow mechanism [169], with the resulting abundance and momentum distri-
bution sensitive to mixing angles and lepton asymmetry. Sterile neutrinos with masses
in the keV range are viable warm DM candidates and are constrained by structure
formation as well as X-ray searches stemming from their radiative decay channels.
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• SUSY candidates, such as the lightest neutralino in the Minimal Supersymmetric
Standard Model (MSSM), are among the most studied particle DM models [143]. If
R-parity is conserved, the LSP is stable and can be thermally produced in the early
universe. While neutralinos often behave as WIMPs, SUSY frameworks also allow for
non-thermal relics such as gravitinos or axinos, depending on the SUSY-breaking mech-
anism. These candidates naturally arise in theories addressing the hierarchy problem
and unification of gauge couplings.

• Primordial black holes (PBHs) represent a non-particle DM candidate formed
through the direct gravitational collapse of overdensities in the early universe. These
overdensities may originate from inflationary fluctuations, cosmic string loops, or first-
order phase transitions. PBHs bypass the need for new fundamental particles and are
subject to a broad range of astrophysical constraints, including gravitational lensing,
CMB distortions, and gravitational wave detections. Despite strong limits, viable
windows remain, especially in sublunar and intermediate mass ranges, see [170] for a
review on PBH searches.

Altogether, these non-standard candidates underscore the richness of DM theory space
and the deep connections between DM physics and other unresolved questions in cosmology
and particle physics.

The open issues of the SM, ranging from the nature of DM and the origin of neutrino
masses to the generation of the BAU, definitely require some BSM physics, in order to be
addressed. While traditional electromagnetic observations have greatly shaped our under-
standing of the cosmos, addressing these fundamental problems increasingly calls for comple-
mentary messengers. Gravitational waves and high-energy neutrinos, capable of traversing
dense and distant environments with minimal interaction, offer unique and powerful probes
of BSM phenomena. In particular, gravitational waves provide a window into the earliest
epochs of the universe, well before the formation of the CMB, allowing us to investigate
processes occurring at energy scales and times inaccessible to electromagnetic observations.
Complementarily, high-energy neutrinos can reveal extreme astrophysical environments and
particle interactions beyond current terrestrial experiments. Together, these novel messen-
gers promise to unlock new insights into the early universe, the nature of DM and exotic
processes otherwise hidden from conventional observations.



Chapter 2

Messengers beyond Light

Building upon the challenges outlined in the previous chapter, such as the nature of DM, the
origin of neutrino masses, and the generation of the BAU, it is clear that new observational
tools are needed to probe BSM physics. Gravitational waves and high-energy neutrinos have
emerged as complementary messengers that can traverse regions opaque to electromagnetic
signals, providing unparalleled access to exotic astrophysical phenomena and early Universe
processes. In this chapter, we explore how these messengers open new windows into BSM
physics, offering promising avenues for discovery.

2.1 High-Energy Neutrinos as probes of New Physics

The landscape of neutrino sources

Neutrinos span an extraordinary range of energies, covering approximately 20 orders of mag-
nitude, from the meV scale predicted by ΛCDM for the relic neutrino background (RνB) to
the PeV neutrinos detected by IceCube and KM3NeT [171, 172]. Their weak interactions
allow them to propagate largely unimpeded over cosmological distances, making them valu-
able messengers of both astrophysical phenomena and potential BSM physics. Below, we
briefly overview the major known astrophysical and terrestrial sources of neutrinos, ranging
from relics from the early universe to the most energetic astrophysical accelerators. We show
in Figure 2.1 the energy and the flux at Earth of various neutrino populations, which proves
the huge amount of sources that can be probed by neutrino physics (see [173] for a review
on the topic). We now summarize the most relevant features of each component shown in
Figure 2.1:

• Relic neutrino background (RνB). A remnant of the Big Bang, the RνB consists
of relic neutrinos which decoupled from the SM plasma at a temperature of T ∼
1MeV, due to the freeze-out of the weak interactions. These neutrinos today have a
temperature of Tν = (4/11)1/3T0 ≃ 1.95K, hence sub meV kinetic energy. Although
never directly detected, their existence is a robust prediction of the ΛCDM model and
indirectly supported by measurements of the CMB and BBN viaNeff. Notably, they are
the only sub-component of DM that is predicted by the ΛCDM model. Nevertheless,
the detection of RνB is challenging due to the very tiny interaction cross-sections of
relic neutrinos and it remains a key goal for future experiments, such as PTOLEMY
[174], which aim to detect relic neutrinos through inverse β decay at sub-eV energies. In
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particular, up-scattering of RνB neutrinos by ultrahigh-energy cosmic rays (UHECRs)
trapped in galaxy clusters may generate a detectable neutrino flux at high energies [2].
This mechanism, and its observational prospects with present and upcoming neutrino
telescopes, will be discussed in detail in Section 4.2.

• Solar Neutrinos. Solar neutrinos are produced in the core of the Sun as a result
of nuclear fusion processes powering the star. The dominant source is the proton-
proton (pp) chain, which includes several neutrino-producing reactions such as the
pp → d + e+ + νe reaction producing a continuous neutrino spectrum up to about
420 keV, and the electron capture on 7Be, which emits neutrinos at 0.862 MeV (90%
branching ratio) and 0.384 MeV (10% branching ratio). Additionally, neutrinos from
8B beta decay have a broad energy spectrum extending up to about 15 MeV. A smaller
contribution arises from the CNO cycle neutrinos, with energies generally between 1
and 2 MeV, recently observed by Borexino [175]. Solar neutrinos were first detected in
the pioneering Homestake experiment [67], which used a chlorine based radiochemical
detector and was sensitive primarily to 8B neutrinos. This experiment revealed a sig-
nificant deficit relative to theoretical predictions, known as the solar neutrino problem.
This puzzle was eventually resolved by the discovery of neutrino flavor oscillations,
confirmed by measurements at SNO [71], which showed that neutrinos oscillate as they
propagate to the Earth.

• Reactor Neutrinos. Neutrinos produced in nuclear reactors originate primarily from
the beta decays of neutron-rich fission fragments generated during the fission of heavy
nuclei (such as 235U or 239Pu). These decays emit a large flux of electron antineutrinos
(ν̄e) with typical energies in the range of a few MeV. Reactor experiments such as
Daya Bay, Double Chooz, and KamLAND have played a pivotal role in measuring
mixing angles like θ13 [80, 81] and probing short-baseline anomalies potentially hinting
at sterile neutrinos.

• Geoneutrinos. Emitted by radioactive decays of elements like 238U and 232Th within
the Earth’s interior, geoneutrinos provide a unique probe of Earth’s composition and
radiogenic heat production. Although faint, they have been observed by KamLAND
and Borexino [176, 177].

• Diffuse Supernova Neutrino Background (DSNB). The DSNB is the integrated
flux of neutrinos from all past core-collapse supernovae events through the history of the
Universe, see [178] for a review. It is therefore expected to be isotropic and to dominate
the flux in the energy range Eν ∼ 10–50 MeV. Although not yet detected (evidence
of a 2.3σ excess in Super-K data compatible with the DSNB signal have been released
by the collaboration [179] in 2024), the DSNB lies within reach of upcoming detectors
like JUNO , Hyper-Kamiokande, and DUNE [180, 181, 182], and could provide insights
into the cosmic star formation rate and supernova neutrino physics.

• Atmospheric Neutrinos. Produced by the decay of secondary mesons (primarily
pions and kaons) created when cosmic rays interact with Earth’s atmosphere, atmo-
spheric neutrinos span a wide energy range from sub-GeV up to ∼100 TeV. They
played a fundamental role in the discovery of neutrino oscillations [70] and continue to
serve as a calibration source and a background in high-energy neutrino experiments.
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Figure 2.1: Neutrino sources and corresponding energies and fluxes on Earth, taken from
Ref. [173], see the main text for details on each source.

• Astrophysical Neutrinos. First discovered by IceCube in 2013 [183], high-energy
astrophysical neutrinos are believed to originate from cosmic accelerators such as active
galactic nuclei (AGN), blazars, gamma-ray bursts (GRBs), and starburst galaxies.
They exhibit a spectrum roughly compatible with an unbroken power-law dϕ/dE ∝
E−γ with γ ∼ 2.1–2.5, extending from tens of TeV to a few PeV. The association
of a high-energy neutrino with the blazar TXS 0506+056 [184] marked a milestone
in multi-messenger astrophysics. Given their relevance for the work presented in this
thesis, we will expand on astrophysical neutrinos in Sec. 2.1.4.

• Cosmogenic Neutrinos. This high-energy neutrino population originates from the
propagation of extragalactic CRs in the Universe, which can produce neutrinos via
photo-meson interactions of the CRs with the CMB photons: p+γCMB → ∆+ → n+π+

and the extragalactic background light (EBL). Cosmogenic neutrinos have not been
detected yet and IceCube have set upper limit on their flux [185]. Their predicted flux
at Earth relies on astrophysical models involving production and propagation of the
UHECR and photon background fields [186], hence their detection would shed light on
the extreme astrophysical environments producing them.

Understanding the full landscape of neutrino sources is crucial not only for astrophysics
but also for searches of new physics. High-energy neutrinos, in particular, are sensitive
probes of exotic interactions and cosmic environments inaccessible to other messengers.

2.1.1 Detection of high energy neutrinos

Neutrinos, due to their weak interactions, offer an unobstructed view of the most extreme
and distant regions of the universe. This exciting feature turns neutrino observatories into
powerful tools for probing high-energy astrophysical environments and searching for signs of
new physics. In this section, we briefly describe the current landscape of high-energy neutrino
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detectors, emphasizing their role as messengers of phenomena that could point towards BSM
physics.

The IceCube Neutrino Observatory, located at the South Pole, marked a milestone in
neutrino astrophysics by detecting a diffuse flux of high-energy neutrinos of astrophysical
origin [183, 187]. IceCube identifies neutrino interactions via the Cherenkov light produced
by secondary charged particles in the Antarctic ice. Although its detection technique is well
established, what renders IceCube particularly relevant for fundamental physics is its ability
to observe neutrinos in the TeV–PeV energy range, far beyond the reach of particle colliders.
One of the most relevant observation made by IceCube was the detection at the 3σ level of
a Eν ∼ 290 TeV neutrino (IC-170922A) in spatial coincidence with the flaring blazar TXS
0506+056 [184]. This observation provided the first compelling evidence of a specific extra-
galactic source of high-energy neutrinos and highlighted the potential of IceCube to pinpoint
cosmic accelerators. Beyond its astrophysical relevance, such detections open the door to
BSM scenarios, including exotic neutrino interactions, decaying or annihilating DM near as-
trophysical accelerators, and Lorentz violating effects over cosmological baselines. Moreover,
IceCube has provided stringent limits on many neutrino observables, such as non-standard
neutrino interactions [188] and sterile neutrino mixing [189]. Its data have also been used to
test models of quantum gravity, extra dimensions, and violations of the equivalence principle
[190]. Therefore, due to the long propagation distances and extreme energies probed, Ice-
Cube is a currently unparalleled laboratory for testing extreme astrophyical environements
and some of the fundamental properties of neutrinos. The forthcoming expansion of Ice-
Cube, known as IceCube-Gen2 [191], aims to increase the detector volume by an order of
magnitude.

KM3NeT is a neutrino telescope under construction in the Mediterranean Sea. It con-
sists of two main components: ARCA, optimized for high-energy astrophysical neutrinos, and
ORCA, aimed at studying lower-energy atmospheric neutrinos and determining the neutrino
mass ordering [192]. Its location allows it to observe the Southern sky via upward-going
neutrinos, providing excellent coverage of the GC and densely populated regions by blazars
and other potential neutrino sources. Its angular resolution for track-like events enhances
the ability to correlate neutrino events with their astrophysical origins, which is crucial for
identifying potential signatures of BSM physics related phenomena occurring in dense en-
vironments. A landmark achievement of KM3NeT came in early 2023, when it detected a
neutrino-induced muon with an estimated energy of ∼ 120 PeV, corresponding to a parent
neutrino energy of approximately ∼ 220 PeV [193]. This event, labeled KM3-230213A, rep-
resents the highest-energy neutrino observed to date. The event produced Cherenkov light
across nearly one-third of the detector’s optical modules, strongly suggesting an extragalac-
tic origin. Still, its origin has not been clarified so far, with possible explanation including
blazars and cosmogenic neutrinos, as well as its tension with IceCube data [194]. As the
statistics of UHE neutrino detections grow, KM3NeT will play a key role in disentangling
their origin, be it cosmogenic neutrinos, astrophysical accelerators, or BSM processes. Its
synergy with IceCube and other observatories will be essential in confirming whether such
extreme events are rare fluctuations of an isotropic flux or hint at a new class of sources.
Several other existing and proposed detectors complement this effort. The ANITA balloon
experiment has set strong limits on UHE neutrinos through radio detection of neutrino-
induced air showers in Antarctica [195]. Similarly, the Baikal-GVD, deployed in Russia, is
an underwater Cherenkov detector currently operational and expanding its capabilities [196].
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Figure 2.2: Representation of the central regions of a radio-loud AGN, figure from Ref. [204].

Other proposed radio-detection arrays like RNO-G [197] and GRAND [198], aim to ex-
tend the reach to even higher energies. These instruments will also test scenarios involving
Lorentz invariance violation and new long-range forces. Other projects that have been pro-
posed are P-ONE, a deep-sea Cherenkov detector planned off the coast of British Columbia,
Canada [199], and TRIDENT, a large-scale underwater detector (8 km3), which would be
located in the South China Sea [200]. Taken together, the global network of high-energy neu-
trino detectors is set to become a vital component of multi-messenger astrophysics. Beyond
identifying cosmic neutrino sources, these facilities offer a unique and growing avenue for
probing fundamental physics at energy and distance scales inaccessible to any other means.

2.1.2 Blazars as high-energy neutrino sources

AGNs are among the most luminous persistent sources in the universe, powered by accretion
of matter onto supermassive black holes (SMBHs) at the centers of galaxies. In the case
that they show a pair of back-to-back relativistic jets, one of which closely aligned with our
line of sight (LOS), we refer to them as blazars [201, 202]. This alignment leads to Doppler-
boosted emission across a wide range of frequencies, making blazars observable from radio
wavelengths up to TeV gamma rays.

They are characterized by a non-thermal, broadband spectral energy distribution (SED),
which typically exhibits a characteristic double-peak structure. The low-energy component,
peaking between the infrared and X-ray bands, is well understood as synchrotron radiation
emitted by relativistic electrons spiraling in the magnetic fields of the jet. The origin of the
high-energy component, which peaks at gamma-ray energies, is still a subject of debate and
may involve both leptonic and hadronic processes [202].

A schematic representation of a blazar is shown in Figure 2.2. At the center lies a SMBH
surrounded by an accretion disk, which emits thermal radiation primarily in the optical and
UV. This radiation ionizes nearby clouds of gas, producing strong emission lines from the
broad line region (BLR) [?], located on sub-parsec scales, and from the narrow line region
(NLR), located farther out at scales of hundreds of parsecs [203]. A dusty torus surrounds
the disk and BLR, obscuring certain lines of sight. Relativistic jets emerge perpendicular to
the accretion disk, dominating the observed emission.

Blazars can be classified into two primary categories based on their optical spectral
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features. Flat-Spectrum Radio Quasars (FSRQs) exhibit strong and broad emission lines,
whereas BL Lacertae objects (BL Lacs) display weak or no emission lines [205]. An al-
ternative and complementary classification relies on the location of the synchrotron peak
frequency νSpeak in their SED. Sources are referred to as Low Synchrotron Peaked (LSP) or

Intermediate Synchrotron Peaked (ISP) when νSpeak < 1015 Hz, and as High Synchrotron

Peaked (HSP) blazars when νSpeak > 1015 Hz. This classification reflects differences in the
energy of the electrons within the jets and has implications for both photon and potential
neutrino emission mechanisms. This classification provides insight into the maximum energy
reached by electrons in the jet and serves as a proxy for particle acceleration capabilities.

Several models have been proposed to explain the origin of the high-energy peak in
the blazar SED. In leptonic models, gamma rays arise from inverse Compton scattering of
soft photons off the same population of electrons responsible for the synchrotron emission.
Hadronic models, on the other hand, posit the presence of highly energetic protons co-
accelerated with electrons in the jet. These protons can interact with ambient photons or
with matter, leading to the production of pions. The decay of charged pions produces high-
energy neutrinos, while neutral pions decay into gamma rays. These scenarios are typically
referred to as lepto-hadronic models, since both leptonic and hadronic contributions to the
emission are considered (see [204] for a review of blazar jet models). Distinguishing between
leptonic and hadronic models is challenging based solely on electromagnetic observations.
However, the detection of high-energy neutrinos would provide a smoking gun for hadronic
processes and could help resolve this ambiguity. Blazars have long been considered potential
sources of high-energy astrophysical neutrinos. In hadronic scenarios, neutrinos are produced
predominantly through the decay of charged pions created in pγ or pp interactions [206]. A
key ingredient of these models is the presence of relativistic protons accelerated in the jet, an
assumption that is theoretically well-motivated in diffusive shock or magnetic reconnection
scenarios, although direct observational evidence remains indirect and primarily inferred
from the potential neutrino production.

The first association at the 3σ level between a high-energy neutrino and a blazar was
reported by IceCube in 2017, involving a ∼290 TeV neutrino coincident with a flaring episode
of the blazar TXS 0506+056 [184]. This observation marked a turning point in neutrino
astronomy and lends support to the lepto-hadronic hypothesis, particularly for scenarios
where the neutrino and photon emission regions coincide.

However, follow-up studies revealed tensions within standard single-zone lepto-hadronic
models of the source. These models assume that both leptonic and hadronic emissions
originate from a compact, homogeneous region in the jet. While they can reproduce the
observed SED during the flaring state, they typically underpredict the neutrino flux by up
to two orders of magnitude [207, 208], as illustrated in Figure 2.3. This discrepancy may
suggest that the simplifying assumptions of the single-zone approximation, such as uniformity
of the magnetic field, particle distributions, and photon targets, are overly restrictive. Multi-
zone models, or time-dependent dynamics [209, 210] could improve the fit but at the cost of
introducing significant model complexity and parameter degeneracy.

Alternatively, this tension could be interpreted as a sign of physics beyond the Standard
Model, possibly involving dark matter interactions in the vicinity of the blazar jet. We will
explore this possibility in detail in Section 4.1.

While gamma rays are also produced upon the same pp, pγ interactions producing neu-
trinos in the blazar environment, their detectability is limited by the interactions with the
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Figure 2.3: Lepto-hadronic model for the blazar TXS 0506+056 during the 2017 flare. Two
SED scenarios, gray lines, are plotted against the observed photon flux (Fermi-Lat (violet),

NuStar (yellow) and X-shooter (green)): one with proton luminosity L
(max)
p ≈ 2×1050 erg s−1

(solid), and the other set to twice this value (dashed). The corresponding all-flavor neutrino
fluxes in solid red (dashed red). All-flavor neutrino flux upper limits for producing an event
similar to IceCube-170922A are shown in blue for 0.5 years (solid blue) and 7.5 years (dashed
blue). Figure taken from Ref. [207].

EBL or absorption within the source itself [208]. Indeed, the expected correlation between
gamma-ray and neutrino fluxes is not straightforward, and a source may emit detectable
neutrinos without a corresponding gamma-ray signature. One particularly intriguing event
is the 2014–2015 neutrino flare from the blazar TXS 0506+056, identified through archival
IceCube data [211]. Unlike the well-known 2017 event, which was accompanied by a co-
incident gamma-ray flare, this earlier neutrino outburst showed no clear enhancement in
the gamma-ray flux. Such a mismatch between the neutrino and gamma-ray signals poses a
challenge to standard lepto-hadronic models, where photo-hadronic interactions are expected
to produce both charged pions (decaying into neutrinos) and neutral pions (decaying into
high-energy gamma rays).

2.1.3 Ultra-High-Energy Cosmic Rays and the Role of Galaxy Clusters

While the detection of high-energy neutrinos offers a unique probe of astrophysical envi-
ronments and fundamental physics, their production is intimately tied to the properties of
ultra-high-energy cosmic rays (UHECRs) and their interactions with ambient matter and
radiation fields. Observationally, the study of UHECRs relies on large-scale air shower ob-
servatories capable of detecting the extensive air showers produced when UHECRs interact
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with the Earth’s atmosphere. The two leading experiments in this field are the Pierre Auger
Observatory (PAO) in Argentina and the Telescope Array (TA) in Utah, USA. Both com-
bine surface detector arrays with fluorescence telescopes to reconstruct the energy, arrival
direction, and composition of primary cosmic rays. These experiments have provided high
statistics measurements of the CR energy spectrum, anisotropies, and composition. Comple-
menting these observatories, the Large High Altitude Air Shower Observatory (LHAASO),
located in China, is rapidly emerging as a major facility in the field of CR and gamma-ray
astrophysics.

The origin of UHECRs, particles with energies exceeding 1018 eV, remains a central open
question in astroparticle physics. While galactic CRs are believed to originate from diffusive
shock acceleration in supernova remnants [212, 213], this mechanism struggles to account for
CR particles with energies above the so called knee at Eknee ∼ 3 PeV. Below the knee, the CR
spectrum follows a power-law approximately given by dϕ

dE ∝ E−γ with γ ∼ 2.7, steepening to
γ ∼ 3.1 above it. Above the knee, the CR spectrum also exhibits several additional features
that hint at transitions in both source populations and propagation effects, see Figure 2.4
for a global view of the measured CR spectrum. One such feature is the second knee around
100 PeV, associated with the steepening of the heavy galactic component, notably iron
and other high-Z nuclei, which marks the exhaustion of the galactic CR sources acceleration
capability. The spectral index of the total flux softens further to γ ∼ 3.3. At the same time, a
hardening of the light component is observed around 100 PeV, which is commonly interpreted
as the emergence of a light, extragalactic component [214]. The most prominent spectral
feature, the ankle at Eankle ∼ 5× 1018 eV, is understood [215] as a transition between two
distinct extragalactic source populations, where at Eankle the dominant component changes
from light to heavy nuclei. This trend is supported by the lack of cosmogenic neutrinos, which
would be more prevalent if UHECRs were dominantly protons [216]. At the highest energies,
above Ecut ∼ 5 × 1019 eV, a suppression in the flux is observed. This could be attributed
either to energy losses during propagation, like the GZK effect [217], where protons interact
with the CMB, or to an intrinsic maximum acceleration energy at the sources.

In the UHECRs landscape, galaxy clusters stand out as compelling environments, acting
as ”CR-reservoirs” over cosmological timescales. Indeed, galaxy clusters are known to host
magnetic fields of order B ∼ O(few) µG [218], extending over Mpc scales. The Hillas
condition [219], Emax = ZeBR, where Emax the maximal energy of the accelerated particle,
Z its charge, B the size of the magnetic field, and R the confinement size, dictates that
clusters can confine particles up to ultra-high energies. For a µG field and a cluster radius
of ∼ 1 Mpc, clusters can trap particles with energies up to ∼ Z × 1019 eV [186]. This makes
them particularly relevant for the population of UHECRs observed above the ankle.

This motivates a detailed study of galaxy cluster environments in cosmic-ray physics,
particularly for interpreting mixed-composition observations and modeling the secondary
messengers arising from cosmic-ray interactions within these structures. Due to the long
trapping times of UHECRs in the ∼ µG magnetic fields of clusters, secondary particle
production, including neutrinos and gamma rays, is significantly enhanced compared to
propagation in intergalactic space. A concrete application of this effect is found in our
study of the RνB upscattering, see Section 4.2, where clusters act as CR reservoirs, boosting
a flux of upscattered relic neutrinos potentially detectable at present and future neutrino
telescopes. This provides a unique particle-physics probe connected to the astrophysical
processes governing cosmic-ray propagation and confinement within galaxy clusters.
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Figure 2.4: A global view of the CR spectrum at Earth. Figure taken from [74].

2.1.4 The diffuse astrophysical neutrino flux

The discovery of a diffuse flux of high-energy astrophysical neutrinos by the IceCube Neutrino
Observatory in 2013 marked a milestone in multi-messenger astrophysics [187, 183]. This
flux, spanning energies from tens of TeV to several PeV, appears nearly isotropic across
the sky, suggesting an extragalactic origin. The spectral shape of the observed diffuse flux
is best described by an unbroken power-law, dϕ/dE ∝ E−γ with γ ∼ 2.1–2.5, although
this can vary slightly depending on the event selection and analysis technique [220]. The
flux normalization and spectral index imply that the neutrinos are most likely produced
in hadronic processes such as pp or pγ interactions occurring in astrophysical accelerators,
sources capable of accelerating protons to energies exceeding the PeV scale. Despite over a
decade of observations, the individual sources contributing to this flux remain almost entirely
unresolved, posing one of the most pressing open questions in astroparticle physics.

A critical test for any proposed source population is whether its sky distribution correlates
with that of IceCube’s neutrinos. In the case of blazars, several studies have investigated
this connection. Notably, refs. [221, 222] report a significant correlation between IceCube’s
sky map and the distribution of blazars in the southern sky at neutrino energies Eν ≳
100 TeV, and a smaller yet notable correlation in the northern sky for Eν ≲ 100 TeV,
consistent with expectations from structured, energy-dependent emission scenarios. On the
other hand, a more recent analysis using updated data [223] finds no statistically significant
correlation, though it remains unclear whether this holds for the highest-energy events, which
are particularly relevant for many blazar-based models.

To overcome the limitations of neutrino-only searches, multi-messenger approaches have
become crucial. These analyses seek to correlate neutrino detections with electromagnetic
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observations across the spectrum, particularly from gamma-ray telescopes like Fermi-LAT.
A recent IceCube stacking search [224] involving a large catalog of O(2000) blazars finds no
evidence for a neutrino excess, disfavouring a blazar origin for the observed astrophysical neu-
trinos. However, this analysis assumes a single power-law neutrino spectrum for all sources,
an assumption that may not apply to more complex, energy-dependent scenarios predicted
by many blazar models. Thus, while standard searches yield no conclusive detection, they
may not yet be optimized to test the full range of predictions from physically motivated
blazar mechanisms. Overall, these mixed results highlight the need for future searches to
incorporate more realistic spectral and spatial features when probing correlations between
high-energy neutrinos and blazars.

While this work focuses on blazars as promising sources of high-energy neutrinos, it is
important to acknowledge that several other astrophysical source classes have been proposed
as potential contributors to the diffuse neutrino flux observed by IceCube. These include
core-collapse supernovae [225], gamma-ray bursts [226], starburst galaxies [227], AGN be-
yond blazars such as radio galaxies and Seyfert galaxies [228]. Each of these populations
offers plausible environments for cosmic-ray acceleration and hadronic interactions leading
to neutrino production. For instance, starburst galaxies exhibit high cosmic-ray densities
and intense star formation, certain types of AGN, such as non-jetted Seyfert galaxies, may
harbor dense environments conducive to efficient neutrino production and gamma-ray bursts
colud be viable sources due to their extreme brightness. However, despite cross-correlation
analyses, none of these classes has yet been identified as the dominant contributor to the ob-
served neutrino flux, leaving open the possibility that multiple populations or a still unknown
class of sources account for the observed signal.

The coming decade promises significant advances in sensitivity to the diffuse astrophys-
ical neutrino flux across a broad energy range, see Figure 2.5 for a plot showing the pro-
jected sensitivities of present and future experiments. Next-generation instruments such
as IceCube-Gen2, RNO-G, PUEO, and GRAND will dramatically improve detection capa-
bilities through increased exposure, novel detection methods, and expanded energy cover-
age. These experiments will enhance the precision of spectral measurements, enable deeper
searches for anisotropies or clustering, and strengthen multi-messenger correlations. Sensi-
tivities are projected to improve by more than an order of magnitude at the highest energies,
opening the possibility of resolving the composition of the diffuse flux and identifying the
dominant source classes.
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Figure 2.5: The expected all-flavor differential 90% C.L. neutrino flux sensitivities for a vari-
ety of experiments. The measurements and sensitivities are compared with cosmogenic and
astrophysical neutrino models. The blue bands show the astrophysical neutrino flux mea-
sured by IceCube [220]. Solid lines show experimental upper limits at higher energies from
the Pierre Auger Observatory [229], ARA [230], ARIANNA [231], ANITA I–IV [195], and Ice-
Cube [232]. Dashed lines represent the sensitivities of planned experiments: GRAND [198],
BEACON [233], TAMBO [234], Trinity [235], RET-N [236], POEMMA30 [237], RNO-G [238]
and PUEO [239]. Figure taken from Ref. [240].

2.2 Gravitational waves as cosmic messengers

2.2.1 Introduction

The first direct detection of gravitational waves (GWs) performed by the LIGO and Virgo
collaborations in 2015 [241] (GW150914) marked the beginning of a new era in observational
astronomy and fundamental physics. The observed signal, resulting from the merger of a
binary black hole (BBH) system, provided the first direct evidence of strong field general
relativity and established GW interferometry as a powerful tool for probing the Universe.
Since then, the LIGO-Virgo-KAGRA (LVK) collaboration has announced more than 90
confirmed GW events [242], including mergers of BBHs, binary neutron stars (BNS), and
neutron star–black hole (NSBH) systems. These events provide an unprecedented oppor-
tunity to study compact object populations, stellar evolution, and nuclear matter under
extreme conditions.

While individually resolved events have dominated the GW landscape at frequencies ac-
cessible to ground based detectors (∼ 10–103 Hz), theoretical models predict the existence
of a stochastic gravitational wave background (SGWB). This background is generated by the
superposition of many unresolved sources and is expected to contain contributions from astro-
physical and possibly cosmological origins. On the astrophysical side, this includes compact
binary coalescences involving binary BBH, BNS, and binary white dwarfs (BWD). These
signals originate from sources beyond the sensitivity horizon of detectors and accumulate
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over cosmic time.
Unlike electromagnetic radiation, GWs interact very weakly with matter and propagate

essentially freely across cosmic history. This decoupling occurs already at the moment of
their production, due to the weakness of gravity: on general grounds, one can estimate their
interaction rate with the primordial plasma as [243]

Γ(T ) = nσ v ≃ G2
NT

5, (2.1)

where n ∼ T 3 is the number density of particles, σ ∼ GN is the cross section for g + SM →
SM + SM processes, where g the graviton, v ∼ 1 and GN = 1/M2

Pl the Newton’s constant.
Comparing this rate to the Hubble rate during radiation domination, H(T ) ∼ T 2/MPl, one
finds

Γ(T )

H(T )
∼ GNT

3

T 2/MPl
∼ T

MPl
≪ 1, (2.2)

for any temperature well below the Planck scale. Therefore, they carry unique informa-
tion on cosmic epochs unreachable by any other messenger. A cosmological SGWB could
originate from a range of processes in the early Universe, including first-order phase tran-
sitions, inflationary quantum fluctuations and cosmic strings (see [243] for a review about
cosmological SGWBs). Recently, strong evidence for a SGWB at the nanohertz frequen-
cies was reported by multiple pulsar timing array (PTA) collaborations, NANOGrav [244],
EPTA [245], PPTA [246], and CPTA [247].

While these results are consistent across different experiments and suggest the presence
of a common process affecting PTA residuals, the source of the signal is still under investi-
gation. Several interpretations have been proposed, ranging from the standard astrophysical
interpretation in terms of SMBH binaries (SMBHBs) coalescence to more exotic cosmological
scenarios, see Section 2.2.4 for more details.

Let us now briefly review how GWs are described in both astrophysical and cosmological
contexts.

GWs are described as transverse-traceless (TT) tensor perturbations hij of the flat
Friedmann-Robertson-Walker metric:

ds2 = −dt2 + a2(t) (δij + hij) dx
idxj , (2.3)

where the tensor hij satisfies the TT gauge conditions:

∂ihij = 0, hii = 0. (2.4)

These conditions eliminate unphysical degrees of freedom and leave only the two propagating
degrees of freedom of GWs. In Fourier space, the linearized Einstein equations yield the
evolution equation:

ḧij(k⃗, t) + 3Hḣij(k⃗, t) +
k2

a2
hij(k⃗, t) = 16πGΠTT

ij (k⃗, t), (2.5)

where ΠTT
ij is the TT part of the anisotropic stress tensor and the source of GWs. The

present day energy density ρGW of the SGWB is typically expressed per logarithmic frequency
interval relative to the critical energy density of the Universe ρc as:

ΩGW(f) =
1

ρc

dρGW

d log f
. (2.6)
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The energy density ρGW can be computed from the energy-momentum tensor tGW
µν , obtained

by expanding Einstein’s equations to second order in the metric perturbations. In the TT
gauge, the leading contribution to the energy density is given by the t00 component as [248]:

ρGW = tGW
00 =

1

32πG

〈
ḣij ḣ

ij
〉
, (2.7)

where angle brackets indicate averaging over several wavelengths or modes.

To relate the SGWB energy density at the time of production to the present one, we
note that GWs redshift like radiation. Therefore, the present day energy density parameter
can be written in terms of its value at generation as:

ΩGW,0(f) = Ω∗
GW(f∗)

(
a∗
a0

)4(H∗
H0

)2

≃ 1.65× 10−5Ω∗
GW(f∗) , (2.8)

where a∗ and H∗ are the scale factor and Hubble rate at the time of GW production and
we have assumed the SGWB to have been generated during the radiation dominated era, as
motivated by several cosmological scenarios. The factor (a∗/a0)

4 accounts for the redshift
of the GW energy density, which scales like radiation, while the factor (H∗/H0)

2 arises from
the ratio of the critical energy densities at generation and today.

Astrophysical sources, such as compact binary mergers (stellar mass black BHs and NSs)
and inspiraling SMBHBs, are expected to contribute to the SGWB across a wide range of
frequencies. For instance, SMBHBs should dominate the (f ∼ 10−9 − 10−7Hz) regime,
targeted by the PTAs. Meanwhile, stellar mass compact binaries contribute primarily in the
(f ∼ 10−3 − 103Hz) range, observable by present and future detectors like LISA and LVK.
These stochastic signals encode the integrated astrophysical history of star formation, binary
evolution, and galaxy assembly.

Cosmological sources, including inflationary tensor modes, cosmic strings, and first-order
phase transitions, can generate GWs across an even wider frequency range, depending on the
characteristic energy scale T∗ and the Hubble rate H∗ at the time of the SWGB production.
The present day frequency f0 of a SGWB from a cosmological origin is related to that at
production f∗ by:

f0 =
f∗a∗
a0

. (2.9)

Assuming that the GWs were produced during radiation dominated era at a characteristic
physical scale f∗ ∼ H∗, corresponding to the Hubble rate at that time, this becomes:

f0 ∼
H∗a∗
a0

≃ 1.6× 10−5 Hz

(
T∗

100 GeV

)( g∗
100

)1/6
. (2.10)

An important consequence of this equation is that it allows us to relate the frequency
of GWs observed today to the temperature in the early Universe when they were produced.
Therefore, for any given GW detection experiment, each sensitive to a specific frequency
band, we can identify the corresponding epoch in the early Universe during which a source
must have been active to produce a detectable signal. This correspondence is illustrated in
Figure 2.6 for LIGO, LISA and PTAs.

In what follows, we first examine astrophysical contributions to the SGWB, followed by
a discussion of early Universe cosmological sources.



52 CHAPTER 2. MESSENGERS BEYOND LIGHT

LISA

LIGO

PTA

CMB

-10 -5 0 5 10 15
-20

-15

-10

-5

0

5

0 3 8 23 18 23 28

���(� [���])

��
�(
�[
�
�]
)

���(�+�)
1

Figure 2.6: The present day GW frequency of Eq. (2.10) as a function of the temperature
T at production. Shaded regions denote the frequency ranges detectable by several GW
experiments, from right to left LIGO, LISA, PTA and the CMB. Figure taken from [243].

2.2.2 Astrophysical Sources of Gravitational Waves

The SGWB generated by an astrophysical population of inspiraling compact binaries exhibits
a characteristic power-law spectrum in the inspiral phase. The GW energy density per
logarithmic frequency interval typically scales as [249]:

ΩGW(f) ∝ f2/3, (2.11)

in a frequency range [fmin, fmax] determined by the dynamics of the system and the endpoint
of the inspiral phase.

A widely used expression for the contribution to the SGWB from a population of inspi-
raling binaries, with masses m1, m2 is given by (see e.g. [249]):

ΩGW(f) = 1.3× 10−17

(M
M⊙

)5/3( f

10−3Hz

)2/3( N0

Mpc−3

)〈
(1 + z)−1/3

0.74

〉
, (2.12)

where M = (m1m2)
3/5/(m1 +m1)

1/5 is the chirp mass of the binary system, N0 the local
comoving number density of binaries, and the average accounts for redshift effects. The
minimum frequency contributing to the energy loss in GWs, fmin, is typically set by the
separation theat the binary had at formation or at the onset of the inspiral phase. Since very
wide binaries take longer than the age of the Universe to merge, a typical choice is to include
only systems that merge within this time. Each source population is also characterized by a
proper UV frequency cutoff fmax: for BBH and BNS, the maximum frequency corresponds
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to the frequency at the innermost stable circular orbit (ISCO), given by:

fmax
ISCO =

1

6
√
6π

c3

G(m1 +m2)
≃ 4.4× 103 Hz

(
M⊙

m1 +m2

)
, (2.13)

while for BWD, the inspiral ends when the stars come into contact. The corresponding
frequency is then given by:

fmax
BWD =

1

π

√
G(m1 +m2)

(r1 + r2)3
(2.14)

where the stellar radii ri can be approximated using [250]:

ri = 0.01R⊙

√(
mi

mCh

)−2/3

−
(
mi

mCh

)2/3

, (2.15)

being mCh ≈ 1.44M⊙ the Chandrasekhar mass. Therefore, SMBHBs, with typical total
masses ranging from M ∼ 106 − 1010M⊙ have very low merger frequencies due to their
enormous size, falling in the nanohertz range, roughly fmerger ∼ 10−9 − 10−7 Hz, and are
best probed by PTAs. BWD, which are much less massive (M ∼ 1M⊙), emit in the millihertz
band. Despite their low mass, their finite radii limit how close they can orbit before contact,
setting a typical maximum frequency in the range (given by Eqs. 2.14, 2.15) fmax ∼ 10−3 −
10−2 Hz, which lies within the sensitivity of space-based detectors like LISA. Finally, BNS
and BBH, with masses between ∼ 1− 100M⊙, merge at much higher frequencies, fmerger ∼
10− 103 Hz, making them detectable by ground based interferometers such as LIGO, Virgo,
and KAGRA. Therefore, while all these sources share a characteristic inspiral phase spectrum
scaling as ΩGW(f) ∝ f2/3, the frequency band over which each population dominates is
controlled by their mass-dependent merger frequencies and the population properties.

Understanding the frequency range and shape of the SGWB from astrophysical sources is
not only essential for characterizing their signal, but also crucial in the context of GW detec-
tion. Advanced ground based detectors such as LIGO and Virgo are approaching sensitivities
in their current (O4) and upcoming (O5) observational runs that could allow detection of
the SGWB from BBH and possibly BNS. This astrophysical foreground plays a dual role
in the search for signals from new physics in the early Universe. On one hand, it acts as a
background that must be accurately modeled and subtracted to uncover a potential cosmo-
logical signal originating from processes such as first-order phase transitions, cosmic strings,
or inflationary relics. On the other hand, the astrophysical background is a rich source of
information in itself, encoding details about the population, evolution, and merger history
of compact objects, offering insights into stellar evolution, binary formation channels, and
the cosmic star formation rate.

The detectability of a SGWB is quantified through the signal-to-noise ratio (SNR), which
compares the GW signal to the noise spectral density Sn(f) of a detector, which includes
the relevant noise contributions from the detector itself as well as those from unresolved
backgrounds. The energy density of the SGWB is characterized by ΩGW(f), while the
detector sensitivity is defined by the equivalent SGWB energy density Ωsens(f) that mimics
the noise level:

h2Ωsens(f) =
2π2

3H2
0

f3Sn(f) . (2.16)
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The expected SNR for a SGWB after an observation time T is given by:

SNR =
√
T

[∫ fmax

fmin

(
ΩGW(f)

Ωsens(f)

)2

df

]1/2
. (2.17)

To facilitate comparison with theoretical models, one often assumes a power-law spectrum
for the SGWB:

ΩGW(f) = Ωβ

(
f

fref

)β
. (2.18)

For chosen values of SNR and T , this yields an envelope of curves, the power-law integrated
(PLI) sensitivity curves, which define the minimum amplitude required for detection [251]:

ΩPLI(f) = maxβ

[
fβ

(
SNR√
T

(∫ fmax

fmin

f2β

Ω2
sens(f)

df

)−1/2
)]

. (2.19)

We show in Figure 2.7 astrophysical foregrounds such as SMBHBs, BWDs, BNSs and BBHs
are shown alongside the PLI curves for different detectors (computed for SNR=10), illustrat-
ing both the frequency ranges of dominant contributions and the sensitivity reach of current
and future instruments. We remind here that the SNR formalism introduced here is inde-
pendent of the GW signal under study and applies to both astrophysical and cosmological
sources of the SGWB, which we will discuss below.
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Figure 2.7: Estimated astrophysical foregrounds from binary super-massive black holes [250],
galactic white-dwarf binaries [252], extragalactic white-dwarf binaries [253], binary black
holes and neutron stars [254], shown as green shaded regions. We also show in red the PLI
sensitivity curves for the Einstein Telescope (ET) [255], LIGO-VIRGO O3, LIGO-VIRGO
Design A+ sensitivity (O5) [254], LISA [256], BDECIGO [257] and PTA [258]. Figure
produced for this thesis.

2.2.3 Cosmological Sources of Gravitational Waves

In addition to astrophysical origins, GWs can arise from processes in the early Universe,
offering a unique window into physics at energy scales far beyond the reach of terrestrial
experiments.
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• First-Order Phase Transitions: First-order phase transitions (FOPTs) in the early
Universe are a well-motivated source of a SGWB. Such transitions proceed via the nu-
cleation and expansion of true vacuum bubbles within a surrounding false vacuum.
GWs are primarily sourced by three mechanisms, occurring upon bubble percola-
tion: the collision of bubble walls (scalar field contribution), the propagation of sound
waves in the plasma, and magnetohydrodynamic turbulence. A general estimate of the
GW energy density produced can be obtained by analyzing the scaling of the tensor
anisotropic stress Π. Assuming that the process sourcing GWs has a typical duration
∆t ∼ β−1, shorter than the Hubble time (i.e., β/H∗ ≫ 1), one can estimate from Eq.
(2.5)

ḣij ∼
16πG

β
ΠTT
ij , (2.20)

and that the anisotropic stress is of order Π ∼ κρvac, the GW energy density at the
time of production reads

ρ∗GW

ρ∗tot
∼
(
H∗
β

)2( Π

ρ∗tot

)2

∼
(
H∗
β

)2( κα

1 + α

)2

, (2.21)

where α ≡ ρvac/ρrad characterizes the strength of the transition and κ quantifies the
fraction of vacuum energy that is converted into the GW source, namely scalar field
and sound wave contributions.

The present day GW energy density spectrum can then be estimated as

h2ΩGW(f) ∼ 1.6× 10−5

(
H∗
β

)2( κα

1 + α

)2( 100

g∗(T∗)

)1/3

, (2.22)

where the additional factors with respect to Eq. (2.21) account for the redshift and
entropy conservation. This result highlights that a strong signal is generated by sources
with significant energy density (α ≳ O(0.1)) and a relatively long duration (β/H∗ ≲
100). Such conditions are realized in strong, supercooled, FOPTs, and this scaling
is broadly applicable across different types of GW sources including bubble collisions,
sound waves, and turbulence. We will discuss in more detail each of these contributions
in Section 3.1.3.

• Inflation: During inflation, quantum fluctuations of the metric tensor hij are in-
evitably generated alongside scalar perturbations, leading to a cosmological SGWB.
The inflationary tensor power spectrum is expected to be nearly scale-invariant, as it
originates from quantum fluctuations in a quasi-de Sitter background. For single-field
slow-roll inflation, the tensor power spectrum at horizon crossing is given by [243]:

∆2
t (k) =

2

π2
H2
k

M2
Pl

, (2.23)

where Hk the Hubble rate when the mode with comoving wavenumber k exits the
horizon during inflation, and is related to the scalar power spectrum via the tensor-to-
scalar ratio:

r(k) ≡ ∆2
t (k)

∆2
s(k)

=
16H2

k

π2M2
Pl∆

2
s(k)

, (2.24)
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with ∆2
s(k) ≃ 2.1× 10−9 measured by the CMB. Using the constraint r ≲ 0.056 from

Planck [259], one can derive an upper bound on the energy scale of inflation and,
consequently, on the amplitude of the associated SGWB.

The present day GW energy density per logarithmic frequency interval is given by
[243]:

ΩGW(f) ≡ 1

ρc

dρGW

d ln f
≃ 1

12

(
k

a0H0

)2

∆2
t (k)T

2(k), (2.25)

where T (k) is the transfer function accounting for the evolution after horizon re-entry.
For modes re-entering during radiation domination the spectrum is nearly flat:

ΩGW(f) ≃ 5× 10−16

(
Hk

Hmax

)
, (2.26)

where Hmax ∼ 6 × 1013 GeV is the maximum Hubble rate allowed by the CMB. This
nearly scale-invariant plateau extends over the wide frequency range accessible to cur-
rent and planned GW detectors, however it sits well below their projected sensitivity.
It is important to stress that these predictions assume the standard single-field slow-
roll framework. Alternative models, including multi-field scenarios, spectator fields, or
non-standard vacua, can alter both the amplitude and spectral shape of the resulting
GW background (see [243] for a review).

• Topological Defects: Networks of cosmic strings or domain walls formed during
symmetry-breaking events may produce GWs through loop decay or annihilation events,
generating a background over a broad frequency range. Cosmic strings are topological
defects that may have formed during symmetry-breaking PTs in the early Universe,
predicted in a variety of high-energy physics scenarios such as GUT, SUSY, and string
theory [260, 261].

Unlike domain walls or monopoles, cosmic strings do not overclose the Universe and
instead reach a “scaling” regime, where the string network consists of a few Hubble-
length long strings per horizon volume. Energy is lost primarily via the formation of
closed loops that oscillate and radiate GWs, making them testable across a range of
experiments from PTAs to ground based interferometers.

The GW energy density spectrum emitted from cosmic strings can be written approx-
imately as [262]:

ΩGW(f) ≡ 1

ρc

dρGW

d ln f
≃ Ωγ

√
Gµ ≃ 4.2× 10−5

√
Gµ , (2.27)

where Gµ is the dimensionless string tension, with G the Newton constant and µ the
energy per unit length of the string.

This expression gives a rough estimate for the amplitude of the flat part of the GW
spectrum generated by a scaling string network. In realistic models, the full spectrum
exhibits structure depending on the emission history and microphysics of the loops.
Typically, it is approximately scale-invariant across a broad frequency range during
the radiation-dominated era, while decaying in the matter-dominated era [262]. A
complete description includes the contribution of higher harmonics and integrates over
the evolution of the loop distribution.
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Current limits from acoustic peaks in CMB data give Gµ ≲ 10−7, which have been
improved by PTA searches, requiring Gµ ≲ 10−11 [263]. Further progress is expected
in the near future from intermediate frequency observatories, such as LISA, DECIGO
and BBO.

Detection of a cosmic string GW signal would open a direct observational window
into ultra-high-energy physics far beyond the reach of terrestrial experiments, poten-
tially revealing new insights into the nature of symmetry breaking and fundamental
interactions in the early Universe.

Beyond the mechanisms described above, additional cosmological sources may contribute
to the SGWB. These include preheating after inflation, during which explosive particle pro-
duction can lead to significant GW emission [264]; anisotropic stresses from neutrino de-
coupling or other free-streaming relativistic species; and models involving extra dimensions
or modified gravity, which can imprint distinctive spectral features. Although often more
model-dependent, these cosmological sources illustrate the potential of GWs as probes of
fundamental physics and the thermal history of the Universe. As detector sensitivities im-
prove, these alternative scenarios may offer complementary channels for discovering BSM
physics.

2.2.4 The PTA Signal as a hint for Dark Sectors?

The 2023 results from PTAs experiments [244] revealed a common spectrum stochastic GW
signal in the nanohertz range, consistent with expectations for a SGWB. Two compelling
explanations have emerged for this signal: a population of SMBHBs and a FOPT in the
early Universe. The SMBHBs scenario attributes the signal to GWs emitted during the
late inspiral of binary SMBHs formed during galaxy mergers. While standard astrophysical
models assuming purely gravitational radiation-driven circular orbits can account for the
amplitude and shape of the PTA signal, they require binaries to reach sub-parsec separations,
in order for GW emission to be efficient [265]. This enters the realm of the final parsec
problem [266], a longstanding open issue in astrophysics related to whether environmental
interactions (e.g., gas dynamics, stellar scattering) are sufficient to overcome stalling and
allow binaries to coalesce efficiently to sub-parsec separation. More optimistic scenarios,
which incorporate eccentricity and environmental effects, provide better agreement with the
PTA data, but uncertainties remain significant.

Alternatively, a FOPT in the early Universe provides a viable and perhaps more intrigu-
ing explanation. A frequentist analysis comparing the two hypotheses, performed by [267]
shows a mild statistical preference (∼ 2 − 3σ) for the FOPT scenario over the SMBHBs
coalescence hypothesis, see Figure 2.8. Crucially, only supercooled PTs with α ≥ 0.3, at
the 100 MeV–GeV scale and with moderately small inverse durations, i.e. β/H∗ ≲ 100, are
compatible with the observed spectrum. These features naturally arise in scenarios involving
hidden dark sector, characterized by BSM physics below the electroweak scale [268, 269]. In
this context, the SGWB detected by PTAs could represent the first indirect evidence of new,
feebly interacting fields beyond the SM, thereby offering a novel probe of dark sectors and
their cosmological dynamics. Discriminating between the astrophysical and cosmological
interpretations will require future PTA data, particularly the detection of a spectral peak
that would strongly favor a FOPT origin over the typically scale-free power-law spectrum
expected from SMBH binaries.
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Figure 2.8: Plot showing the NANOGrav 12.5 year “violins” (red) [64], their standard
explanation through a power-law spectrum from the inspiral of supermassive black hole bi-
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bubble wall collision spectrum is shown in orange, while a sound wave-induced spectrum is
shown in blue. Blue arrows indicate the shifts in the signal corresponding to increasing the
phase transition parameters αtot, T

SM
perc, or β/H. Figure taken from [268].

2.2.5 Outlook: Future Gravitational Wave Observatories

The coming decades promise a dramatic expansion in GW sensitivity across all frequency
bands, with several observatories either under construction or in advanced planning stages.
These instruments will enable a deeper exploration of the Universe’s astrophysical and cos-
mological history, probing phenomena ranging from stellar remnants to BSM physics.

• The Laser Interferometer Space Antenna (LISA) [270] is a space-based GW observatory
developed by the European Space Agency (ESA) with NASA participation, currently
scheduled for launch in the mid-2030s. Operating in the millihertz (∼ 10−3 Hz) fre-
quency band, LISA will be sensitive to sources inaccessible to ground based detectors,
including mergers of SMBHBs, stellar mass BBH and both galactic and extra-galactic
white BWD. Crucially, LISA can also probe cosmological sources such as GWs from
FOPTs, cosmic strings, and possibly stochastic backgrounds from inflation or other
early Universe processes. Its three-spacecraft configuration, with 2.5 million kilometer
arm lengths, will orbit the Sun in a trailing Earth-like orbit. DECIGO, proposed by the
Japanese space agency) with a conceptual launch in the late 2030s or early 2040s, aims
to reach even higher sensitivity in the decihertz band [257]. This frequency range is
especially well-suited for probing electroweak-scale FOPTs, making DECIGO an ideal
instrument to search for SGWB originating from scenarios such as strongly super-
cooled PTs or early BSM dynamics. Their combined frequency range (from millihertz
to decihertz) corresponds to GWs produced by FOPTs occurring at temperatures of
approximately 102–104 GeV, making them especially suited to probe electroweak-scale
baryogenesis scenarios, dark sector symmetry breaking, or other BSM dynamics in the



2.2. GRAVITATIONAL WAVES AS COSMIC MESSENGERS 59

TeV regime.

• Einstein Telescope (ET) and Cosmic Explorer (CE) are next-generation ground based
interferometric GW observatories targeting the 1-10000 Hz band. The Einstein Tele-
scope (ET), proposed in Europe with potential sites in Italy and/or the Netherlands,
aims to begin construction by the 2030s and operate underground to reduce seismic
noise [271]. The Cosmic Explorer (CE) is a US led project that envisions detectors
with 40-kilometer arms, an order of magnitude longer than current LIGO facilities
[272]. Both observatories will significantly improve strain sensitivity, by about an or-
der of magnitude, over current detectors, extending the detection horizon for BBH
and binary neutron star BNS mergers to redshifts z > 10. These facilities will enable
precision measurements of BH and NHS populations across cosmic time, tests of GR
in the strong-field regime, and new constraints on the nuclear equation of state.

Therefore, the next decade promises a profound transformation in our ability to observe
and interpret the Universe through GWs. With detectors spanning over ten orders of mag-
nitude in frequency, from nanohertz PTAs, to millihertz range space missions like LISA, and
up to high-frequency terrestrial observatories such as the ET and CE, we are building an ob-
servational network capable of capturing the GW landscape in its full richness. This spectral
complementarity is more than technical diversity: it is a roadmap to a deeper, time-resolved
understanding of cosmic history. PTAs will continue to probe the low-frequency domain,
where signals from SMBHBs and stochastic backgrounds from the early Universe around the
MeV scale reside. LISA will bridge the low and mid frequency regimes, uniquely sensitive
to intermediate BH masses, BWD, and cosmological sources such as FOPTs around the
electroweak scale. Meanwhile, next-generation ground based detectors will push sensitivity
to unprecedented depths, expanding our reach to the earliest and most distant stellar mass
BH and NS mergers. As this global network comes online, GW astronomy will evolve from
a tool for detecting single extreme astrophysical events to a precision probe of fundamental
physics. We will test GR in its most extreme regime, chart the formation history of BHs in
the early Universe, and possibly uncover signatures of BSM physics through their imprints in
the gravitational wave background. Therefore, GWs, once a theoretical curiosity, are rapidly
becoming a cornerstone of cosmology and multi-messenger astrophysics. We stand at the
threshold of a golden era, in which ripples in spacetime will hopefully unveil the deepest
mysteries of our Universe.





Chapter 3

Gravitational Waves as probes for
BSM physics in the early Universe

3.1 First order PTs and Gravitational Waves

Cosmological PTs are believed to have played a crucial role in the thermal history of the
early universe, with possible implications for the structure and composition of matter and
radiation observed today. Within the SM, both the EW and QCD transitions are known to
be smooth crossovers [31, 273] and therefore do not produce significant cosmological relics.
However, in many well motivated extensions of the SM, these transitions can become first or-
der. A FOPT proceeds via the nucleation and expansion of bubbles of a new vacuum phase
within a metastable background, releasing latent heat and driving the out-of-equilibrium
phase. Such FOPTs are not just theoretical curiosities, indeed they play central roles in
several key open questions in particle physics and cosmology. They can provide the neces-
sary out-of-equilibrium phase for baryogenesis [23, 274] and also offer mechanisms for DM
production [275, 53, 54], particularly in scenarios involving new strongly-coupled or confin-
ing sectors. Moreover, FOPTs can generate a SGWB [276], potentially within the reach of
current or upcoming interferometers such as PTAs, DECIGO, LISA, Ligo-Virgo-Kagra and
ET. Depending on their dynamics, these transitions may also yield other cosmological relics
such as PBHs [277, 278, 279], topological defects [260, 280], or intergalactic magnetic fields
[281].

Of particular interest are supercooled PTs, for which bubble nucleation occurs signifi-
cantly below the critical temperature. In such cases, the universe could temporarily become
vacuum-energy dominated, leading to a stage of inflation before bubble percolation com-
pletes. Supercooled transitions are typically very strong, leading to ultra-relativistic bubble
walls and enhanced production of GWs, making them a promising target for GW astronomy
[282, 283]. At the same time, the delay in completion can dilute pre-existing relics, impacting
the predictions for baryon asymmetry and DM abundances [275]. In this work, we focus on
supercooled FOPTs, exploring their GW signatures and the conditions under which they
could be probed by future detectors.

3.1.1 Tunneling rate and nucleation temperature

In the presence of finite-temperature corrections the effective potential can manifest a barrier
separating the false vacuum, ϕf = 0 and the true vacuum ϕt = v. Below the critical
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temperature Tc the potential energy in the true minimum becomes lower than the potential
energy in the false vacuum, which therefore becomes metastable.
The decay rate from the false vacuum to the true vacuum is given by [284], [285]

Γ(T ) ≡ max

[
T 4
(S3/T

2π

)3/2
exp(−S3/T ) , R−4

0

(S4
2π

)2
exp(−S4)

]
, (3.1)

where S3 and S4 are the 3 and 4 dimensional Euclidean actions of the symmetric O(3) and
O(4) tunneling solutions. The former is thermally induced while the later is purely quantum.
The S3 and S4 bounce actions read

S3 = 4π

∫
dr r2

[1
2
ϕ′(r)2 + V (ϕ(r))

]
, S4 = 2π2

∫
dr r3

[1
2
ϕ′(r)2 + V (ϕ(r))

]
, (3.2)

where V (ϕ) is the finite temperature potential, ϕ(r) is the field configuration which interpo-
lates between the two asymptotic vacua and the prime denotes differentiation with respect
to the radial Euclidean coordinate r. Extremization of the action leads to the Euclidean
equation of motion

ϕ′′(r) +
d− 1

r
ϕ′(r) =

dV (ϕ)

dϕ
, (3.3)

with the boundary conditions

ϕ′(0) = 0 lim
r→∞

ϕ(r) = 0 . (3.4)

We can consider the PT to occur around the nucleation temperature Tnuc, when the number
of bubbles nucleated per Hubble volume and per Hubble time is of order 1 [284]

N(Tnuc) =

∫ Tc

Tnuc

Γ(T )

H(T )4
dT

T
= 1, (3.5)

that is approximately when

Γ(Tnuc) ≃ H(Tnuc)
4 . (3.6)

This condition can be rewritten as

S3(Tnuc)

Tnuc
≃ 146− 2Log

(
g∗(Tnuc)

100

)
− 4Log

(
Tnuc

100GeV

)
, (3.7)

using the expression for the Hubble rate during radiation domination. Therefore, nucleation
is expected to occur for S3/T ∼ O (150) for PTs around the GeV scale. It was proved in [284]
that there is always a solution to Eqs. (3.3) and (3.4) by means of an undershoot/overshoot
argument. If the initial position of the particle is too close to ϕt, it will have enough energy
to move over ϕf with non-zero velocity: hence an overshoot configuration and a divergent
solution. Conversely, if the initial position of the particle is too close to the false vacuum,
the particle will not have enough energy to reach the true vacuum because of the friction
term: we have an undershoot configuration and the solution will be oscillatory. Therefore,
by continuity, there must be an intermediate initial position for which the particle comes to
rest at the false vacuum, resulting in a finite action solution.
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Analytical approximations of the bounce action

While numerical techniques such as shooting methods are often employed to solve the bounce
equations, analytical approximations exist in two important regimes: the thin-wall and thick-
wall limits, [286]. These provide simplified but insightful estimates of the Euclidean action
associated with bubble formation.

In the thick-wall limit, which is relevant for supercooled phase transitions where the
potential barrier is small compared to the vacuum energy difference, the bounce action can
be approximated analytically. By approximating the bubble profile by a field excursion
δϕ = ϕ∗ occurring over a characteristic wall thickness δR ∼ R, the S3 bounce action, Eq
(3.2), can be estimated as

S3 ≈ 4π

(
R

2
ϕ2∗ +

R3

3
V (ϕ∗)

)
, (3.8)

where the first term represents the gradient energy and the second the potential energy
inside the bubble. Extremizing this expression with respect to the bubble radius R by
solving δS3

δR = 0 yields the critical radius and bounce action [286]

R2
c =

ϕ2∗
−2V (ϕ∗)

, S3 ≃
4π

3

ϕ3∗√
−2V (ϕ∗)

. (3.9)

Similarly, the zero temperature O(4) symmetric bounce action in the thick-wall limit reads

R2
c =

ϕ2∗
−V (ϕ∗)

, S4 ≃
π2ϕ4∗

−2V (ϕ∗)
. (3.10)

In thermal potentials relevant for supercooled transitions, the critical radius typically scales
as Rc ∼ 1/T , so the ratio

S4
S3/T

∼ RcT (3.11)

is roughly constant with temperature, implying the relative dominance of thermal versus
quantum tunneling is not strongly temperature dependent within this approximations. Al-
though thin-wall approximations exist, they are less applicable for strongly supercooled PTs,
where the thick-wall limit gives a better analytic description.

3.1.2 Bubble wall velocities: Runaway and Terminal regime

Understanding the dynamics of bubble wall expansion is crucial for characterizing the phys-
ical outcomes of a cosmological PT. In particular, the velocity of the expanding bubble wall
determines how the vacuum energy released during the transition is partitioned between the
bubble wall itself and the surrounding plasma. This has direct consequences for the strength
and the shape of the GW signal, as we will discuss in Sec. 3.1.3.

In the thin-wall approximation, the bubble wall is modeled as a surface of negligible
thickness separating regions of true and false vacuum. Under this assumption, one can write
a relativistic Lagrangian for a spherically symmetric bubble of radius R as [284, 287]:

L = −4πσR2
√

1− Ṙ2 +
4π

3
R3p, (3.12)

where σ is the free energy per unit area (tension) of the wall and p is the net pressure acting on
the wall. This pressure can be decomposed into a driving component ∆V = Vf−Vt = cvacf

4,
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being cvac ≃ O(0.01) a model dependent parameter and f the VEV of the order parameter
in the true vacuum, and a frictional component ∆P, due to the interaction of the bubble
wall with the ambient plasma. In the absence of friction, then, one has p = ∆V .

From this Lagrangian, the total energy of a bubble is obtained as:

E = 4πγσR2 − 4π

3
R3p , (3.13)

with γ = 1/
√

1− Ṙ2, the Lorentz boost factor of the wall. The critical radius Rc, which
gives the minimum bubble nucleation radius is obtained by extremizing the energy, yielding:

Rc =
2σ

∆V
. (3.14)

Assuming that the bubble nucleates at R0 ≈ Rc, its subsequent evolution is governed by the
Euler-Lagrange equation [288]:

R̈+
2(1− Ṙ2)

R
=

(1− Ṙ2)3/2

σ
∆V, (3.15)

which can be rewritten in terms of γ as:

dγ

dR
+

2γ

R
=

∆V

σ
. (3.16)

Solving this with initial condition γ(R0) = 1 yields:

γ(R) =
R

3R0
+

R2
0

3R2
≈ R

3R0
(3.17)

as the bubble expands, indicating that the wall accelerates rapidly in the early stages of
expansion. This solution assumes negligible interaction between nearby particle while they
cross the wall. It therefore describes the so called runaway regime, where plasma interactions
are weak and cannot stop the wall from accelerating indefinitely. Although the scaling
γ(R) ∝ R is typically derived within the thin-wall approximation, it reflects generic features
of bubble expansion under constant pressure and negligible friction. As such, this behavior
is expected to persist qualitatively in the thick-wall regime relevant for strongly supercooled
transitions.

The wall Lorentz factor in the absence friction, evaluated at the collision radius Rcoll, is
then given by [53]:

γrun ≃ Rcoll

3R0
≃ 1.7

10

β/H

(
0.01

cvac

)2 MPl

f

Tnuc
f

, (3.18)

where β/H characterizes the inverse duration of the PT and we used R0 ≈ T−1
nuc for the

bubble radius at nucleation and Rcoll = π1/3/β [289].
Thus far, we have assumed negligible friction, allowing the wall to accelerate freely.

However, plasma interactions generally induce a frictional pressure ∆P that can counteract
the vacuum force, yielding

p = ∆V −∆P, (3.19)

where the leading-order (LO) contribution PLO to the stopping pressure ∆P is due to the
massless particles in the broken phase getting a mass squared ∆m2 ∝ f2 while crossing the
bubble wall, and it is given by [290]:

∆PLO =
∑
a

gaca
∆m2T 2

nuc

24
, (3.20)
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being ga is the number of the internal degrees of freedom and ca = 1(1/2) for bosons
(fermions). If ∆V > PLO the bubbles will keep accelerating to larger values of γ until
either they collide in the runaway regime, or reach a terminal velocity regime, due to the
next-to-leading order (PNLO) contribution to the friction given by soft radiation [291]. In-
deed, the latter is proportional to γ and is enhanced by large logarithms, which have been
resummed in [292], giving:

γ∆PNLO ≈ geff g
2 γ mV T

3
nuc

mV

µ
, (3.21)

with g the gauge coupling, geff a weighted sum of the radiating gauge of freedom times their
charges, mV the gauge boson mass in the broken phase and µ an IR cutoff (see Sec. 3.2.2
and [53] for a discussion about the stopping pressure in the case of strongly-coupled PTs).
Therefore, friction stops the growth of γ when the net pressure vanishes, which occurs at:

γeq =
∆V −∆PLO

∆PNLO
. (3.22)

If γeq < γrun, then the wall reaches a terminal velocity and transitions to a constant-speed
regime. The corresponding radius at which this terminal velocity is reached is:

Req = 3γeqR0. (3.23)

To assess whether the transition is runaway or not, it is useful to define the following
dimensionless quantities:

α ≡ ∆V (T )− T ∂∆V
∂T

ρrad
≈ ∆V

ρrad
, α∞ ≡ ∆PLO

ρR
, αeq ≡ ∆PNLO

ρR
, (3.24)

Our treatment, which neglects interaction between particles during the time when they
enter the bubble, is justified for α > α∞, and the terminal velocity regime is reached when
γ = γeq = (α− α∞)/αeq.

Finally, the fraction of the vacuum energy converted into bubble wall energy depends
sensitively on the dynamics. In the absence of friction (i.e., in the runaway case), nearly all
vacuum energy goes into the wall. However, once the terminal velocity is reached, further
vacuum energy release contributes instead to heating and bulk motion of the plasma. The
fraction of vacuum energy stored in the kinetic energy of the wall at percolation is given
by [287]:

κwall ≡
Ewall

EV
=

1− α∞
α , γrun ≤ γeq (Runaway),

γeq
γrun

[
1− α∞

α

(
γeq
γrun

)2]
, γrun > γeq (Terminal velocity) ,

(3.25)

while the remaining fraction of the vacuum energy κfluid = 1 − κwall goes into kinetic and
thermal energy of the plasma.

This analysis highlights the importance of wall velocity regimes. Whether a bubble
wall runs away or saturates to a terminal speed directly affects both the efficiency of vacuum
energy transfer to GW production and the feasibility of baryogenesis mechanisms. In Section
3.2 we will explore a specific model where either of the regimes could be realized, depending
on parameter choices such as ∆V , particle content, and transition temperature.
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3.1.3 Gravitational Waves from First Order PTs

FOPTs in the early Universe can generate a SGWB through violent processes associated
with the collision of bubbles of the new phase. An accurate computation of the GW signal
upon FOPTs is crucial to probe BSM physics through current and upcoming GW detectors.
Our knowledge of the GW signal produced upon a FOPT is mostly based on scalar field
and hydrodinamical simulations, see [276, 243] for reviews. The GW signal from a FOPT is
governed primarily by the following parameters characterizing the PT dynamics and energy
budget:

• PT Strength α: This parameter quantifies the latent heat released during the tran-
sition normalized by the radiation energy density,

α(T ) ≡ ∆V (T )− T ∂∆V
∂T

ρrad

∣∣∣∣∣
Tnuc

, (3.26)

which has to be evaluated at the nucleation temperature Tnuc. A strongly supercooled
PT (Tnuc ≪ Tcrit) leads to large α ≫ 1, since ρrad ∝ T 4 while ∆V stays roughly
constant.

• PT duration β/H: This parameter characterizes the time scale of the transition
relative to the Hubble time,

β/H ≡ d

dT

(
S

T

) ∣∣∣∣∣
Tnuc

, (3.27)

where S is the Euclidean action of the critical bubble, either S3 or S4. β/H determines
how fast bubbles nucleate and the typical bubble size at collision, given by Rcoll =
π1/3/β [289].

• Reheating temperature TRH: After the transition completes, the latent heat reheats
the plasma, restoring radiation domination, and by applying energy conservation, ne-
glecting the energy lost in the GW signal and assuming fast thermalization of the decay
products, one obtains [293]

TRH ≈ (1 + α)1/4Tnuc . (3.28)

• Bubble wall velocity vw: The final relevant parameter is the bubble wall velocity at
collision vw, in the rest frame of the plasma. Accurately computing the value of vw is in
general highly non-trivial, as it requires detailed modeling of the plasma dynamics and
the microscopic interactions between the bubble wall and the thermal bath. Various
theoretical approaches and approximations exist in the literature depending on the
strength of the PT and the field content of the model [294, 295].

Three main mechanisms generate GWs during a FOPT: i) bubble collisions; ii) sound
waves and iii) turbulence in the plasma produced upon bubble collisions. The total energy
density emitted in GW Ωgw is then given by the sum of these terms

Ωgw = Ωφ +Ωsw +Ωturb (3.29)

We will briefly review each contribution in more detail.
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• Scalar field contribution: The collisions of bubble walls release energy stored in
the scalar field gradients at the bubble boundaries. This contribution has been first
modeled by the envelope approximation, which assumes that the shear stresses are
localized in thin shells in which the collided portions of the bubbles have been removed,
accumulating energy from the kinetic energy of the bubble wall. The scalar field
contribution is expected to be the dominant component of the GW energy density
budget only for very relativistic bubbles, i.e. in the runaway regime. The GW energy
density spectrum for the scalar field is approximated in the envelope approximation by
[296]

h2Ωφ(f) = 1.67× 10−5

(
100

g∗

)1/3( 1

β/H

)2(κwall α
1 + α

)2( 0.11v3w
0.42 + v2w

)
, (3.30)

where the spectral shape function of the GW radiation from bubble collisions can be
parametrized as

Senv(f) =
3.8 (f/fenv)

2.8

1 + 2.8 (f/fenv)
3.8 , (3.31)

where Senv(f) describes the spectral shape via a broken power-law and fenv is the peak
frequency. Hence, from the numerical approximation the spectrum scales as f−1 in the
UV and as f2.8 in the IR, although causality requires the slope to be f3 for frequencies
below the inverse Hubble scale at the time of GW production [297].

The peak frequency from bubble collisions is related to the characteristic time scale of
the PT, β−1, and can be estimated at the time of production (t∗) as

f∗
β

=
0.62

1.8− 0.1vw + v2w
, (3.32)

where vw is the bubble wall velocity.

This frequency is redshifted to today as [298]

fenv = 1.65× 10−5Hz

(
f∗
β

)
(β/H)

(
T∗

100GeV

)( g∗
100

)1/6
. (3.33)

Recent developments have qualitatively and quantitatively challenged the validity of
the envelope approximation, particularly regarding the spectral slopes both in the
IR and in the UV. In particular, lattice simulations [299, 300] have shown that the
IR and UV slopes depend on the wall profile and that the IR slope is softened due
to the long-lasting free propagation of anisotropic stress-energy shells after collisions,
an effect that is not captured by the envelope approximation. These findings are in
qualitative agreement with analytical studies based on the bulk flow model developed
[301], which also predict IR enhancement due to post-collision dynamics. Notably,
thick-walled bubbles show stronger IR enhancement, while thin-walled configurations
can lead to dissipation through repeated wall bounces. Therefore, results indicate
that the envelope approximation may not only be quantitatively inaccurate, but also
qualitatively incomplete.

• Sound waves contribution: The contribution from sound waves to the GW spectrum
arises from the bulk motion of the plasma induced by expanding bubbles during a
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FOPT. This motion generates long-lasting acoustic waves, typically on the order of
the Hubble time, which efficiently source GWs. The contributions from sound waves
typically dominates the GW spectrum when the bubble wall reaches a terminal velocity
vw. The GW energy density spectrum from sound waves, following the numerical fit
performed by [276], is given by

h2Ωsw(f) = 2.65× 10−6

(
H∗
β

)(
κvα

1 + α

)2(100

g∗

)1/3

vw Ssw(f), (3.34)

where κv is the efficiency with which latent heat is converted into bulk fluid motion,
given by [287]

κv = κfluid ×
α

0.73 + 0.083
√
α+ α

(3.35)

and the spectral shape function Ssw(f) is modeled as a broken power law, given by

Ssw(f) =

(
f

fsw

)3( 7

4 + 3(f/fsw)2

)7/2

, (3.36)

with a peak frequency fsw estimated by

fsw = 1.9× 10−5 Hz

(
1

vw

)(
β

H∗

)(
T∗

100 GeV

)( g∗
100

)−1/6
. (3.37)

By comparing Eq. (3.34) with Eq. (3.30) one can see that due to the long-lasting
nature of sound waves, their signal is enhanced with respect to that associated to
bubble collision by a β/H factor, making them the dominant contribution to the SGWB
spectrum in the case of a FOPT which is not strongly supercooled. Moreover, we point
out that simulations of sound waves have been only successfully performed for moderate
supercooling (α ≤ 1), while the typical regime of runaway bubbles features α≫ 1 and
the contribution of sound waves in this regime is not well understood [298, 302]. In
this regime it has been argued that derivatives of the envelope approximation such as
the so-called bulk flow model [301] are more realistic in modeling the GW signal [302].

• Turbulent contribution: In addition to sound waves, percolation during a FOPT can
also induce magnetohydrodynamic (MHD) turbulence in the plasma. This turbulence
acts as a long-lasting source of GWs, potentially contributing significantly to the GW
spectrum. Assuming Kolmogorov-type turbulence, the contribution from turbulence
can be modeled as [297]

h2Ωturb(f) = 3.35× 10−4

(
H∗
β

)(
κturb α

1 + α

)3/2(100

g∗

)1/3

vw Sturb(f), (3.38)

where κturb ≤ 5− 10% is the efficiency factor [303] with which latent heat is converted
into MHD turbulence.

The spectral shape of the turbulence contribution is given by

Sturb(f) =
(f/fturb)

3

[1 + (f/fturb)]
11/3

(
1 + 8πf

h∗

) . (3.39)
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The characteristic frequency associated with this contribution is given by

fturb = 2.7× 10−5 Hz

(
1

vw

)(
β

H∗

)(
T∗

100 GeV

)( g∗
100

)−1/6
. (3.40)

As emphasized in Ref. [298], the GW signal from turbulence is subject to significant
theoretical uncertainties. These arise from the difficulty of accurately modelling the
onset, duration, and decay of turbulence in a relativistic plasma. In particular, the
precise amount of kinetic energy converted into vortical motion remains uncertain,
as well as its dependence on the amount of supercooling α. Different treatments of
the turbulence decorrelation time and the autocorrelation function of the anisotropic
stresses can lead to very different predictions for the GW spectrum. Moreover, nu-
merical simulations of GW production from MHD turbulence are still in early stages
and have yet to converge on a universal spectral shape or normalization. As a result,
although the turbulent contribution may enhance the total GW signal, especially in the
presence of strong transitions, its amplitude and spectral shape should be interpreted
with caution.
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3.2 Baryogenesis and Leptogenesis from Supercooled confine-
ment

3.2.1 Introduction

FOPTs with fast bubble walls are currently receiving massive attention because they produce
GWs [304, 305] observable at current [64, 306, 307] and foreseen [308] telescopes. In addition
to detectability in GW, FOPTs with fast walls are motivated as production mechanisms of
DM in the form of very heavy particles [52, 275, 309, 54, 53, 310] or PBHs [311, 312, 283, 313].
PTs with fast bubble walls offer also viable mechanisms to explain the BAU, see e.g. [314,
315, 316]. A particularly simple possibility is to obtain the BAU from out-of-equilibrium
decays of particles that obtain their mass at a supercooled PT, as proposed in [316] and
worked out so far only for PTs of weakly coupled theories. This mechanism, however, works
only for scales of the PT above about 108 GeV (see e.g. also [317, 318]), so that it is not
testable in any laboratory experiment and only poorly so by GW telescopes, given that the
predicted GW are at very high frequencies.

In this section we point out that, if the supercooled PT is a confining one, then with
respect to analogous weakly-coupled PTs, both the yield of the mass-gaining particles (i.e.
the hadrons) is larger and wash-out processes are suppressed. We will show that these
ingredients allow to generate the baryon asymmetry down to PT scales in the TeV range,
via hadron’s decays. This opens up the possibility to generically test this framework with
LISA and the Einstein Telescope. Depending on its specific realisation, we will show that
this also allows to test the scenario at colliders and/or to connect leptogenesis with neutrino
mass generation in a new framework.

3.2.2 Framework for the generation of the Baryon Asymmetry

Supercooled confining PTs

As the temperature of the early universe bath drops, the vacuum state of the theory that is
energetically favoured can change, triggering a PT. If the PT is first order it proceeds via
nucleation of bubbles of the new (‘true’) vacuum in the bath, see e.g. [276, 286] for reviews.

A FOPT in the early universe is controlled by the interplay between the energy density
of radiation and the difference ∆V between the ones of the old (‘false’) and new vacuum.
The latter is given by

∆V ≡ cvac f
4 , (3.41)

where f is the VEV of the order parameter ϕ of the PT in the true vacuum (which we
will later identify with the dilaton), and cvac is a dimensionless, model dependent, quantity
parameterizing the vacuum energy difference, typically cvac ∼ O(1) or smaller. The radiation
energy density is given by

ρrad =
g∗π

2

30
T 4 , (3.42)

where g∗ counts the effective degrees of freedom of the radiation bath. The PT takes place
around the nucleation temperature, Tnuc, when the bubble nucleation rate per unit volume,
Γ, becomes comparable to the Hubble parameter H, namely Γ(Tnuc) ∼ H4(Tnuc). The PT is
said to be supercooled if it happens when the universe is dominated by the vacuum energy
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rather than by radiation, ρrad < ∆V , i.e.

supercooling: Tnuc < Teq ≡
(30 cvac
g∗π2

)1/4
f , (3.43)

where Teq is defined as the temperature when ρrad = ∆V . Following the PT, the order
parameter ϕ undergoes oscillations and decays. We assume that its width is comparable or
larger than the Hubble rate, so that the universe is reheated to a temperature

TRH =
(30 cvac
gRHπ2

)1/4
f , (3.44)

where gRH is the number of degrees of freedom in the broken phase that are reheated.
A supercooled PT is generically predicted by potentials V (ϕ) that are flat enough at the

origin at zero temperature [319], see [320] for a recent systematic study. The needed features
of V (ϕ) are automatically predicted by models that are approximate scale invariant in the
UV, and that spontaneously break scale invariance in the IR, like in radiative generation of
IR scales à la Coleman-Weinberg [21, 321].

In this work we will be interested in strongly coupled realisations, where confinement
occurs from the condensation of an approximately conformal strongly-interacting sector,
and which are dual to 5D warped models, see e.g. [322, 323, 324, 325]. The spontaneous
breaking results in a Goldstone boson parametrically lighter than f , the dilaton ϕ, which
can be thought of as a condensate of UV quanta of the confining theory. Its potential is
generated from a small explicit breaking of scale-invariance in the UV, without which the
symmetry could not be spontaneously broken, so that (see e.g. [326])

∆V = V (ϕ = 0)− V (ϕ = Zf) ≃
(Zmϕf

4

)2
, (3.45)

where Z is the dilaton’s wavefunction renormalization and in strongly coupled theory is
expected to be of order one. We clarify that ϕ then denotes the canonically normalized
dilaton, and mϕ its mass. Eq. (3.45) then implies that mϕ and cvac are not independent
parameters, but are linked via

mϕ =
4

Z
c1/2vac f . (3.46)

mϕ < few×f is enough to achieve values of Tnuc orders of magnitude smaller than Teq, see
e.g. [309, 326]. Larger hierarchies between mϕ and f , corresponding to very small values of
cvac, may imply that the PT never completes. One could then envisage to complete it via the
PT associated to another sector, see [327, 328] for examples where the QCD PT triggers a
supercooled EW PT that would otherwise not complete. Obtaining large hierarchies between
mϕ and f is also non-trivial from the theoretical point of view, see e.g. [329, 330, 331, 332, 333]
for successful attempts.

Dynamics of the walls

Supercooled PTs generically predict that bubble walls are ultrarelativistic. As bubbles are
nucleated and start to expand, the wall’s boost factor γ starts growing as well because the
surface tension of the wall loses against the difference in pressures. If nothing prevents their
acceleration, then walls ‘run away’ and γ keeps growing linearly with the bubble radius R.

For the values of ∆V/ρrad ≳ 1 of our interest, plasma effects cannot prevent the walls
from becoming faster and faster [334, 335]. Particle physics effects however can. They come
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from particles obtaining a mass at the wall [290] and radiation from these particles [291],
which exert a pressure on the walls and can prevent them from running away, see Sec. 3.1.2.
In the context of PTs that are both supercooled and confining, the pressure arises from
non-perturbative effects and reads [309]

P ≃ ζ(3)

π2
gTC γ T

3
nucf , (3.47)

where gTC is the number of degrees of freedom, that are charged under the confining group, in
the deconfined phase (see the next two subsections). The non-perturbative effects responsible
for this pressure can be thought of as the strong-coupling limit of the resummed radiation at
the walls in weakly coupled theories, and indeed the pressure associated to the latter effects
also scales linearly in γ [292]. Walls then reach a terminal constant boost, γT as soon as
∆V = P. If this condition is never met, they run away until they collide with walls from
other bubbles.

The wall boost factor at bubbles collision then reads

γcoll ≃ Min
[
γrun, γT

]
≃ Min

[
1.7

10

β/H

(0.01
cvac

)1/2Tnuc
f

MPl

f
, 10−3 cvac

0.01

80

gTC

( f

Tnuc

)3]
, (3.48)

where the first entry is the runaway value at collision γrun = Rcoll/(3Rnuc) [292], Rcoll =
π1/3/β [289] is the typical bubble radius at collision and Rnuc, of order T−1

nuc, the one at
nucleation. Since in the supercooled PTs of our interest Rnuc ≲ T−1

nuc [309], we use Rnuc =
T−1
nuc/2 for definiteness (other supercooled PTs may have Rnuc ≳ T−1

nuc, see e.g. [336]). We
have also introduced the reduced Planck mass MPl ≃ 2.4 × 1018 GeV and β ≡ (dΓ/dt)Γ,
where we remind that Γ is the bubble nucleation rate per unit volume, so that β/H controls
the typical number of bubbles per Hubble volume and β/H between 10 and 100 is a typical
range for supercooled PTs. Whether the bubble-walls stay in the runaway regime or reach
a terminal velocity depends on the amount of supercooling of the PT, which we quantify by
the ratio Tnuc/f . Examining Eq. (3.48) it is clear that, in order to have a sufficiently large
γcoll, one needs Tnuc ≪ f .

Abundance of hadrons

We call hadron any composite state of the confining sector. Hadrons are expected to have
a mass Mhadr ≈ 4πf ≫ Tnuc coming from their strong coupling to the dilaton, unless they
are lighter for symmetry reasons, like the dilaton itself or other pseudo-goldstone bosons
(analogous to pions in QCD). The hadrons do not exist before the PT, where the fundamental
‘techniquanta’ (TC) are massless (like quarks and gluons in QCD). These are in equilibrium
with the thermal bath before the PT and their number density to entropy ratio, the Yield,
is given by

YTC ≡ nTC

s
=

45ζ(3)gTC

2π4g∗
, (3.49)

where gTC are the degrees of freedom of the techniquanta and nTC is their number density.

What happens upon the PT was first modeled in [309] and can be summarized as follows.
Techniquanta enter the bubble and form fluxtubes that point towards the wall. If techni-
quanta have more energy than the confinement scale in the wall frame, i.e. if γTnuc ≳ f ,
then these fluxtubes break forming a large number of hadrons, which on average follow
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the bubble walls in the plasma frame1. Fluxtube’s breaking also results in the ejection of
techniquanta outside the wall, to conserve charge. Both hadrons and ejected particles have
very high energies in the bath frame, of order γf . As bubbles expand and collide, hadrons
and ejected techniquanta collide with those from other bubbles and with particles of the
pre(heated) plasma, whose typical energies are of the order of the dilaton mass mϕ. These
collisions result in deep inelastic scatterings which ultimately convert the large center of mass
energies (of order mϕγf in the bath frame) into hadron masses. This conversion has been
found by simulations of scatterings and hadronization in [309], and its simplicity makes it
pretty robust against the details of this simulation and other possible processes affecting the
propagation and scatterings of hadrons and ejected techniquanta [337]. This redistribution
of large energies into hadron masses then enhances the yield of hadrons, with respect to that
of particles that gain mass at a non-confining PT, by a factor γcollfmϕ/M

2
hadr. The yield of

a given hadron Ψ then reads

YΨ ≃ YTC × 3
γcollfmϕ

M2
hadr

Br
(
hadr → Ψ

)
×
(Tnuc
Teq

)3 TRH

Teq
, (3.50)

whereMhadr ≃ 4πf and Br
(
hadr → Ψ

)
< 1 is the number of hadrons Ψ produced over all

hadrons in the end of the scattering chains, which is expected to be suppressed if MΨ ≫ f ,
analogously to QCD. The last factor (Tnuc/Teq)

3 TRH/Teq ∝ (Tnuc/f)
3 is the usual dilution

of relics from supercooled PTs, the factor (3γcollfmϕ/M
2
hadr) is its enhancement specific of

confining theories discussed before Eq. (3.50).

Baryon asymmetry from hadrons decay

Let us now assume that a portal connects the confining sector and the SM that results in
an otherwise-stable hadron Ψ to decay violating B, C and CP . Note that the portal needs
not to necessarily violate C and CP , as their violation could rely on the one existing in the
SM (see e.g. [338, 339] for a realisation of this idea in composite Higgs models, although for
slow bubble walls) or it could be a property of the strong sector. We do not need to specify
this nor the UV origin of the portal in this work, we just need to know that each of the Ψ
or Ψ̄ produces on average a net baryon number ϵΨ. The baryon yield then reads

YB = ϵΨKSph YΨ (3.51)

≃ YBAU × γcoll
γT

ϵΨKSph

1.2 · 10−4

Br
(
hadr → Ψ

)
10−3 Z

(107.75
gRH

)1
4
( cvac
0.01

)3
4
( 4πf

Mhadr

)2
, (3.52)

where KSph is the sphaleron reprocessing factor, KSph = 1 if the baryon asymmetry is gen-
erated when electroweak sphalerons are not active, namely when T ≲ TSph = 132 GeV [23],
and KSph < 1 otherwise (KSph = 28/79 in the SM [340]). In general ϵΨ is at most of order

ϵΨ ≲
Imy2

4π

MΨ

∆M
, (3.53)

where by Imy2 we mean the imaginary part of some combination of couplings with coupling
dimension 2, and where we include possible enhancements from small hadron mass splittings

1Other subtleties can change the picture as cvac and Tnuc/f approach 1, but they won’t matter for the
parameter space of our interest.



74CHAPTER 3. GRAVITATIONALWAVES AS PROBES FOR BSM PHYSICS IN THE EARLY UNIVERSE

∆M ≪MΨ. Small hadron mass splittings are actually expected from confining sectors with
at least two light quarks (think for example of the neutron and proton masses in QCD).

The discussion so far assumes that the population of hadrons Ψ is unaffected before
they decay. First, we estimate the total decay rate of Ψ as ΓΨ = C|y|2M∆/8π, where C
is a model-dependent factor, and observe that they are much faster than the Hubble rate
in the entire parameter space that we will consider. So we should compare the rate of Ψ
annihilations, i.e. how fast the Ψ want to go to their thermal equilibrium abundance, with
ΓΨ and not with H. Ψ’s annihilate into dilatons ϕ and possibly other particles, depending
on the model. As the coupling of Ψ to dilatons is model-independent and large (of order
MΨ/(Zf)), we estimate the annihilation cross section with the analogous QCD one for p− p̄
annihilations, σ(ΨΨ∗ → ϕϕ)vrel ∼ 4π/M2

Ψ. Therefore, using Eq. (3.52), we obtain the total
Ψ annihilation rate

Γannh ∼ nΨσvrel ∼ 8.7× 10−8MΨ

(4πf
MΨ

)5γcoll
γT

Br
(
hadr → Ψ

)
0.1Z

( cvac
0.01

)3
2 107.75

gRH

g∗
200

. (3.54)

In order to not change the abundance of the Ψs before they decay and source the BAU, we
require Γannh to be below ΓΨ = C|y|2M∆/8π, i.e. the following ratio should be smaller than
one:

Γannh

ΓΨ
≃ 0.02

C
×
(0.01

|y|
)2(4πf

M∆

)5γcoll
γT

Br
(
hadr → Ψ

)
0.1Z

( cvac
0.01

)3
2 107.75

gRH

g∗
200

. (3.55)

In the regions where this is larger than one, it could still possible to source the BAU, as
there is still a population of Ψs. The determination of the BAU would require additional
calculations. Since in most of the parameter space of our interest Γannh < ΓΨ, for simplicity
we do not compute the BAU there but just warn the reader whenever we have Γannh > ΓΨ.

The parameter space where our framework can potentially reproduce the observed BAU
is displayed in Fig. 3.1 for representative benchmark values of the parameters, for f ≥ MeV
cause lower values are excluded by Big Bang Nucleosynthesis (BBN), see e.g. [307]. Imposing
YB = YBAU fixes the value of Br

(
hadr → Ψ

)
in every point of the parameter space. We require

Br
(
hadr → Ψ

)
< 0.1 because string fragmentation is expected to give rise mostly to light

hadrons, and at least one light hadron, the dilaton, exists in our picture. We also require
Γannh/ΓΨ < 1, for definiteness for C = 1 and using |y|=3 Imy. As long as the walls are in
the terminal velocity regime, YB is independent of both f and Tnuc/f . These parameters
play a role as soon as collisions happen in the runaway regime, i.e. in a region of large f and
small Tnuc/f , where YB gets quickly suppressed (indeed Fig. 3.1 displays that one cannor
reproduce the BAU at large f).

f and Tnuc/f also play a role in defining the regions where the BAU can be washed out
by various effects. Washout effects are not included in Eq. (3.52), nor they are visualized
in Fig. 3.1, because they depend on the specific model realising our framework. One can
still identify the following general expectations for them. Concerning inverse decays, they
can be neglected as long as MΨ ≫ TRH, because their rate is Boltzmann-suppressed at large
MΨ/TRH. MΨ ≫ TRH is actually a consequence of TRH ≲ f (see Eq.(3.44)) and MΨ ≃ 4πf .
MΨ/f is the hadron coupling to the dilaton, the large values needed to avoid washout from
inverse decays can only be obtained in strongly-coupled theories. Other washout processes
that generically exist are 2 → 2 scatterings mediated by Ψ. Requiring that they are negligible
imposes i) an upper bound on Imy2 of Eq. (3.53), hence our normalization of ϵΨ in Eq. (3.52)
to a small number, and ii) an absolute lower limit on Mψ, because they are suppressed
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Figure 3.1: Parameter space where our baryogenesis framework manages to reproduce the
observed BAU, and its testability in gravity waves with LISA, the Einstein Telescope and
the PTA. We choose gTC = 80, g∗ = gSM+gTC and, for definiteness, gRH = gSM+1 (where the
+1 accounts for the dilaton), the dilaton wavefunction normalization Z = 1 and Tnuc/f =
10−3. The white area is allowed by the PT dynamics and can accomodate the baryon
asymmetry, where we saturate the baryon yield at each point, by obtaining Br

(
hadr → Ψ

)
from Eq. (3.52). The excluded gray region presents values of Br

(
hadr → Ψ

)
> 0.1, chosen

as a benchmark upper limit, hence it cannot account for the whole baryon asymmetry of
the Universe. The excluded red region presents γcoll < MΨ/Tnuc, hence the hadrons cannot
enter the bubble and provide the BAU. Above the cyan lines hadrons start to equilibrate
with dilatons before they decay, so the computation of the BAU should be different than
the one we employed. The regions delimited by the green, black and blue dashed lines are
testable, respectively, by PTAs, LISA and the Einstein Telescope, where the astrophysical
foregrounds have (not) been taken into account in the thicker (thinner) lines. We denote with
violet stars the two points of the parameter space for which we computed the GW spectrum
shown in Fig. 3.2. The viable parameter space will be reduced in specific realizations of our
framework, by model-dependent washout effects or laboratory searches depending on the SM
interactions of the hadrons Ψ, see Figures 3.7 and 3.9.
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by some power of Mψ. Condition ii) is what prevents from going to values of f much
below a TeV, although it is possible that a minimal model-building effort weakens this
requirement. Another obstruction to achieving f ≲ TeV arises in models where the confining
sector generates a lepton asymmetry, because then one needs TRH > TSph to transmit it to
the baryon sector.

Two key features of our framework, that are different with respect to its weakly coupled
analogue of [316, 318], can already be grasped by our general discussion so far:

⋄ the hadron yield is enhanced by the strong dynamics and it allows for a larger BAU;

⋄ the strong coupling MΨ/f ≫ 1 suppresses washout coming from inverse decays.

They imply that this mechanism works for scales of the PT down to (at least) the weak scale,
which opens the possibility to test it with both LISA and the Einstein Telescope, which is
the topic of Sec. 3.2.3. It also makes the mechanism testable in the laboratory, either directly
producing the hadrons at high-energy colliders, or indirectly testing their CP and flavour
violating effects. Finally, a scale of the PT down to (at least) the TeV scale also allows for
interesting theoretical connections, e.g. with models explaining the origin of the weak scale,
or of neutrino masses, with confining dynamics. We will explore some of these consequences
in two explicit models that realise our framework, in Secs. 3.2.4 and 3.2.5.

3.2.3 Gravitational wave signal

We now detail the expected GW signal from a supercooled PT. Using the numerical results
from [300] and as reviewed in Sec. 3.1.3, the GW energy density power spectrum as measured
today, for initially thick walled, runaway bubbles is given by

h2ΩGW(ν) ≡ h2
dΩGW

d log(ν)
= h2Ω0

rad

( g0
gRH

)1
3
ΩPT

GW(ν) ≃ 4.4× 10−7
(100
gRH

)1
3
( αGW

1 + αGW

)2 Sϕ(ν)

(β/H)2
,

(3.56)
where h ≃ 0.67 is the dimensionless Hubble parameter as determined by Planck [14]. In

Eq. (3.56) the factors Ω0
rad and (g0/gRH)

1
3 take into account that the GW energy density

redshifts as radiation from its value at the PT, ΩPT
GW, until today, and Ω0

rad and g0 are,
respectively, the energy fraction in radiation and the degrees of freedom in entropy today.
αGW is the energy released as bulk motion during the PT (which we approximate as the energy
difference between the false and true vacuum, ∆V ) normalized to the radiation density ρrad,
namely

αGW ≃ ∆V

ρrad
=
( Teq
Tnuc

)4
=

30cvac
π2g∗

( f

Tnuc

)4
, (3.57)

thus one expects αGW ≫ 1 for supercooled PTs. The shape of the spectrum is governed by
the spectral function

Sϕ(ν) =
(a+ b)ν̃bνa

b ν̃(a+b) + a ν(a+b)
, (3.58)

where we adopt the central values for the bubbles in the setup with the thickest walls
from [300], namely {a, b} = {0.742, 2.16}. The peak frequency of the signal today is given
by

ν̃ = 33µHz
(gRH

100

)1/6
(β/H)

( TRH

103 GeV

)
. (3.59)
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Finally, one should impose that ΩGW ∝ ν3 at small frequencies, due to causality for super-
horizon modes at GW production [341]. We therefore apply a cut in the spectrum at the
redshifted frequency today of

ν∗(t0) =
a(TRH)

a0

H(TRH)

2π
, (3.60)

below which we enforce the correct IR scaling and where a(TRH)/a0 is the ratio of the scale
factors between the PT and today.

The numerical simulations performed in [300] assume that bubbles effectively runaway
until collision, however a large part of our parameter space, notably the one associated
to a PT around the TeV scale, sits in the terminal velocity regime, where the vacuum
energy pressure is counterbalanced by the friction produced by particles in the plasma. The
vacuum energy is thus partly converted into kinetic energy of the particles in the plasma
already prior to the bubble wall collision. However, the contribution from sound waves or
turbulence [298, 302] in supercooled PTs is not yet clearly understood. Indeed, current
hydrodynamical simulations, which aim to capture the contribution of the bulk motion of
the plasma to the GW signal, do not yet extend into the regime in which the energy density
in radiation is subdominant to the vacuum [299] and analytical studies of shock-waves in
the relativistic limit have just started [282]. In this scenario one can argue that derivatives
of the envelope approximation such as the so-called bulk flow model are more realistic in
modelling the GW signal.

In practice, the difference between [300] and bulk-flow models like [301] is very mild, see
e.g. the comparison in [336]. Therefore we use the parametrization from [300], described
above, for both regimes of wall velocities. Examples of GW spectra are shown in Fig. 3.2, for
αGW = 100 and β/H = 15, both typical of supercooled PTs and for two benchmark values
of cvac and MΨ.

Our model can be probed by several current or upcoming GW interferometers, due
to the wide parameter space allowed. We show our calculations for the PLI sensitivity
curves of LISA [256], BDECIGO [257], LIGO-VIRGO-KAGRA [254] and Einstein Telescope
(ET) [255] (configuration ‘2L 0◦ 20km’ for definiteness) in shown in Fig. 3.2, for a fiducial
choice of the signal-to-noise ratio SNR=10 and for fiducial observation time which is taken
to be which is taken to be t= 10 years for the ET and t=3 years for LISA (see Sec. 3.1.3
for the relevant definitions and Fig. 2.7 for the analogous plot without the FOPT predicted
signal).

There are several astrophysical stochastic GW foregrounds which could mimic the GW
signal coming from the PT, see Fig. 3.2 for details. In order to take this limitation into
account we also define a foreground-limited signal to noise ratio SNRFGL,

SNRFGL =

√
T

∫ νmax

νmin

dν
(Max[ΩGW (ν)− ΩFG(ν), 0]

Ωsens(ν)

)2
. (3.61)

With the above conservative definition we impose that our signal is not detectable if buried
under the astrophysical foreground ΩFG(ν). We show in Fig. 3.1 the regions of parameter
space of our BAU framework that could be probed by Pulsar Timing Arrays (PTA), LISA
and the ET, which we define as those where SNRFGL ≥ 5. For comparison, we also show
the regions that one could probe in absence of astrophysical foregrounds, which could be
relevant in case one will envisage ways to tell them apart from a GW signal from PTs. The
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Figure 3.2: Example of GW spectra for two benchmark points of the {cvac,MΨ} param-
eter space. The solid (dashed) blue line shows the predicted GW spectrum for the PT,
with {cvac,MΨ} = {10−1, 104 GeV} and {cvac,MΨ} = {10−1, 108 GeV}. We have assumed
Tnuc/f = 10−3, αGW = 100 and β/H = 15 as typical benchmark values for supercooled PTs.
The spectra are compared with PLI sensitivity curves, shown as red lines, with signal-to-
noise ratio SNR=10 for LISA [256] and the Einstein Telescope (ET) [255]. We also show
PLI sensitivity curves for LIGO-VIRGO O3, LIGO-VIRGO Design A+ sensitivity [254]
and BDECIGO [257]. Estimated astrophysical foregrounds from binary super-massive black
holes [250], galactic white-dwarf binaries [252], extragalactic white-dwarf binaries [253], bi-
nary black holes and neutron stars [254] are also shown as green shaded regions.

two sensitivities are anyway very similar for LISA, due to the strong GW signal from the PT
in comparison with foregrounds, while for PTAs and ET we find an appreciable difference.
The sensitivity showing up for f ≲ 100 GeV is the one attainable using GWs as measured by
PTA, which we compute following [258] and identifies yet another way to test our framework,
in case one manages to make it work down to such small scales of the PT. If one did, then
one could potentially explain the GW background observed by PTAs [342, 343, 344, 345]
with a PT [346, 268] that, at the same time, explains the BAU via the framework proposed
in this work. In any case, a very large fraction of the allowed space could indeed be probed
by GW interferometers.

3.2.4 Model 1: Baryogenesis from a composite scalar

We have so far discussed a general framework for the generation of the baryon asymmetry
and we have established that it presents some interesting features, as an enhanced production
of the baryon yield with respect to the non-confining case and a GW signal potentially in
reach of current and future GW interferometers. We now specify our framework to two
models already discussed in the literature, compute their predictions for washout and for
the BAU as well as for detection, and show explicitly that we can extend significantly their
allowed parameter space for a successful baryogenesis/leptogenesis.



3.2. BARYOGENESIS AND LEPTOGENESIS FROM SUPERCOOLED CONFINEMENT79

Model and baryon asymmetry

We start by revisiting the model of baryogenesis discussed in [316], where the baryon number
is produced by the CP -violating decays of a heavy scalar denoted there as ∆. In our setup
∆ is a composite scalar field originating from a dark confining sector and it is a realization
of the Ψ hadron discussed above. We introduce i = 1, 2 generations of the ∆i scalars, with
M∆2 > M∆1 . We assume these fields to transform as (3 , 1 , 2/3) under the SM gauge group
SU(3)c × SU(2)L × U(1)Y. We also introduce a SM gauge singlet fermion χ with mass Mχ

and the following baryon number violating Yukawa interactions of ∆i:

L ⊃ ydi∆i dcR dR + yui∆i χRu
c
R + h.c. , (3.62)

where colour indices have been suppressed for simplicity of the notation. ydi is antisymmetric
in flavour d as a consequence of the antisymmetry of the colour indices. A necessary condition
for CP violation is that the above couplings should be complex. Some, but not all the phases,
even in the minimal scenario, can be removed through field rephasings f → eiαf f . To be
more concrete let’s examine some specific scenarios:

⋄ In the minimal scenario there is only one copy of χ and the ∆1,2 couple each to one
up-type quark and to a pair of down-type quarks (that do not have the same flavour).
This results in 4 Yukawa couplings y. One can remove 3 out of their 4 phases by
rephasing the ∆i and χ, but one phase survives since in general Arg(yd2)−Arg(yd1) ̸=
Arg(yu2)−Arg(yu1). Thus in this setup there are 4 couplings and 1 (physical) phase.

⋄ One can switch on all the allowed SM quark Yukawa couplings, keeping a single copy
of χ. This setup features 12 couplings, 6 involving down-type quarks and 6 involving
the up-type quarks. As in the previous case we can rephase the 3 new fields, so we’re
left with 9 independent new phases.

⋄ For 3 copies of χ, we find 24 couplings (6 from down- and 18 from up-type quarks).
With respect to the previous setup we have the freedom to remove 2 more phases by
redefining χ2,3, therefore we end up with 19 independent phases.

Note that in the second and third case (but not the first one) one could remove further
phases from the Yukawa couplings of Eq. (3.62) by rephasing the right-handed quarks, but
those phases would not be unphysical as they would show up in the quark Yukawas.

Figure 3.3: Example of the diagrams which interfere and lead to CP violation. The inter-
mediate loop particles are kinematically able to go on-shell.
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Assuming Mχ ≪ M∆i to avoid complications with phase space effects, the couplings of
the Lagrangian Eq. (3.62) lead to the following tree level decay rates for the scalars ∆i

Γ(∆i → dRd′R ) ≃ |ydi|2
8π

M∆i , (3.63)

Γ(∆i → χuR) ≃
|yui|2
16π

M∆i , (3.64)

where by d′R we denote a right down quark of different flavour than dR, we have not summed
over flavours and we have summed over final state colours for the first decay. Interference
between tree- and loop-level diagrams, as those shown in Fig. 3.3, leads to CP violation in
the decays. Focusing on the decays of ∆1 only, CP violation can be parametrized as

Γ(∆1 → dRd′R) = Γ1d(1 + ϵd) ,

Γ(∆∗
1 → dRd

′
R) = Γ1d(1− ϵd) ,

Γ(∆1 → χuR) = Γ1u(1 + ϵu) ,

Γ(∆∗
1 → χuR) = Γ1u(1− ϵu) .

(3.65)

Since the total decay widths of ∆1 and ∆∗
1 have to be equal due to the CPT theorem, it

follows that ϵdΓ1d = −ϵuΓ1u. The imaginary part of the loop in Fig. 3.3 controls the rate
asymmetry between ∆1 and ∆∗

1 decays and can be extracted via Cutkosky rules [347]. One
then finds for the rate asymmetry

ϵ∆ =
1

2π

Im(y∗d1yu1y
∗
u2yd2)

|yui|2 + 2|ydi|2
M2

∆1

M2
∆2

−M2
∆1

∼ Im[y2]

6π

M2
∆1

M2
∆2

−M2
∆1

, (3.66)

where from now on we assume that there is no major hierarchy among the Yukawa couplings
y and we take generic O(1) phases. We are also discarding resonant enhancements of the
rate asymmetry, namely we are assuming that M∆2 − M∆1 ≫ Γ∆i . Finally, the baryon
asymmetry is obtained by plugging ϵ∆ of Eq. (3.66) in YB of Eq. (3.52).

Washout processes

In our scenario the most constraining washout processes are those occurring after reheating,
after the PT. The reason is that the population of the ∆ hadrons, yielding the baryon asym-
metry via their decays, is mostly sourced by the deep inelastic scatterings of the hadrons (pro-
duced upon string fragmentation of incoming or ejected techniquanta) with other hadrons or
bath particles. These scatterings mostly happen after bubble percolation, so that washout ef-
fects just after wall crossing, like those considered in [316], are not relevant in our framework
(but see the end of the previous subsection for ∆ annihilations after percolation).

After bubbles percolate and all hadrons are produced, diquark interactions violating
B−L can result in washout if TRH is too high. Off-shell 2 → 2 scattering processes mediated
by ∆ that violate baryon number, e.g. d d′ ↔ χu, have a rate that can be estimated as

ΓWO ≃ y4 T 5
RH

8πM4
∆

, (3.67)

where we are integrating out ∆ because TRH ≪M∆ in our framework. This rate is harmless
for our scenario provided that it is below the Hubble rate H, namely

M∆

TRH

≥
( √

90y4MPl

8π2g∗
1/2
TRH

)1/4
. (3.68)
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Moreover, also inverse decays into on-shell ∆ can lead to B − L washout. The Boltzmann
suppressed rate is given by

ΓID ≃ 3 y2

16π
M∆

(M∆

TRH

)3/2
Exp

[
− M∆

TRH

]
. (3.69)

This is safely below H, provided that

M∆

TRH

≥ Log
[ y2MPl

8π g∗
1/2
TRH

(M∆

TRH

)5/2]
. (3.70)

Proton decays and further washout from χ

So far we have not addressed the detailed nature of χ, which we assume not to be linked
to the confining sector, to allow us more freedom with its phenomenology. A first idea is to
take χ to be close to massless, which would be the case if the SM neutrinos gain Dirac mass
via a Yukawa-type interaction yν LHχR, with yν ∼ 10−12. However, χ allows nucleon decays
via t-channel diagrams mediated by ∆, like p → K+χ, as long as Mχ < mp −m+

K . Taking
the couplings to all the generations to be of the same order, we estimate the decay rate

Γ(p→ K+χ) ∼ y2uy
2
d

64π3
m5
p

M4
∆

≃
( y

10−2

)4(TeV
M∆

)4
10−23 GeV. (3.71)

From the experimental bound on the partial proton lifetime, τ(p → K+ν) > 5.9 × 1033

years [36], it follows that Γ(p → K+ν) < 3.5 × 10−66 GeV, therefore a scenario in which
Mχ < mp − m+

K would completely rule out our interesting region of the parameter space
around the TeV. Considering now the case where Mχ > mp − m+

K , a natural assumption
would be to assume χ to be Majorana, with a 1

2MχχRχ
c
R mass term and to couple it to the

SM leptons and the Higgs H via the Yukawa coupling yν and provide SM neutrino masses
with a standard type-I seesaw. In this case the decay p → K+ν would receive contribution
from yν and one can get an estimate for the decay width

Γ(p→ K+ν) ∼ y2uy
2
d

64π3
m5
p

M4
∆

(yνv
Mχ

)2
≃
( y

10−2

)4(TeV
M∆

)4(TeV
Mχ

)
10−37 GeV , (3.72)

which again would exclude the most interesting region of our parameter space. Therefore,
in order not to spoil the interesting features discussed so far, one needs Mχ > mp − m+

K

and to disentangle χ from the generation of neutrino masses, so that the coupling yν can be
taken as small as needed to respect limits on nucleon’s lifetimes, independently of the other
parameters.

Moreover, the same couplings in Eq. (3.62) which produce the baryon asymmetry in our
setup also lead to a partial decay width of χ given by

Γ(χ→ udd′) =
1

1024π3

∣∣∣yu1yd1
M2

∆1

+
yu2yd2
M2

∆2

∣∣∣2M5
χ . (3.73)

After baryogenesis there is an excess of χ over χ, thus if χ is Dirac and Mχ < M∆ the
asymmetry gets erased exactly once χ decay. Indeed the decays χ → udd′ and χ → udd′

would exactly erase the CP asymmetry, due to ϵdΓd = −ϵuΓu following from CPT . Note
that Mχ ≥ M∆ is not a viable option, because then Γu = 0 and so ϵd = 0 via CPT , so one
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would not generate the baryon asymmetry. Instead, if χ is Majorana then both udd and
udd decays are allowed and the asymmetry is preserved. However, the asymmetry could be
spoiled by inverse decays: any excess of udd or udd would go back to χ, that would wash it
out upon decaying Assuming no hierarchies among the Yukawas y we get the following ratio
between the rate of inverse decays and Hubble:

Γ(udd′ → χ)

H(T =Mχ)
≃ (yuyd)

2

256π3g∗
1/2

π

90
1
2

M5
χ

M4
∆

MPl

M2
χ

∼ 10−7
( y

10−2

)4(TeV
M∆

)4( Mχ

GeV

)3
, (3.74)

where we have evaluated H at T = Mχ because that is the range of temperatures for
which inverse decays are most efficient: for T ≪ Mχ, Γ(udd′ → χ) would be exponentially
suppressed, for T ≫Mχ, H would be enhanced but not Γ(udd′ → χ).

To summarize, χ does not alter our results as long as i) to avoid nucleons decays, Mχ >
mp −m+

K and its coupling to neutrinos is small enough (so that it cannot play a role in the
generation of neutrino masses) and ii) to avoid further washouts, Mχ is Majorana and it is
smaller enough than M∆ to keep Γ(udd′ → χ)/H ≪ 1, see Eq. (3.74).

Signals of the composite scalar ∆ in laboratory experiments

Collider searches

As it turns out (see Fig. 3.7), one can easily accomodate baryogenesis from supercooled
confinement with the scalar ∆ around or below the electroweak scale, the properties of these
particles can be probed thanks to their signatures in high-energy colliders.

A first lower bound on the mass of ∆ comes from the measurement of the decay width of
the Z boson performed at LEP [348]. Since ∆ interacts weakly due to its U(1)Y charge, it
can contribute to the Z boson width, provided thatM∆ < MZ/2. We compute the following
expression for the decay width of Z into a ∆∆∗ pair

Γ(Z → ∆∆∗) =
3

16π

(2g sin2 θW
3 cos θW

)2
MZ

(
1− 4M2

∆

M2
Z

)3/2
. (3.75)

Since this value is orders of magnitude larger than the uncertainty on the Z boson width,
we exclude M∆ < 45 GeV.

Then one can note that ∆ has the same quantum numbers of a right up-type squark in
SUSY, therefore it will share its same production mechanisms at colliders. To our knowledge,
the closest searches to our scenario that have been performed are those involving squark de-
cays into diquarks, through R-parity violating (RPV) couplings. Constraints on top squarks
decaying through RPV couplings were first set by the ALEPH experiment at LEP [349],
excluding at 95% CL masses below 75 GeV via four-jet searches. More stringent bounds
come from further searches performed by CDF at Tevatron [350] and by ATLAS [351] and
CMS [352] at the LHC. The combination of these searches rules out top squarks with RPV
decay in the 45 GeV < M∆ < 770 GeV interval. All these searches aim to detect four jets in
the final state associated to the decay of pair produced heavy resonances. This is the typical
signature that one would expect associated with ∆, as for the allowed values of its mass and
coupling constants it would decay promptly in the detector. However, as the diquark and
leptoquark couplings of ∆ are expected to be of the same size, some significant branching
ratio of ∆ scalar could reside in the uχ channel, such that the signal would be different than
the one assumed in four-jet searches, and the limits would change. Performing a detailed
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collider study of the ∆’s, depending on their branching rations into two-jet and one-jets plus
missing energy, is beyond the scope of our work, so for definiteness we use the constraints
that assume ∆ to dominantly decay into two jets.

Neutron electric dipole moment

As we have seen in the previous section, the new fields ∆i and χ contain new sources of CP
violation and therefore give rise to new contributions to the neutron electric dipole moment
(nEDM). The experimental bound set by the nEDM collaboration at the Paul Scherrer
Institut is given by |dn| < 1.8× 10−26e · cm [353]. In this section we analyze the impact of
this bound on our model and show that it does not place further significant constraints on
the parameter space.

In an EFT approach the electromagnetic moments of a fermion ψ can be described by
the effective Lagrangian

Leff = cRψσµνPRψF
µν + h.c., where d = i(cR − c∗R) = −2 Im cR (3.76)

is the EDM of ψ and Fµν is the field strength tensor of the photon. The diagrams which
may give a non-vanishing contribution to the nEDM must have an imaginary component.
In general the amplitude of any loop diagram can be recasted as a sum of amplitudes each
coming by operators Oi weighted by their coefficients Ci, which can be written as C = y F .
In this notation y stands for the product of the couplings of all the vertices and F is a
function coming from the loop integration [354]. In principle both y and F are allowed to
be complex, but diagrams with the heavy ∆ and χ running in the loop cannot have all the
intermediate states go on-shell. Therefore the optical theorem implies that Im(F ) = 0 and
only y can be complex. Moreover, any combination of couplings entering the expression of
the nEDM should be invariant under rephasing of the fields, thus we need at least 4 couplings
involving the new BSM states, because Y = y∗d1yu1y

∗
u2yd2 is the simplest combination of the

Yukawas with at least one physical phase. As a consequence one needs to go at least to
2-loop to find a possible non-zero contribution.

The relevant topologies of our model are depicted in Fig. 3.4, they include the Barr-Zee
diagrams [355]. They all give in principle non-zero contributions to the nEDM. However, for
each of them one can always take the contribution of the ‘mirrored’ diagram, with complex-
conjugate Yukawa couplings and with the photon attached to the same type of field. One
can decompose the sum of each set of conjugate diagrams as

#conj.∑
j=1

Aj = Y F (M∆1 ,M∆2) + Y ∗F (M∆2 ,M∆1) , (3.77)

where F (i, j) is coming from the loop integration. F (i, j) is not generically a symmetric func-
tion of the scalar masses, but the asymmetry scales like F (M∆2 ,M∆1) = F (M∆1 ,M∆2)(1 +
O(k2/M2

∆1,2
)), therefore it vanishes in the k2 = 0 limit for which the nEDM is measured.

Let us show explicitly that the sum of the diagrams shown in Fig. 3.5 with in addition
those with ∆1,2 swapped provides a vanishing contribution to the nEDM.
The starting point is given by the structure of the electromagnetic nucleon vertex in presence
of CP-violation, which is given by

iMµ = uN (q)
[
γµFE(k

2) +
iσµνkν
2mN

FM (k2) +
iσµνkν
2mN

γ5FD(k
2)
]
uN (p). (3.78)
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Figure 3.4: Relevant topologies at two loops for the nEDM. Several contributions for each
topology occur due to flavour. While diagrams in the upper row are manifestly symmetric
under ∆1 ↔ ∆2 exchange, a more careful analysis is needed to show the cancellation among
the diagrams in the lower row, which is non-trivial due to the different number of ∆i prop-
agators involved when the photon is attached to an internal ∆ leg.

Figure 3.5: Two-loop conjugate diagrams contributing to the nEDM. In order to obtain a
cancellation one needs to take into account also the pair of diagrams where ∆1 and ∆2 are
interchanged.

Here k = (p − q) is the momentum of the photon, mN is the nucleon mass and the EDM
of the nucleon is defined as dn = FD(0)/(2mN ). Using the Gordon decomposition of the
vector-axial current, the CP violating (��CP ) part of the above expression reads

iMµ

��CP
= dnuN (q)γ5uN (p) .(p+ q)µ (3.79)

Thus we need to concentrate on the (p+ q) · ϵ terms in the computation of the EDM, where
ϵ is the photon polarization.
In order to find whether there is a cancellation among the diagrams, we can factor out the
upper loop, as it is symmetric under ∆1,2 exchange. Let’s focus thus on the lower loop and
denote by Y the product of all the Yukawa couplings entering the diagram (a). The relevant
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amplitude reads

iM = Y

∫
d4ℓ

(2π)4
u(q)PL

i

/p− /ℓ −m
PRu(p)

i

ℓ2 −M2
1

i

(ℓ− k)2 −M2
1

( i(2ℓ− k) · ϵ(k)
(ℓ− k)2 −M2

2

)
= Y u(q)γαPRu(p)

∫
d4ℓ

(2π)4
(pα − ℓα)ℓ · ϵ(k)

(ℓ2 −M2
1 )((ℓ− k)2 −M2

1 )((ℓ− k)2 −M2
2 )((p− ℓ)2 −m2)

,

(3.80)

where m is the mass of the internal quark and M1,2 the masses of ∆1,2. Since the ∆i live at
much higher scales than those probed by the EDM we can assume M2

1,2 ≫ k2, p2,m2. The

integrand is dominated by ℓ2 ∼M2
1,2, thus one can expand the propagators as

1

(ℓ− k)2 −M2
1

≃ 1

ℓ2 −M2
1

[
1 + 2

ℓ · k
ℓ2 −M2

1

+ 4
(ℓ · k)2

(ℓ2 −M2
1 )

2

]
, (3.81)

with analogous expressions for the other propagators. One obtains

iM = Y u(q)γαPRu(p)

∫
d4ℓ

(2π)4

(pα − ℓα)ℓ · ϵ
[
1 + 2 ℓ·k

ℓ2−M2
1
+ 4 (ℓ·k)2

(ℓ2−M2
1 )

2

][
1 + 2 ℓ·k

ℓ2−M2
2
+ 4 (ℓ·k)2

(ℓ2−M2
2 )

2

]
ℓ2(l2 −M2

1 )
2(ℓ2 −M2

2 )[
1 + 2

ℓ · p
ℓ2

+ 4
(ℓ · p)2
ℓ4

]
.

(3.82)

The denominator is now an even function of the loop momentum ℓ, thus we need to focus on
terms with an even number of ℓ at numerator. At O(ℓ2) there are two kind of terms which
might contribute to the nEDM,

• pα ℓµ ℓβ pβ ϵµ ∼ ℓ2 pα (p · ϵ)

• pα ℓµ ℓβkβ ϵµ ∼ ℓ2 pα (k · ϵ) = 0

and as the non-zero one appears also in diagram (b) the sum of the contribution of (a) and
(b) to the nEDM would cancel. Let us consider now O(ℓ4) terms. There are three types of
terms which might contribute:

• ℓα ℓµ ℓβ ℓγ kβ kγ ϵµ ∼ (ℓ2)2
[
ϵα k

2 + 2 kα(k · ϵ)
]
= 0

• ℓα ℓµ ℓβ ℓγ pβ pγ ϵµ ∼ (ℓ2)2
[
ϵα p

2 + 2 pα(p · ϵ)
]

• ℓα ℓµ ℓβ ℓγ kβ pγ ϵµ ∼ (ℓ2)2
[
ϵα(k · p) + pα(k · ϵ) + kα(p · ϵ)

]
∼ (ℓ2)2 kα(p · ϵ) .

The second term appears also in the diagram (b) with coefficient Y ∗ and so it is harmless.
The third one receives two contributions from diagram (a), from ∆1 and ∆2, while (b)
contains only the ∆1 contribution, as the momentum flowing in ∆2 doesn’t depend on k.
Therefore the sum of diagrams (a) and (b) doesn’t provide a non-zero nEDM. However, the
surviving contribution stems from an integral with a 1/(ℓ2 −M2

1 )
2(ℓ2 −M2

2 )
2 factor and is

cancelled by the couple of conjugate diagrams with ∆1,2 exchanged. We can thus conclude
that our model allows new physics contributions to the nEDM to occur only starting at the
three loop level.
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Therefore the sum in Eq. (3.77) ends up to be real and thus 2-loop diagrams do not
produce a non-vanishing nEDM.

At the 3-loop level one expects the dominant contributions to the EDMs to scale as

d ∼ y2g4

(16π2)3
× CKM× mt

M2
∆

≃ 10−11

TeV

( y

0.1

)2(TeV
M∆

)2CKM

0.1
, (3.83)

where mt is the top-quark mass, g is the weak gauge coupling and by ‘CKM’ we mean a
combination of non-diagonal elements of the CKM matrix, which is unavoidable to ensure
CP violation and is smaller than at least 0.1. Since limits on coefficients of quarks EDMs
(and also CEDMs, for which the discussion is analogous) are in the ballpark of 10−9/TeV
(see e.g. [356]) and M∆ ≥ TeV from collider bounds, then 3-loop contributions do not give
rise to observable EDMs. To conclude, the constraint set by nucleon EDMs on the mass of
∆ turns out to be much less stringent than those coming from colliders.

Flavour violation

Flavour-changing neutral current (FCNC) observables are expected to set powerful con-
straints on BSM models, due to the non trivial flavour structure that they imply in order to
comply with experimental data. In our scenario, ∆F = 2 processes are prohibited at tree
level due to the antisymmetric couplings of ∆ with the diquarks, which can be parametrized
as yij = ϵijkyk, where i, j, k are flavour indices. These bounds were firstly discussed in [357]
and one can identify our state ∆ with the diquark denoted as VIII there.

First, it has to be pointed out that the most general flavour structure, with all the flavour
off-diagonal couplings switched on, is not needed to account for baryogenesis, as a single non-
zero complex coupling is sufficient to provide a physical CP violating phase. In this setup
flavour bounds would be evaded completely.

Figure 3.6: Loop level exchange of ∆ contributing to ∆F = 2 transitions.

If one wants to stick to the general scenario, bounds coming from the mixing of the
neutral K and Bd,s mesons have to be taken into account. The ∆ scalars then enter the box
diagrams in Fig. 3.6 and they generate a four-fermion effective Hamiltonian given by

HNP
eff (∆F = 2) =

1

32π2

(
λiλ

∗
j

M2
∆

)
G
( m2

k

M2
∆

)(
qi γ

µPRqj
)(
qiγµPR qj

)
, (3.84)

where i and j are the external quark flavour indices, k ̸= i ̸= j is the flavour index of the
internal quark, colour indices are contracted within the brackets and the loop function G is
given by [357]

G(x) =
1− x2 + 2x log x

(1− x)3
. (3.85)
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Observable Bound/(M∆/TeV)

ϵK | Im(y1y
∗
2)| ≤ 7.8× 10−4

∆mK |Re(y1y∗2)| ≤ 1.4× 10−2

Bd mixing |y1y∗3| ≤ 1.7× 10−2

Bs mixing |y2y∗3| ≤ 5.8× 10−2

b→ sγ |y2y∗3| ≤ 2.5
b→ dγ |y1y∗3| ≤ 1.2
Rb |y1,2| ≤ 24

B± → ϕπ± |y1y∗3| ≤ 3.6× 10−3

Table 3.1: Bounds in units of M∆/TeV on antisymmetrically coupled diquarks.

Bounds on representative D = 6 effective operators contributing to ∆F = 2 transitions
have recently been obtained by the UTfit collaboration [358], from a combination of CP
conserving and CP violating observables. We can apply these bounds to our model, results
are summarised in Table 3.1. Other constraints which we include in Table 3.1 are those
associated to the ∆F = 1 processes b → sγ, b → dγ, Rb and B

± → ϕπ±. We refer to [357]
for more details as the constraints reported there can be easily translated to our notation.

One can note that even the most constraining observable, namely ϵk, is compatible with
∆ diquark couplings of O(0.01) around the TeV scale, which, in the absence of major hier-
archies in the Yukawa couplings, is the benchmark for our baryogenesis mechanism to work.
Therefore, we don’t expect flavour physics to exclude values of M∆ that are not already
excluded by collider searches. In fact, even assuming a hierarchy of the type yui ≫ ydi, in
order to lower the bound on M∆ from colliders, one would get at the same time weaker
bounds from flavour.

To conclude, the scalar realisation of our baryogenesis framework may well show-up
in current and near-future flavour experiments, but the non-observation of flavour or CP -
violation there would only exclude some very specific choices of its parameters and not
preclude the realisation of baryogenesis.

Summary of the results

We summarize our results in the plots of Fig. 3.7. We have chosen two different benchmark
values for y = {0.01, 0.1} and Tnuc/f = {10−3, 10−4}, M∆1 = 4πf and the dilaton wavefunc-
tion normalization Z = 1. We compute at each point the boost factor at bubbles collision
γcoll using Eq. (3.48) and we set M∆2 = 1.2M∆1 , gTC = 80, gRH = 107.75 (= gSM + 1,
where the +1 accounts for the dilaton) and g∗ = gTC + gSM. We saturate the baryon yield
at each point, YB/Y

obs
B = 1, by obtaining Br

(
hadr → ∆

)
from Eq. (3.52). As anticipated in

Sec. 3.2.2 we see that YB gets suppressed in the runaway regime, hence the allowed param-
eter space closes at large f and/or small Tnuc/f . Values of f lower than the weak scale, for
large cvac, cannot be reached due to washout effects. ∆ annihilations before decays instead
turn out to not constrain our parameter space, for the values of the parameters that we have
chosen.

We also display in Fig. 3.7 collider bounds, discussed in Sec. 3.2.4, and the expected LISA
and ET sensitivities to the GW signal from the PT, discussed in Sec. 3.2.3, where to avoid
clutter we display only those that include astrophysical foregrounds. By comparing our plots
with Fig. 6 of [316], we see that our scenario extends the allowed parameter space by many
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Figure 3.7: Parameter space for the composite scalar realisation of our framework, which
realises baryogenesis. We choose gTC = 80, g∗ = gSM + gTC, gRH = gSM + 1 and Z = 1 for
definiteness. The white area is allowed and accommodates the observed baryon asymmetry,
the red and gray regions are excluded by the PT dynamics, as in Fig. 3.1. We find that
∆ annihilations are slower than ∆ decays in the entire parameter space we plot, hence
our computation of the BAU is always valid. A value of y smaller than unity is needed
to avoid washout. Off-shell and on-shell washout regions are shaded to exclude parameter
space where, respectively, 2 → 2 interactions Eq. (3.68) and inverse decays Eq. (3.70) are in
equilibrium. Constraints from collider experiments include LEP searches, excluding values
of M∆ < 75 GeV and four-jet searches performed at Tevatron and at the LHC, excluding
∆ in the 50 GeV < M∆ < 770 GeV range. We also show the parameter space testable by
the Einstein Telescope (ET) and LISA using αGW = 100, β/H = 15, where the astrophysical
foregrounds have been taken into account. We denote with red stars the two points of the
parameter space for which we computed the GW spectrum shown in Fig. 3.2.
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order of magnitudes towards smaller values of M∆, allowing the PT to occur down to the
electroweak scale, potentially in reach of LISA and the Einstein Telescope, and making the
mechanism testable at the LHC.

3.2.5 Model 2: Leptogenesis from a composite sterile neutrino

Model, neutrino masses and the baryon asymmetry

We now apply our framework for the generation of the baryon asymmetry, based on a
supercooled confining PT, to a different model where the observed BAU is sourced via
leptogenesis [41] through the decays of composite sterile neutrinos, which in addition provide
mass to the SM neutrinos via a seesaw mechanism. This way we both substantiate the
statement that our framework is more general than its specific realisations, and we find
results that are interesting for leptogenesis per-se. We introduce the sterile neutrinos Na

(and denote their two two-component spinors as NaL and NaR) as hadrons of the confining
sector, that is responsible for their Dirac mass MNa ∼ O(πf). We then assume that a portal
between the confining sector and the SM breaks the SM lepton number, generating inverse
seesaw [359, 360] (ISS) as

−LISS = yaαNaRHLα +MNaNaNa +
µab
2
N
c
aLNbL + h.c., (3.86)

where L are the left-handed SM leptons, α = {e, µ, τ}, y is the Yukawa coupling matrix
between active and sterile neutrinos, µ is a lepton number breaking Majorana mass matrix,
where we further denote by µa (µ) its complex diagonal (off-diagonal) entries. The presence
of µ induces at low energies the d = 5 Weinberg operator [90]

δLd=5 = cd=5
αβ

(
Lcα H̃

∗
)(
H̃†Lβ

)
, (3.87)

where H̃ = iσ2H
∗ and

cd=5
αβ =

(
yT

1

MT
N

µ
1

MN
y
)
αβ
. (3.88)

Upon electroweak symmetry breaking, the mass matrix mν for the light neutrinos is given
by

mν =
v2

2
yTMT−1

N µM−1
N y , (3.89)

one can thus express µ = µ(f) for a fixed value of the Yukawa coupling y, assuming mν to
be of the order of the atmospheric neutrino mass, mν ∼ 0.05 eV.

We now assume the heavy Dirac states Na to come in two generations, which is the min-
imum number needed to comply with neutrino oscillations data. Without loss of generality,
we choose a basis where MN is diagonal and real. In the non confining ISS the parameter µ
is technically small but the hierarchy µ ≪ MN is not set by any concrete theoretical justi-
fication. The latter is instead naturally justified in our setup of composite sterile fermions.
One can indeed envisage the possibility that, while the Dirac mass MN originates from the
confining sector, the Majorana one µ originates from physics external to the confining sector,
offering a natural way to accomodate µ≪MN . An explicit realization is provided in [361],
where the strong dynamics is that of a conformal sector deformed by a relevant operator so
that it confines in the IR (giving rise to the Dirac massesMN ), and by another operator with
different scaling dimension and a small coefficient that gives rise to µ≪MN . As anticipated
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in Sec. 3.2.2, our framework also leads to the expectations ∆M ≡ |MN2 −MN1 | ≪ MN1 ,
because the N ’s are all hadrons of the same sector, as well as yaα ≪ 1, because the Yukawas
originate from a portal.

Therefore, under the natural assumption that µa ∼ µ ∼ µ ≪ MN1,2 ,∆M , one can
diagonalize the sterile neutrinos mass matrix to first order in δa = µ/MNa . Defining four
Majorana states Ñi, i = 1, 2, 3, 4, with masses Mi, we have

−LISSmass ⊃ hiαÑ iHLα +
1

2
MiÑ iÑi + h.c., (3.90)

To first order in δa their masses and couplings are given by [362]

M1 ≃MN1

(
1− δ1

2

)
, h1α ≃ i√

2

(
y1α +

δ1
4
y1α + δ1y2α

)
M2 ≃MN1

(
1 +

δ1
2

)
, h2α ≃ 1√

2

(
y1α − δ1

4
y1α − δ1y2α

)
M3 ≃MN2

(
1− δ2

2

)
, h3α ≃ i√

2

(
y2α +

δ2
4
y2α − δ2y1α

)
M4 ≃MN2

(
1 +

δ2
2

)
, h4α ≃ 1√

2

(
y2α − δ2

4
y2α + δ2y1α

)
(3.91)

where we defined

δi =
µMNi

M2
N2

−M2
N1

. (3.92)

Therefore we can see from Eq. (3.91) that the heavy neutrinos form pseudo-Dirac pairs with
small Majorana splitting controlled by µ/MNi .

The CP asymmetry generated by the decays of the sterile neutrino Na then reads

ϵa ≡
∑

α

[
Γ
(
Na → ℓαH

)
− Γ

(
Na → ℓαH

∗
)]

∑
α

[
Γ
(
Na → ℓαH

)
+ Γ

(
Na → ℓαH∗

)] =
1

8π

∑
j ̸=i

Im[(hh†)2ij
(hh†)ii

fij , (3.93)

where we summed over the lepton flavour α in the final state and fij ≡ fVij +f
self
ij includes con-

tributions given by vertex and self-energy corrections to the decay, which are given by [363]

fVij = g
(m2

j

m2
i

)
, g(x) =

√
x
[
1− (1 + x) log

x+ 1

x

]
(3.94)

and [364]

f selfij =
(m2

i −m2
j )mimj

(m2
i −m2

j )
2 +m2

iΓ
2
j

, (3.95)

where Γi ∼ (yy†)iiMi/16π is the decay width of Ni and we assume no hierarchies in masses
or couplings among the singlet generations and the SM flavours.

Let us now focus on the ϵ1 and ϵ2 contributions to Eq. (3.93):

ϵ1 =
1

8π(hh†)11
Im
[
(hh†)212f12 + (hh†)213f13 + (hh†)214f14

]
,

ϵ2 =
1

8π(hh†)22
Im
[
(hh†)221f21 + (hh†)223f23 + (hh†)224f24

]
.

(3.96)
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Figure 3.8: Rate asymmetry ϵISS in the inverse see-saw mechanism, obtained from Eq. (3.98),
for a fixed reference value of the Yukawa coupling y = 0.002, a degeneracy M/∆M = 10 and
µ = µ(f) fixed by neutrino masses. One can note that an asymptotic value for the produced
asymmetry is reached in the µ ≥ Γ regime. In the yellow region at large MN our derivation
of Eq. (3.98) breaks down, because it assumed µ≪ ∆M .

Due to the pseudo-Dirac nature of the (Ñ1, Ñ2) pair, it follows that

(hh†)213 ≃ −(hh†)223 ≃ −(hh†)214 ≃ (hh†)224; f13 ≃ f14 ≃ f23 ≃ f24. (3.97)

As a consequence, when considering ϵ1 + ϵ2, the f12 and f21 terms will dominate the sum
as those involving fi3 and fi4 turn out to be of higher order in δ and δ when summed up.
An analytical parametric expression for ϵ in the ISS was obtained by the authors of [362],
ϵ ∼ µ2/(MN Γ), where we dropped the family indices for µ and Γ to show only the parametric
dependence. However, the above expression is assuming µ≪ Γ, which is not strictly required
by the ISS mechanism. We then derive a more general relation that assumes no hierarchy
among µ and Γ. In fact as long as µ ≪ MN , ∆M and Γ ≪ MN , ∆M are satisfied, the
dominant one-loop contribution to the rate asymmetry is given by the self energy correction
of N , because one has fV12 − fV21 ∼ δ1, therefore the terms involving f self12 and f self21 ≃ −f self12

dominate in ϵ1 + ϵ2. We then obtain the total rate asymmetry ϵISS

ϵISS ≃ 2(ϵ1 + ϵ2) ≃
Im(yy†)12

π
δ1 f

self
12 ≃ Imy2

π

( µ

MN

)2 MN

∆M

M2
N

4µ2 + Γ2
, (3.98)

where the factor of 2 includes the contribution from ϵ3 + ϵ4, which has the same parametric
dependence as the one from ϵ1+ϵ2. We plot ϵISS as a function ofMN ∼MN1,2 in Fig. 3.8. One
can observe from Eq. (3.98) that an enhancement of the rate can be obtained in the presence
of a quasi-degeneracy among the Dirac masses MNa . When the two generations a = 1, 2 are
nearly degenerate, the CP asymmetry is enhanced compared to the non-degenerate case by
a factorMN/2∆M , as follows from Eq. (3.92). We stress that Eq. (3.98) holds for µ≪ ∆M ,
hence we exclude regions of parameter space where this does not hold from our study. A
generalization to the case µ ≳ ∆M is beyond the scope of this work.

As the baryon asymmetry is now sourced by a lepton asymmetry, one has to require that
the reheating temperature, Eq. (3.44), is larger than the sphalerons decoupling temperature,
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TRH ≥ Tsph ≃ 132 GeV, in order for the sphalerons to be in thermal equilibrium and therefore
to transfer the lepton asymmetry to the baryon sector. Finally, the baryon asymmetry is
obtained by plugging ϵISS of Eq. (3.98) in YB of Eq. (3.52).

Washout processes

Following analogous steps to those discussed in the model with the ∆ scalar, we now have
to take into account washout effects of the lepton number produced at TRH. The 2 → 2
scattering rate ℓH ↔ ℓH∗, mediated by the sterile fermion N , violates lepton number.
Therefore its rate must vanish in the µ→ 0 limit and it can be estimated from the coefficient
of the Weinberg operator in the ISS, Eq. (3.88):

ΓWO(ℓH → ℓH∗) ≃ y4T 3
RHµ

2

4πM4
N

, (3.99)

which presents a µ2/M2
N suppression with respect to the standard Type-I Seesaw one, where

one has only one scale MN ∼ µ. We also included a factor of 2 in Eq. (3.99) to account for
the contributions given by the degenerate neutrinos. Moreover we assume these washouts
to be efficient for TRH ≥ mH/3, when a sizable population of H is still present. Anyway the
precise value of TRH for the decoupling of washout effects is not crucial as these processes
turn out to play a negligible role in our parameter space. In fact this rate does not spoil
the lepton number asymmetry produced by the decays of N provided that it is smaller than
H(TRH), i.e. if

TRH <

√
π2

90

πv4 g∗
1/2

MPlm2
ν

∼ 1013GeV , (3.100)

where the dependence of ΓWO on y, µ andMN has been absorbed intomν by using Eq. (3.89).

Also the inverse decays processes ℓH → N , ℓH∗ → N can lead to a lepton number
washout, if they feel lepton number violation. Indeed, if they do, then they distinguish the
initial ℓ states from ℓ̄ ones and convert more ℓ than ℓ̄ back into N ’s. We can assume that the
lepton asymmetry produced byN decays does not get erased provided that the inverse-decays
rate ΓID ≤ H at TRH. It was found by the authors of [365] that the small mass splitting
between the two states among the heavy pseudo-Dirac Ni leads to a destructive interference
between their contributions to ΓID, which has the effect of suppressing the washouts. This
can be parametrized by the suppression factor of the decay width

keff =
ρ2

1 +
√
cρ+ ρ2

=
MNµ

2

Γ2MN + µΓ2 +MNµ2
, (3.101)

where ρ ∼ µ/Γ and c ∼ (Γ/MN )
2. The quadratic suppression in µ can be again understood

from the fact that inverse decays cannot wash out a lepton asymmetry in the lepton con-
serving limit, hence they should depend on some power of µ in addition to powers of the
Yukawa couplings. One can thus estimate ΓID as

ΓID ≃ 2Γ keff
(MN

TRH

)3/2
Exp

[
− MN

TRH

]
, (3.102)

where the factor of 2 comes from the fact that both N1 and N2 contribute to washout. This
means that the rate of the net washout processes ℓH → N , ℓH∗ → N at TRH is suppressed
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by both the Boltzmann factor and the smallness of µ. Therefore, washouts of the lepton
asymmetry turns out to be very suppressed.

To summarize we find that, in the model of leptogenesis from inverse-see-saw and com-
posite neutrinos, 2 → 2 washout effects are never the leading constraint on the parameter
space of our interest, while inverse decays can become an important constraint only if one
lifts the Boltzmann suppression by choosing MN < 4πf .

Composite sterile neutrinos at colliders and discussion

We are also interested in possible signatures of the sterile fermions N at colliders, coming
from their mixing with the active neutrinos. The requirement TRH > TSph plus MN ∼
O(πf) implies MN ≳ TeV, making a future high-energy muon collider [366, 367] the leading
proposed collider to test this picture. The authors of [368] estimated the projected sensitivity
of a

√
s = 10 TeV muon collider with integrated luminosity 10 ab−1 on the squared mixing

angle |Uℓ|2 between the sterile N and the SM neutrino of flavour ℓ. The dominant N -
production mechanism is µ+µ− → Nν̄µ, which, being t-channel, is not suppressed at large
center-of-mass squared energies s, and the decay mode considered is N →Wℓ which is fully
reconstructable and whose branching ratio is approximately independent of Uℓ.

The best projected sensitivity occurs for the muon flavoured case and reaches |U2
µ| ≲ 10−6

for a sterile fermion mass between 1 and 10 TeV, of course it does not extend to larger
masses because

√
s = 10 TeV. In the ISS model the active-sterile neutrino mixing is given

by sin θ ∼ y v/(
√
2MN ), hence |U2

µ| = sin2 θ ∼ y2v2/(2M2
N ). Therefore, for fixed y, the

sensitivity |U2
µ| ≲ 10−6 translates into a lower limit on MN : lighter values of MN will be

potentially discoverable at a future high-energy muon collider, and our model turns out to be
able to reproduce the BAU for those light MN values, compatibly with all other constraints.

Summary of the results

We summarize our findings in Fig. 3.9, where we set different benchmark values for y,MN/∆M ,
MN/f and we take Tnuc/f = 10−3 and Z = 1. A remarkable feature of our mechanism is
that, as it is manifest from the plots, one can accomplish leptogenesis around few TeV in the
ISS scenario, while this is not the case for the standard thermal leptogenesis ISS scenario,
where washout effects are active already at TRH ∼MN and are too strong to accomodate the
required asymmetry, even taking into account quasi-degeneracy enhancements of the rate
asymmetry, as shown in [369, 362].

One can see that we expect our model to be partially in reach of a 10 TeV muon collider,
provided some mass degeneracy exists between the Ni, of MN/∆M ∼ O(102 − 103) and as
expected given they are hadrons from the same confining sector. A detailed analysis would
be needed to make this statement more precise, but goes beyond the scope of its work.
Coming to testability at lower-energy colliders, we find an obstacle to make our model viable
at lower values of f . The obstacle comes from the interplay between N annihilations before
decays and the bounds from washout effects and from the electroweak sphalerons. The latter
need to be active, placing the absolute lower limit TRH ≳ 132 GeV, and hence demanding f
to be roughly larger than the weak scale. One could then try to bring MN within reach of
lower-energy colliders by choosing MN < (<)4πf , but washout effects would then kick-in to
close the allowed parameter space, as visible in the Fig. 3.9.
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A comment on linear see-saw

What about other realizations of the seesaw mechanism, like the linear seesaw (LSS)? In
analogy to the ISS, additional sterile Dirac fermions Na are introduced, which mix with the
SM neutrinos. In the LSS µ = 0 at tree level and lepton number is explicitly broken by an
additional lepton number breaking Yukawa coupling y′ of NaL to the SM and we can assume
without loss of generality that y′ < y. The LSS Lagrangian is given by

−LLSS = yaαNaRHLα +MNaNaNa + y′aαN
c
aLHLα + h.c., (3.103)

and the light neutrinos mass matrix reads mν = v2(y′TMT−1
N y+ yTM−1

N y′). A parametrical
expression for the rate asymmetry ϵLSS was obtained in [362], ϵLSS ∼ y′2/(16π). Fixing now
y as a function of y′ and MN by using the neutrino mass matrix relation and imposing for
consistency that y′ < y, one obtains an upper bound on y′,

y′ <
(MNmν

v2

)1/2
∼ 10−6

(MN

TeV

)1/2
, (3.104)

which translates into a rate asymmetry ϵLSS ≤ 10−12 around the TeV scale, way too small
to account for the observed baryon yield. Therefore the pure LSS is not a viable model for
TeV leptogenesis in our framework.

The discussion above however holds only at tree level. Starting from the pure LSS,
a Majorana mass term µ for the Na is generated at the one-loop level, of the size µ ∼
MNyy

′/(16π2), thus one expects a general LSS+ISS model to arise from a LSS tree level
Lagrangian [362]. We may then wonder if a new interesting region of the parameter space
opens up in the region where the interference between ISS and LSS contributions produces
the relevant term for the rate asymmetry: it turns out that the neutrino mass matrix formula
is dominated by the LSS term, while the rate asymmetry by the ISS piece and it reads

ϵLSS+ISS =
m2
νM

2
N

v4y4
. (3.105)

The y coupling needed for leptogenesis, y ∼ O(10−4−10−5) forMN ∼ TeV, is way too small
to provide any signatures at colliders, so we will not explore in more detail this model within
our supercooled confinement BAU framework.
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Figure 3.9: Parameter space for the composite singlet fermion realisation of our framework,
which constitutes a variation on inverse see-saw leptogenesis. We choose gTC = 80, g∗ =
gSM + gTC, gRH = gSM + 1 and Z = 1 for definiteness. The white area is allowed and
accomodates the observed baryon asymmetry, the red and gray regions are excluded by the
PT dynamics and above the cyan line the N ’s start to equilibrate with the dilaton before
they decay and our computation of the BAU should be changed, as in Fig. 3.1. The dashed
red line is obtained from the projected sensitivity of a 10 TeV muon collider on the active-
sterile neutrino mixing, see [368]. The green region is excluded from requiring electroweak
sphalerons to be out of equilibrium for reheating temperature TRH < 132 GeV. In the orange
exclusion regions the on-shell washout processes, i.e. inverse decays of Eq. (3.102), are in
equilibrium at TRH. The yellow region is excluded by requiring µ < ∆M for our expression
of the rate asymmetry Eq. (3.98) to hold. We also show the parameter space testable by
the Einstein Telescope (ET) and LISA using αGW = 100, β/H = 15, where the astrophysical
foregrounds have been taken into account. We denote with red stars the two points of the
parameter space for which we computed the GW spectrum shown in Fig. 3.2.
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3.2.6 Conclusions and Outlook

In this section of the thesis we have proposed a new framework for the generation of the
observed baryon asymmetry of the universe (BAU), based on a first order supercooled PT of
a confining sector. In our framework B − L violating processes are driven by the decays of
some composite states (hadrons) of the confined phase. The main advantages with respect
to the analogous non-confining mechanism [316] are that in our setup the rate asymmetry
is enhanced due to the deep inelastic scatterings occurring upon bubble percolation, which
increase the population of the decaying hadrons, and due to the suppression of washout
processes because of the hierarchy between the hadron masses and the reheating temperature.
Independently of its specific realization, our framework allows to reproduce the observed BAU
down to the weak scale, and potentially down to the MeV one. A first important consequence
of this result is that, contrarily to its weakly coupled realisations, the framework is testable
in GWs not only by the Einstein Telescope but also by lower frequency ones like BDECIGO
and LISA. Based on the current understanding of astrophysical foregrounds, the absence of
a signal in these experiments will exclude the framework down to the TeV scale, see Fig. 3.1.

We have then studied two specific models within our proposed framework, one realising
baryogenesis from the decays of composite scalars, charged under the SM, one realising
leptogenesis from the decays of composite fermions, singlets under the SM gauge. This allows
to include effects that could potentially washout the BAU, to determine other experimental
signals, and to possibly connect our framework with open SM problems in addition to the
BAU.

⋄ Concerning baryogenesis from composite scalars, we have found that washout effects
prevent PT scales f lower than a few GeV, see Fig. 3.7. We have then studied collider
searches for the composite scalars, finding they exclude values of f lower than the weak
scale, and that future LHC searches, like 4-jet ones, will test new open territory of this
model. The model could also manifest itself in flavour and CP -violating observables,
although the size of the effects depends on further details of the model and an absence
of deviation from the SM would not exclude it. Finally, we find that the dominant
contribution to the neutron EDM arises at 3 loops and the model is not expected to
show up there.

⋄ Concerning leptogenesis from composite sterile neutrinos, it offers a natural implemen-
tation of inverse and linear see-saw scenarios (ISS and LSS), that also explains the
small SM neutrino masses. Focusing on the ISS for definiteness, we found that we can
reproduce the observed BAU down to scales of the PT f ∼ TeV, see Fig. 3.9. A de-
generacy at the level of 10−2 or more is required between the masses of two composite
neutrinos, but that is actually expected from a confining sector, while in the standard
thermal leptogenesis one generally needs tuning. The obstacle to reach f below the
electroweak scale comes from the requirement of a reheating temperature larger than
about 130 GeV, so that sphalerons are active. Washout effects are further suppressed,
with respect to a generic case, by the insertion of an extra parameter to break lepton
number, and only inverse decays can lead to appreciable washout in case MN < 4πf .
We find that the model is barely testable by N searches at a future muon collider. Our
results concerning this model are also interesting from the ISS and LSS points of view,
because we enlarge the parameter space where these leptogenesis models work.

Our study opens several interesting avenues of further investigation, both on the model-
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building and on the phenomenology sides. Concerning the former, it would be for example
interesting to connect our framework for the generation of the BAU with solutions to the
hierarchy problem of the Fermi scale, given that it works down to the electroweak scale.
Concerning phenomenology, it would be interesting to find a specific model realising our
framework which allows to go down to the MeV scale for the PT, so to possibly explain
the GWs observed by pulsar timing arrays [342, 343, 344, 345]. We leave these and other
directions for future work.
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3.3 The PTA signal from the baryon dark matter coincidence

Introduction

The recent evidence of a SGWB detection made by the PTAs [244] have sparked renewed
interest in cosmological FOPTs as a potential source of the observed signal. If such a signal
is sourced by a FOPT, its scale should be of O (1 GeV), as discussed in Sec. 2.2.4. This
opens up an exciting possibility: a low-scale FOPT could not only generate a detectable
SGWB, but also be connected with the BAU generation.

A promising class of models for the BAU generation, see Sec 3.3.1, is darkogenesis, where
the baryon asymmetry is dynamically linked to the DM abundance, as motivated by the
coincidence problem of the baryon and DM relic abundances, suggesting a common origin
for both components.

In a realization of darkogenesis proposed by [63], the baryon asymmetry is first generated
in a dark sector containing a fermionic DM candidate χ, and then partially transferred to
the visible sector. This transfer occurs via higher-dimensional operators that connect χ with
SM quarks. In particular, the dimension-six operator

O6 =
1

Λ2
χudd (3.106)

becomes relevant below the QCD confinement scale. After confinement, this operator induces
an off-diagonal mass term between χ and the neutron:

Lmix = −δm n̄χ+ h.c., (3.107)

allowing neutron-DM oscillations. The existence of this operator has also been suggested
as a possible explanation for the so-called neutron lifetime anomaly [370]. However, in the
present work we will not focus on this aspect. Instead, our interest lies in the role of this
mixing in enabling oscillations that can transfer a dark-sector asymmetry into the visible
sector. Crucially, the authors find that these oscillations are resonantly enhanced at finite
temperature of O (10-100) MeV, compatible with the generation of the observed BAU well
below the EW scale.

Therefore, this mechanism offers a new connection: a low-scale supercooled FOPT (po-
tentially generating the PTA signal) could at the same time trigger baryogenesis via χ–n
oscillations. While the authors of [63], proved how baryogenesis could be sorced via χ–n
mixing, they did not explore the possibility that the same underlying dynamics could also
generate a stochastic GW background observable by PTAs. In this section we explore how a
sub-GeV FOPT can simultaneously account for both the observed BAU and the PTA signal.
In the following, we will illustrate how this mechanism operates in a dark sector charged
under a U(1)′ gauge symmetry, and discuss the conditions under which the correct BAU and
the observed GW signal can both be obtained.

3.3.1 Generation of the baryon asymmetry

We adopt the setup introduced in [63] for the generation of the baryon asymmetry. We
consider DM to be a Dirac fermion χ, with mass mχ, unit baryon number and carrying
no other conserved charge. Assuming its couplings to baryonic matter not to be highly
suppressed, mχ is bounded from below by nuclear decays. The most stringent bound comes
from the stability of 9Be, which sets ∆m ≡ mn−mχ < 1.665 MeV [370] (with neutron mass
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mn = 939.565 MeV). In the darkogenesis model of [63], the authors consider a scenario where
the pre-existing asymmetry in the χ sector is transferred to the SM via χ− n oscillations.

These are controlled by the 2× 2 Hamiltonian

H =

(
mn +∆En δm

δm mχ +∆Eχ

)
, (3.108)

where ∆En and ∆Eχ are the thermal mass shifts of the neutron and DM respectively. We
extract the former from [371] and we estimate ∆Eχ = g′2T ′2

γ /(8mχ) from the dark photon
contribution to the χ self energy, where g′ the gauge coupling of the U(1)′ and T ′

γ the
temperature of the dark sector, related to that in the visible sector by

ξ =
T ′
γ

Tγ
. (3.109)

The mixing angle θ, obtained by diagonalizing H, reads

tan (2θ) =
2δm

∆m+∆En −∆Eχ
≡ 2δm

δE
, (3.110)

and the difference between the eigenvalues of H is given by:

|δω| =
√

(δE)2 + 4δm2 . (3.111)

To find the efficiency of χ − n oscillations, we start with the initial state ψ(0) = |χ⟩ and
evolve it with the Hamiltonian Eq. 3.108, giving:

|ψ(t)⟩ = e−i(ω1+ω2)t/2

((
cos

δω

2
t− i cos 2θ sin

δω

2
t
)
|χ⟩ − i sin 2θ sin

δω

2
t|n⟩

)
, (3.112)

therefore the probability of oscillating into a neutron is

Pn(t) = sin2(2θ) sin2(δωt/2) . (3.113)

Because of the large rate of interactions Γn of neutrons on heat bath pions, however, there
may not be time for a full oscillation. In general one should carry out a time average, over
the short time scale 1/Γn,

P̄n = Γn

∫ ∞

0
dt e−ΓntPn(t) =

2δm2

δw2 + Γ2
n

. (3.114)

The neutron scattering rate Γn on the pions in the thermal bath is given by Γn = nπ⟨σnπv⟩,
with nπ the pion thermal number density, including a factor of 3 due to isospin, ⟨v⟩ =√
8T /(πmπ) and σnπ ≃ 0.1/m2

π ≃ 2 mb [372, 373], with mπ ≃ 140 MeV the pion mass.
The rate of production of neutrons via oscillations per χ particle is given by Γosc = PnΓn.
Similarly, the rate of production of χ per neutron must proceed with the same rate, therefore
the number density of χ decreases as:

ṅχ = −Γosc(nχ − nn) (3.115)
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Figure 3.10: The integrand ΓnP̄n/H of Eq. 3.117 as a function of the temperature T , showing
the resonant enhancement of χ− n oscillations, using benchmark values ∆m = 0.105 MeV,
δm = 1.05× 10−10 MeV. and g′ξ = 0.

As in our model the baryon number is conserved, then nχ + nn is constant. The equation
controlling the fraction f = nn/(nn + nχ) of DM converting to neutrons, is thus given by

ḟ = Γosc(1− 2f) (3.116)

which has the solution

f =
1

2

(
1− Exp

(
− 2

∫
dtΓosc

))
≃ 1

2

(
1− Exp

(
− 2

∫
dT

T

Γn(T )P̄n(T )

H(T )

))
, (3.117)

f ≃ 0.16 to obtain the observed baryon over DM abundance.

As shown in Eq. (3.117), the final baryon abundance is controlled by the time (or equiv-
alently, temperature) integral of the oscillation rate. The integrand, Γn(T ) P̄n(T ) /H(T ),
encodes the interplay between the oscillation probability and the Hubble rate H(T ) =
ρrad(T )/3M

2
Pl. This quantity exhibits a sharp peak at the resonance temperature Tr, de-

fined by the condition δE(Tr) = 0, where the mixing between χ and the neutron is maximal.
However, the oscillation probability is still suppressed by the damping rate Γn, as described
in Eq. (3.114). Therefore, the dominant contribution to the baryon asymmetry arises from
resonant χ - n oscillations occurring near this Tr. An example of this feature is shown for
benchmark values of the relevant parameters in Figure 3.10, for which Tr ∼ 37 MeV, in
agreement with the result obtained by [63].

We now explore the parameter space relevant for baryon asymmetry generation, in the
δm − ∆m and for the benchmarkvalues g′ξ = 0, 0.5, 1. The same parameter space is con-
strained by the null searches for the decay n → χγ, which were proposed as a possible
explanation for the neutron lifetime anomaly. In particular, the constraint takes the form
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Figure 3.11: Solid lines yield the observed baryon asymmetry in the δm − ∆m plane for
benchmark values of g′ξ = 0, 0.5, 1 as in Eq. 3.117. The orange area is excluded from
n→ χγ measurements [374].

[374]

δm ≲ 5× 10−11 MeV

(
1 MeV

∆m

)1/2

, (3.118)

implying a sharp upper limit on the allowed region in the δm − ∆m plane. Nevertheless,
we find that the observed baryon asymmetry can still be successfully generated along the
colored lines in Fig. 3.11 for ∆m ≲ 0.2 MeV, safely below the experimental bound.

3.3.2 Phase transition and Gravitational Wave parameters

In the original proposal of Ref. [63], the spontaneous breaking of the dark U(1)′ gauge
symmetry is driven by a scalar field ϕ acquiring a VEV from a classical potential of the form

V0 = λϕ

(
|ϕ|2 − v′2

2

)2

. (3.119)

In this scenario, the dark scalar VEV v′ is crucial for generating the mass mixing δm ∝ ⟨ϕ⟩
between the neutron and the DM χ, and thus for enabling the baryon asymmetry generation
through χ − n oscillations. The associated PT occurs around a critical temperature Tc ∼
O(100MeV), well above the resonance temperature for oscillations, Tr ∼ 30MeV.

In this work, we propose a modification to the scalar potential by assuming classical scale
invariance in the dark sector. Namely, we assume the VEV of the scalar ϕ to arise radiatively
via the Coleman-Weinberg (CW) mechanism [21]. This approach eliminates the need for an
explicit mass term in the tree level scalar potential, which now is just given by

V (ϕ) = λ|ϕ|4 . (3.120)

We can now compute the one-loop corrections to the potential à la CW, introducing the
constant field background ϕc. Heavy scalar fields charged under U(1)′ are expected to lie
around the TeV scale in the UV completion of [375], so they can be safely integrated out.
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We are then only left with the contributions from the scalar ϕ and the gauge boson A′. We
write the complex scalar in terms of its real and imaginary component:

ϕ =
φr + φi + ϕc√

2
. (3.121)

The field dependent masses for the real, imaginary components of ϕ and for the gauge
boson A′ are given respectively by:

m2
r(ϕc) = 3λϕ2c (3.122)

m2
i (ϕc) = λϕ2c (3.123)

m2
A′(ϕc) = g′2ϕ2c . (3.124)

In the end, the one-loop effective potential at T = 0, computed using the dimensional
regularization and the MS renormalization scheme, is:

Veff (ϕc) = λϕ4c +
1

64π2

[
3mA′(ϕc)

4

(
log

m2
A′(ϕc)

M2
− 5

6

)
+m4

r(ϕc)

(
log

m2
r(ϕc)

M2
− 3

2

)
+m4

i (ϕc)

(
log

m2
i (ϕc)

M2
− 3

2

)] (3.125)

where M is a renormalization scale. Following the method in Ref. [21], since M is arbitrary,
we can fix it to be at the location of the minimum, ⟨ϕ⟩ = v√

2
. Therefore, by imposing that

V ′(⟨ϕ⟩) = 0 we find the value of λ ∝ g′4 for which we have the desired minimum.
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Figure 3.12: Values of the quartic coupling λ as a function of the gauge coupling g′ that
allow the generation the VEV of the scalar ⟨ϕ⟩ = v/

√
2.

A potential that leads to a supercooled PT is flat around the origin and finite temperature
effects become very important as they induce a positive curvature at the origin, making ϕ = 0
a metastable vacuum [376]. The finite temperature corrections are given by:

∆V T (ϕ, T ) =
∑

i=bosons

niT
4

2π2
Jb

(
m2
i (ϕ)

T 2

)
+

∑
i=fermions

niT
4

2π2
Jf

(
m2
i (ϕ)

T 2

)
, (3.126)
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where the thermal functions JB/F are given by:

JB/F =

∫ ∞

0
dk k2 log

[
1∓ exp

(
−
√
k2 +m2

i (ϕ)/T
2

)]
, (3.127)

where the minus (plus) sign stands for bosons (fermions) and their high-temperature expan-

sions x ≡ mi(ϕ)
T read [377]

JB(x) = −π
4

45
+
π2

12
x− π

6
x3/2 − x2

32
log

x

ab
+O

(
x3 log

x3/2

const.

)
, (3.128)

JF (x) =
7π4

360
− π2

24
x− x2

32
log

x

af
+O

(
x3 log

x3/2

const.

)
, (3.129)

with log ab ≃ 5.4076 and log af ≃ 2.6350.

Because of the absence of tree level mass terms, the degrees of freedom of the model will
be massless close to the origin, hence we can use the high temperature expansion. We only
compute the contribution from the gauge boson, as that from the scalar is negligible due to
λ≪ g′. The potential can then be approximated by [320] 2:

V (ϕ) =
1

2
m2(T )ϕ2 − δ(T )

3
ϕ3 +

λ(T )

4
ϕ4 , (3.130)

where the coefficients are given by

m2(T ) =
1

4
g′2T 2 , (3.131)

δ(T ) =
3

4π
g′3T , (3.132)

λ(T ) =
3

8π2
g′4 log

(
T

B

)
(3.133)

with B =M/
√
ab.

It has been show in Ref. [320] that for the CW potential the tunneling rate is dominated
by the O(3) symmetric thermal bounce, hence the nucleation temperature Tnuc is controlled
by the S3/T bounce action. We can then write the nucleation condition Eq. 3.1 as follows:

Γ(T ) = T 4
(S3/T

2π

)3/2
exp(−S3/T ) ≃ H(T )4 . (3.134)

We adopt the analytical result given in [320] for the computation of the S3 bounce action,
which is given by

S3
T

≃ 3π3

g′3

(
1 + e−1/

√
|k|

1 + 9
2 |κ|

)
, (3.135)

2In the computation of the bounce action presented in this work we follow the prescription of [320, 275],
where the authors set the renormalization scale M to the VEV of the scalar field. However, as for supercooled
PTs the tunneling occurs at a field value ϕ∗ ≪ VEV, a more accurate approach involves the inclusion of RG
running of the couplings and fields, as shown e.g. in [378, 379].



104CHAPTER 3. GRAVITATIONALWAVES AS PROBES FOR BSM PHYSICS IN THE EARLY UNIVERSE
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Figure 3.13: Comparison between our numerical estimate of the O(3) symmetric bounce
action associated to the quartic potential in Eq. 3.130 using the FindBounce package [380]
and the analytical expression Eq. 3.135 obtained in [320] for the benchmark values g′ = 0.7,
M = 1 GeV.

where the dimensionless parameter κ is given by:

κ(T ) ≡ λ(T )m2(T )

δ2(T )
=

1

6
log

(
T

B

)
. (3.136)

We checked numerically this analytical result with the FindBounce package [380], see
Figure 3.13 for a comparison between the analytical and numerical values of S3/T for a
benchmark point in the parameter space.

Therefore, in the vacuum domination phase, which is needed to address the PTAs signal
in terms of a FOPT, the nucleation condition Eq. (3.1) reads:

3π3

g′3

(
1 + e−1/

√
|kn|

1 + 9
2 |κn|

)
= 4 log

(
B

HV

)
− 24|κn| (3.137)

where we have defined κn ≡ κ(Tn) = 1/6 log(Tn/B) andHV is the contribution to the Hubble
rate due to the vacuum energy, that is H2

V = ∆V0/3M
2
Pl, where ∆V0 is the the potential

energy difference between the false and the true minimum at zero temperature. From Eq.
3.135 it is clear that g′ > g′min is needed for the bubbles to nucleate (S3/T ≲ 150) and
g′ < g′max needed for the FOPT to occur during vacuum domination, hence a supercooled
FOPT occurs in the window [g′min, g

′
max]. The authors of [320] show that the boundary of

this window is roughly [0.5, 0.8] for B ∼ GeV and we find agreement.

We can now compute the nucleation temperature using Eq. (3.137). The results of the
nucleation temperature, as a function of the gauge coupling g′, computed for different values
of the VEV are represented in Figure 3.14. We also show in Fig. 3.15 the GW parameters α
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and β/H as a function of the gauge coupling g′ for the same benchmark values of the VEV.
One can see that for g ∼ 0.5− 0.7 the PT exhibits moderate or large supercooling, therefore
compatible with the origin of the PTAs signal from a FOPT.

Figure 3.14: Nucleation temperature Tnuc, as a function of the gauge coupling g′ for bench-
mark values of the VEV.

Figure 3.15: PT strength α (left) and inverse duration β/H (right) as a function of the
gauge coupling g′ for benchmark values of the VEV.

3.3.3 Constraints on the parameter space

Limits from the Mass-Radius relation of Neutron Stars

It has been observed that a single new state that carries baryon number, χ, and has a mass
mχ that is close to the one of the neutron can alter the Equation of State (EoS) of NSs
[381]. For a given EoS, one can solve numerically the Tolman-Oppenheimer-Volkoff (TOV)
equations of general relativistic hydrostatic structure to obtain the mass-radius curves of
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NS. In the simplest scenario where the dark baryon is not charged under any new force, the
solutions of the TOV equation tell us that the maximum NS mass attained as a function of
its radius falls below the largest observed masses, 2M⊙. One way to solve this problem is to
assume that χ is charged under a U(1)′ symmetry. In this way, χ particles have repulsive
self-interactions and if the gauge boson mediating the interaction is massive, the pressure
inside the NS would reduce since the range of interaction becomes m−1

A′ .
In [375], following the work of [381], it was first presented the computation of the maximum
values of mA′ that allow the existence of a 2M⊙ NS. The key points of their are study are:

• The state χ is treated as a degenerate Fermi gas with self-interactions and its energy
density and pressure will be added to those of the nuclear matter to find the modified
EoS

• Specify the equation of state. Consider a polytropic EoS of the form

En(x) = axα + bxβ (3.138)

where we have defined the dimensionless nuclear density x = nn/n0, where n0 =
0.16 fm−3. Eq. (3.138) has been fit to the results of Quantum Monte Carlo calculations
incorporating realistic 3-nucleon forces. The authors considered different choices for
the fitting parameters of EoS, taken from Ref. [382]. 3

In the end, the authors find that

mA′

g′
≲ (45− 60)MeV (3.141)

is needed to attain a maximum mass of the NSs compatible with the observed 2M⊙. The
strength of these bounds depends on the form adopted for the EoS of the NSs. A recent study,
following the same reasoning of Ref. [375], was presented in the review [383]. Considering
the same microscopic model as in Ref. [375] and adopting a family of EoS based on the
state of art N3LO Chiral Effective Field theory, the authors have obtained similar bounds,
although slighly weaker (mA′/g′ < 100 MeV for a stiff EoS).

The constraints from NS internal heating were analyzed in more detail in a subsequent
work [384] where the authors treated in more detail the dynamics and constituents of the

3Few more details on the EoS: An EoS that has higher pressure at given energy density is said to be
stiff, and those with smaller pressure are typically called soft. There has been indication that the EoS of
dense matter makes a transition from soft to stiff at super-nuclear density and the three neutron force (3n)
is the key microscopic ingredient that determines the nature of this transition. In particular in the nuclear
Hamiltonian:

H = Hkin + V2n + V3n (3.139)

where, in particular,
V3n = V PW

2π + V SW
2π + V3π + VR (3.140)

which represent respectively the long-range p wave and s wave interaction 2π exchange contributions, the
intermediate-range (3π loops) contribution and the spin-dependent short-range repulsive term. Cline and
Cornell considered in Ref. [375] the following terms/models for the 3n force:

1. V3π + VR, obtaining a moderately stiff EoS

2. Stiffer EoS: Urbana IX fit

3. V PW
2π + V R

µ=150 (µ is a paramter in the repulsive potential) obtaining a soft EoS (does not reproduce
the 2M⊙ NS)
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NS core and their implications for neutron disappearance, and astronomical measurements.
However, again these limits don’t apply because the study only considers δm ≲ 2× 10−9 eV
(set by the age of Cas A), while we require for our parameter space δm ∼ O(10−4) eV. In
order to treat this region, a nontrivial density of χ should be considered.

3.3.4 Outlook

The results presented in this section provide a still preliminary but promising step towards
establishing a connection between low-scale baryogenesis and the stochastic gravitational
wave background (SGWB) recently detected by the PTAs. While our mechanism for baryo-
genesis follows closely the setup introduced in [63], we go beyond that work by embedding
it into a concrete phase transition (PT) scenario from a classically scale-invariant potential:
the VEV of the dark Higgs ϕ is not treated as a free parameter, but is instead bounded from
both below and above by physical considerations. On the one hand, the reheating temper-
ature following the supercooled PTs must be sufficiently high to avoid conflict with BBN,
placing a lower bound on the VEV. On the other hand, neutron star stability imposes an up-
per bound on it. Remarkably, the region of parameter space compatible with the nanohertz
SGWB reported by the PTAs lies within this window. This implies that the same dynamics
responsible for generating the baryon asymmetry may also be responsible for the observed
PTA signal.

Several directions remain open to improve the robustness and generality of our findings.
A key refinement concerns the treatment of the effective potential and the bounce action.
In this work, we followed the approach of [320, 275], where the renormalization scale is fixed
to the VEV of the scalar field. While this prescription is appropriate in many scenarios, it
becomes less accurate in the case of supercooled PTs, where the tunneling typically occurs
at field values ϕ∗ ≪ VEV. A more reliable computation would require incorporating the full
RG improvement of the effective potential (see [378, 379]), allowing both the couplings and
the field to run with the scale. This would ensure better control over theoretical uncertainties
and allow a more precise determination of the relevant PT parameters (TRH, α, β/H) for the
computation of the GW signal.

Moreover, to fully assess the viability of the scenario, it is important to analyze cosmo-
logical constraints on supercooled PTs. In particular, for nucleation temperatures close to
the MeV scale, modifications to the expansion history of the Universe and entropy injection
from vacuum reheating can significantly impact BBN and CMB observables. This could
lead to changes in the effective number of relativistic degrees of freedom Neff [268, 385]. As
shown in Fig. 3.14, our scenario allows for Tnuc ∼ O(MeV), motivating a dedicated study
of the parameter space consistent with current and future bounds from BBN and CMB
experiments.

Finally, another important future direction lies in exploring UV completions beyond those
proposed in [63]. While we have extended their model by introducing a classically scale-
invariant potential with Coleman-Weinberg symmetry breaking, alternative UV completions
could give rise to similar baryogenesis mechanisms and GW signatures, possibly with different
phenomenological implications. This may open up an even broader class of models where
PTA observations serve as a novel window into the baryon generating dynamics of dark
sectors.





Chapter 4

High-Energy Neutrinos as portals
for BSM Physics

4.1 Signals from sub-GeV Dark Matter around Blazars

4.1.1 Introduction

Active galactic nuclei (AGN) are the most powerful steady luminous sources in the Universe,
fueled by SMBHs in their center [202]. If they feature visible jets of relativistic particles
and one of them is in close alignment with our line-of-sight (LOS) then AGN are called
blazars [202, 201], see Sec. 2.1.2 for details on blazar astrophysics. Their properties are still
not well understood and are the subject of active scrutiny, propelled by many observations
of blazar photons and by the tentative detection by IceCube at the 3σ level of a ∼ 290
TeV neutrino associated with the blazar TXS 0506+056 [184] in 2017, in association with a
gamma-ray counterpart.

Given that extremely high-densities of DM are expected to accumulate into “spikes”
around black holes [386], and that the nature of both DM and AGN jets is still elusive, it
appears natural to inquire what such observations can teach us about the DM nature via
AGN and viceversa. This direction has been pioneered in [387], which studied the DM effects
on photons from AGNs. It has recently been revived in [166, 388], which proved that the
DM fluxes upscattered by blazars’ jets could induce measurable recoils on Earth, that lead
to promising sensitivities on SM interactions of sub-GeV DM, a scenario known as blazar
boosted DM (BBDM).

The main phenomenological motivation to focus on sub-GeV DM around blazars is that
the energy of DM constituents within the MW halo is too low to induce nuclear recoils
detectable with the leading “direct detection” experiments, if their mass mDM ≲ few GeV.
The best sensitivities in that mass range then come either from new detection techniques of
halo DM [389], or from searches with DM [163, 390] or neutrino experiments [165, 391] for
the subpopulation of energetic DM that necessarily exist, e.g. DM upscattered by galactic
cosmic rays (CR) [163, 164] or from atmospheric production [392]. While BBDM admittedly
suffers from larger astrophysical uncertainties than the latter two mechanisms, it is well
worth exploring because it could be the first one to lead to DM detection, and because it
offers unique experimental opportunities thanks to its distinct temporal, spatial and energetic
properties.

Furthermore, the same DM-nucleon interactions that are responsible for the BBDM sig-

109
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nal could also induce inelastic DM-proton scatterings that break the proton apart, triggering
hadronic cascades and neutrino emission. The computation and the phenomenological im-
plications of such a neutrino flux produced upon DM-SM interactions in blazar jets will be
the core of this section. Indeed, while existing models of blazar jets allow to explain their
photon emission across a vast range of energies, they typically predict too few neutrinos to
be possibly seen by existing telescopes, see e.g. [393] and Sec. 2.1.2. In particular, different
models of TXS 0506+056 jets all predict [394, 208, 395, 207] a neutrino flux too low to satis-
factorily explain IceCube’s observations, strongly motivating our investigation of its possible
DM origin.

It is also worth going beyond the investigation of single blazars and computing the diffuse
neutrino flux from DM-proton scatterings in the jets of an ensemble of blazars. Indeed, as
there is lack of consensus on the origin of the diffuse astrophysical neutrino flux measured
by IceCube [220], it is tempting to generalize the same mechanism to a wider population
of blazars and test whether DM-proton scatterings around these sources could be a viable
explanation for the diffuse flux. This direction is additionally encouraged by existing and
planned observations of high-energy blazar neutrinos and by their current understanding. To
this purpose, we adopt the lepto-hadronic fit performed by [396] for a sample of 324 blazars
as an input for our calculation of the diffuse astrophysical neutrino flux.

While our main proposals are that both IceCube measured neutrino fluxes from i) TXS
0506+056 and ii) the diffuse astrophysical neutrino flux originate from DM-proton scatterings
in blazar jets, we also study the BBDM signal associated to the same interactions at neutrino
detectors as a test of this hypothesis. Namely, we ask whether the absence of a measured
BBDM signal is compatible with the proposed origin of the astrophysical neutrinos. To
properly address this question, we must go beyond the simplistic assumption of a constant
DM-nucleon cross section as done in the previous literature for DM around blazars [397, 388]
and instead specify DM-quark interactions in concrete models. This is necessary not only
for consistency, as no known DM interaction with an energy independent cross section can
produce a detectable neutrino signal, but also for comparing BBDM searches to other DM
signals, such as the neutrino flux discussed above.1 Furthermore, the studies on BBDM have
focused so far on single sources, whereas thousands of blazars are known and potentially many
of them could contribute to a diffuse BBDM flux. Improving these studies by considering
multiple sources is crucial, as searches involving a population of emitters are potentially more
robust and statistically significant than those based on individual sources.

The present section is organized as follows:

• In Sec. 4.1.2 we review the properties of blazars and of DM clustering around them.

• In Sec. 4.1.3 we define the DM-quark interactions which are the object of our study and
compute the relevant interaction cross sections, elastic and inelastic, including terms
usually omitted in the literature but important in our context. We defer details on
elastic and inelastic cross section respectively to App. A.1 and A.2.

• In Sec. 4.1.4 we compute the neutrino flux at Earth from inelastic DM-quark interac-
tions for i) TXS 0506+056 and ii) a sample of 324 blazars.

• In Sec. 4.1.5 we show that the above DM interactions can explain Icecube neutrinos

1The necessity of each of these improvements in the study of BBDM has instead been demonstrated for
DM interacting with electrons [388, 398, 399].
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observed from i) and ii) compatibly with all existing laboratory constraints for the
considered DM-quark interactions.

• In Sec. 4.1.6 we compute the BBDM fluxes at the Earth surface from i) and ii), taking
into account the effect of the redshift on the BBDM flux at production.

• In Sec. 4.1.7 we compute BBDM signals from the same sources, at a variety of large
neutrino detectors, including the impact of the Earth attenuation on the BBDM signal
(for which we provide more details in App. A.3). We then derive limits and sensitivities
on DM-nucleon interactions from the BBDM fluxes at present and future neutrino
detectors (Super-K, KamLand, Borexino, Hyper-K, DUNE, JUNO).

• In Sec. 4.1.8 we compare them with a variety of other tests of the same DM dynamics,
along with the DM origin of the high-energy neutrinos, both diffuse and from TXS
0506+056. Our main result is that, overall, the sub-GeV DM hypothesis for the origin
of IceCube neutrinos remains consistent with BBDM searches at neutrino detectors.
The reader can find further details on the depletion of the DM density around blazar
via its self interactions and the DM-proton interactions considered in our work in
Appendix B.

• In Sec. 4.1.9 we discuss in details the constraints on the DM-quark interactions that we
analyzed, both model independent as from BBN and DD searches and model dependent
as from collider experiments.

• Finally, in Sec. 4.1.10 we conclude and discuss other directions worth future exploration.

4.1.2 Blazars and and Dark Matter around them

Blazars and their jet

Although blazars are relatively rare, with more than 3500 identified to date (see, e.g., [400]),
they dominate the γ-ray sky within the 50MeV to 1TeV energy range, comprising ∼ 56%
(up to ≲ 88%) of the fourth Fermi -LAT catalogue [401, 402]. Their electromagnetic activity
is mainly non-thermal, with a spectral energy distribution (SED) of photons that covers the
entire electromagnetic spectrum and exhibits two distinct peaks: one in the infrared/X-ray
band and the other at γ-ray frequencies [202]. Understanding the origin of this broad and
doubly-peaked SED requires detailed modelling of the blazar jet physics. Based on the spec-
tral features in the optical frequencies, blazars are further subdivided into: Flat Spectrum
Radio Quasars (FSRQs), which, besides the flat radio spectrum that gives them their name,
exhibit strong and broad optical emission lines; and BL Lacs, the optical spectrum of which
shows at most very weak lines, if present at all [205]. Some blazars are classified as “mas-
querading” BL Lacs, when their optical spectrum is of the FSQR-type but is hidden by the
non-thermal jet emission [403] (the well-studied blazar TXS 0506+056 is an example of this
kind [404]).

The main structures in blazar jet models are the so-called blobs: spherical regions of
plasma which move at a bulk relativistic speed βB along the jet axis. The accelerated
charged particles that are confined within the blobs radiate non-thermally while propagating
through magnetic fields and ambient radiation. A particularly compelling category of blazar
jet models is that of the hybrid lepto-hadronic ones, according to which both electrons and
protons are present in the blob with ultra-relativistic velocities, and the SED arises from a
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combination of leptonic and hadronic processes (see, e.g., [204] for a review). A distinctive
prediction of this class of models is the production of neutrino fluxes from hadronic cascades
initiated when protons collide with photons or other protons in the blazar environment. After
IceCube’s first ≳ 3σ spatial association between multi-TeV neutrino events and a blazar,
TXS 0506+056 [184, 211, 405], 2 an intense campaign to explain both the neutrino emissions
and the electromagnetic activities of TXS 0506+056 with lepto-hadronic modelling has been
carried out [394, 407, 208, 395, 207] (see also [408, 409, 410, 411, 412]), supporting the
hypothesis that highly-accelerated protons are present in its jets. Other tentative associations
of different neutrino events with other blazars, albeit with lower significance, have also been
reported [413, 414, 415, 416, 417, 418, 406, 419, 420, 421] (see also [422, 423]) 3, and the
same class of models has been applied to several other sources (as, e.g., in [396]), advancing
the idea that the lepto-hadronic framework may constitute a comprehensive description of
blazar jet emission.

Motivated by these studies and observations, we concentrate on lepto-hadronic models to
describe the proton content in blazar jets. Specifically, we model the proton energy spectrum
in blazar jets with a homogeneous and isotropic single power-law in the blob’s frame:

dΓ′
p

dγ′p dΩ
′ =

κp
4π
γ′p

−αp e−γ
′
p/γ

′
maxp . (4.1)

Here, dΓ′
p is the infinitesimal rate of particles ejected in the blobs along the direction dΩ′

and with γ′p ≡ E′
p/mp lying in the range [γ′p, γ

′
p + dγ′p], E

′
p being the energy of the proton

and mp = 0.938GeV its mass; αp ≥ 0 is the slope of the power-law; κp is an overall
normalisation constant. We have also included an exponential cut-off at γ′maxp . In the rest
of this section, primed (unprimed) symbols denote non-invariant quantities computed in the
blob’s (observer’s) rest frame. The spectrum in Eq. (4.1) is related to that in the observer’s
frame by a Lorentz transformation of boost factor ΓB ≡ (1 − β2B)

−1/2 along the jet axis,
which gives [166, 388] (see also [387]):

dΓp
dγpdΩ

=
κp
4π

γ
−αp
p

βp(1− βpβBµ)
−αpΓ

−αp

B e−γp/γmaxp√
(1− βpβBµ)2 − (1− β2p)(1− β2B)

, (4.2)

where βp = [1 − 1/γ2p ]
1/2 is the proton’s speed and µ is the cosine of the angle between its

direction of motion and the jet axis.

In our analysis, we focus on the single source TXS 0506+056, as well as a sample of
blazars in steady activity. For TXS 0506+056, we fix the parameters of the proton spectrum
according to the lepto-hadronic model of [207] fitted to the observed SED during the six-
month flaring activity of 2017. For the blazar sample, we consider the 324 blazars and their
corresponding lepto-hadronic fit of their steady activity as presented in [396]. The relevant
parameters that we use from the fits [207, 396] are the minimal and maximal Lorentz boost

2Two significant associations of neutrino signals and TXS 0506+056 have been reported: one single neu-
trino event in 2017 in coincidence with a six-month γ-ray flaring episode [184], and ∼ 13 events in 2014/2015
[211]. The latter, however, were not accompanied by an enhanced electromagnetic activity of the same blazar
[406].

3Also, the active galaxy NGC 1068 has shown evidence of neutrino emission at 4.2σ [424], but this object
is not a blazar. Furthermore, the study [425] suggests a correlation at the level of 3.3σ of IceCube neutrinos
with a catalogue composed of 110 known γ-ray emitters, of which TXS 0506+056 and NGC 1068 are two
main contributors.
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Lepto-Hadronic Model Parameters

Parameter (units) TXS 0506+056 [207] Blazars sample [396]

z 0.337 [0.04, 3.41]
dL (Mpc) 1765

[
171, 30.2× 103

]
MBH(M⊙) 3× 108

[
108, 109

]
RS (pc) 3× 10−5 [10−5, 10−4]

ΓB 24.2 [3.4, 31.5]
θLOS(

◦) 2.37 [1.81, 16.95]
αp 2 1
γ′minp

1 100

γ′maxp 1.6× 107
[
106, 3.1× 107

]
Lp (erg/s) 1.85× 1050

[
2.2× 1044, 3.1× 1050

]
κp (s

−1sr−1) 1.27× 1049
[
3.1× 1037, 1.3× 1046

]
Table 4.1: The relevant jet parameters from the single-zone lepto-hadronic fit [207] for
the blazar TXS 0506+056 (during its 2017 flare) and the sample of blazars [396] (average
steady flux) used in our calculations. Values in brackets denote the ranges for the sources in
[396]. Also listed are the redshift z; the luminosity distance dL, which we compute from z
assuming a standard cosmological model and taking the value of the Hubble constant today
as H0 = 70.2 km s−1Mpc−1. The BH mass in solar mass units M⊙, and the corresponding
Schwarzschild radius RS . The values of z and MBH are taken from [426, 404] for TXS
0506+056 and [396] for the sample of blazars.

factors of the protons γ′minp
, γ′maxp ; the blob Lorentz factor ΓB; the LOS angle of the jet θLOS

assumed to be θLOS = 1/ΓB;
4 the proton luminosity Lp, which is related to the normalisation

constant κp via [388]

Lp = κpmpΓ
2
B

∫ γ′maxp

γ′minp

dxx1−αp . (4.3)

We summarise in Table 4.1 the relevant jet parameters of TXS 0506+056 and of the sample of
blazars [396], together with the redshift z, the luminosity distance dL ≡ (1+z) c

∫ z
0 dz

′/H(z′)

(c being the speed of light, H(z) = H0

√
Ωm(1 + z)3 +ΩΛ the Hubble expansion rate, H0 its

present value, Ωm the matter density parameter and ΩΛ the dark energy one), the BH mass
MBH and the corresponding Schwarzschild radius RS .

Dark matter around blazars

DM is expected to form dense spikes in the vicinity of supermassive BHs, like those that
power blazars. As demonstrated in [386], the adiabatic growth of BH at the centre of a
spherical DM halo with a power-law density ρhaloDM (r) = N r−γ reshapes the halo profile into

4In [207], the LOS angle was taken to be zero, given the assumed relation ΓB = D/2, where D ≡
[ΓB (1− βB cos θLOS)]

−1 is the Doppler factor determined by the fit. Here, we prefer to consider a non-
vanishing angle and use the condition ΓB = D, which implies θLOS = 1/ΓB . Under this assumption, the
proton luminosity given in [207] should be multiplied by a factor of 4 for consistency. However, for the sake
of conservativeness, we refrain from applying this correction.
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a steeper distribution

ρspikeDM (r) = NR−γ
sp

(
Rsp

r

)α(γ)
, with α(γ) =

9− 2γ

4− γ
, (4.4)

where N is a normalisation constant, r the radial distance from the central BH, ϵ(γ) ≈ 0.1
for 0.5 ≤ γ ≤ 1.5 [427], and Rsp the radial extension of the spike. The latter is given as a
function of γ, the BH mass and the normalisation constant by [386]

Rsp ≃ ϵ(γ)

(
MBH

N

)1/(3−γ)
. (4.5)

For the blazars under consideration, we model the total DM profile ρDM(r) as

ρDM(r) = NR−γ
sp


0 r ≤ 2RS ;

g(r)(Rsp/r)
α(γ) 2RS ≤ r < Rsp ;

(Rsp/r)
γ r ≥ Rsp ;

(4.6)

where g(r) = (1 − 2RS/r)
3/2 accounts for the inevitable capture of DM onto the BH after

including relativistic effects [428]. In the analysis that follows, we fix γ = 1 for the initial
DM profile, inspired by a Navarro-Frenk-White (NFW) distribution [429, 430], so that α(γ =
1) = 7/3.

Due to the blazar jet emission outshining the dynamics of the host galaxy, information on
the DM distribution around blazars is limited. Consequently, the normalization of the DM
profile remains somewhat arbitrary. Following the same procedure as in [3], we fix Rsp = R⋆,
R⋆ ≈ 106RS being the typical radius of influence of a BH on stars [431]. This normalisation,
for γ = 1, results in

N ≃ 10−6M⊙/R
2
S

(
MBH

108M⊙

)
. (4.7)

As can be easily checked, the total DM mass contained within Rsp is M spike
DM ≃ 18.5%MBH.

This means that our normalization does not interfere with typical BH mass estimates, which
are performed within the sphere of BH influence [432, 433], at least up to corrections of
order O(10%) (the uncertainty in the BH mass estimate in these objects is in any case much
larger). Furthermore, our normalisation is more conservative than that adopted in similar
studies on DM around AGN [387, 166, 388, 434, 435, 398, 436, 437, 438].

All the information on the DM distribution that is relevant to our calculation ultimately
reduces to the following parameter [166, 388] (see also [387]):

ΣDM(r) ≡
∫ r

Rmin

ρDM(r
′)dr′, (4.8)

where Rmin is the minimal radial extension of the blazar jet. The above integral is quickly
saturated by the spike contribution, which reads

Σspike
DM ≡ ΣDM(Rsp) ≃

ϵ(γ)3−γ

α(γ)− 1

MBH

R2
min

(
Rmin

Rsp

)3−α(γ)
, (4.9)



4.1. SIGNALS FROM SUB-GEV DARK MATTER AROUND BLAZARS 115

where we have used the DM profile in Eq. (4.6) without fixing γ, after inverting the relation
in Eq. (4.4) to get N , and integrated Eq. (4.8) up to Rsp. For γ = 1 and Rsp = 106RS , the
above relation gives

Σspike
DM ≃ 3× 10−7 MBH

R2
S

(
2RS
Rmin

)4/3

≃ 1.28× 1031GeVcm−2

(
3× 108M⊙

MBH

)(
2RS
Rmin

)4/3

.

(4.10)

Various effects can alter the formation and evolution of the DM spike. For instance, DM
annihilations over the BH lifetime tBH [386] flatten the DM profile at inner radii reducing
the slope of the spike to ≤ 0.5 for r < rann [439], rann being defined by the condition
ρDM(rann) = ρcore ≡ mDM/(⟨σannvrel⟩tBH), which gives

rann = Rsp

[
MBHϵ(γ)

3−γ

R3
spρcore

]1/α(γ)
for 2RS ≤ rann ≤ Rsp, (4.11)

and ⟨σannvrel⟩ is the DM averaged annihilation cross section times relative velocity. The
DM profile including the effects of DM annihilation can be approximated as ρ̃DM(r) ≡
ρDM(r)ρcore/(ρDM(r)+ρcore) [386]. Other effects can influence the DM spike, such as merging
of galaxies [440, 441] and the gravitational interaction of stars close to the BH [442, 443].
Sizeable uncertainties also reside in Rmin, the minimal radius of the jet, and they have a sub-
stantial impact on ΣDM. Therefore, to effectively account for all these astrophysical effects
on the DM spike, instead of considering different scenarios of softenings or depletions, we
find it more practical to adopt the density profile in Eq. (4.6) and consider different bench-
mark cases (BMCs) for Rmin. In particular, as in [3], we choose Rmin = 102RS (BMCI) and
Rmin = 104RS (BMCII), based on results from blazar studies indicating where the jet is
likely well-accelerated [396].

For the adopted density profile, MBH = 3× 108M⊙ and γ = 1, we find

Σspike
DM ≃ 6.9× 1028GeVcm−2 for BMC I

1.5× 1026GeVcm−2 for BMC II
(4.12)

We note that taking ⟨σannvrel⟩ such that rann ≤ Rmin, and calculating the DM column density

for ρ̃DM(r), would practically lead to values of Σspike
DM between the two BMCs considered.

Imposing rann ≤ Rmin gives

⟨σannvrel⟩ ≲ σBMCI ≡ 3.1× 10−31 cm3 s−1 (mDM/GeV)(1010 yr/tBH) for BMCI,
⟨σannvrel⟩ ≲ σBMCII ≡ 1.4× 10−26 cm3 s−1 (mDM/GeV)(1010 yr/tBH) for BMCII.

(4.13)

Then, values of ⟨σannvrel⟩ ≲ σBMCI would yield DM column density consistent with the
BMCs considered. Intermediate values σBMCI ≲ ⟨σannvrel⟩ ≲ σBMCII would correspond to
situations between BMCI and BMCII. Larger values ⟨σannvrel⟩ ≳ σBMCII would lead to DM
column densities smaller than that of our BMCII. However, values of ⟨σannvrel⟩ larger than
about 10−28 cm3/s, for sub-GeV DM, are very hard to realise because of stringent indirect
detection constraints, see, e.g., Sec. 6.13 of [115] for a recent summary. Our BMCII can
then be considered as very conservative with respect to possible DM annihilations. To clarify
this discussion, we depict in Fig. 4.1 the DM profile (green curves) adopted in our analysis
(thick solid), as well as the core plus spike profile in case rann = Rmin (thin dashed). In the
same plot, we show the corresponding DM column density for BMCI and BMCII.
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Figure 4.1: The DM density profile ρDM(r) (solid green, left axis) and its column density
ΣDM(r) (solid purple, right axis) for BH mass MBH = 3 × 108M⊙. The DM column density
is plotted for the two BMCs: Rmin = 102RS (BMCI, upper curve) and Rmin = 104RS
(BMCII, lower curve). We also plot the DM profile ρ̃DM(r) (green dashed) which includes
DM annihilations for the maximal values of ⟨σannvrel⟩ which yield ΣDM consistent with BMCI
and BMCII, taking the BH lifetime tBH = 1010 yr and DM mass mDM = 1 GeV.

4.1.3 Dark Matter-nucleon interactions

We consider a DM particle consisting, for definiteness, of a Dirac fermion χ with mass mDM.
Modelling the DM-nucleon interactions with a constant cross section would be inconsistent
for our purposes, which involve processes (upscatterings in blazar-jets, scatterings on nuclei
on Earth) that happen in a range of energies that spans orders of magnitude. We are not
aware of any particle DM model, within reach of the searches object of this work, that
results in a cross section with the same value over that range of energies. We therefore
model the DM-nucleon interactions by specifying their mediator, in particular we consider
vector, scalar, axial and pseudoscalar mediators. We report the associated Lagrangians
for DM-quark interactions below. They induce non-relativistic DM-nucleon interactions of
different kinds, relevant for experiments looking for the halo DM components. Our toy-
models thus allow to explore the complementarity of those “standard” DM searches with the
ones proposed here. To make this manifest, we report below also the nonrelativistic operator
induced by each mediator.

• Scalar mediator: DM-quark interactions are mediated by a scalar ϕ with mass mϕ

as

Lχqϕ = gχϕχ̄χϕ+ gqϕq̄qϕ → OχNϕ = 11 , (SI) (4.14)

where q runs over light quarks and OχNϕ is the spin-independent (SI) DM interaction
with nucleons N induced by Lχqϕ.
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• Vector mediator: DM-quark interactions are mediated by a vector V with mass mV

as
LχqV = gχV χ̄γ

µχVµ + gqV q̄γ
µqVµ → OχNV = 11 , (SI) (4.15)

where q runs over light quarks and OχNV is the spin-independent DM interaction with
nucleons induced by LχqV .

• Axial mediator: We consider the interaction with an axial mediator V ′ with mass
mV ′ as follows

LχqV ′ = gχV ′χ̄γµγ5χV
′
µ + gqV ′ q̄γµγ5qV

′
µ → OχNV ′ = S⃗χ · S⃗N , (SD) (4.16)

where q runs over light quarks, S⃗χ and S⃗N denote the DM and nucleon spin respectively,
and OχNV ′ is the spin-dependent (SD) DM interaction with nucleons induced by LχqV ′ .

• Pseudoscalar (ALP) mediator: DM-quark interactions are mediated by a pseu-
doscalar a with mass ma (i.e. an axion-like particle, or ALP) as

Lχqa = igχaχ̄γ5χa+ igqaq̄γ5qa, → OχNa =

(
S⃗χ ·

Q⃗

mN

)(
S⃗N · Q⃗

mN

)
, (SMD)

(4.17)
where q runs over light quarks, OχNa is the spin- and momentum-dependent (SMD)

DM-nucleon interaction induced by Lχqa, and Q⃗ is the 3-momentum transfer.

The DM-quark interactions above do not respect the electroweak (EW) symmetry and so
are valid below its breaking scale. We will briefly comment on possible EW-invariant UV
completions in Sec. 4.1.9, together with the constraints that they induce on the couplings
gχY and gqY of Eqs. (4.14-4.17), where Y is the mediator under consideration.

In order to ease the comparison of our results with the literature, it is convenient to
recast them in terms of the non-relativistic spin-independent (σNSI ) and spin-dependent (σNSD)
DM–nucleon scattering cross sections, N = p, n. These are obtained by integrating out
the mediator Y from LχqY and by computing the cross sections in the limit of vanishing
momentum transfer and s→ (mDM +mN )

2, being s the centre-of-mass energy squared. For
Y = ϕ, V (σNR

Y χN = σNSI ) and Y = V ′ (σNR
Y χN = σNSD), with DM spin sχ = 1/2, one obtains

σNR
Y χN =

g2χY g
2
NY

π

µ2χN
m4
Y

, Y = ϕ, V, V ′ , (4.18)

where µχN is the DM-nucleon reduced mass and gNY the DM-nucleon coupling, which we
derive for each model in Appendix A.1. For Y = a instead, the tree-level SMD contribution
to the non-relativistic cross section is suppressed by the exchanged momentum, as shown by
OχNa in Eq.(4.17). In this pseudoscalar-mediated model a spin-independent cross section
σNSI is generated at higher orders, by box diagrams with a’s running in the loop, whose
contributions have been computed in [444]. This one-loop SI cross section dominates over
the tree-level SMD one in determining the direct detection signals of halo DM, which are
anyway considerably weaker than those induced by the other mediators.

The neutrino and BBDM signals object of this work require relativistic DM-quark in-
teractions. To understand their interplay with the standard searches for non-relativistic
halo DM, it is necessary to perform one extra step down the ladder of effective theories,
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and determine the DM scatterings with nuclei induced by the relativistic interactions of
Eqs. (4.14-4.17). For the SI case, DM couples coherently to all the nucleons inside a given
nucleus, and the DM-nucleus cross section is enhanced as

σASI = A2
µ2χA
µ2χN

σSI , where σSI =
µ2χN
πA2

[
Z
gχY gpY
m2
Y

+ (A− Z)
gχY gnY
m2
Y

]2
, Y = ϕ, V ,

(4.19)
being Z(A) the atomic (mass) number of the target nucleus. For the pseudoscalar mediator
a, σASI is given by the same expression of Eq. (4.19), where instead σSI is given by a loop-
suppressed contribution [444]. Finally, the SD scattering is not coherently enhanced,

σASD = S(0)
µ2χA
µ2χN

σSD , where σSD =
g2χV ′g2NV ′

π

µ2χN
m4
V ′
, (4.20)

i.e. σSD = σNR
Y χN of Eq. (4.18) for the axial mediator Y = V ′, and where S(0) is a combination

of nuclear response functions in the limit of vanishing momentum transfer, which is not A2-
enhanced and depends on the magnitude of the spin of the nucleus and on the spatial
distribution of the individual nucleons, and can be found e.g. in [115].

Elastic scattering

We now move beyond the fully non-relativistic limit and present cross sections that include
the dependence onQ2 ̸= 0. For sufficiently small momentum transfer, the collision of a proton
p and a DM particle can be regarded as elastic. We define the 4-momentum of the incoming
proton in the DM rest frame as pp = (Ep, p⃗p) while for the DM particle pχ = (mDM, 0⃗).
Concerning the final states, we denote the 4-momenta of the scattered DM particle and the
outgoing proton, respectively, as kp = (Ep, k⃗p) and kχ = (E′

χ, k⃗χ). The Feynman diagram
for the process is sketched below using the package TikZ-Feynamn [445]

χ

Y

χ

p p

where Y = ϕ, a, V, V ′ denotes either the scalar, pseudoscalar, vector or axial mediator.
For the 2 → 2 elastic scattering under consideration, the differential cross section can be
computed as dσEL

Y χp/dµ
∗
s = |MY χp|2/(32πs), with −1 ≤ µ∗s ≤ 1 being the cosine of the

scattering angle of emission in the center-of-mass rest frame, s = (pχ + pp)
2 and |MY χp|2

the squared matrix element averaged over the initial spins and summed over the final spins.
The momentum transfer squared in the rest frame of χ reads Q2 = −(pχ − kχ)

2 = 2mDMTχ,
with Tχ ≡ Eχ −mDM the kinetic energy of the outgoing χ. The latter is given as a function
of µ∗s by

Tχ(µ
∗
s) = Tmax

χ (Tp)
1 + µ∗s

2
with Tmax

χ (Tp) =
2mDMTp (Tp + 2mp)

2mDMTp + (mp +mDM)2
, (4.21)



4.1. SIGNALS FROM SUB-GEV DARK MATTER AROUND BLAZARS 119

where Tp = Ep−mp is the kinetic energy of the incoming proton. Consider now the following
“trick”:

dσEL
Y χp

dTχ
=

∫
dµs

dσEL
Y χp

dTχdµs
=

∫
dµs

dσEL
Y χp

dµs
δ(Tχ−Tχ(µ∗s)) = 2

∫
dµs

dσEL
Y χp

dµ∗s

δ(µs − µEL
s (Tp, Tχ))

Tmax
χ (Tp)

,

(4.22)
with

µEL
s (Tp, Tχ) ≡

(Tp +mp +mDM)Tχ√
(T 2
p + 2mpTp)(T 2

χ + 2mDMTχ)
. (4.23)

From the relation in Eq. (4.22) we obtain

dσEL
Y χp

dTχdµs
=

|MY χp|2
16πs

δ(µs − µEL
s (Tp, Tχ))

Tmax
χ (Tp)

. (4.24)

By computing the averaged Feynman amplitude squared |MY χp|2 we obtain the following
differential elastic cross sections for Y = ϕ, a, V, V ′:

dσEL
ϕχp

dTχdµs
=

σNR
ϕχp

s

m4
ϕ

16µ2χp

(4mDM2 +Q2)(4m2
p +Q2)

(m2
ϕ +Q2)2

G2
S(Q

2)
δ(µs − µEL

s (Tp, Tχ))

Tmax
χ (Tp)

, (4.25)

dσEL
aχp

dTχdµs
=

g2χag
2
pa

16πs

(Q2)2

(m2
a +Q2)2

Ĝ2
5, p(Q

2)
δ(µs − µEL

s (Tp, Tχ))

Tmax
χ (Tp)

, (4.26)

dσEL
V χp

dTχdµs
=
σNR
V χp

s

m4
p

4µ2χp

[
AV, p(Q2) +

(s− u)2

m4
p

CV, p(Q2) +
mDM2

m2
p

DV, p(Q2)

]
δ(µs − µEL

s (Tp, Tχ))

Tmax
χ (Tp)(1 +Q2/m2

V )
2
,

(4.27)
dσEL

V ′χp

dTχdµs
=
σNR
V ′χp

s

m4
p

4µ2χp

[
AV

′, p(Q2) +
(s− u)2

m4
p

CV
′, p(Q2) +

mDM2

m2
p

DV ′, p(Q2)

]
δ(µs − µEL

s (Tp, Tχ))

Tmax
χ (Tp)(1 +Q2/m2

V ′)2
,

(4.28)
where the functions GS , Ĝ5, p, A

V, p, CV, p, DV, p, AV
′, p, CV

′, p and DV ′, p are nuclear form
factors for the proton. Details on the derivation and on the expressions of the form factors
are given in Appendix A.1.

Inelastic scattering

When the momentum transfer becomes of O(GeV2), the contribution of the deep inelastic
scattering (DIS) starts to be relevant. The process is represented diagrammatically below
[445]

χ

Y

χ

q , q̄

q , q̄

X
p

where Y denotes the mediator, p the initial proton, q (q̄) the (anti)quark participating the
scattering, and X the outgoing hadronic state. We fix the momenta of the initial DM and
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proton respectively as pχ = (Eχ, p⃗χ) and pp = (Ep, p⃗p), with kχ = (E′
χ, k⃗χ) and kq = (E′

q, k⃗q)
that of the outgoing DM and scattered quark momenta. We further denote the squared
centre-of-mass energy and momentum transfer respectively as s = (pp + pχ)

2 and Q2 =
(pχ − kχ)

2. The differential DIS cross section for DM-proton scattering can be expressed as
(see Appendix A.2 for details):

dσDIS
Y χp

dxdy
=

y

16π

Q2
∑

κ=q ,q̄ f
p
κ(x, Q2)|Mquark

Y χ |2
(Q2)2 − 4m2

pmDM2x2y2
, (4.29)

being fpq(q̄) the parton distribution functions (PDFs) for the (anti)quark in the proton, Mquark

Y χ

is the spin-averaged Feynman amplitude at the quark level, y ≡ pp ·q/(pp ·pχ) the inelasticity
parameter and x ≡ Q2/(2pp ·q) = Q2/[(s−m2

p−mDM2) y] the Bjorken scaling variable. After
expanding the matrix element for the various toy models considered, we obtain the following
final expressions for the DIS differential cross section:

dσDIS
ϕχp

dxdy
=

σNR
ϕχp

16µ2χpg
2
pϕ

(Q2)2(Q2 + 4mDM2) y
∑

κ=q,q̄ g
2
κϕf

p
κ(x,Q2)

[(Q2)2 − 4m2
Nm

2
DMx

2y2](1 +Q2/m2
ϕ)

2
, (4.30)

dσDIS
aχp

dxdy
=

g2χa
16πm4

a

(Q2)3y
∑

κ=q,q̄ g
2
κaf

p
κ(x,Q2)

[(Q2)2 − 4m2
Nm

2
DMx

2y2](1 +Q2/m2
a)

2
, (4.31)

dσDIS
V χp

dxdy
=

σNR
V χp

8µ2χpg
2
pV

(Q2)3y
∑

κ=q,q̄ g
2
κV f

p
κ(x,Q2)

[(Q2)2 − 4m2
NmDM2x2y2](1 +Q2/m2

V )
2

(
1 +

2

y2
− 2

y
−

2m2
px

2

Q2

)
,(4.32)

The DIS cross section in the case of an axial mediator, σDIS
V ′ , coincides with σDIS

V provided
that the formal substitutions gχV → gχV ′ , gpV → gpV ′ , σNR

V χp → σNR
V ′χp, gκV → gκV ′ , κ = q, q̄,

and mV → mV ′ are made. To align the notation with the elastic case, we perform the change
of variables (x, y) → (Tχ, µs), which yields

dσDIS
Y χp

dTχdµs
=

√
(T 2
p + 2mpTp)(T 2

χ + 2mDMTχ)√
(T 2
p + 2mpTp)(T 2

χ + 2mDMTχ)µs − Tχ(Tp +mp)

1

Tp +mp

dσDIS
Y χp

dxdy
, (4.33)

where the DIS quantities can be written in terms of the new variables as

x =
TχmDM√

(T 2
p + 2mpTp)(T 2

χ + 2mDMTχ)µs − Tχ(Tp +mp)
, (4.34)

y =

√
(T 2
p + 2mpTp)(T 2

χ + 2mDMTχ)

mDM(Tp +mp)
µs −

Tχ
mDM

. (4.35)

4.1.4 Neutrino flux from DM-proton scatterings

If DM interacts with hadrons, protons in the relativistic jets of a blazar can collide with
the DM particles along their way. These collisions have a centre-of-mass energy

√
s ∼√

2mDMmpγp, which can be much larger than a GeV, depending on mDM. At these energies,
the DM-proton scattering is dominated by the inelastic contribution. When protons scatter
inelastically with DM, they disintegrate and generate hadronic showers, with subsequent
production of several final-state neutrinos from meson and secondary lepton decays.
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The single-flavour neutrino flux exiting the blazar as a result of DM-proton DIS can be
computed as [3]

dΦν
dĒν

≃ 1

3

Σspike
DM

mDMd2L

∫ γmaxp

γmin
p (Ēν ,mDM)

dγp σ
DIS
Y χp

dΓp
dγpdΩ

∣∣∣∣
θLOS

〈
dNν

dĒν

〉
, (4.36)

where γmin
p (Ēν ,mDM) is the minimum proton boost factor necessary to produce a neutrino

of energy Ēν , γmaxp is the maximal boost factor of the protons in the observer’s frame of
reference, related to the same quantity in the blob’s frame of reference reported in Table 4.1,
γ′maxp , via a Lorentz boost γmaxp = ΓBγ

′
maxp , σ

DIS
Y χp is the integrated DM-proton DIS cross

section, for mediator Y = ϕ, a, V, V ′, and the overall 1/3 factor accounts for neutrino
oscillations over astronomical distances. The quantity dNν/dĒν is the total (i.e. summed
over flavours) number of neutrinos per unit of energy produced by each DM-proton DIS,
and ⟨·⟩ denotes the average over all possible scatterings with the quarks inside the proton,
each weighted by its respective differential cross section. The averaged number of neutrinos
is formally defined as 〈

dNν

dĒν

〉
=

1

σDIS
Y χp

∫ 1

xmin

dx

∫ x·s

Q2
min

dQ2
d2σDIS

Y χp

dQ2dx

dNν

dĒν
, (4.37)

and depends on γp, Ēν and mDM (the masses of the neutrinos can be safely ignored).

We do not compute the integral above analytically but rather we implement each La-
grangian of the considered toy models in FeynRules [446], simulate the quark-level scatter-
ing process χ+p→ χ+jet via Madgraph5 [447], as well as the hadronisation and showering
of the outgoing quarks with Pythia8 [448]. We set all of Madgraph5’s kinematic cuts to
zero, as we are interested in all events that produce neutrinos, regardless of their kinematics.
Finally, we select the outgoing neutrinos and bin them in energy.

For our computation we used the “CT10” [449] PDFs set, which extends down to xpdfmin =
10−8. The extrema of integration are set by Madgraph5’s aforementioned Q2

min, and by
kinematics, as the parton-level centre-of-mass energy squared ŝ = x ·s must satisfy ŝ ≥ Q2

min

for the scattering to be kinematically allowed, thus setting a lower extremum on x, xkinmin.
In order to perform the computation, the PDFs must be well defined, hence the overall
extremum is xmin ≡ max{xkinmin, x

pdf
min}.

We perform the parton-level simulation and subsequent hadronization and decay in the
χ − p centre-of-mass frame, as opposed to the observer’s one, thus the following Lorentz
boost is needed to go back and forth between the two:

γCOM =
mDM + Ep√

s
. (4.38)

Let us now define ẑ as the proton direction. Given a final state neutrino ν, the ẑ-component
of its momentum, energy and angle with respect to ẑ transform as

pν,z = γCOM(p∗ν,z + βĒ∗
ν),

Ēν = γCOM(Ē∗
ν + βp∗ν,z),

cos θ =
pν,z√

p∗⊥
2 + p2ν,z

,
(4.39)
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where (un)starred quantities refer to the centre-of-mass (observer) frame, β =
√
1− 1/γ2COM,

p∗⊥ is the component of the neutrino’s 3-momentum in the plane perpendicular to the ẑ axis.
Given the large value of γCOM, pν,z will in general be very large with respect to the transversal
components of the momentum, thus cos θ will be very close to 1, i.e. for sufficiently high
proton energy the outgoing neutrinos are almost collinear with the initial state proton. For
this reason Eq. (4.36) lacks an angular integral, as the only neutrinos that reach the detector
are the ones coming from protons closely aligned to the LOS. To formalize this statement, we
only consider protons moving within a narrow cone around the LOS direction, with angular
opening δ such that cos δ = 1 − 10−5, and only select neutrinos whose angle θ with respect
to the proton direction satisfies θ ≤ δ. Within this narrow cone, the jet’s proton spectrum
is practically constant in angle and can thus be taken out of the angular integral, which
reduces to counting all neutrinos that satisfy θ ≤ δ.

The procedure described so far allows to obtain ⟨dNν/dĒν⟩ of Eq. (4.37) and the neutrino
flux of Eq. (4.36) (where γmin

p (Ēν ,mDM) does not need to be computed explicitly). Our
calculation actually underestimates dΦν/dĒν , because i) Madgraph5 avoids any Q2 → 0
divergent behaviour by only generating events with Q2 > Q2

min = 4 GeV2, ii) we did not
include the effect of resonances, of particular relevance for Q2 ∼ GeV2, iii) nor the one of
the next-to-leading-order processes with sea-gluons in the initial state.

Finally, cosmological redshift modifies the neutrino flux at Earth into

dΦν
dEν

= (1 + z)
dΦ

dĒν

∣∣∣∣∣
Ēν=Eν(1+z)

, (4.40)

where Eν ≡ Ēν/(1 + z) is the redshifted neutrino energy, i.e. the one that we measure on
Earth.

Neutrinos from TXS 0506+056

Having outlined the procedure to compute the neutrino flux for any model of particle DM
and of blazar jets, we now present our results for the blazar TXS 0506+056. Our predicted
neutrino flux is shown in Fig. 4.2 for the vector mediator scenario (left panel), where we
choose mV = 5 GeV. It features a larger amplitude and a different shape than the neutrino
flux predicted, independently of DM, by the lepto-hadronic jet model of the same blazar, also
shown in Fig. 4.2. We display in the same figure various neutrinos observations and limits.
In the right panel of Fig. 4.2 we show the resulting neutrino fluxes for the four different toy
models described in Sec. 4.1.3, for a common choice of DM parameters as indicated in the
caption.

The dependence of dΦν/dEν on mDM is encoded in s = 2mDMEp. Once
√
s > few GeV,

so that ν production via DIS is possible, ⟨dNν/dEν⟩ is determined by Ep and not by mDM

(we find that it is peaked roughly at Ep/10, see Figure 4.3, where we show the neutrino
flux in the case of a monochromatic blazar jet). Therefore, the high-Eν cutoff of our spectra
depends on the properties of the jet proton spectrum and not on mDM. σ

DIS
Y χp becomes instead

suppressed once
√
s < few tens of GeV, explaining the dependence of dΦν/dEν on mDM that

we find at small Eν .
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Figure 4.2: Neutrino flux from the blazar TXS 0506+056 induced by deep inelastic scatter-
ings (DIS) between protons in the jet and DM surrounding the central black hole. Left: Our
predictions for two benchmark DM masses (mDM = 30 and 1 MeV, with mV = 5 GeV) are
shown as black solid/dashed lines, compared to the standard jet model prediction [207]
in red. IceCube detections are displayed as a blue segment (2017 event [184]) and a blue
band for the 2014/15 flare [211], rescaled to 6 months. The diffuse νµ+ ν̄µ flux from IceCube
is shown as yellow bands [220]. Upper limits at 90% C.L. from Super-K and IceCube EHE
searches [450, 232] are in grey. Right: Comparison of neutrino fluxes for four types of
DM-quark mediators (vector, axial, scalar, pseudoscalar) using a common mediator mass
mY = 5 GeV, line-of-sight integral ΣDM = 1.5 × 1026 GeV cm−2, and two benchmark DM
masses (mDM = 100 MeV and 1 GeV).
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Figure 4.3: Neutrino flux from blazar TXS 0506+056 in the case of a monochromatic jet,
assuming proton luminosity Lp = 1.85 × 1050 erg s−1 and E∗

p = 10, 100 PeV. We also fix
gχgq = 10−3 and ΣDM = 6.9× 1028 GeV cm−2.

Diffuse astrophysical neutrinos from an ensemble of blazars

We then repeat the same procedure for each of the 324 blazars modelled in [396], where
the authors perform a lepto-hadronic fit to their multiwavelength electromagnetic emissions.
Our results for the DM-induced neutrino fluxes are displayed in Fig. 4.4 for a common
choice of DM parameters. The cumulative flux from 322 blazars is shown as a thick blue
line. The two purple lines that dominate below and above 10 PeV correspond to blazars
3C 371 and PKS B1413+135, respectively. We do not include them in the cumulative flux
because their uniquely huge neutrino fluxes require a more careful and specific analysis than
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Figure 4.4: Neutrino flux from p − DM deep inelastic scatterings around 324 blazars that
have been fitted with single-zone lepto-hadronic jet models in [396]. The lines correspond
to spin-1 DM mediators with mass mY = 5 GeV, for mDM = 1 GeV, gχY gqY = 1.5 × 10−2,
Rmin = 104RS . The case of spin-0 mediators is a simple rescaling of the spin-1, as in Fig. 4.2.
Blazars in the sample are separated into FSRQ (green) and BL Lac (purple) objects, the
cumulative flux of all of them except the two outliers (see text) is shown as a thick blue
line. In black is the neutrino flux computed in [396] as a result of p− γ interactions, with no
DM. The gray shaded area is excluded by the null detection of extremely-high-energy (EHE)
neutrinos in 9 year of IceCube data [232], the yellow band is as in Fig. 4.2.

the global fit [396], which was carried out for other purposes. In addition, both blazars lie
in the northern sky and so their PeV neutrinos, before reaching IceCube, suffer significant
attenuation which is not included in our fluxes.

We find that the cumulative DM-induced neutrino flux can saturate the diffuse astro-
physical neutrino flux observed by IceCube [220], for DM parameter space allowed by all
existing constraints (discussed in Sec. 4.1.9). We now comment on some crucial points and
subtleties needed to fully appreciate our results:

⋄ First and foremost, our results suggest the intriguing possibility that IceCube’s diffuse
astrophysical neutrinos above O(100) TeV are explained by protons-DM interactions
in blazars. For that to be possible, one would need to find some correlation between
IceCube’s skymap and the one of blazars. The analyses of [221, 222] indeed do find a
strong correlation in the southern sky in the energy range Eν ≳ 100 TeV, and a smaller
but still significant correlation for the northern sky and energies Eν ≲ 100 PeV, in
accord with the expectations of our mechanism. However, the analysis of an updated
dataset reported in [223] finds no significant correlation, although it is unclear to us
whether this holds also for the highest-energy neutrinos predicted by our mechanism.
The recent IceCube analysis [224] finds no significant correlation between high-energy
neutrinos and a Fermi-LAT catalog of O(2000) blazars, but it relies on the assumption
that the neutrino flux can be described by a single power-law, which is not the case
for our predicted fluxes. All in all, our proposal calls for implementing its specific
characteristics in the searches for correlations between IceCube’s skymap and the one
of blazars.

⋄ The DM-induced neutrino fluxes (purple and green lines in Fig. 4.4) have a significantly
different shape than those for the same blazar sample but in the absence of DM (see
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Fig. 11 of [396], only their sum is shown in Fig. 4.4). This deserves some clarification.
As in [396], we separate blazars into their subcategories FSRQ (in green) and BL
Lac objects (in purple). While [396] finds comparable fluxes from these two classes of
objects, for us BL Lac objects completely dominate. The reason is that FSRQ have
intense ambient photon fields for the protons to interact with and produce neutrinos,
due to efficient accretion and bright broad line region (BLR), while BL Lac do not. As
a consequence, to achieve a given neutrino flux in the absence of DM, FSRQ need a
lower proton luminosity with respect to BL Lac, due to abundance of targets. For our
mechanism, ambient photons are of no consequence and the only relevant parameter is
the proton luminosity, thus breaking the degeneracy between number of protons and
target photons in favour of BL Lac objects.

⋄ Another difference between our neutrino fluxes and those of [396] lies in the peak
neutrino energy for each blazar. The photons produced by the BLR are in the eV-keV
range, which requires very large proton energies to reach the threshold for photo-meson
production of neutrinos. Depending on how the photons are boosted/deboosted by the
motion of the blob, the threshold moves to higher or lower proton energies, explaining
the large variability in the neutrino peak energy. For our case, the threshold for
neutrino production is always achieved for small proton energies because the DM has
a mass larger than the energies of BLR photons, and the cross section increases with√
s. Thus, the peak depends only on the maximal proton energy and the variability is

greatly reduced.

4.1.5 Tests of dark matter origin for ν’s

We find that DM-p inelastic scatterings around blazars could explain IceCube’s observations,
of both diffuse neutrinos and of the neutrino from TXS 0506+056, for several choices of DM
models and parameters. These are indicated in Fig. 4.5 by four lines per plot, where each
line corresponds to either TXS 0506+056 or the diffuse neutrinos and to one of our two
benchmarks for Σspike

DM of Sec. 4.1.2. Each plot is then repeated for the four mediators of
DM-quark interactions (see Sec. 4.1.3) and for two values of the mediator mass.

While the lines explaining TXS 0506+056 do not overlap with those explaining the Ice-
Cube diffuse neutrinos, it would be incorrect to conclude that the two observations cannot be
explained at once for the same DM particle model and parameters. Indeed, these lines could
be easily brought to overlap by minor modifications in the jet parameters of some of the
blazars involved in this study, a possibility which would be interesting to explore in future
fits of blazar jets that include our DM mechanism. Independently of jet parameters, the lines
could also overlap because of minor modifications in the line-of-sight integral of DM Σspike

DM

around specific blazars, because that integral depends on blazar-specific properties like their
recent history and their exact starting jet points, and our choice of a single Σspike

DM value for
all of them has been driven by simplicity.

In Fig. 4.5 we also display, to the best of our knowledge, existing limits on the same
DM models from cosmology, from DM-induced recoils and from searches of DM produced in
the lab, see Section 4.1.9 for more details on them. Our comprehensive exercise teaches us
that DM could be the origin of (both TXS 0506+056 and diffuse) IceCube’s neutrinos for
several different DM dynamics, proving the generality of our proposal. It also informs us
that missing-energy searches in the laboratory are a generic test of our mechanism. Other
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Figure 4.5: DM parameter space of Eqs. (4.14)–(4.17) for mediator mass mY = 500 MeV (left column) and
mY = 5 GeV (right column), where σNR = (g2χY g2NY /π)(µ2

χN/m4
Y ). For the pseudoscalar case (fourth row),

the limits are shown in the gχagqa – mDM plane. High-energy diffuse neutrinos [220] and the IC-170922A
neutrino from TXS 0506+056 [184] are explained, respectively, along the green and blue lines, where their
width accounts for uncertainty on the energy Eν of the TXS 0506+056 neutrino and on the diffuse neutrino
flux. Continuous (dashed) lines correspond to BMCI (BMCII) for the DM LOS integral, see Sec. 4.1.2. The
shaded grey areas are excluded by direct detection and various model-dependent searches, while the vertical
dashed gray line marks the Big Bang nucleosynthesis limit, evadable if the dark sector thermalises with the
SM below photon-neutrino decoupling. See Sec. 4.1.9 for extensive details on these constraints and Figures
4.12 and 4.13 for the predicted BBDM signal from TXS 0506+056 and the blazar sample respectively.
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tests depend instead on the DM dynamics under consideration. For example, the vector-
and scalar-mediated models will be best tested (each one to different extents) by direct
searches for halo DM, while the pseudoscalar-mediated one by searches for CR-upscattered
DM like [165, 391]. These will also be important in the case DM is inelastic (see e.g. [451, 452]
for recent studies), where our proposal still works, but that we have not explicitly included
in our toy models to keep the discussion contained. Indeed, inelastic DM evades halo-DM
detection but not searches for DM signals that rely on larger exchanged momenta, like our
DM-induced neutrinos here, CR-upscattering and accelerator probes.

Other DM-induced signals from the same blazars depend on exactly the same DM and
astrophysical parameters as the neutrino signals discussed in this work, and provide therefore
a robust test of our mechanism. A first such example is given by BBDM, which can be
detectable at direct detection facilities and neutrino detectors, as first shown in [166, 388].
The computation of this signal will be the object of Sec. 4.1.7. A second example of signals
induced by the same DM-p scatterings in blazars is given by the photons that they produce,
see [387] for a pioneering study. At the source and before any propagation, these photons are
indeed comparable to the neutrinos computed here, because they also mostly come from the
pions produced in the hadronic showers. The determination of such photon fluxes on Earth
is a necessary future step to test our mechanism, but it requires to implement exactly the
same assumptions (on photon propagation, in particular on the astrophysical environment
close to, and far from, the blazar) as the blazar fits that we employed, otherwise it would not
be consistent. This exercise then goes far beyond the purposes of this thesis and we leave it
for future work. 5

4.1.6 Blazar-boosted DM fluxes at the Earth surface

Boosted-DM flux from blazars

Having discussed the observable neutrino signals upon DM–proton scattering in blazar jets,
we now turn to the associated BBDM fluxes and their potential signals in terrestrial detec-
tors. These fluxes arise naturally within our framework: the same high-energy protons in
the jet that scatter off the ambient DM to produce neutrinos can, in doing so, also transfer
energy to DM particles and boost them toward Earth, via both inelastic and elastic scatter-
ings. Studying these BBDM fluxes provides an important and independent handle on our
mechanism. While the IceCube neutrino signal offers a possible indication of DM–proton
interactions near blazars, BBDM signals in large-volume neutrino detectors offers a comple-
mentary test of the same hypothesis.

For a single blazar, we estimate the BBDM flux exiting its jet and going in our direction
as

dΦχ
dTχ

=
Σspike
DM

2πmDMd2L

∫ 2π

0
dϕs

∫ γupperp

γkinp (Tχ)
dγp

∫
dµs

dΓp
dγpdΩ

dσEL+DIS

Y χp

dTχdµs
, (4.41)

where the differential cross section includes both the elastic and inelastic contributions, while
µs is the cosine of the DM-proton scattering angle in the frame where DM is at rest. The
proton spectrum is expressed in terms of µ, which is related to µs and ϕs by a rotation of

5Note that it is not consistent either to compute the photon spectrum from DM-p DIS in jets and include,
in its propagation to the Earth, only the effects from CMB and extragalactic background light, as done
in [438]. This indeed ignores interactions in the environment close to the blazar which, from studies of blazar
jets (see e.g. [453, 208]), are known to importantly affect photon spectra on Earth.
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an angle θLOS [166]

µ(µs, ϕs) = µs cos θLOS + sinϕs sin θLOS

√
1− µ2s . (4.42)

In the elastic case, µs is fixed by kinematics to be µs = µEL
s (Tp, Tχ), as defined in Eq. (4.23).

In the inelastic case, the integration over µs is non-trivial and has to be performed in the
range µEL

s (Tp, Tχ) ≤ µs ≤ 1, where the lower extremum represents the elastic scattering limit
of the DIS (x = 1). 6

The DM flux shows mild dependence on the upper extreme of integration over γp, which
we set to γupper

p = 1 + 108GeV/mp for all the considered blazars.
The lower extremum is a function of the DM kinetic energy Tχ, reading

γkin
p (Tχ) =

1

2mp

[
(Tχ − 2mp) +

√
(Tχ + 2mp)

2 + (mp −mDM)2
2Tχ
mDM

]
+ 1. (4.43)

We also define T kin
p (Tχ) ≡ mp[γ

kin
p (Tχ) − 1] ≥ Tχ, and note that the equality only holds if

mDM = mp.
The expression of the differential BBDM flux in Eq. (4.41) is written in terms of the DM

kinetic energy Tχ at the source. However, the DM momentum at Earth |p⃗ (0)
χ | is related to

that at source |p⃗χ| by |p⃗ (0)
χ | = |p⃗χ|/(1 + z) – we remind that z is the redshift of the source –

and the DM kinetic energy at Earth T (0)
χ can be expressed in terms of Tχ at production as

T (0)
χ = mDM

[√
Tχ(Tχ + 2mDM)

(1 + z)2mDM2

+ 1− 1

]
. (4.44)

Therefore, upon inverting Eq. (4.44), the BBDM flux at Earth is given by

dΦχ

dT (0)
χ

=
dTχ

dT (0)
χ

dΦχ
dTχ

∣∣∣∣∣
Tχ=Tχ(T

(0)
χ )

, (4.45)

where
dTχ

dT (0)
χ

= (1 + z)
T (0)
χ +mDM√

T (0)
χ (T (0)

χ + 2mDM)
. (4.46)

To ensure that DM particles are not boosted before the formation of the blazar, leading
to an inconsistency, the DM travel time from the source to Earth (tDM) must not exceed the
estimated age of the central BH. That is, tDM ≤ tBH ≃ 1010 yr, where tDM is given by

tDM =

∫ z

0

dz′

(1 + z′)H(z′)

√
1 +

(
1 + z

1 + z′

)2 mDM2

Tχ(Tχ + 2mDM)
. (4.47)

We further note that, since DM travels slower than light, it arrives at Earth with a delay
with respect to the photons emitted at the same time. In particular, a BBDM-induced signal
would lag behind any γ-ray and/or neutrino flaring activity. We show in Fig. 4.6 the time

6A similar calculation has been carried out in [438] where the integration over µs has been performed only
for the cross section, while the proton spectrum was calculated at a fixed angle. This approach results in an
approximation that, when mχ ≳ O(10)MeV, is too conservative for the BBDM flux at the relevant energies,
which comes out considerably smaller than that obtained by us using Eq. (4.41).
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Figure 4.6: Time delay of the BBDM flux at Earth with respect to the photons emitted by
TXS 0506+056 (black solid) and the blazar sample (gray area) as a function of Tχ/mDM. Also
shown in dashed is the cut Tχ/mDM ≥ 0.104 (vertical line) and the relative ∆t = tDM − tlight
(horizontal line) for TXS 0506+056 obtained by imposing tDM ≤ tBH ≃ 1010 yr. In the darker
gray region we find tDM(z) ≥ tUniverse ≃ 1.379× 1010 yr for the considered sample of blazars.

delay ∆t = tDM−tlight of the BBDM flux at Earth with respect to the photons emitted by the
same source for TXS 0506+056 and for the sample of blazars in [396] as a function of Tχ/mDM,
where tlight(z) =

∫ z
0 dz

′/[(1+ z′)H(z′)]. For the former, we require that tDM ≤ tBH = 1010 yr,
which yields Tχ/mDM ≥ 0.104 using H0 = 70.2 km s−1Mpc−1, ΩΛ = 0.685, Ωm = 0.315 [74].
In what follows, we artificially set the BBDM flux to zero when this condition is not satisfied.
In the plot, the black solid curve corresponds to TXS 0506+056, the vertical dashed line to
the cut on Tχ/mDM, while the horizontal line corresponds to tDM(zTXS = 0.337) = tBH. For all
the sources in the sample, corresponding the gray area in the plot, we impose instead a cut on
Tχ/mDM by requiring that tDM(z) ≤ tUniverse = 1.38× 1010 yr. The cut on the sample applies
to the darker gray region of the figure. One can observe that ∆t can exceed by many orders
of magnitude the typical duration of the flaring activity, which is O(yr). Therefore, as our
BBDM estimates for TXS 0506+056 are based on the prominent six-month flare observed
in 2017, they should be considered optimistic, as they implicitly assume that similar flaring
activity has persisted throughout the blazar’s past emission history. Our results on the
sample of blazars are instead based on steady activities, and are thus more solid in this
regard.

We show in Fig. 4.7 the BBDM fluxes from TXS 0506+056 at Earth for our DM models,
where we set the mediator masses to mY = 500MeV and 5GeV, the couplings to gχY guY =
gχY gdY = 0.1, and choose mDM = 1 MeV, 10 MeV, 100 MeV, 1 GeV as benchmark values for
the DM mass. We separate the contribution of the elastic scatterings only (dashed) from
the total elastic + DIS (solid).

The figure highlights the role of the inelastic contributions as the DM mass approaches
the GeV scale. Indeed, DIS requires mDMTχ ≳ O(GeV2), and the scattering imposes Tp ≥
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Figure 4.7: BBDM flux at Earth surface from TXS 0506+056 for mDM = 1MeV (blue),
10MeV (orange), 100 MeV (green), 1GeV (red). Dashed (solid) curves correspond to the
elastic (elastic + DIS) contribution, for a scalar (first row), pseudoscalar (second row), vector
(third row) and axial (last row) mediator with mass mY = 500MeV (left panels) and 5GeV
(right panels). The plots are obtained for gχY guY = gχY gdY = 0.1 and ΣDM = 6.9 ×
1028GeVcm−2. The thick (thin) lines are obtained after imposing the cut Tχ/mDM ≥ 0.104
(< 0.104). Note: the range of the the vertical axes differ between left and right panels.



4.1. SIGNALS FROM SUB-GEV DARK MATTER AROUND BLAZARS 131

10−3 10−2 10−1 100 101 102 103 104

T (0)
χ  (GeV)

10−13

10−11

10−9

10−7

10−5

10−3

10−1

10−12

10−10

10−8

10−6

10−4

10−2

100

T
(0

)
χ
·d

Φ
χ
/d
T

(0
)

χ
(c

m
−

2
s−

1
)

mχ = 10 MeV

Blazar sample Scalar mediator, mφ = 500 MeV

Elastic

Elastic + DIS

Total, no 3C 371

3C 371

10−3 10−2 10−1 100 101 102 103 104

T (0)
χ  (GeV)

10−17

10−15

10−13

10−11

10−9

10−7

10−5

10−3

10−16

10−14

10−12

10−10

10−8

10−6

10−4

T
(0

)
χ
·d

Φ
χ
/d
T

(0
)

χ
(c

m
−

2
s−

1
)

mχ = 10 MeV

Blazar sample Scalar mediator, mφ = 5 GeV

Elastic

Elastic + DIS

Total, no 3C 371

3C 371

10−3 10−2 10−1 100 101 102 103 104

T (0)
χ  (GeV)

10−13

10−11

10−9

10−7

10−5

10−3

10−1

10−12

10−10

10−8

10−6

10−4

10−2

100

T
(0

)
χ
·d

Φ
χ
/d
T

(0
)

χ
(c

m
−

2
s−

1
)

mχ = 10 MeV

Blazar sample Pseudoscalar mediator, ma = 500 MeV

Elastic

Elastic + DIS

Total, no 3C 371

3C 371

10−3 10−2 10−1 100 101 102 103 104

T (0)
χ  (GeV)

10−17

10−15

10−13

10−11

10−9

10−7

10−5

10−3

10−16

10−14

10−12

10−10

10−8

10−6

10−4

T
(0

)
χ
·d

Φ
χ
/d
T

(0
)

χ
(c

m
−

2
s−

1
)

mχ = 10 MeV

Blazar sample Pseudoscalar mediator, ma = 5 GeV

Elastic

Elastic + DIS

Total, no 3C 371

3C 371

10−3 10−2 10−1 100 101 102 103 104

T (0)
χ  (GeV)

10−13

10−11

10−9

10−7

10−5

10−3

10−1

10−12

10−10

10−8

10−6

10−4

10−2

100

T
(0

)
χ
·d

Φ
χ
/d
T

(0
)

χ
(c

m
−

2
s−

1
)

mχ = 10 MeV

Blazar sample Vector mediator, mV = 500 MeV

Elastic

Elastic + DIS

Total, no 3C 371

3C 371

10−3 10−2 10−1 100 101 102 103 104

T (0)
χ  (GeV)

10−17

10−15

10−13

10−11

10−9

10−7

10−5

10−3

10−16

10−14

10−12

10−10

10−8

10−6

10−4

T
(0

)
χ
·d

Φ
χ
/d
T

(0
)

χ
(c

m
−

2
s−

1
)

mχ = 10 MeV

Blazar sample Vector mediator, mV = 5 GeV

Elastic

Elastic + DIS

Total, no 3C 371

3C 371

10−3 10−2 10−1 100 101 102 103 104

T (0)
χ  (GeV)

10−13

10−11

10−9

10−7

10−5

10−3

10−1

10−12

10−10

10−8

10−6

10−4

10−2

100

T
(0

)
χ
·d

Φ
χ
/
d
T

(0
)

χ
(c

m
−

2
s−

1
)

mχ = 10 MeV

Blazar sample Axial mediator, mV ′ = 500 MeV

Elastic

Elastic + DIS

Total, no 3C 371

3C 371

10−3 10−2 10−1 100 101 102 103 104

T (0)
χ  (GeV)

10−17

10−15

10−13

10−11

10−9

10−7

10−5

10−3

10−16

10−14

10−12

10−10

10−8

10−6

10−4

T
(0

)
χ
·d

Φ
χ
/
d
T

(0
)

χ
(c

m
−

2
s−

1
)

mχ = 10 MeV

Blazar sample Axial mediator, mV ′ = 5 GeV

Elastic

Elastic + DIS

Total, no 3C 371

3C 371

Figure 4.8: BBDM flux from 324 blazars for scalar (top), pseudoscalar (second row), vector
(third row), and axial (bottom) mediators. Gray lines show individual blazars; red highlights
3C 371, which dominates the flux; black is the total excluding 3C 371. Dashed and solid
lines represent elastic and elastic + DIS contributions, respectively. We fix mY = 500MeV
(mY = 5GeV) in the left (right) panels, with mDM = 10MeV, and the overall normalisation

with gχY guY = gχY gdY = 0.1 and Σspike
DM as in BMCI. For each blazar we have imposed the

cut on Tχ/mDM that results from the condition tDM ≤ tUniverse ≃ 1.379× 1010 yr. Note: the
range of the the vertical axes differ between left and right panels.
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T kin
p (Tχ) ≥ Tχ: the lower the DM mass, the higher the required proton energy to contribute

to the DIS. Due to the power-law spectrum of protons in blazar jets, the contribution of
inelastic scatterings to the flux becomes increasingly suppressed as the DM mass decreases.
Also, the DIS has a milder impact for the pseudoscalar mediator case. This is because, for
a fixed value of the quark couplings to the mediator, the pseudoscalar scenario enhances the
associated coupling to the nucleons, leading to an increased contribution to the flux from
elastic scatterings, see Appendix A.1 for details. Analogously, due to a similar conspiracy
of couplings, the elastic contribution in the vector mediator case is larger than in the axial
scenario, while the respective DIS contributions are equivalent. The scalar mediator case
is intermediate between the vector/axial and pseudoscalar scenarios. The mediator mass
mY also controls the relative importance of elastic and inelastic contributions to the flux.
Increasing mY tends to suppress elastic scattering more strongly than DIS, due to the lower
momentum transfer involved.

We show in Fig. 4.8 the diffuse BBDM flux originating from the sample of 324 blazars
analyzed in [396], choosing the benchmark parameters mDM = 10MeV, couplings gχY guY =
gχY gdY = 0.1, mediator masses mY = 500MeV and 5GeV. By comparing these fluxes with
the BBDM flux from TXS 0506+056 shown in Fig. 4.7 for mDM = 10MeV, we find that
inelastic contributions play a significantly larger role in the blazar sample. This difference
arises due to the minimal proton boost factor γ′minp

= 102 adopted in [396] for the whole
sample. As a result, elastic contributions, being more suppressed at higher proton energies,
are relatively weaker compared to inelastic ones. The fact that γ′minp

= 102 for the blazar
sample also exacerbates the different dependence on Tχ of the elastic contributions between
the spin-0 (scalar and pseudoscalar mediators) and spin-1 cases (vector and axial mediator).

4.1.7 Blazar-boosted DM signals at neutrino detectors

The impact of the Earth attenuation

The flux of BBDM will be attenuated from the Earth surface to the location of the detector
due to the scatterings with nuclei in the Earth crust. As a result, a detector can develop a
blind spot to the incoming BBDM flux if the DM–nucleon interaction is sufficiently strong,
causing significant depletion before reaching the detector. Various methods with varying
levels of complexity have been developed to estimate the energy loss of DM as it travels
inside the Earth. The simplest approach consists of approximating the energy loss by its
averaged value and evolve it using a corresponding differential equation under the assumption
of forward scattering, see, e.g., [163, 164, 165, 454]. We give more details on this approach
applied to our toy models in Appendix A.3. More advanced methods employ Monte Carlo
simulations to track the stochastic nature of the scatterings and energy loss in detail, often
incorporating a three-dimensional description of particle propagation (see, e.g., [455]). In
this work, we decide to adopt a simplistic but more conservative treatment by requiring that
DM gets lost after a single scattering in the Earth crust.

To estimate how many scatterings DM undergo in the Earth crust, we assume that
the interactions take place only with protons p and neutrons n at rest. This treatment is
valid as long as Q2 ≳ O(0.04GeV2), whereas below this value the DM particles can probe
the nuclear structure of the target nuclei. Then, we consider only the elastic contribution
to the DM-nucleon scattering, but evaluate all the nucleon form factors in σEL

Y χN at zero
momentum transfer, noting that this approach is more conservative than evaluating the
cross section including the full Q2-dependence of the form factors (see, e.g., [455]) and the
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DIS contribution. Also, in our analysis, we consider mN ≡ mp ≃ mn and concentrate on
quark couplings to the mediator such that gqY ≡ guY = gdY , and thus gNY ≡ gpY = gnY .
Under these assumptions, and following the derivation presented in Appendix A.1, the elastic
scattering cross sections for pseudoscalar, vector, and axial toy models are the same for proton
and neutron. The same goes for the scalar mediator case if we neglect small corrections
arising from nuclear isospin symmetry breaking. We thus adopt the approximation σEL

Y χN ≡
σEL
Y χp ≃ σEL

Y χn throughout our subsequent analysis. Then, the expressions for dσEL
Y χp/dTp

that are needed for our treatment can be readily obtained from those in Eqs. (4.25-4.28)
by replacing Tmax

χ (Tp) → Tmax
p (T xχ ), evaluating the form factors at Q2 = 0, performing the

trivial integration over µs. These can then be integrated from 0 to Tmax
p (T xχ ) to get the total

cross section. Furthermore, we consider the average mass density of the Earth crust to be
ρp+n ≃ 2.7 g/cm3 [456], and fix the proton and neutron number densities by assuming an
equal ratio, nN ≡ np ≃ nn ≃ ρp+n/(2mN ).

With all these approximations made, we investigate the quantity ℓ−1 ≡ 2nNσ
EL
Y χN , which

is the mean path travelled by the DM particle before undergoing a scattering. In particular,
we show in Fig. 4.9 the product xℓ−1(T (0)

χ ) versus T (0)
χ , x being the distance travelled by DM

in the Earth crust, which we fix at x = 1km. In the plot, the other parameters are fixed as
gχY gqY = 0.1, mY = 5GeV (left panel), 500MeV (right panel), and mDM = 1GeV (solid),
100MeV (dashed), 10MeV (dotted). The different colours correspond to the four considered
toy models for the DM-nucleon interaction, as specified in the figure. It is immediate to
rescale the plots for different values of x and couplings gχY gqY since xℓ−1(Tχ) ∝ x g2χY g

2
qY .

For instance, the same curves can be obtained for x = 104 km and gχY gqY = 10−3. The
dependence onmY is less straightforward, this being the reason why we show two benchmark
cases. We also point out that, if Q2 < 0.04GeV2 (shaded gray areas in the figure), the
dominant contribution to the Earth attenuation originates from DM scattering with nuclei,
hence we are underestimating the attenuation in this kinematic region. When xℓ−1 ≥ 1, the
average number of scattering over a distance x, Nx

sct, exceeds one. In the figure, the threshold
Nx

sct = 1 is marked by a thick black horizontal line. The Earth attenuation becomes relevant
when Nx

sct ≳ few, with the DM undergoing multiple scatterings and its energy dropping
exponentially (see Appendix A.3, and the left panel of Fig. A.1 there, where we prove this
in a more refined approach). According to the left panel of Fig. 4.9, this never happens for
mY = 5GeV, and thus, for the parameters of the figure, the effects of the Earth attenuation
can be neglected. For the case mY = 500MeV the situation is more subtle: the Earth
attenuation remains negligible for the axial toy model; it becomes more important for the
vector case for relatively large masses; it affects the pseudoscalar and scalar mediator cases
for all the depicted DM mass benchmarks. We note, however, that attenuation in this case is
significant only for relatively large couplings. A simple rescaling of gχY gqY to smaller values
would significantly reduce its impact.

Based on this qualitative description and, a posteriori, on our final results, we note that
Earth attenuation on the kilometer distance affect our conclusions only for relatively large
couplings. In the scalar and vector scenarios, the region where attenuation starts playing
a role is already excluded by other DM searches, while, in the axial case, it matters when
couplings approach, if not exceed, the non-perturbative regime. De facto, attenuation is
crucial to determine an upper limit on DM-nucleon interaction, in a region that is still
allowed by current constraints, only in the pseudoscalar scenario for mDM ≳ 300 MeV. For
our subsequent analysis, we account for the Earth attenuation in the pseudoscalar scenario
only, and we do it as follows. We set the attenuated BBDM flux to be equal to that at
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Figure 4.9: Distance x travelled by DM in the Earth crust, in units of the mean path ℓ
travelled by DM before it undergoes a scattering with nucleons, as a function of the DM
kinetic energy at surface T (0)

χ . We consider the cases of scalar, pseudoscalar, vector and
axial mediators and we choose as benchmark values x = 1km, mY = 500MeV (5GeV),
mχ = 10MeV, 100MeV, 1GeV and gχY gqY = 0.1 for the left (right) panel. Attenuation
effects become relevant when Nsct ≥ 1 (thick black line). Inside the gray shaded areas, one
for each value of DM mass, we have Q2 < 0.04GeV2 and the DM scattering with nuclei,
which we have not included in our treatment, is dominant.

the Earth surface for T (0)
χ as long as Nxdet

sct < 1, i.e. xdetℓ
−1(T (0)

χ ) < 1, being xdet the depth
of a given detector. For the energies such that xdetℓ

−1(T (0)
χ ) ≥ 1, a DM particle undergoes

on average at least one scattering. When such condition is satisfied, we artificially set the
BBDM flux to zero. This method is clearly conservative, as it does not account for the fact
that the BBDM flux at these energies is not necessarily stopped, but rather redistributed
to lower energies (see Appendix A.3). However, A more accurate analysis would require
substantial computational effort, and we prefer to proceed with our conservative approach
to ensure the numerical evaluation remains tractable.

Finally, we note that the effect of Earth attenuation depends on the path length travelled
by DM particles through the Earth from the surface to the detector, which varies over time.
This variation has a daily periodicity, as the position of each source in the sky changes with
the Earth’s rotation. When the blazar moves below the horizon, the distance DM must travel
through the Earth increases significantly, making attenuation rapidly more important. To
remain conservative, we set the BBDM flux to zero whenever the originating blazar goes
below the horizon. In practice, this implies multiplying the BBDM flux by an overall factor
fdet that accounts for the fraction of the day during which the source remains above the
horizon, as seen from the detector’s location. We depict in Fig 4.10 the depth in the direction
of TXS 056+056 for the neutrino detectors Super-Kamiokande (SK, or Super-K), Borexino,
JUNO and DUNE. According to the figure, for this particular blazar the fraction of the day
for which it stays above the horizon for each detector is fdet ≃ 1/2. We compute analogously
fdet for each blazar of the sample in [396].

We summarise our methodology for incorporating the effects of the Earth attenuation by
writing the BBDM flux from a single blazar at a given detector as:

dΦdet
χ

dT (0)
χ

=
dΦχ

dT (0)
χ
fdetΘ[1− xdetℓ

−1(T (0)
χ )], (4.48)
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Figure 4.10: Daily variation of the DM path length from TXS 0506+056 to various under-
ground detectors, measured from the Earth’s surface. The constant x intervals correspond to
times where the source is above the horizon of the detector, hence x ≃ xdet, where xSK = 1
km, xDUNE = 1.5 km, xJUNO = 0.7 km and xBorexino = 1.4 km. We refrain to show Kam-
LAND and Hyper-Kamiokande as their associated daily variation of the DM path inside the
Earth differ from the one of Super-K only due to the different depths of the detectors, which
we take as xKamLAND = 1 km and xHK = 0.65 km.

where the Heaviside Θ-function ensures that xdetℓ
−1(T

(0)
χ ) ≤ 1.

The recoil spectrum and number of events at neutrino detectors

Once a DM particle reaches a detector, it may transfer part of its kinetic energy to a target
nucleus. In our study, we focus on the signal produced by elastic DM scatterings at neutrino
detectors. Given their typical energy sensitivity, DM dominantly scatters off individual
nucleons of the detector material, thus we consider DM scatterings on N = p, n, using
σEL
Y χN ≡ σEL

Y χp ≃ σEL
Y χn and mN ≡ mp ≃ mn. We denote as TN the nucleon kinetic energy

upon DM scattering. We compute the differential recoil rate dRdet
N /dTN at a given detector

as
dRdet

N

dTN
≃ Ndet

target

∫ +∞

Tmin
χ (TN )

dTχ
dσEL

Y χN

dTN

dΦdet
χ

dTχ
, (4.49)

where Ndet
target is the total number of target nuclei in the detector, Tmin

χ the minimal DM
kinetic energy needed to produce a recoil energy TN and the DM flux is evaluated according
to Eq. (4.48).

We can now extract the sensitivities on DM-nucleon interactions by computing the ex-
pected number of BBDM events at the selected detectors. This is given by

Ndet
BBDM = tdetexpN

det
target

∫ Tdet
max

Tdet
min

dTN ϵ
det(TN )

dRdet
N

dTN
< Ndet

events , (4.50)

where tdetexp denotes the exposure time, [T det
min, T

det
max] the energy range sensitivity, ϵdet the

efficiency and Ndet
events the experimental upper limit on the number of events. We set limits
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Figure 4.11: The proton recoil spectrum from BBDM from TXS 0506+056 (first and second
rows) and the sample of blazars excluding 3C 371 (third and fourth rows), for mχ = 10MeV
(orange), 1GeV (red), before attenuation. The first and third rows correspond the case of a
scalar (solid) and pseudoscalar (dashed) spin-0 mediators, while the second and fourth rows
to vector (solid) and axial (dashed) spin-1 mediators. The mass of the mediator is fixed at
mY = 500MeV (left panels) and 5GeV (right panels). We have used gχY guY = gχY gdY =
0.1, ΣDM as in BMC I and, for definiteness, Ntarget = 7.5× 1033. Note: the range of the the
vertical axes differ between left and right panels.
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using Super-K, KamLAND and Borexino data and we compute the projected sensitivities
at Hyper-K, JUNO and DUNE.

We extract current bounds on DM-proton interaction from Super-K based on the search [391]
performed by the collaboration investigating interactions with protons. The efficiency fac-
tor ϵ(|p⃗p|) is given in [391] in the proton momentum range 1.2 ≤ |p⃗p|/GeV ≤ 2.3, with
the corresponding kinetic energy range 0.58 ≲ Tp/GeV ≲ 1.55. The total exposure time
in Super-K is tSKexp = 6050.3 days, the number of proton targets (including those in oxy-

gen, as these should also be relevant when Q2 = 2mNTN > GeV2) in its 22.5 kton fidu-
cial mass of water is NSK

target = 7.5 × 1033 and by selecting only the 60 events in [391]
where the signal comes from above the horizon we extract the limit on the BBDM events
NSK

events(0.58 < Tp/GeV < 1.55) = 18 .

Hyper-Kamiokande (HK, or Hyper-K) will be a 187-kton fiducial volume detector, NHK
p =

6.2× 1034, and is expected to start taking data in 2027 [79]. We obtain its projected limits
by setting the exposure time tHK

exp = 10 yr and assuming same background event rate, energy

range and efficiency as Super-K. This procedure gives us the upper limit NHK
events(0.58 <

Tp/GeV < 1.55) = 37.

The DUNE detector will consist of four modules, with a combined fiducial volume of 40
ktons [457]. As DUNE relies on the scintillation light and not on the Cherenkov one, its
energy threshold will be lower than Super-K. We take it as Tp > 50MeV as given by [78]. We
set the upper energy threshold as 10 GeV, although our results are insensitive to the precise
choice as long as it is much larger than 50MeV. In this energy range, DM dominantly
interacts with individual nucleons and so we take the number of the target particles as
NDUNE

target = 2.4 × 1034 where we summed over protons and neutrons. We are not aware of
any detailed study concerning background events that is applicable to our setup, hence we
set our bounds by choosing exposure time of tDUNE

exp = 5yr, ϵDUNE = 1 and as a benchmark

value NDUNE
events (0.05 < Tp/GeV < 10) = 30.

KamLAND observed one event in the energy bin [13.5, 20] MeVee [458], where MeVee

stands for MeV electron equivalent. From the detector information and following the ap-
proach performed in [459] (see Eq. (11) therein), we infer the equivalent proton recoil energy
22.5 ≲ Tp/MeV ≲ 30.7 and impose our limit on the BBDM signal in this energy bin as
NKamLAND

events (22.5 ≲ Tp/MeV ≲ 30.7) = 3. The exposure time is tKamLAND
exp = 123 days and

the number of proton targets in the detector NKamLAND
target = 3.4 × 1032, including those in

carbon nuclei.

JUNO is a reactor neutrino experiment with a 20 kton liquid scintillator detector vol-
ume [77] expected to be operational within 2025. The JUNO projection [460] estimates the
SM background from elastic scatterings on hydrogen and quasi-elastic scatterings on carbon,
in the visible scintillation energy (Evis) range 15 ≲ Evis/MeV ≲ 100, corresponding to a
kinetic proton recoil energy within 21.2 ≲ Tp/MeV ≲ 112, where the relation between Evis

and Tp is given in [460]. We consider for our signal elastic scatterings on all the protons in
the detector, NJUNO

target = 6.8× 1033. Setting an exposure time tJUNO
exp = 10 yr, ϵJUNO = 1 and

adopting the expected background rate from atmospheric neutrinos as [460] yields the limit
on the signal NJUNO

events (21.2 ≲ Tp/MeV ≲ 112) = 79.

We finally compute limits from Borexino [461]. We use the number of proton targets
NBorexino

target = 3.2 × 1031, with an exposure time tBorexino
exp = 446.1 days and then impose our

signal NBorexino
events < 3 in the energy range 21.6 ≲ Tp/MeV ≲ 24.9. This limit follows from the

absence of events in the interval [12.5, 15]MeVee.

We summarize the relevant parameters adopted in our analysis for each detector in Table
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Experiment Mass Ndet
target(N) tdetexp [T det

min, T
det
max] Ndet

BBDM ϵdet

(kton) (years) (GeV)

SK 22.5 7.5× 1033(p) 16.56 [0.58, 1.55] 18 [391]
HK 187 6.2× 1034(p) 10 [0.58, 1.55] 37 [391]

DUNE 40 2.4×
1034(p, n)

5 [0.05, 10] 30 1

JUNO 20 6.8× 1033(p) 10 [0.0212, 0.1112] 79 1
KamLAND 1 3.4× 1032(p) 0.337 [0.0225, 0.0307] 3 1
Borexino 0.278 3.2× 1031(p) 1.22 [0.0212, 0.0245] 3 1

Table 4.2: Specification of the detector parameters that we adopted in our analysis, see
Eq. (4.50). We consider the free nucleonsN = p, n as targets as specified for each experiment.

4.2. In addition, to facilitate a direct comparison of the recoil spectrum with the energy range
within which each specific detectors operate, we show in Fig. 4.11 the proton recoil spectrum
for both the individual source TXS 0506+056 and the sample of 323 blazars (excluding 3C
371). Note that the plots in the figure are obtained neglecting attenuation, as this would
depend on the specific detector’s depth and position.

4.1.8 Searches for sub-GeV DM test blazar-DM signals

In this section, we project the limits and sensitivities to BBDM computed earlier in the
σNR
Y χp − mχ plane for the scalar, vector and axial mediator cases (gχY gqY − mχ plane for

the pseudoscalar mediator case), and compare them against current constraints from various
DM searches, as well as to the neutrino prediction via the same DM-proton scatterings in
blazar jets estimated in [3, 4]. We show our results in Figs. 4.12 and 4.13 for TXS 0506+056
and the blazar sample [396], respectively, focusing on two benchmark values of the mediator
mass mY = 500MeV and 5GeV. For these plots, to keep the discussion minimal, we have
fixed Rmin = 102RS as in BMCI. However, we recall that the BBDM and neutrino signals
have distinct dependences on the strength of DM-nucleon interactions. The former scales
quadratically with the cross section, involving both DM upscattering at the source and elastic
scattering at detection. In contrast, the neutrino signal depends linearly on the cross section,
as detection proceeds via SM interactions. Consequently, the corresponding bounds scale

with the LOS integral as Σ
−1/2
DM for BBDM and as Σ−1

DM for the neutrino signal. Knowing
such scaling, the computed limits and sensitivities to BBDM, and to the blazar neutrinos
from DM-proton interaction, can be straightforwardly rescaled for different values of ΣDM.
We show the results for BMCII (Rmin = 104RS) in Figure 4.14.

Limits and sensitivities on blazar-boosted DM at neutrino detectors

In general, we find that the most constraining limits from the BBDM signals are currently
set by Super-K (we do not show in the plots the limits from KamLAND and Borexino as the
ones from SK are more stringent across all the scenarios considered in this work) and are
expected to be tightened in the near future by Hyper-K, JUNO, and DUNE: the former due
to its larger volume and the latter thanks to their lower energy thresholds, which encompass
the peak of the proton recoil spectrum (see Fig. 4.11).
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Figure 4.12: TXS 0506+056. Limits and sensitivities from TXS 0506+056 in the plane of
σNR
Y χp against DM mass for a scalar (top), vector (third row), and axial (bottom) mediator.

For the pseudoscalar case (second row), the limits are shown in the gχagqa – mχ plane. We
set mY = 500MeV (left panels) and mY = 5GeV (right panels) for the mass of the mediator
and BMCI for the DM LOS integral. Blue shaded areas denote the limits set by SK. Future
sensitivities are shown in dashed red (HK), orange (DUNE) and green (JUNO). The 2017
neutrino detected from TXS 0506+056 is explained by the same DM interactions along the
black lines [4]. The vertical gray line marks the BBN limit [462, 463] evadable if DM couples
to neutrinos. The black dot-dashed line (gχY gqY = 1) marks the non-perturbative regime.
The shaded grey areas are excluded by various model-dependent searches, see Section 4.1.9
for extensive details on these constraints.
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Figure 4.13: Blazar sample. Same as in Fig. 4.12 but for the sample of 323 blazars taken
from [396] (excluding 3C 371). Along the black continuous lines, the diffuse neutrino flux
detected by IceCube [220] is saturated by the same DM interactions from the considered
blazar sample. All other details are as in Fig. 4.12.

For mY = 500MeV, we find that BBDM can probe regions of the parameter space that
are currently allowed by existing experiments, for all the four DM-quark interactions that
we studied. On the other hand, increasing the mediator mass to mY = 5GeV leads to
a degradation of the BBDM sensitivity, as collider constraints are only weakly dependent
on the value of mY , while our BBDM signal gets suppressed. We find indeed that for
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mY = 5GeV BBDM limits are no longer competitive with existing constraints, even in the
optimistic BMCI scenario, as shown in Figs. 4.12 and 4.13.

It is interesting to compare the projected sensitivities of detectors across different inter-
actions and DM masses. In particular, we obtain that JUNO performs relatively worse than
the other detectors in the pseudoscalar case for each of the considered benchmark mediator
masses, and in all the cases for mY = 5GeV. The loss of sensitivity of JUNO detector in the
pseudoscalar case is due to the suppression at low momentum transfer Q2 of the pseudoscalar
interaction cross section. The dependence on the mediator mass instead arises from the shift
of the proton recoil spectrum peak toward higher energies as the mediator mass increases,
moving outside JUNO’s sensitivity range. For the same reason, we find that DUNE, which
has a lower energy threshold than Super-K, leads only to a marginal improvement in the
pseudoscalar mediator case, as shown in Figs. 4.12 and 4.13.

Overall, we find that the hierarchy among detectors is non-trivial and strongly depends on
the choice of the DM mass, mediator mass, and interaction type, highlighting the importance
of using explicit DM models when comparing the reach of different experiments.

Results for BMCII

We show in Fig. 4.14 our limits and sensitivities to BBDM and neutrino signals for TXS
0506+056 and for the blazar sample, derived by assuming the conservative BMCII for the
DM spike, namely Rmin = 104RS , and choosing mY = 500MeV. For this benchmark
choice, we find that the BBDM signal can test the DM hypothesis for the 2017 IceCube
neutrino event from TXS 0506+056 in the vector mediator case in regions of the parameter
space that are still allowed by current DM searches at terrestrial laboratories. This is true
also in the scalar mediator case for DM masses approaching the O(10 keV) scale (if the
K → π + invisible bound does not apply), while otherwise the DM hypothesis for the
neutrino signal at IceCube is incompatible with current DM searches. In the case of an axial
mediator instead, a neutrino signal from DM around blazar always come before any BBDM
signal at neutrino detectors. In the pseudoscalar case, the DM hypothesis is completely ruled
out by current DM searches. We further notice that here, for the mass range considered in
the plot, the selected neutrino detectors are not sensitive to any BBDM signal. This loss
of sensitivity arises from the scaling of the BBDM signal with the LOS integral: both the
projected limits and sensitivities obtained for BMCI are suppressed in BMCII by a factor

of
(
RBMCII

min /RBMCI
min

)1/3
= 102/3, resulting in a substantial reduction in the detectable signal

strength.

Conversely, we find that the diffuse neutrino signal from DM-proton interaction in the
blazar sample remains always dominant over the BBDM one. In the vector and axial mediator
scenarios, both the diffuse BBDM signal at future neutrino detectors and the diffuse neutrino
signal at IceCube from DM around blazar are currently allowed by existing DM constraints.
However, the neutrino signal is expected to appear first, as the corresponding curve lies
below the BBDM sensitivities. In contrast, the pseudoscalar case is entirely excluded by
current bounds, while the scalar case remains largely, but not completely, ruled out.

We do not show the case of mY = 5GeV for the BMCII scenario, as the BBDM mecha-
nism would already be excluded by current DM search constraints for all the considered toy
models of DM-quark interactions. However, the DM interpretation for the IceCube neutrinos
remains viable, see [3, 4].
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Figure 4.14: Limits and sensitivities to DM blazar signals from TXS 0506+056 (first four
panels) and the considered blazar sample (last four panels) for mY = 500MeV and Rmin =
104RS as in BMCII. All the other details are as in Fig. 4.12 and Fig. 4.13.

Neutrino signals from DM around blazars survive BBDM searches

Inelastic DM-proton interactions can induce proton disintegration, leading to the emission
of high-energy neutrinos which can be detected at large-volume neutrino telescopes, such
as IceCube. Clearly, the parameters governing the production of neutrino from DM-proton
inelastic scatterings are the same as those that control the BBDM signal discussed in this
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work. This naturally raises the question of whether the two types of signals are mutually
compatible, if one should be observed before the other, or if the absence of one of the two
could constrain the viability of the other.

In [3], we computed the neutrino flux from DM-proton inelastic interactions around
the blazar TXS 0506+056, and identified the regions in the σNR

Y χp − mχ plane allowing to
explain the 2017 IceCube neutrino event via this mechanism, specifically for vector and scalar
mediator models with mY = 5GeV. We have extended such analysis for TXS 0506+056 in
[4] covering the same DM models considered here, both for mY = 500MeV and 5GeV.
Furthermore, in the same work, we have also evaluated the diffuse neutrino flux arising from
DM-proton interactions across the same blazar sample analysed in this study and extracted
the corresponding combinations of DM parameters that leads to saturation of the diffuse
neutrino flux observed by IceCube [220]. The results of the analyses performed in [3, 4] for
BMCI, are represented in Figs. 4.12 and 4.13 in black, in order to compare them against
BBDM limits and sensitivities.

A non-trivial hierarchy immediately emerges between the BBDM and neutrino signals:
the former is primarily controlled by elastic interactions, while the latter relies on inelastic
processes. As a result, increasing the mediator mass tends to enhance the relative strength
of the latter.

In general, we highlight that when the region that corresponds to the neutrino prediction
lies inside the BBDM sensitivity regions, the observation (or non-observation) of a BBDM
signal at future neutrino detectors can serve as a test of the DM interpretation of the IceCube
neutrinos. According to the Figs. 4.12 and 4.13, this situation arises in the case of TXS
0506+056 when mY = 500MeV: for the scalar mediator scenario at mχ ≲ 0.2MeV DM
masses, for the pseudoscalar case around mχ ∼ O(GeV), and for the vector mediator around
mχ ∼ O(10MeV). For the blazar sample, a similar overlap occurs only mildly, and only for
DUNE.

If the neutrino prediction region lies below the BBDM ones, any future observation
of a BBDM signal would imply that a corresponding neutrino flux should have already
been observed, thereby disfavouring the DM origin of the BBDM signal under the same
interaction model. Conversely, a null observation of BBDM in this situation would remain
fully compatible with the DM interpretation of the neutrino signal. This scenario occurs in
all other cases we considered, except for the scalar mediator scenario for TXS 0506+056 with
mϕ = 500MeV and mχ ≳ 0.2MeV, where the DM hypothesis for the IceCube neutrinos is
incompatible with the null observations of BBDM signals at Super-k.

Finally, we comment on the differences between the signals from TXS 056+056 and
the blazar sample. These are mainly due to the astrophysical parameters of the lepto-
hadronic fits. In the case of the blazar sample, the proton spectral index and the minimum
proton Lorentz factor in the blob are taken to be αp = 1 and γ′minp

= 100, respectively,
thus enhancing the contribution of higher-energy protons. In contrast, for TXS 0506+056,
we adopt αp = 2 and γ′minp

= 1, thereby giving more weight to lower-energy protons.
This, overall, leads to differences in the resulting BBDM flux and nuclear recoil spectra
(see Figs. 4.7, 4.8 and 4.11), which ultimately translate into distinct projected limits and
sensitivities for the two cases. Regarding neutrino production from DM-proton scattering,
this is more prominent in scenarios where high-energy protons dominate, as they are more
efficient at producing neutrinos through inelastic collisions. It is worth emphasising that this
choice of αp is not strongly motivated for the considered sample, and was effectively fixed in
the fit by hand [396]. Indeed, variations in αp would significantly affect the relative strength
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of the neutrino and BBDM signals and could make the latter a test of the former signal over
a wider range of parameters.

4.1.9 Constraints on the parameter space

Model independent constraints

The effect of a new particle species ψ with thermal abundance and energy density ρψ is to
increase the Hubble parameter H at a given epoch as H2 ∝ ρtot. Assuming that ψ does not
have a large chemical potential, ρψ is controlled only by its mass mψ and temperature T.
As in our benchmark points we assume for the mediators mY ∼ O(1) GeV, for the range
of couplings that we probe, Y decays well before BBN, thus not altering its predictions.
However the presence of thermal DM affects Neff, hence the values of helium and deuterium
primordial abundances, requiring mDM ≥ O(10) MeV. This bound can actually be relaxed
by switching on a coupling of the mediators to neutrinos [463, 462].

Constraints from telescope searches of DM annihilation products, including those com-
ing from CMB, are more dependent on the cosmological DM history. For example they
(almost [464, 465, 466]) disappear in the case of asymmetric DM, where instead our mech-
anism works the same, both in explaining IceCube’s neutrinos and in BBDM. Therefore we
do not display any indirect detection limit in Figs. 4.12 and 4.13, keeping in mind that pos-
sible signals of sub-GeV DM at telescopes could test our mechanism in some of its specific
realisations.

The parameter space is constrained also by conventional direct detection (DD) experi-
ments. For the spin-independent DM-nucleon interaction cross section we combine the con-
straints from TESSERACT [467], SuperCDMS [151], SENSEI’s [157], CRESST-III [154],
DarkSide-50 [155], LUX-ZEPELIN (LZ) [121], XENONnT [468, 120], and we show the
DD bounds in Figs. 4.12 and 4.13. For spin-dependent interactions we combine bounds
from Borexino [163], delayed coincidence searches in near-surface detector [469] and NEWS-
G [156]. We do not include in our plots bounds based on the Migdal effect in liquid Xenon
(e.g. [470, 471]) because the theory prediction of this effect in liquid Xenon is in conflict with
SM experiments [160].7

Model dependent constraints

While BBN and DD constraints are largely model-independent, laboratory bounds crucially
depend on the nature of the DM interactions with SM particles. We summarize below the
most relevant limits for each of the mediator cases studied in this work.

• Scalar mediator

Scalar mediators can be constrained by both meson decays and collider searches. Rare
kaon decays [472] impose strong bounds on decays to invisible final states, including
DM. We report as solid grey line in our Figs. 4.12 and 4.13 the bound for gtϕ = 0,
corresponding to the gluon coupled case in Fig. 2 of [473]. DM pairs can be produced
at colliders together with SM radiation via processes like qq̄ → g ϕ → g χχ̄. Based on
the recasting performed in [165], we show constraints from monojet plus missing energy
searches at the LHC [474]. These are stronger than the ATLAS [475] and CMS [476]

7Ref. [160] reported a number of Migdal events, from neutrons off liquid Xenon, compatible with zero and
with the uncertainty of the theory prediction, whose central value is one order of magnitude larger.
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limits, which moreover rely on the mediator coupling to top quarks. Stringent con-
straints also arise from searches for cosmic ray accelerated DM (CRDM) [163, 164].
CRDM limits imposed by SK and KamLAND searches in the same scalar scenario
considered by us has been computed in [165] for mY = 1GeV and 3GeV (which we
consider in place of mY = 500MeV and 5GeV, respectively), and these are stronger
than those obtained from monojet searches at colliders when mY = 500MeV.

• Pseudoscalar mediator

Processes such as π0 → 2χ, η → 2χ, and η′ → 2χ constrain this scenario through the
mixing between the pseudoscalar mediator and light mesons. Bounds are derived from
the upper limits on the invisible decay width of these states [74]. As shown in [165], in-
troducing a coupling gsa between the strange quark and the pseudoscalar mediator can
relax the constraints. However, we conservatively shade the excluded regions assuming
gsa = 0 and gua = gda. Bounds from monojet searches at the LHC apply similarly
to the scalar case. We also consider CRDM limits from SK and KamLAND for this
scenario, recasting them from [165].

• Vector and axial mediators

Limits from monojet searches at TeVatron and the early LHC, as recasted [477], read
gq ≤ 0.02 and are independent of the mediator mass, as long as it is significantly lighter
than the cuts used in those searches (which is true for all mY benchmarks that we use.
These limits are stronger than monojet CMS ones on light spin-1 mediators [476].

Among the limits discussed so far, the only ones that do not scale with powers of gχY gqY
are those coming from monojet searches for mY > 2mχ, which are proportional to gqY only.
In drawing them in Figs. 4.12 and 4.13 we then need to make an assumption for one of
the couplings, and we choose gχY = 1. Had we chosen smaller values of gχY , this would
have implied larger values of gqY on the plots, so that monojet limits would have become
relatively stronger. The reader interested in the benchmark gχY ≃ gqY , for example, can
obtain its status by leaving all limits where they are on the plots, and making the monojet

limits stronger by a factor (gχY gqY )
1/2
lim , where (gχY gqY )lim is the monojet limit. The limit

(gχY gqY )lim can be directly read-off the plot for the pseudoscalar mediator, and for the other
mediators it can be obtained from the line gχY gqY = 1 knowing that σNR

Y χp ∝ (gχY gqY )
2.

Compared to our gχY = 1 benchmark, the one gχY ≃ gqY would then restrict the parameter
space where blazar signals (either neutrinos produced by DM-p scatterings or BBDM) are
the dominant probe of DM, but would not change the qualitative message of our study.

While we have assumed the mediators to couple to u and d quarks only, let us briefly
comment that new strong limits would arise if they also coupled to heavier quarks. A
coupling to top quarks would for example induce, at one loop, sizeable decays of B mesons
into lighter mesons plus DM, see e.g. [153]. Couplings to the charm or bottom quarks would
induce invisible (plus possibly other particles, depending on the mediator) decays of the
QCD vector resonances J/ψ or Υ. Searches for their invisible decays at BES and BABAR
would translate into limits on those couplings, see e.g. [165] for light scalars and [478] for
light vectors.

We finally comment on possible EW-invariant realization of our toy-models of Eqs (4.14),
(4.15), (4.16) and (4.17) and on their implications for the DM couplings. While the couplings
gχY do not involve SM fields and therefore pose no problems in this respect, those to quarks
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gqY require some specification. They can for instance be obtained via mixing of SM fermions
with vector-like heavy quarks, see e.g. [165] for scalar and pseudoscalar mediators and [478]
for vector and axial vector ones. Such UV-completions also allow to obtain the hierarchy
gχY /gqY ≪ 1, that we assumed for monojet limits in Figs 4.12 and 4.13.8 However, it can
be challenging to obtain gχY /gqY ≪ 1 in other UV completions, see [479].

4.1.10 Conclusions and Outlook

This thesis has explored a new origin for high-energy astrophysical neutrinos observed by
IceCube, based on deep inelastic scatterings between protons in blazar jets and sub-GeV
DM clustered around these sources. We first applied this mechanism to TXS 0506+056, the
only blazar associated at the 3σ level with an extragalactic neutrino detected by IceCube in
2017. Standard one-zone lepto-hadronic models of blazar jets, commonly employed to explain
the spectral energy distribution (SED) and neutrino emission, fall short in reproducing the
neutrino flux observed from TXS 0506+056 [207, 395]. In contrast, our proposed explanation
based on DM–proton inelastic scatterings can reproduce the observed neutrino flux from this
event using the same jet models, under conservative assumptions for DM clustering around
the blazar. We demonstrated that this mechanism remains viable across the full set of
DM–quark interaction types analyzed in [3], and that the required DM parameter space is
compatible with all current collider and direct detection constraints.

We further extended this mechanism to the diffuse astrophysical neutrino flux above 100
TeV, showing that it can be saturated by the same class of interactions, across different jet
models and DM–quark mediators [4].

While our scenario introduces additional parameters like multi-zone models of blazar jets
do, it offers a key advantage: the potential for independent testing in terrestrial DM searches,
such as standard direct detection experiments, collider experiments and neutrino detectors.
To this purpose, we studied the blazar-boosted DM (BBDM) signal at neutrino detectors
(Super-K, Hyper-K, DUNE, JUNO) using the same DM parameter space that explains the
TXS 0506+056 and the diffuse neutrino fluxes. Importantly, we found that in many viable
regions of the parameter space, the non-observation of BBDM recoil events does not rule
out the DM explanation of IceCube neutrinos. Therefore, our scenario remains viable even
in the absence of direct BBDM signals, while still allowing for potential discovery prospects
in future experiments.

Therefore, high-energy neutrino observations performed by IceCube could provide the
first hints of non-gravitational DM interactions. Our findings open several directions for
future work, including the study of DM-induced photon signatures via the inclusion of DM
in blazar fits, refined modeling of jet-DM interactions, and improved understanding of DM
clustering near active galactic nuclei. Together, our results suggest that neutrinos from
blazars may offer a new window into both astrophysical environments and fundamental
particle physics.

8In such UV-completions, both axial and vector couplings are generated unless one is willing to tune the
UV parameters. This does not pose a problem to our mechanism, it just makes DD limits slightly stronger
for the axial case.
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4.2 Boosted Relic Neutrinos and Cosmic Ray Upscattering

4.2.1 Introduction

The relic neutrino background (RνB), see Sec. 2.1, is referred to as the “Holy Grail” of
neutrino physics. It is the only sub-component of DM that is predicted by the standard
cosmological model (ΛCDM), with a present temperature and number density per-flavour
(counting neutrinos and antineutrinos separately) of [480]

Tν,0 ≃ 1.67× 10−4 eV, nν,0 ≃ 56 cm−3. (4.51)

Its detection would give new observational access to the earliest cosmological times ever
probed. We have indirect evidence for it via early Universe observations [14, 150], but
none of the existing techniques to detect the local RνB is expected to discover it in the
foreseeable future, see [481] for a recent overview. It has been furthermore pointed out
that the PTOLEMY [174, 482] experiment, which aims at detecting the RνB by capture
on tritium, is insensitive to it, if graphene is used to stock tritium, because of Heisenberg
uncertainty [483, 484]. Experiments aiming at detection of the local RνB then only test
the case where its local density is much larger than the diffuse cosmological one nν,0 by
an overdensity factor ηEarthν > 1. The strongest such limit has been set by the KATRIN
experiment [485] and reads ηEarthν < 1.3× 1011, in the same ballpark of limits from the RνB
gravitational effects in the Solar System [486]. Given that gravitational clustering can induce
at most ηEarthν ∼ 102 [487], these experiments then only test the BSM scenarios, if any, that
lead to those large local overdensities. The RνB could also be indirectly tested via features
that its scatterings induce in UHE neutrinos on their way to Earth [488, 489]. IceCube
observations constrain this way ην ≲ 1011 (108) on scales of 10 kpc (of the 14 Mpc that
separate us from NGC 1068) [490]. Resonant dips in UHE cosmogenic neutrinos [491], not
observed so far [232, 229], could at best test ην ∼ 1011 on scales of the entire Universe [492],
which are already ruled-out by not over-closing it.

The main challenge to detect the RνB is its tiny energy, as a consequence of its low
temperature Tν,0. A possible way-out consists in looking for consequences of the highest-
energy scatterings that the RνB can undergo in the Universe, so to maximise their SM cross
sections. To our knowledge, the first exploration along these lines was the computation
of the RνB flux up-scattered by ultra-high-energy (UHE) cosmic rays (CRs), carried out
by Hara and Sato in the 80’s [493, 494], when much less than today was known about
both neutrinos and UHECRs. This idea has been dormant for forty years, until the authors
of [495] revived it and, from the non-observation of such an up-scattered RνB flux at IceCube,
constrained overdensities in the ballpark of 1013 (1011) on scales of about 10 kpc in the MW
(around the blazar TXS 0506+056). While the study [495] is sufficient to set a rough
limit, it has limitations, like assuming that all UHECRs are protons (which we know is not
the case [215, 496]), as well as using an oversimplified SM cross section. These should be
addressed in order to possibly hope to detect the up-scattered RνB flux and disentangle it
from other neutrinos that could show up in a similar energy range, like cosmogenic ones.

The RνB overdensities tested by the techniques above are not only considerably larger
than those achievable via gravitational clustering [487], but also violate the Pauli exclusion
principle unless one introduces BSM physics that would cluster the RνB more than gravity,
see [497] for a systematic assessment. To our knowledge, the largest overdensities achieved
in a fully worked-out BSM model rely on a tiny long-range neutrino self-interaction [498].
They read ηBSM

ν ≃ 107 (mν/0.1 eV)3, where mν is the neutrino mass scale, and extend up
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to a volume of the size of a galaxy cluster, motivating to test large overdensities in these
environments.

In this section we propose to look for the RνB up-scattered by UHECRs in clusters that
act as CR-reservoirs [499, 500, 501, 502, 503, 186, 504] and calculate the associated fluxes.
This idea benefits from the long trapping times of CRs in these environments, and from
the knowledge on them that is available today and will increase with upcoming observations
in the near future. Additionally, we improve over [495] in the calculation of UHECR-up-
scattered RνB fluxes in a number of ways, which we will show to be quantitatively important.

4.2.2 Up-scattering the relic neutrino background with cosmic rays

The flux of accelerated relic neutrinos per unit energy Eν , from the up-scattering environ-
ments of interest, can be written as

dΦν
dEν

= Deff nν,0 η̄ν

∫ Emax
CR

Emin
CR (Eν)

dECR

dΦCR

dECR

dσνCR

dEν
, (4.52)

where the effective distance Deff contains information on the spatial distribution of relic neu-
trinos and CRs; η̄ν ≡ (1/V )

∫
V d

3r⃗ ην(r⃗) is the RνB overdensity averaged over the volume V ,
with ην(r⃗) = nν(r⃗)/nν,0 and nν(r⃗) being the neutrino number density at position r⃗; Emin

CR (Eν)
is the greatest value between the minimal available CR energy and the lowest energy required
by the kinematics of the scattering; Emax

CR is the largest CR energy in their flux; dΦCR/dECR

is the CR flux per unit of CR energy ECR; dσνCR/dEν is the differential cross section for
the ν-CR scattering. The dependence on the up-scattering environment, in this letter either
the MW or CR-reservoirs, is contained in Deff and dΦCR/dECR. The total neutrino flux is
understood to be the sum of Eq. (4.52) over all neutrinos and nuclear species composing CRs.

Neutrino-nucleus scattering at UHEs

We consider the up-scattering of a relic (anti)neutrino ν (ν̄) by a cosmic nucleus N via pure
SM neutral current (NC) interaction. At the ν-N exchanged energies that we are interested
in, the scattering is described by that on the nucleons N = p, n as

dσνN
dEν

(EN ) ≃ AN
2

[
dσνp
dEν

(
EN
AN

)
+
dσνn
dEν

(
EN
AN

)]
, (4.53)

where we have focused for simplicity on isoscalar nuclei with equal number AN /2 of protons
and neutrons, each carrying a fraction 1/AN of the nucleus’s energy EN , and summed
over elastic scattering (ES) and deep inelastic scattering (DIS) contributions: dσνN/dEν =
dσES

νN/dEν + dσDIS
νN /dEν . The ES part, summed over ν and ν̄, reads [505, 506]

dσES
νN

dEν
=

2G2
Fmνm

4
N

π(s−m2
N )

2

[
AN (Q

2) + CN (Q
2)
(s− u)2

m4
N

]
, (4.54)

where GF is the Fermi constant; s = 2mνEN + m2
N + m2

ν , Q
2 = 2mν(Eν − mν) is the

momentum transfer squared, u = 2m2
ν + 2m2

N − s + Q2; mN(ν) is the nucleon (neutrino)
mass and EN(ν) is the energy of the incoming nucleon (outgoing neutrino) in the frame in
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which the initial neutrino is at rest. The functions AN and CN are given in Appendix C.1
(see, e.g., [505, 506]) and strongly suppress ES for Q2 ≳ m2

N ≈ GeV2. The DIS, in which
the initial neutrino interacts directly with the quark constituents of the nucleons, takes over
for EN ≳ 1010−11 GeV, given Q2 ≲ s and mν ≈ 0.1 eV, thus being necessary to describe
the highest-energy part of the up-scattered RνB flux. For the NC ν-N DIS cross section we
adopt

dσDIS
νN

dEν
≃
∑
a=q,q̄

G2
F [(g

a
V )

2 + (gaA)
2]

2πEN

×
∫ 1

ymin

dy

y2
Q2fNa (x,Q2)

[1 +Q2/M2
Z ]

2
g(y,Q2,mN ),

(4.55)

where g(y,Q2,mN) ≡ (y2 − 2y + 2 − 2m2
Nx

2y2/Q2), MZ is the Z boson mass, y is the
inelasticity parameter satisfying ymin = (Eν − mν)/EN ≲ y ≤ 1, x = (Eν − mν)/(ENy)
is the Bjorken scaling variable and fNa (x,Q2) is the parton distribution function (PDF) for
the quark a having NC vector and axial coupling gaV and gaA, a = u, d, s, c, b (we neglect any
contribution from the top quark). We evaluate the PDFs with the Python package parton

using the “CT10” PDF set [449] (see also this website for more details). For simplicity, we
do not take the coherent ν-N scattering into account as it could contribute only at energy
scales smaller than those of interest to our study [507, 506], and neglect the contribution
to dσνN /dEν from hadronic resonances [508, 509], relevant for Q2 ≈ GeV2, so that in the
considered range our results are conservative. Details on the derivation of Eq. (4.55) are
given in Appendix C.2.

CRs up-scattering RνB en route to Earth

As they travel towards the Earth, UHECRs up-scatter the RνB with the largest cross sections
among all CRs, and induce a flux described by Eq. (4.52). While the bulk of CRs with energy
much below the EeV are believed to originate within the MW [212, 213] and to be mostly
protons below the PeV [510], UHECRs above the EeV scale are today understood as having
an extragalactic origin, see e.g. [511, 512, 513], and a mixed composition with heavier nuclei
dominating over protons, see e.g. [514, 515, 516, 496, 517, 215, 518, 214]. We therefore
employ the CR spectrum dΦCR/dECR from [215] and, by considering up-scatterings in the
MW with the line-of-sight integralDeff ≈ 10 kpc as in [495] (see e.g. [519, 455, 520] for studies
of the uncertainties on Deff, where the RνB case is analogous to relativistic DM fluxes and
cored profiles like Isothermal), we obtain the flux reported as a dot-dashed line in Fig. 4.16
(see further). Our calculation improves over the analogous one [495] by going beyond the
proton-only composition of CRs and by implementing the momentum transfer dependence
and DIS in the cross section. It results in a significantly different flux with respect to [495],
see Figure 4.15 for details of the comparison.

Since tentative sources of UHECRs are located at 1 ∼ 100Mpc from Earth [521, 522, 523,
524, 525], Deff can be larger than 10 kpc by orders of magnitude, resulting in a sensitivity to
η̄ν ∼ 1010−11. Still, these enormous η̄ν over such long distances are hard to justify without
spoiling the large-scale homogeneity of the Universe, motivating us to look for environments
where Deff can be sizeable while keeping neutrino overdensities localised on smaller scales.

https://lhapdf.hepforge.org/
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Figure 4.15: Comparison between different procedures used to calculate the boosted all-
flavour relic neutrino flux according to Eq. (4.52), with η̄ν = 8 × 1013, Deff = 10 kpc and
mν = 0.1 eV. The dashed red line corresponds to case i) for which a low-energy limit of the
elastic scattering cross section and a pure proton CR flux are considered; the dot-dashed
purple line to case ii) with a full elastic plus inelastic cross section and a pure proton CR
flux; the thick yellow line to case iii) with a full cross section and a mixed CR composition
according to Scenario 1 of [215]. See the text for further details. The excluded regions and
data points are as in Fig. 4.16.

Boosted Relic Neutrinos from Cosmic Rays: Revisited

We revisit the computation of the CR-induced boosted relic neutrino flux discussed in [495],
implementing the full cross section with Q2-dependence of the form factors, the DIS con-
tribution and a mixed CR composition. Firstly, we note that the ES cross section in the
low-energy limit 2mνEN ≲ m2

N [505] reads:

dσES
νN

dEν
≃ G2

F (s−m2
N )

2

16πs Tmax
ν (TN )

[(1− 4s2W)2 + 3 (GA(0))
2], (4.56)

with Tmax
ν (TN ) as given in Eq. (C.23). The expression in Eq. (4.56) resembles the expression

reported in [495] in the same limit, apart from an overall O(1) factor. Our calculation of the
cross section differs instead more with respect to the one in [495] for 2mνEN ≳ m2

N .
We show in Fig. 4.15 the neutrino flux computed according to Eq. (4.52), with mν =

0.1 eV, Deff = 10 kpc, η̄ν = 8 × 1013 roughly saturating the limit given in [495], and different
benchmark cases described in what follows. Our choice of Deff is motivated if the neutrino
overdensity is localised on a scale of the order of the MW radius.

i) The red dashed line is obtained by taking the cross section as in (4.56) after re-
casting the all-species CR flux as observed at Earth from [214] in the energy range
105GeV ≲ ECR ≲ 200EeV and assuming a pure proton composition from the lowest to
the largest energies. With this procedure we obtain results that are comparable (but
not overlapping) with those presented in [495].

ii) The dot-dashed purple line is obtained by considering the full Q2-dependent cross
section as a sum of the elastic and deep inelastic contributions, while keeping the pure
proton CR flux as in case i). We note a suppression compared to case i) starting from
Eν ∼ EeV due to the form factors AN (Q

2) and CN (Q
2) of the elastic cross section, as

well as a kick at Eν ∼ 10EeV because of the DIS.
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iii) The thick yellow curve is obtained by considering the full cross section as in case ii)
and a mixed composition for the CR flux according to the analysis presented in [215].
Concentrating on the extragalactic contribution only, we considered this flux in the
energy range 108GeV ≲ ECR ≲ 200EeV. For definiteness, we focused on the Scenario
1 described in [215], in which the proton composition gets suppressed earlier compared
to heavier nuclei, thus implying an attenuation of the boosted relic neutrino flux.

We point out that the analogous flux in Fig. 4.16 is obtained as in case iii), but considering
three neutrino species with masses that saturate the cosmological bound [76] – while that in
Fig. 4.15 is for three degenerate neutrinos with reference mass mν = 0.1 eV – and starting
the integration from Eankle

CR to remain conservative on the galactic-to-extragalactic transition.

We find that the implementation of the full momentum transfer dependence of the
neutrino-nucleus cross section, the deep inelastic scattering contribution and a mixed CR
composition, leads to a boosted relic neutrino flux suppressed significantly with respect to
what reported in [495], and, correspondingly, the bounds on the local neutrino overdensity
are weakened by an overall O(10) factor.

Boosted RνB from CR-reservoirs

A possible explanation for the extragalactic origin of UHECRs is that they are produced
inside galaxy clusters, in which they reside up to cosmological times before escaping and
contributing to the UHECR flux on Earth [499, 500, 501, 502, 503, 186, 504] (see also [218]
for a review). The distance they travel inside these gigantic CR-reservoirs would be roughly
cτesc ≃ 0.3Gpc (τesc/1Gyr), where τesc is the time CRs spend in the cluster before their
release. The effective distance entering Eq. (4.52) can be written as Deff = Bcτesc, having
defined the spatial boost factor

B ≡
∫
V
d3r⃗fCR(x) δν(r⃗) , (4.57)

with δν(r⃗) ≡ ην(r⃗)/η̄ν and fCR(r⃗) the spatial profile of the CR flux inside a CR-reservoir of
volume V , normalised such that

∫
V d

3r⃗fCR(r⃗) = 1. One has B = 1 for a homogeneous RνB,
δν(r⃗) = 1, while B > 1 if, e.g., the number densities of both UHECRs and neutrinos are
peaked at small radii. In what follows, we fix B = 1 and τesc ≃ 2Gyr [186], neglecting any
dependence on the CR energy that τesc (and B) may have. We checked that implementing the
τesc energy-dependence as in [504] would only slightly (enhance) suppress the (low-energy)
high-energy tail of the boosted RνB spectrum, without altering significantly our final results.

We model UHECRs in cluster reservoirs following [186]. For each nucleus N , we write

dΦN
dEN

= KN

(
Emax

N
EN

)α
e−EN /E

max
N , (4.58)

where 2 ≤ α ≤ 2.5 and Emax
N /ZN ≃ 7.69 × 1010GeV, ZN being the atomic number of N .

We checked that varying Emax
N within a factor of up to five from our benchmark choice

has a comparable impact, on the detectability of the RνB flux, to varying 2 ≤ α ≤ 2.5.
We consider the relative nuclear abundances as given in [186] and fix the normalisation
factors KN by requiring that the total luminosity emitted from the entire population of CR-
reservoirs matches with the one observed at Earth. Concerning the flux, one could proceed
by summing the contribution from all CR-reservoirs in the entire Universe, but this requires
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Figure 4.16: All-flavour RνB fluxes on Earth as up-scattered by UHECRs inside galaxy
clusters acting as CR-reservoirs (continuous gold lines) or from UHECRs in the MW (dot-
dashed gold line, multiplied by 3×104). The yellow shaded region is obtained for 2 ≤ α ≤ 2.5
(central thick line, α = 2.3), a weighted RνB overdensity Bη̄ν = 3 × 108, a neutrino mass
spectrum with NO (IO) in the upper (lower) panel and

∑
imi = 0.113 (0.145) eV [76]. In

grey and azure are the astrophysical neutrinos events observed at IceCube [526, 527] (see
also [528, 529], the KM3NeT ARCA detector will have a similar sensitivity [530]). Fluxes
of UHE neutrinos lying in the upper shaded regions are excluded at 90% C.L. by the null-
detection at IceCube [232], Pierre Auger Observatory [229] and ANITA [195]. Sensitivities
of PUEO (2025) [239], RNO-G (2032, first stations already taking data) [238], IceCube-
Gen2 [531] (planned) and GRAND [198] (proposed) are depicted as dashed lines. The black
line displays the cosmogenic neutrino flux from [186].

knowledge on details of the population of clusters that is not really necessary if one assumes
that most UHECR observed on Earth originate in these CR-reservoirs. Therefore, under
this assumption and as we explain below, we extract the flux from [186], where it has been
determined by comparison with the observed UHECR.

The flux of cosmic nucleus N as given in [186]:

dΦN
dEN

= KN

(
Rmax

R

)α
e−R/Rmax . (4.59)

where the rigidity parameter R is defined as R ≡ EN /(ZN qe), qe being the electric charge
unit, with Rmax = 2 × 1021/26 eV [186] (for convenience, we absorb the electric charge qe
in the definition of R so that it is measured in eV rather than V). According to [186], at
fixed R the chemical composition of E2

NdΦN /dEN is (0.625, 0.252, 0.053, 0.009, 0.124) for
(1H, 4He, CNO, 28Si, 56Fe) respectively (as reference for CNO we have considered 14N only).
Thus, at fixed R, we have

E2
N
dΦN
dEN

= Z2
NKNR

2

(
Rmax

R

)α
e−R/Rmax , (4.60)

so that the aforementioned proportions are reflected in the ratios of Z2
NKN . Therefore,

KN ≡ (CN/Z
2
N)KH, with CHe ≃ 0.4032, CN ≃ 0.0848, CSi ≃ 0.0144 and CFe ≃ 0.1984.

The only parameter left to determine is KH , which we fix by requiring that the luminosity
emitted from the population of CR-reservoirs matches with the one observed at Earth, by,



4.2. BOOSTED RELIC NEUTRINOS AND COSMIC RAY UPSCATTERING 153

e.g., Pierre Auger above the ankle. More specifically, we impose∑
N

∫ Emax
CR

Eankle
CR

dENEN
dΦN
dEN

=

∫ Emax
CR

Eankle
CR

dECRECR

dΦCR

dECR

, (4.61)

where the CR flux at Earth is taken from [532] to be dΦCR/dECR ≃ (dΦCR/dECR)ankle (E
ankle
CR /ECR)

2.5,
with (dΦ/dECR)ankle ≃ 10−27GeV−1cm−2s−1sr−1, within the range Eankle

CR = 5EeV ≤ ECR ≤
Emax

CR = 200EeV. The CR flux observed at Pierre Auger and reported in [532] is actu-
ally more complicated than the single power-law considered above, including changes in the
slopes at and above the ankle, mixed composition and a suppression at ∼ 50EeV. We have
checked, however, that such additional features do not change appreciably the value of the
integral in the right-hand-side of Eq. (4.61), to which the shape at lower energies dominates.
The integral on the left-hand-side can be computed analytically as follows:

∑
N

∫ Emax
CR

Eankle
CR

dENEN
dΦN
dEN

= KH

∑
N

CN
Z2
N

∫ Emax
CR

Eankle
CR

dEN EN

(
Emax

N
EN

)α
e−EN /E

max
N

= KH

∑
N
CNR

2
max

∫ Emax
CR /(ZNRmax)

Eankle
CR /(ZNRmax)

dx x1−αe−x

= KH

∑
N
CNR

2
max

[
Γ

(
2− α,

Eankle
CR

ZNRmax

)
− Γ

(
2− α,

Emax
CR

ZNRmax

)]
,(4.62)

where Γ(a, z) is the upper incomplete Gamma function. For different values of the slope α,
we find the normalisation factors listed in Table 4.3. These normalisation factors de facto
encode all the information about CR-reservoirs (distance, spatial distribution, CR-spectrum
escaping them), that is not needed for our purposes as long as one assumes (as done in [186])
that most UHECRs observed on Earth originate from CR-reservoirs.

Normalisation factors

α = 2 α = 2.3 α = 2.5

KH 1.94× 10−30 9.44× 10−31 5.20× 10−31

KHe 1.96× 10−31 9.52× 10−32 5.24× 10−32

KN 3.36× 10−33 1.63× 10−33 8.99× 10−34

KSi 1.43× 10−34 6.94× 10−35 3.82× 10−35

KFe 5.70× 10−34 2.77× 10−34 1.52× 10−34

Table 4.3: Flux normalisation factors for each nuclear species considered and different bench-
mark values of α. All listed values are in units of GeV−1cm−2s−1sr−1.

The resulting total flux on Earth of relic neutrinos up-scattered in CR-reservoirs is shown
in Fig. 4.16. We compare it with current observations, limits and future sensitivities, and
with the flux of cosmogenic neutrinos arising as secondary products of UHECRs interactions
inside reservoirs as computed in [186], because that could constitute a background to our
signal. The total flux is obtained by summing over all neutrino mass eigenstates νi having
non-zero masses mi, i = 1, 2, 3. The upper and lower panels are respectively for a light
neutrino mass spectrum with normal ordering (NO) m1 < m2 < m3, and inverted ordering
(IO) m3 < m1 < m2. For NO (IO), the squared mass differences are fixed to ∆m2

21 ≡
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Figure 4.17: Limits and sensitivities of Bη̄ν , versus the lightest neutrino mass. Assuming the
reference slope α = 2.3 in the CR spectrum in CR-reservoirs, and a neutrino mass spectrum
with NO (IO) in the upper (lower) panel, we show the 90% C.L. constraint set by the null-
detection at IceCube [232] (blue shaded) and the sensitivities at PUEO (2025) [239], RNO-G
(2032) [238], GRAND [198] and IceCube-Gen2 [531] (solid lines, top to bottom). Also shown
are: the KATRIN limits on neutrino masses (solid), mν < 0.8 eV at 90% C.L. [534]; the KA-
TRIN limit on local neutrino overdensities (dashed gray), ηEarthν < 9.7× 1010 [485]; the limit
on the sum of neutrino masses from DESI,

∑
imi < 0.113 (0.145) eV at 95% C.L. assuming

ΛCDM [76] (orange shaded); the maximum Bη̄ν allowed by the Pauli exclusion principle
(black dotted, B = 1), respectively for the heaviest (upper line) and lightest (lower line)
neutrino; the cluster mass limit (red dotted); the PTOLEMY sensitivity (dashed cyan) on
the local overdensity [484]. See the text for further details.

m2
2 −m2

1 = 7.42× 10−5 eV2 and ∆m2
31(23) ≡ m2

3(2) −m2
1(3) = 2.507 (2.486) × 10−3 eV2 [533],

the sum of neutrino masses saturates the cosmological limit
∑

imi = 0.113 (0.145) eV [76],
and the weighted overdensity is set to Bη̄ν = 3× 108 for concreteness.

We further note that RνB-UHECRs scatterings could in principle also alter the measured
spectrum of UHECRs. While a detailed study goes beyond the purpose of this work, here we
simply estimate the mean free path of UHECRs in CR-reservoirs, due to RνB scatterings as
λ ∼ 1/(σνCRη̄νnν,0), finding that the RνB has a smaller impact on UHECRs than the CMB
as long as η̄ν ≲ 109.

4.2.3 Limits and sensitivities on relic neutrino overdensities

In Fig. 4.17 we show the limits and sensitivities on the combination Bη̄ν , against the lightest
neutrino mass assuming NO (IO) in the upper (lower) panel. We derive them by imposing
that our flux line touches the relevant limit/sensitivity curve. These limits and sensitivities
are shown as solid curves in Fig. 4.17 with different colours, depending on the experiment
(see the legend in the plot and the caption for more details).

Our limits and sensitivities are compared with the Pauli exclusion principle constraining
the number density of gravitationally-bound neutrinos, when no BSM clustering effect is
assumed. We compute the local maximum overdensity as prescribed in [487] for a galaxy
cluster of mass M = 5× 1015M⊙, assuming a Navarro-Frenk-White (NFW) [535] profile for
the surrounding dark matter halo, and then average over the cluster volume. The results of
this procedure are shown in dotted black in Fig. 4.17.
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We also evaluate the overdensity η̄ν for which the RνB mass equals that of the entire
galaxy cluster. We consider a NFW dark matter density profile whose virial radius scales
as Rvir ∼M1/3, such that the average mass density in clusters ρcluster is independent of the
cluster mass. In particular, ρcluster ≈ 200ρc, with ρc ≃ 1.05× 10−5h−2GeVcm−3 the critical
density of the Universe and h ≃ 0.674 the dimensionless Hubble parameter [536]. We then
impose a rough cluster mass limit by requiring η̄νnν,0

∑
imi ≤ ρcluster, taking equal averaged

overdensity for each neutrino species. The corresponding limit on the weighted overdensity
Bη̄ν can be relaxed for non-uniform neutrino and CR spatial distributions. This is shown in
dotted red in Fig. 4.17.

Finally, we estimate the sensitivity of the proposed PTOLEMY experiment [484] on local
neutrino overdensities, considering the configuration where the final 3He+ is in the bound
ground state. Depending on the neutrino mass compared to the experimental resolution
∆ (we use ∆ = 0.05 eV as reference), the RνB absorption peak can be well-separated
from the continuous β-decay spectrum or hidden under it. Accordingly, we require at least
Npeak = 10 events/yr to call a detection in the first situation, or Npeak ≳ 3

√
Nbkg, with Nbkg

the number of β-decay events/yr in the same energy range in the second. The PTOLEMY
sensitivity is shown in dashed cyan in Fig. 4.17.

For IO and in the hierarchical limit with m3 ≪ m1 ≲ m2, there are two heavy and one
light neutrino implying a flux that is larger by a factor ∼ 2 with respect to the results in the
NO case. Correspondingly, the limits and sensitivities on Bη̄ν are slightly improved com-
pared to the case of NO. We note, however, that also the cluster mass limit becomes more
stringent by an equal amount, for the same reason. In the degenerate limit m1 ≃ m2 ≃ m3,
the IO case is practically identical to the scenario with NO.

4.2.4 Flavour composition of up-scattered relic neutrinos

Neutrinos produced in astrophysical environments typically exhibit precise flavour composi-
tion at the source, but neutrino oscillations over astronomical distances tend to homogenise
any flavour disparity [537, 538].

Instead, the boosted RνB exhibits a peculiar flavour composition. At first, the RνB is
evenly distributed among the mass eigenstates, which directly take part in the NC scatterings
with UHECRs. The mass eigenstates νi then propagate freely and their fluxes dΦi/dEν are
preserved. At detection, the probability of observing a massive neutrino νi in a flavour
ℓ = e, µ, τ is Pℓi = |Uℓi|2, with Uℓi being the entries of the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) neutrino mixing matrix [68, 69, 73]. Then, the flux of boosted neutrinos
with flavour ℓ is given by dΦℓ/dEν =

∑
i |Uℓi|2 dΦi/dEν . Clearly, the relative flux in each

flavour depends on the neutrino mixing parameters through the PMNS matrix and neutrino
masses via the differential flux.

As the fluxes of the different mass eigenstates have distinct energy dependence, the
flavour composition of the boosted RνB flux depends on the energy as well. It is never-
theless practical to calculate an integrated flavour ratio Φℓ/Φtot ≡

∑
i |Uℓi|2Φi/

∑
iΦi. The

predicted integrated flavour composition is shown in Fig. 4.18. In the plot, the parame-
ters of the PMNS matrix are varied within the 3σ ranges allowed by the NuFit 5.2 global
analysis of neutrino oscillation data [533], while m1(3) in the range 10−3 ≤ m1(3)/eV ≤ 1,
for NO (IO). As m1(3) increases, the mass eigenstates become nearly degenerate, implying
Φ1 ≃ Φ2 ≃ Φ3 and an unflavoured composition Φe : Φµ : Φτ = 1 : 1 : 1, due to the unitarity
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Figure 4.18: Flavour composition of the boosted RνB. The blue (red) area is obtained by
varying the PMNS matrix entries and squared neutrino mass splittings within the 3σ allowed
range [533], assuming NO (IO). Darker regions correspond to lighter m1(3). The stars mark
the flavour composition of the boosted RνB for the best-fit values of the neutrino oscillation
data andm1(3) saturating the cosmological bounds

∑
imi = 0.113 (0.145) eV [76] (the flavour

composition depends only very slightly on the slope of the CR spectrum).

of the PMNS matrix. By decreasing m1(3), the mass spectrum becomes hierarchical with
m1 ≲ m2 ≪ m3 (m3 ≪ m1 ≲ m2) with the (two) heaviest neutrino(s) dominating the
total flux. In this situation, because of the structure of the PMNS matrix, the flavour flux
composition is approximately 0 : 1 : 1 (2 : 1 : 1) for NO (IO). This could help UHE neutrino
observatories discriminate between a boosted RνB signal and other kinds of astrophysical
neutrino fluxes [539, 540, 198, 239, 191, 541].

Relic neutrinos Beyond the Standard Model

Given that gravitational clustering can provide at most a neutrino overdensity of η̄ν ∼
102 [487], while our mechanism, with the current neutrino detectors, is sensitive to local
overdensities η̄ν ≳ 1010, we need some BSM physics to be at play in order to provide enough
neutrino clustering. The simplest BSM extension that could provide this feature is a Yukawa
interaction between neutrinos and a light scalar field ϕ. The maximal neutrino density in
a cluster due to Yukawa interactions induced by a massless scalar mediator ϕ has been
determined as [498]

ηmax
ν ∼ 106

( mν

0.1eV

)3
, (4.63)

while in the massive ϕ case, the radius of scalar interaction becomes smaller and hence the
interactions between ϕ and the relic neutrinos become weaker.
Other BSM scenarios feature a secondary, non-thermal component of relic neutrinos, that
could be provided by late time decays of Majorons, [542, 543]. This production mechanism
is motivated in setups where neutrino masses are associated with the spontaneous breaking
of the lepton number. According to the authors of [542, 543], the neutrinos produced from
these decays can potentially be visible at experiments that hope to directly observe the
cosmic neutrino background through neutrino capture on tritium, such as PTOLEMY.
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4.2.5 Summary and Conclusions

We computed the flux of relic neutrinos up-scattered by UHECRs via SM NC interactions,
taking into account the full Q2-dependence and DIS in the cross section, and the mixed CR
composition. Our results are shown in Fig. 4.16 for up-scatterings in the MW by UHE-
CRs travelling towards Earth and in galaxy clusters acting as CR-reservoirs. These objects
constitute an ideal environment because of the long trapping times of CRs inside them,
and indeed lead to the largest RνB up-scattered fluxes. Our calculation is conservative,
having not included the hadron-resonances contributions to ν-UHECR scatterings, nor the
secondary neutrinos produced by their SM charged-current interactions.

We find that IceCube [232] excludes Bη̄ν ≳ 1010 in galaxy clusters, where we weighted
the average overdensity η̄ν by a spatial boost factor B, and that future telescopes [239, 238,
198, 531] could possibly detect the boosted RνB for Bη̄ν ≳ 108, see Fig. 4.17. These large
overdensities require a BSM origin, as could be obtained on the scales of galaxy clusters via,
e.g., long-range interactions.

To distinguish a boosted RνB signal from other UHEν fluxes, such as cosmogenic neu-
trinos, we propose to rely on i) the shape of the energy spectrum, DIS being crucial in
determining the one of the up-scattered RνB, and ii) the flavour composition, the specific
one of the up-scattered RνB being displayed in Fig. 4.18.

Our study motivates further UHEν searches at telescopes, a direct implementation of
RνB-UHECR scatterings in the modelling of CR-reservoirs and sources, and research on
how to obtain the sizeable neutrino overdensities required for a potential detection.





Chapter 5

Summary and Conclusions

The search for new physics beyond the Standard Model (BSM) requires broadening both
the energy range and the cosmological epochs accessible to experiments. On the one hand,
high-energy neutrinos could grant access to particle interactions at energies far beyond those
attainable by terrestrial colliders. On the other hand, gravitational waves (GWs) carry
information from the earliest moments of the Universe, preceding even the formation of the
cosmic microwave background. These emerging cosmic messengers, neutrinos and GWs, are
rapidly becoming essential tools in the quest to address some of the most profound open
questions in fundamental physics and cosmology.

In this thesis, we have investigated how each of these messengers can be harnessed to
test well motivated BSM scenarios. Regarding GWs, we focused in Section 3.2 on first-order
phase transitions (FOPTs) in the early Universe, in connection with the generation of the
baryon asymmetry. We proposed a novel framework in which the baryon asymmetry orig-
inates from the decays of composite states formed in a confining hidden sector undergoing
a supercooled FOPT. This setup enhances the baryon asymmetry generation, with respect
to the non-confining realizations explored by the previous literature for ultrarelativistic wall
baryogenesis, via deep inelastic scatterings, while suppressing washout processes due to the
mass hierarchy between the composite states and the reheating temperature. Remarkably,
this mechanism allows for successful baryogenesis down to the electroweak scale and, po-
tentially, even the MeV scale. As a consequence, the attractiveness of this framework for
baryogenesis with ultrarelativistic bubble walls is twofold: i) the associated stochastic GW
signal constitutes a distinctive observational target, potentially within reach of next gen-
eration detectors such as LISA, BDECIGO, and the Einstein Telescope; ii) it makes the
baryogenesis mechanism potentially testable at present and future colliders. Furthermore,
our framework significantly enlarges the viable parameter space for inverse and linear seesaw
leptogenesis scenarios down to the TeV scale. This stands in contrast to standard thermal
leptogenesis for the same models, which typically requires much higher scales, and highlights
the potential of confining hidden sectors to naturally realize low-scale leptogenesis without
severe fine-tuning.

Furthermore, in light of the recent evidence for a nanohertz stochastic GW background
reported by pulsar timing array (PTA) collaborations, we discussed in Section 3.3 the in-
triguing possibility that such a signal could originate from a cosmological FOPT connected
to baryogenesis. While the precise nature of the PTA signal remains to be clarified, our
model opens the avenue for realizing successful baryogenesis at scales low enough to be com-
patible with the frequency range probed by PTA experiments and makes a step in addressing
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the baryon-dark matter (DM) abundance coincidence. These results underscore the unique
opportunity provided by GW observations to probe baryogenesis scenarios across a broad
range of energy scales, including those inaccessible to current laboratory experiments.

Turning to high-energy neutrinos, we examined two distinct avenues for exploring BSM
physics. Firstly, motivated by the fact that single-zone lepto-hadronic models of blazar jets
fall short in explaining the neutrino event detected by IceCube in 2017 from TXS 05065+056,
the first identified extragalactic neutrino source, and that we still do not know the origin
of the IceCube diffuse neutrino flux, we have explored in Section 4.1 the possibility that
they could both originate from sub-GeV DM-proton scatterings in the dense environments
surrounding blazars. A key advantage of our proposed mechanism with respect to standard
astrophysical scenarios is its testability through complementary searches, including direct
detection experiments, collider probes and neutrino observatories. Given that no direct de-
tection of the associated blazar-boosted dark matter (BBDM) component has been achieved
so far, our analysis shows that significant portions of the parameter space remain viable for
several DM-quark interaction models, keeping the door open for discovery in forthcoming
experiments. We point out that our analysis relies on specific choices of lepto-hadronic pa-
rameters for the blazar jets, which could affect significantly our results, and that DM itself
can have an impact on the physics of blazar jets: indeed, the same DM-proton inelastic
collisions that generate neutrinos also inject γ-rays into the jet environment, potentially al-
tering the observed electromagnetic spectrum of blazars. One should incorporate DM-proton
interactions directly into the modelling of blazars, allowing for a unified treatment of all the
relevant signals (neutrinos, γ-rays and BBDM) and to properly assess how DM itself can
influence the blazar fit parameters. Finally, the presence of DM could even help alleviate ex-
isting tensions in lepto-hadronic models, such as the long-standing issue of super-Eddington
proton luminosities. A comprehensive study of these possible directions is left for future
work.

Secondly, we studied in Section 4.2 the up-scattering of relic neutrinos by ultra-high-
energy cosmic rays (UHECRs) occurring in galaxy clusters, which due to their magnetic
field act as cosmic-ray reservoirs. This process is potentially capable of amplifying the oth-
erwise elusive relic neutrino background. While the up-scattering process itself proceeds
via SM neutral current interactions, detecting a significant flux of boosted relic neutrinos
would require large local overdensities of relic neutrinos, potentially achievable only through
BSM physics, such as new long range interactions in the neutrino sector. We demonstrated
that current and future neutrino telescopes could be sensitive to such a signal. The specific
spectral shape and flavor composition of the up-scattered relic neutrinos would provide a dis-
tinctive signature, offering a potential handle to distinguish them from other UHE neutrino
populations, such as the cosmogenic neutrinos.

A common thread running through these studies is the indispensable role of an interdis-
ciplinary approach. Disentangling BSM signatures from standard astrophysical phenomena
demands both a detailed understanding of the particle physics models and a deep knowledge
of the astrophysical environments where these processes occur. Astrophysical inputs, such
as source properties, CR dynamics, and DM distributions, are often essential for making
reliable BSM predictions. Furthermore, interpreting potential discoveries will require close
collaboration between theorists and experimentalists across different fields.

Looking ahead, we are entering a particularly promising era for both GW and high-
energy neutrino astronomy. The next round of PTA analyses is expected to shed light on the
tantalizing evidence for a stochastic GW background reported in 2023, potentially confirming
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its cosmological origin. The upcoming LIGO fifth observing run (O5) is anticipated to
reach the sensitivity necessary for detecting the stochastic background from binary black
hole and neutron star mergers, further enriching our understanding of the gravitational
wave Universe. Meanwhile, high-energy neutrino observatories, including IceCube-Gen2,
KM3NeT and upcoming radio-based detectors, are poised to detect cosmogenic neutrinos, a
long sought milestone in the exploration of ultra-high-energy astrophysics.

The fast experimental progress in these fields opens unprecedented opportunities for
probing fundamental physics. By using gravitational waves and high-energy neutrinos as
complementary messengers, we can explore new frontiers in our understanding of the Uni-
verse. The results presented in this thesis aim to contribute to this collective endeavor,
highlighting the role of multi-messenger astroparticle physics as a pathway in the search for
new physics.





Appendix A

Details on the boosted DM signal
computation

A.1 Elastic DM-nucleon scattering cross section

We detail in this section the derivation of the elastic scattering cross section in the cases of
scalar, pseudoscalar, vector and axial mediators for the toy models described in Sec. 4.1.3.
We derive the expressions for the scattering with a generic nucleon N , either the proton
p or the neutron n. However, we consider the proton and neutron to have equal masses
mN ≡ mp ≃ mn when necessary.

Scalar mediator. In the case of a scalar mediator, the Feynman amplitude reads

iMϕχN = gχϕū(kχ)u(pχ)
1

m2
ϕ +Q2

∑
q

gqϕ
mN

mq
fNq GS(Q

2)ū(kN )u(pN ). (A.1)

The function GS is the scalar form factor accounting for the internal structure of the nu-
cleon. We approximate it with a dipole-like function GS(Q

2) = 1/(1 + Q2/Λ2
p)

2 [544] and
use the value of Λp, for both protons and neutrons, that stems from measurements of the

averaged electric charge radius
〈
r2E
〉1/2

=
√
12/Λp ≃ 0.85 fm [545], giving Λp ≃ 0.8GeV.

The quantities fNq are defined as fNq = mq ⟨N | q̄q |N⟩ /(2m2
N ) computed at Q2 = 0, and

can be extracted from data and lattice computation: fpu ≃ 1.97 × 10−2, fnu ≃ 1.78 × 10−2,
fpd ≃ 3.83× 10−2 and fnd ≃ 4.23× 10−2 [546].

After some manipulations, we arrive to the following expression for the differential elastic
scattering cross section in the case of a scalar mediator, in agreement with the results of,
e.g., [165]:

dσEL
ϕχN

dTχdµs
=

σNR
ϕχN

s

m4
ϕ

16µ2χN

(4mDM2 +Q2)(4m2
N +Q2)

(m2
ϕ +Q2)2

G2
S(Q

2)
δ(µs − µEL

s (TN , Tχ))

Tmax
χ (TN )

, (A.2)

where µχN = mNmDM/(mN + mDM) is the reduced mass of the system, TN is the kinetic
energy of the nucleon, and σNR

ϕχN is the cross section computed in the non-relativistic limit

at zero momentum transfer Q2 = 0 and for s = (mN +mDM)
2, namely

σNR
ϕχN ≡

g2χϕg
2
Nϕ

π

µ2χN
m4
ϕ

≃ g2χϕg
2
Nϕ

( µχN
1GeV

)2(1GeV

mϕ

)4

1.08× 10−30cm2, (A.3)
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with gNϕ ≡ mN (gdϕf
N
d /md + guϕf

N
u /mu).

Pseudoscalar mediator. In the pseudoscalar case, the Feynman amplitude of the elastic
process reads:

iMaχN = gχaū(kχ)γ5u(pχ)
i

m2
a +Q2

mN

m̂

∑
q

gqaG
q
5,N (Q

2)ū(kN )γ5u(pN ). (A.4)

where Gq5, N (Q
2) is the pseudoscalar form factor associated to the quark q = u, d and nucleon

N . In the above expression we considered the masses of the up and down quarks to be
equal, and approximated their values with their averaged mass, that is mu ≃ md ≃ m̂ =
(mu +md)/2. The combination

∑
q gqaG

q
5, N (Q

2) can be computed as a linear combination

of the form factors Gu−d5, N (Q2) and Gu+d5, N (Q2) associated respectively to the isovector current

jµu−d = ūγµγ5u − d̄γµγ5d and the isoscalar current jµu+d = ūγµγ5u + d̄γµγ5d. the nuclear
isospin symmetry, which heuristically means to exchange u ↔ d to get p ↔ n, implies that
Gu+d5 ≡ Gu+d5, p ≃ Gu+d5, n , Gu−d5 ≡ Gu−d5, p ≃ −Gu−d5, n . The partially conserved axial current
(PCAC) relation imposes that [87, 547]

Gu−d5 (Q2) = Gu−dA (Q2)− Q2

4m2
p

Gu−dP (Q2), (A.5)

Gu+d5 (Q2) ≃ Gu+dA (Q2)− Q2

4m2
p

Gu+dP (Q2), (A.6)

where Gu−dA (Q2) and Gu+dA (Q2) are the axial form factors, while Gu−dP (Q2) and Gu+dP (Q2) are
the induced pseudoscalar form factors, respectively associated to the isovector and isoscalar
currents. In the isoscalar case we have neglected the contribution of the sub-leading anoma-
lous gluon form factor. The form factors Gu−dA (Q2) and Gu+dA (Q2) can be written under the
dipole ansatz:

Gu±dA (Q2) =
gu±dA

(1 +Q2/M2
A)

2
, (A.7)

with the axial charges gu−dA and gu+dA and axial massMA extracted from lattice computations

as gu−dA = 1.25, gu+dA = 0.44 and MA = 1.2GeV [87, 547]. The induced pseudoscalar form

factors Gu−dP (Q2) and Gu+dP (Q2) can be written according to the pole mass ansatz

Gu±dP (Q2) = Gu±dA (Q2)
C2
u±d

Q2 +M2
u±d

(A.8)

where Cu−d = 4m2
N , Cu+d = 0.9GeV2, Mu−d = mπ ≃ 0.137GeV and Mu+d = 0.330GeV

[87, 547], so that the pseudoscalar form factors associated to the isovector and isoscalar
currents are given by

Gu−d5 (Q2) =
gu−dA

(1 +Q2/m2
A)

2

m2
π

Q2 +m2
π

, (A.9)

Gu+d5 (Q2) =
gu+dA

(1 +Q2/m2
A)

2

(
1− Q2

4m2
N

Cu+d
Q2 +M2

u+d

)
. (A.10)
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and the linear combinations of interest to us reads

G5, p(Q
2) ≡

∑
q

gqaG
q
5, p(Q

2) =
gua
2

[Gu+d5 +Gu−d5 ] +
gda
2

[Gu+d5 −Gu−d5 ] (A.11)

G5, n(Q
2) ≡

∑
q

gqaG
q
5, n(Q

2) =
gua
2

[Gu+d5 −Gu−d5 ] +
gda
2

[Gu+d5 +Gu−d5 ]. (A.12)

We note that in this case the cross section vanishes for Q2 = 0. Hence, we do not define any
“non-relativistic” cross section in this case. Then, we obtain

dσEL
aχN

dTχdµs
=
g2χag

2
Na

16πs

(Q2)2

(m2
a +Q2)2

Ĝ2
5, N (Q

2)
δ(µs − µEL

s (TN , Tχ))

Tmax
χ (TN )

, (A.13)

where gNa ≡ mN [gua(g
u+d
A ± gu−dA ) + gda(g

u+d
A ∓ gu−dA )]/(2m̂), with + (−) holding for N = p

(N = n), and Ĝ5, N (Q
2) ≡ G5, N (Q

2)/gNa.

Vector mediator. In the case of a vector mediator, the Feynman amplitude reads

iMV χN = gχV ū(kχ)γ
µu(pχ)

−gµν + qµqν/m
2
V

m2
V +Q2

⟨N(kN )|vνV,Q|N(pN )⟩, (A.14)

where q = pχ − kχ = kN − pN is the 4-momentum transfer and vνV,Q = guV ūγ
νu+ gdV d̄γ

νd
is the quark vector current associated to the V boson. The hadronic matrix element can be
decomposed as

⟨N(kN )|vµV,Q|N(pN )⟩ = ū(kN )

[
γµF V,N1 (Q2) +

i

2mp
σµνqνF

V,N
2 (Q2)

]
u(pN ) (A.15)

where F V,N1,2 (Q2) are the vector form factors associated to the nucleon N 1. The current vµV,Q
can be written as a linear combination of the electromagnetic current jµ

EM,Q ≡ (2/3)ūγµu−
(1/3)d̄γµd and the 3-isospin current vµ3,Q = (1/2)(ūγµu− d̄γµd) via

vµV,Q = 3(guV + gdV )j
µ
EM,Q − 2(guV + 2gdV )v

µ
3,Q. (A.16)

Consequently, assuming nuclear isospin symmetry, the vector form factors can be expressed
in terms of the electromagnetic ones (see, e.g., [505]) as

F V, p1,2 (Q2) = gpV F
p
1,2(Q

2) + gnV F
n
1,2(Q

2), (A.17)

F V,N1,2 (Q2) = gnV F
p
1,2(Q

2) + gpV F
n
1,2(Q

2) (A.18)

where F p,n1,2 (Q
2) are the proton and neutron electromagnetic form factors, gpV ≡ 2guV + gdV

and gnV ≡ guV + 2gdV . The latter can be expressed in terms of the electric and magnetic
form factors Gp,nE,M (Q2), which are defined as [549, 550, 551]

Gp,nE (Q2) ≡ F p,n1 (Q2)− Q2

4m2
N

F p,n2 (Q2), (A.19)

Gp,nM (Q2) ≡ F p,n1 (Q2) + F p,n2 (Q2), (A.20)

1Any term proportional to Qµ has to vanish due to vector current conservation [548].
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satisfying GpE(0) = 1, GnE(0) = 0, GpM(0) = µp/µN and GnM(0) = µn/µN , with µN being
the nuclear magneton, while µp ≃ 2.79µN and µn ≃ −1.91µN respectively the magnetic
moments of the proton and of the neutron [536]. We then approximate the from factors
GE,M (Q2) with a dipole-like function Gp,nE,M (Q2) ≃ Gp,nE,M (0)/(1 + Q2/Λ2

p)
2 [552, 545]. The

differential cross section in this case reads

dσEL
V χN

dTχdµs
=
σNR
V χN

s

m4
N

4µ2χN

[
AV,N (Q2) +

(s− u)2

m4
N

CV,N (Q2) +
mDM2

m2
N

DV,N (Q2)

]
δ(µs − µEL

s (TN , Tχ))

Tmax
χ (TN )(1 +Q2/m2

V )
2
,

(A.21)
where σNR

V χN ≡ g2χV g
2
NV µ

2
χN/(πm

4
V ) is total cross section in the non-relativistic limit and for

Q2 = 0 (which is non-zero only if gdV ̸= −2guV ), and A
V,N (Q2), CV,N (Q2) and DV,N (Q2)

are the following functions of the normalised form factors F̂ V N1,2 (Q2) = F V,N1,2 (Q2)/gNV :

AV,N (Q2) = − Q2

m2
N

{(
1− Q2

4m2
N

)[(
F̂ V,N1 (Q2)

)2
− Q2

4m2
N

(
F̂ V,N2 (Q2)

)2]
(A.22)

− Q2

m2
N

F̂ V,N1 (Q2)F̂ V,N2 (Q2)

}

CV,N (Q2) =
1

4

[(
F̂ V,N1 (Q2)

)2
+

Q2

4m2
N

(
F̂ V,N2 (Q2)

)2]
, (A.23)

DV,N (Q2) = − Q2

m2
N

[
F̂ V,N1 (Q2) + F̂ V,N2 (Q2)

]2
. (A.24)

As can be checked, the above expressions agree with the corresponding ones associated to
neutral current neutrino-proton elastic scattering reported, e.g., in [505] (see also [506])
when the axial contribution is neglected, but here we are keeping the contributions of order
O(mDM2/m2

N ). We note that terms O(Q2/m2
V ) in the form factors cancel and thus do not

appear in the expressions above.

Axial mediator. In the case of an axial mediator, the Feynman amplitude reads

iMV ′χN = gχV ′ ū(kχ)γ
µγ5u(pχ)

−gµν + qµqν/m
2
V ′

m2
V ′ +Q2

⟨N(kN )|aνV ′,Q|N(pN )⟩, (A.25)

where aµV ′,Q = guV ′ ūγµγ5u + gdV ′ d̄γµγ5d is the quark axial current associated to the V ′

boson. We decompose the hadronic matrix element as

⟨N(kN )|aµV ′,Q|N(pN )⟩ = ū(kN )

[
γµGV

′N
A (Q2)− qµ

2mp
GV

′N
P (Q2)

]
γ5u(pN ) (A.26)

with the functions GV
′N

A,P (Q2) being the associated axial and pseudoscalar form factors2. The
current aµV ′,Q can be decomposed in terms of the isoscalar and isovector currents

aµV ′,Q =
guV ′

2
(jµu+d + jµu−d) +

gdV ′

2
(jµu+d − jµu−d), (A.27)

2We neglect the contribution from any term proportional to σµνQν as it would violate G conjugation, i.e.
a combination of charge conjugation and a rotation by π in isospin space [553].
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and, correspondingly, the form factors can be expressed in terms of Gu±dA,P (Q
2) defined in

Eqs. (A.7) and (A.8) as

GV
′, p

A,P (Q2) =
guV ′

2
[Gu+dA,P (Q

2) +Gu−dA,P (Q
2)] +

gdV ′

2
[Gu+dA,P (Q

2)−Gu−dA,P (Q
2)], (A.28)

GV
′, n

A,P (Q2) =
guV ′

2
[Gu+dA,P (Q

2)−Gu−dA,P (Q
2)] +

gdV ′

2
[Gu+dA,P (Q

2) +Gu−dA,P (Q
2)], (A.29)

The differential cross section in this case reads

dσEL
V ′χN

dTχdµs
=
σNR
V ′χN

s

m4
N

4µ2χN

[
AV

′, N (Q2) +
(s− u)2

m4
N

CV
′, N (Q2) +

mDM2

m2
N

DV ′, N (Q2)

]
δ(µs − µEL

s (TN , Tχ))

Tmax
χ (TN )(1 +Q2/m2

V ′)2
,

(A.30)
where σNR

V ′χN ≡ g2NV ′gχV ′2µ2χN/(πm
4
V ′) is the total cross section computed in the non-

relativistic limit and for Q2 = 0, with gNV ′ ≡ (
√
3/2)[guV ′(gu+dV ′ ±gu−dV ′ )+gdV ′(gu+dV ′ ∓gu−dV ′ )],

with + (−) holding for N = p (N = n), while AV
′, N (Q2), CV

′, N (Q2) and DV ′, N (Q2) are

the following functions of the normalised form factors ĜV
′, N

A,P (Q2) ≡ GV
′, N

A,P (Q2)/gNV ′ :

AV
′, N (Q2) =

Q2

m2
N

(
1 +

Q2

4m2
N

)(
ĜV

′, N
A (Q2)

)2
, (A.31)

CV
′, N (Q2) =

1

4

(
ĜV

′, N
A (Q2)

)2
, (A.32)

DV ′, N (Q2) = 8

[
1 +

Q2

8m2
N

+
Q2

m′2
V

+
1

2

(
Q2

m′2
V

)2
](

ĜV
′, N

A (Q2)
)2

+ (A.33)

+ 2
Q2

m2
N

(
1 +

Q2

m′2
V

)2

ĜV
′, N

A (Q2)ĜV
′, N

P (Q2) +

+
1

4

(
Q2

m2
N

)2(
1 +

Q2

m′2
V

)2 (
ĜV

′, N
P (Q2)

)2
.

It can be checked that the above expressions agree with the corresponding ones associated
to neutral current neutrino-proton elastic scattering reported, e.g., in [505] (see also [506])
when the vector contribution is neglected, but here we are keeping the contributions of order
O(mDM2/m2

N , Q
2/m2

V ′).

A.2 Deep inelastic scattering cross sections

We give here more details on the derivation of the DIS cross section that we reported in the
main text. We consider a nucleon N = p, n scattering inelastically off a DM particle. If the
momentum transfer is large enough, the DM particles interacts directly with the quarks that
constitute the nucleon via deep inelastic scattering (DIS). The process is diagrammatically
represented below [445]

χ

Y

χ

q , q̄

q , q̄

X
N
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where Y = ϕ, a, V, V ′ denotes either the scalar, pseudoscalar, vector or axial mediator, N
the initial nucleon and X the outgoing hadronic state. We fix the momenta of the initial
DM and quark respectively as pχ = (Eχ, p⃗χ) and pq = (Eq, p⃗q), and, analogously, for the

outgoing DM and quark kχ = (E′
χ, k⃗χ) and kq = (E′

q, k⃗q). We furthermore neglect the
quark masses. The DIS is typically studied in the context of neutrino interactions, in the
frame of reference in which the nucleon is at rest p⃗N = 0 (LAB) and neglecting neutrino
masses. A comprehensive discussion of the SM neutrino-nucleon interaction can be found,
e.g., in [505]. Here, we will follow an approach similar to that outlined in [2], namely we
derive the DIS cross section in the LAB frame and write it in terms of Lorentz invariants,
so to render any change of reference frame immediate. We will also keep the DM masses
non-zero as they are not necessarily negligible compared to the other mass and energy scales
involved in the process. It will prove useful to define also the initial nucleon momentum
pN = pq/a = (EN , p⃗N ) and the 4-momentum transfer q = pχ − kχ. We denote the squared
centre-of-mass energy and momentum transfer respectively as s = (pN +pχ)

2 and Q2 = −q2.
We also define the following Lorentz invariant quantities: the energy transfer ν ≡ pN ·q/mN ,
the inelasticity parameter y ≡ pN · q/(pN · pχ) = 2νmN/(s−m2

N −mDM2) and the Bjorken
scaling variable x ≡ Q2/(2pN ·q) = Q2/[(s−m2

N−mDM2) y]. Moreover, we have the following
set of relations in the LAB frame:

Q2 LAB
= −2mDM2 + 2EχE

′
χ − 2|p⃗χ||⃗kχ| cos θ, (A.34)

Eχ
LAB
= (s−m2

N −mDM2)/(2mN ), (A.35)

E′
χ

LAB
= Eχ(1− y), (A.36)

vrel
LAB
= |p⃗χ|mN/(EχEN ), (A.37)

where θ is the scattering angle in the LAB frame and vrel is the relative velocity between
the DM and the nucleon. The master formula for the DIS differential cross section can be
written as [554]:

dσDIS
Y χN =

1

4EχENvrel

d3kχ
(2π)32E′

χ

∑
κ=q,q̄

∫ 1

0
dξfNκ (a,Q2)

EN
Eκ

∫
d3ka

(2π)32E′
κ

(2π)4δ(4)(ξpN+q−kκ)|Mquark

Y χ |2,

(A.38)

where |Mquark

Y χ |2 is the squared Feynman amplitude of the DM-quark scattering averaged over

the initial spins, while fNq(q̄) is the Lorentz scalar parton distribution function (PDF) for the

(anti)quark q = u, c, t, d, s, b (q̄ = ū, c̄, t̄, d̄, s̄, b̄). The expression above is Lorentz invariant
except for the factor EχENvrel. This factor is, however, invariant in all the reference frames
in which the particles are collinear (see, e.g., [554]), so that if we find a Lorentz invariant
expression for the differential cross section in the rest frame of the proton, the same expression
can be used in the rest frame in which the DM particle is at rest instead. We have that

4π

4EχENvrel

d3kχ
(2π)32E′

χ

LAB
=

dνdQ2

16πmN (E2
χ −mDM2)

=
y

8π

(Q2)2

(Q2)2 − 4m2
NmDM2x2y2

dxdy, (A.39)

where we have used the relations

d3kχ
LAB
=

2πE′
χ

2|p⃗χ|
dνdQ2 and dνdQ2 =

(Q2)2

2mNx2y
dxdy. (A.40)
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Then, the δ-function in the DIS differential cross section can be integrated out via the four
integrals over the final quark’s 3-momentum k⃗κ and the variable ξ to give:

dσDIS
Y χN

LAB≃
∑

κ f
N
κ (x, Q2)|Mquark

Y χ |2
32πmNQ2(E2

χ −mDM2)
dνdQ2 =

y

16π

Q2
∑

κ f
N
κ (x, Q2)|Mquark

Y χ |2
(Q2)2 − 4m2

NmDM2x2y2
dxdy, (A.41)

where we have neglected quarks’ masses, so that ν
LAB
= Eχ − E′

χ ≃ E′
κ, κ = q, q̄. This last

expression reproduces Eq. (4.29) in the main text for N = p.

A.3 A different approach for the Earth attenuation

We now investigate the effects of the Earth attenuation on DM in our toy models following
the approaches of, e.g., [163, 164, 165, 454]. In particular, we approximate the DM energy
loss, dT xχ , during a single scattering event occurring within the infinitesimal distance interval
[x, x+ dx], with its average value. We also assume the scatterings to occur only on protons
and neutrons at rest. Then, the resulting DM kinetic energy at distance x, T xχ , is controlled
by the differential equation:

dT xχ
dx

= −
∑

N=p, n

nN

∫ Tmax
N (Tx

χ )

0
dTN TN

dσEL+DIS

Y χN

dTN
(TN , T

x
χ ) , (A.42)

where nN is the number density of the nucleon N = p, n and

Tmax
N (T xχ ) =

2mNT
x
χ

(
T xχ + 2mDM

)
2mNT xχ + (mDM +mN )2

, (A.43)

with mN the nucleon’s mass. By solving numerically Eq. (A.42), for given DM mass, cou-
plings gχY , gqY , and distance x, with the initial condition T x=0

χ = T (0)
χ , we extrapolate

T xχ (T
(0)
χ ) and dT xχ/dT

(0)
χ , as well as T (0)

χ (T xχ ) and dT
(0)
χ /dT xχ . We also keep track of the aver-

age number of scatterings taking place over a distance x, Nx
sct, by solving

dNx
sct

dx
=

∑
N=p, n

nNσ
EL+DIS

Y χN (T xχ ). (A.44)

together with Eq. (A.42) and the initial condition Nx=0
sct = 0.

To ensure the feasibility of the numerical evaluation, we adopt all the approximations
as in our procedure described in the main text. Namely, we take the nucleon density
nN ≡ np ≃ nn ≃ ρp+n/(2mN ), with ρp+n ≃ 2.7 g/cm3 and mN ≡ mp ≃ mn; we focus
only the elastic scattering contribution with the form factor evaluated at zero momentum
transfer; we consider equal DM-proton and DM-neutron cross sections σEL

Y χN ≡ σEL
Y χp ≃ σEL

Y χn.
Furthermore, we neglect the change of DM direction after each scattering and compute the
differential DM flux at depth x assuming flux conservation as

dΦxχ
dT xχ

=
dT (0)

χ

dT xχ

dΦχ

dT (0)
χ

∣∣∣∣∣
T

(0)
χ =T

(0)
χ (Tx

χ )

. (A.45)

In order to visualize the role played by the Earth attenuation within this approach, we
show in the left panel of Fig. A.1 the ratio T xχ/T

(0)
χ and Nx

sct (solid) obtained by solving the
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Figure A.1: Effect of the Earth attenuation. Left panel: ratio of the attenuated DM kinetic
energy to its value at the Earth surface T xχ/T

(0)
χ (solid) and the DM average number of

scatterings Nx
sct (dashed) for a scalar (top left), pseudoscalar (top right), vector (bottom

left) and axial (bottom right) mediator. Right panel: BBDM flux from TXS 0506+056
before (solid) and after (dot-dashed) Earth attenuation. We set x = 1km, mY = 500MeV,

mDM = 100MeV, gχY gqY = 0.1, Σspike
DM = 6.9× 1028GeVcm−2 (BMCI).

differential Eqs. (A.42) and (A.44) for our DM models, with mediator mass mY = 500MeV,
DM mass mDM = 100MeV, couplings gχY gqY = 0.1 at depth x = 1 km. In the right panel of
the same figure, we plot the BBDM flux before attenuation (solid) and the attenuated flux

(dashed) for the same DM model parameters and Σspike
DM = 6.9× 1028GeVcm−2 as in BMCI.

From the left panel of Fig. A.1 one can see that as long as Nx
sct < 1, then T xχ ≃ T (0)

χ ,
hence the effect of the Earth attenuation is negligible. In this situation, the average number
of scatterings can be computed by integrating Eq. (A.44), which, under the adopted approx-
imation, gives Nx

sct ≃ xℓ−1 with ℓ−1 ≡ 2nNσ
EL
Y χN . Earth attenuation becomes relevant when

Nx
sct > few, leading eventually to an exponential suppression of T xχ/T

(0)
χ .

The effect of the attenuation treated in this way on the BBDM flux is shown in the
right panel of Fig. A.1. For the pseudoscalar mediator case one has a sharp peak in the
attenuated flux, which is produced by the DM particles whose T (0)

χ is such that their average
Nx

sct is larger than 1. This peak forms because Nx
sct eventually becomes smaller than 1 for

sufficiently small T (0)
χ , due to the vanishing of the pseudoscalar elastic cross section, as it

follows from Eq. (4.26) in the Tχ → 0 limit. For the scalar case, instead, as the elastic cross
section does not vanish for Tχ → 0, the effect of Earth attenuation is to smooth the peak of
the unattenuated BBDM flux towards smaller kinetic energies. Finally, for the vector and
the axial mediators Earth attenuation is marginal for the adopted choice of parameters.

However, in our treatment of the Earth attenuation discussed in Section 4.1.7 we have
chosen not to follow the approach described in this Appendix, but rather to adopt the
conservative one encoded in Eq. (4.48), where we set to zero the BBDM flux if the average
number of DM scatterings Nxdet

sct ≃ xdetℓ
−1(T (0)

χ ) gets larger than 1. Two main considerations
justify this choice: i) our conservative treatment described in the main text – which, by the
way, makes the numerical implementation of the Earth attenuation much faster than the
method outlined here – is justified a posteriori as the effects of the attenuation become
relevant for values of the couplings much larger than the ones probed in our scenario for
the scalar, vector and axial mediator cases; ii) in the pseudoscalar mediator scenario, where
attenuation effects are more significant, the procedure described above leads to an artificial
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sharp peak in the flux (see right panel of Fig. A.1). This is a consequence of the assumption
that the DM particles maintain their direction and velocity across successive scatterings,
which is unphysical. A more accurate treatment would require a dedicated simulation that
tracks the change in DM direction and energy loss at each scattering event, which lies beyond
the goals of the present study.





Appendix B

Depletion of the Dark Matter spike

In this appendix we investigate processes which can deplete the DM density profile around
the BHs that we have discussed in Sec. 4.1.2 and that we have assumed throughout our
calculations, by estimating their characteristic timescales. We compare these to the typical
timescale tAccr. for the BH accretion, as this is tied to the formation of the DM spike and its
replenishment.

A rough estimate of tAccr. can be obtained by assuming that the BH’s accretion saturates
the Eddington limit [555]

MBH

ṀBH

∼ 3× 107yr
( ε

0.06

)
, (B.1)

where ε is the radiative efficiency, i.e. the fraction of energy that gets converted into radiation
during the accretion process. The efficiency ε reads 0.06 for a Schwarzschild BHs, but it can
reach 0.4 for Kerr BHs. For definiteness, in the computations that follows, we consider
tAccr. = 108 years.

B.1 4χ → 2χ annihilation processes

Throughout this work, we have assumed that DM is strongly coupled, i.e. gχY = 1. This
assumption, together with the very large densities found in the DM spike, could make 4χ→
2χ annihilation processes efficient enough to deplete the DM spike itself, as pointed out in
[556]. In this section, we estimate the size of this effect. We first approximate the “cross
section” (not really an area in this case) for this process as σ4χ→2χ ∼ g8χY /m

8
Y , and the

energy density depletion rate as ρ̇DM ∼ mχσ4χ→2χ(ρDM/mχ)
4. Therefore, the timescale for

the depletion is given by

τ4χ→2χ =
ρDM

ρ̇DM

=
1

σ4χ→2χ

(
mχ

ρDM

)3

. (B.2)

By inverting this relation we can find a maximal DM density that guarantees the spike is
not depleted by these processes on a timescale tAccr. = 108 yr:

ρmax ≈ 2× 1016GeV cm−3

(
108 yr

τ4χ→2χ

)1/3 ( mχ

10 keV

)( mY

1 MeV

)8/3( 1

gχY

)8/3

. (B.3)

By comparing this result with Fig. 4.1 we note that the spike depletion due to 4χ → 2χ
processes gets relevant in the inner part of the DM density profile only for benchmark values
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of mχ and mY well below those considered in our setup. We can thus safely neglect such
effect in our calculations.

B.2 Self interacting DM bounds and flattening of the spike

The DM models outlined in the main text, besides describing DM interactions with the
SM, induce interaction within the dark sector, thus realizing a self-interacting DM (SIDM)
model. This class of models has been invoked to explain small-scale tensions in the ΛCDM
model [557] and generally predicts a suppression of the power spectrum at small scales and
the formation of isothermal cores in galactic halos. Dwarf galaxies [558] and galaxy clusters
[559] put bounds on the size of the SIDM cross section of the order

σSIDM

mχ
≲ O(1)

cm2

g
. (B.4)

For comparison, we estimate our SIDM cross section as

σSIDM ∼
g4χm

2
χ

m4
Y

, (B.5)

and thus
σSIDM

mχ
∼
g4χmχ

m4
Y

∼ 2× 10−4g4χ

( mχ

GeV

)(GeV

mY

)4 cm2

g
, (B.6)

therefore being well below the maximal allowed value. Additionally, SIDM leads to cores in
galactic haloes, and the same should occur around supermassive BHs like those that power
blazars. In particular, the effect of 2χ→ 2χ processes is to suppress the spike [556, 560] to

ρSIDM(r) ∼ r−(3+k)/4 (B.7)

for a SIDM cross section with velocity dependence σSIDM ∼ v−k. We estimate the DM density
required for this process to be efficient in altering the spike profile according to Eq. (3.5) of
[556]. This happens approximately when each DM particle undergoes at least one scattering
during the age of the halo, that is (ρSIDM/mχ)⟨σSIDMv⟩ tAccr. ∼ 1 where we once again compare
to the accretion time as our reference timescale. Then this condition is satisfied when

ρ ≳ ρSIDM ∼ 3× 103 GeV cm−3

(
108yr

tAccr.

)(
10−2

v

)(
1

gχ

)4(GeV

mχ

)( mY

GeV

)4
, (B.8)

assuming k = 0. This is the maximal density that we can reach while neglecting SIDM
effects, and it poses a very stringent constraint. By tweaking mχ and mY alone, BMC II
can still be consistent, while BMC I requires gχ ∼ 10−2, thus strengthening all monojet
and DD constraints. We point out that a model of inelastic dark matter circumvent this
entire discussion as for large enough splitting 2 → 2 scattering processes are kinematically
forbidden at tree level and are only achievable at 1-loop. Furthermore, if the splitting is
small enough in comparison to the typical momentum exchanged in p− χ scatterings, then
BBDM and neutrino signals are unaffected by the inelasticity, and furthermore DD bounds
get an additional loop suppression.
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B.3 Depletion by the jet

The interaction of the blazar jet protons with the surrounding DM will eventually deplete
the DM spike over time.1 In this section, we estimate to what degree this happens and
whether that invalidates our results. As a first step we compute the total cross section for
the χ− p scattering setting gqY = gχY = 1, namely

σtot(s) =

∫ Tmax
χ (Tp)

0
dTχ

dσEL
Y χp

dTχ
+

∫ 1

Q2
min/s

dx

∫ xs

Q2
min

dQ2
dσDIS

Y χp

dxdQ2
, (B.9)

where s = m2
p + m2

DM + 2mχ(mp + Tp), and convolute it with the proton spectrum in the
blazar jet as

⟨σ⟩ ≡
∫ ΓBγmaxp

1
dγp σtot(s)

∫
dΩ

1

κp

dΓp
dΩdTp

. (B.10)

We then consider a spherical shell of thickness dr at a distance r from the central BH and
count how many particles the shell contains, as well as the rate of depletion, according to

NDM(r, t) = 4πr2
ρDM

mχ
dr,

ṄDM(r, t) = −(gqY gχY )
2κp⟨σ⟩

ρDM

mχ
dr.

(B.11)

We thus obtain a differential equation for ρDM(r, t):

ρ̇DM(r, t) = −(gqY gχY )
2κp⟨σ⟩
4πr2

ρDM(r, t), (B.12)

which can be easily solved to find

ρDM(r, τ) = ρDM(r, 0) exp

[
−κp⟨σ⟩τ

4πr2

]
, (B.13)

having defined, for convenience, the time variable τ ≡ (gqY gχY )
2t.

The DM column density at t = τ then reads

Σspike
DM (τ) =

∫ Rsp

Rmin

dr ρDM(r, 0)e
−κp⟨σ⟩τ/(4πr2), (B.14)

We further define τ1/2 as the time at which the DM column density gets halved by the

interactions with the jet, that is Σspike
DM (τ1/2) ≡ Σspike

DM (0)/2. After computing τ1/2 as a
function of the DM mass, we set a limit on the combination gqY gχY by imposing:

gqY gχY ≤
√
τ1/2

tAccr.

. (B.15)

When the above condition is satisfied, the DM column density is not depleted substantially
over a timescale compatible with the accretion onto the BH. By that epoch, we assume that
there is enough time for the DM spike to reform and thus that there is no dramatic loss of
DM along the blazar jet.

1We thank Paolo Salucci for pointing out to us the importance of such an effect in this context.
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We show in Fig. B.1 the same SK limits on BBDM and the curve corresponding to the
DM hypothesis for the 2017 IceCube neutrino from TXS 0506+056, as in Fig. 4.12, but
superimposing in red the constraints from the DM spike depletion given by Eq. (B.15) (for
numerical reasons, we have imposed also gqY gχY ≤ 100 when computing such limits). While
this effect is clearly not relevant for BMCII in neither of the cases that we have considered, it
is important for BMCI. Concerning the BBDM signal, such limit largely reduce the associated
testable region in all the considered toy models. The neutrino prediction is in trouble when
mY = 500MeV, in the scalar case for DM masses in the range 2 ≲ mχ/MeV ≲ 20, and in
the entire considered mass range in the pseudoscalar mediator scenario. The reason behind
this is that the depletion of the spike is controlled by the elastic scatterings, which are more
efficient for these benchmark parameters and DM models. The neutrino signal is instead
safe from DM spike depletion in the vector and axial cases.

We emphasize, however, that throughout this work we have assumed that the blazar
TXS 0506+056 is characterised for much of its history by parameters corresponding to its
flaring state in 2017. In reality, this is an aggressive assumption: the source undergoes
flaring episodes only intermittently, and its time-averaged luminosity is most likely lower
than our reference value. As a consequence, the efficiency of DM depletion via DM-proton
upscattering is reduced on average with respect to what we have estimated. Accounting for
the fact that the source is in a flaring state only for a fraction of the time would naturally
relax the corresponding constraints, while also modifying the expected BBDM signal from
this source. A proper time-dependent treatment of the source activity is beyond the scope
of this work, but we remark that this aspect strengthen the robustness of our computation
for the blazar sample, which is based on steady activities rather than flaring states.

For the case of the blazar sample, the different power spectrum slope leads to much
smaller values of κp, as listed in Table 4.1, while giving more weight to higher-energy protons.
The mild increase of σDIS

Y χp at higher proton energies is, however, not enough to counterbalance
the effect of the smaller κp. As a result, we find that the spike depletion due to DM-proton
interaction in blazar jets is not efficient in depleting the DM column densities along the
blazar jets over billions of years, for DM parameters in the viable sub-GeV DM parameter
space, neither for the considered BMCI nor BMCII, for both the benchmark values of the
mediator mass and all the toy models that we have considered. Thus, the blazar DM signals
that we have evaluated here and in [4] for the blazar sample are safe from the spike depletion
induced by the same DM-proton scatterings that generate such signals.
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Figure B.1: Same as Fig. 4.12, but here we show only the projected limits on BBDM from
TXS 0506+056 at SK (blue) and the region for which the DM hypothesis for the 2017
IceCube neutrino from the same blazar holds (black). We overlay in red the spike depletion
limits that we estimate according to Eq. (B.15). Solid (dashed) lines correspond to BMCI
(BMCII). All other details are as in Fig. 4.12.





Appendix C

Results on the neutrino-nucleon
interaction cross-sections

C.1 Form Factors of the ν-N Neutral Current Elastic Scat-
tering Cross Section

A detailed derivation of the ν-N elastic scattering cross section can be found in, e.g., [505]
(see also [506]). Here, for completeness, we only report the form of the factors AN and CN
appearing in Eq. (4.54) of the main text in terms of the momentum transfer Q2. These are
given in terms of the weak neutral current form factors by [505, 506]

AN (Q
2) =

Q2

m2
N

{(
1 +

Q2

4m2
N

)(
GZNA (Q2)

)2
−
(
1− Q2

4m2
N

)[ (
FZN1 (Q2)

)2
+

Q2

4m2
N

(
FZN2 (Q2)

)2 ]}
(C.1)

CN (Q
2) =

1

4

[ (
GZNA (Q2)

)2
+
(
FZN1 (Q2)

)2
+

Q2

4m2
N

(
FZN2 (Q2)

)2 ] (C.2)

where FZN1,2 (Q2) ≃ ±(1/2)[F p1,2(Q
2) − Fn1,2(Q

2)] − 2s2WF
N
1,2(Q

2), with FN1 and FN2 being
respectively the Dirac and Pauli electromagnetic form factors for the nucleon N = n, p,
with the + (−) sign for p (n), s2W ≃ 0.229 [536] the sine squared of the Weinberg angle,

GZpA (Q2) ≃ (1/2)GA(Q
2) andGZnA (Q2) ≃ −(1/2)GA(Q

2) andGA(Q
2) the axial weak charged

current form factor. We have neglected the contributions from the form factors related to
strange and heavier quarks, as well as the pseudo-scalar contribution (which vanishes exactly
in the case of massless neutrinos). It is useful to define also the electric and magnetic form
factors respectively as [549, 550, 551]

GNE (Q2) ≡ FN1 (Q2)− Q2

4m2
N

FN2 (Q2), (C.3)

GNM(Q2) ≡ FN1 (Q2) + FN2 (Q2). (C.4)
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At zero momentum transfer, i.e. Q2 = 0, we have GpE(0) = 1, GnE(0) = 0, GpM(0) = µp/µN
and GnM(0) = µn/µN , where µN is the nuclear magneton, while µp ≃ 2.79µN and µn ≃
−1.91µN are respectively the magnetic moments of the proton and of the neutron [536].
The Q2-dependence of the electric, magnetic and axial form factors is often fitted exper-
imentally against dipole expressions, namely GE,M(Q2) = GE,M(0)(1 + Q2/Λ2

E,M)−2 with
ΛE,M ≃ 0.8GeV, given in terms of the experimentally measured electric charge and mag-

netic radii of the proton
〈
r2E,M

〉1/2
=

√
12/ΛE,M ≃ 0.85 fm [552, 545], while GA(Q

2) =

GA(0)(1 + Q2/m2
A)

−2 with GA(0) ≃ 1.245 and mA ≃ 1.17GeV, from measurements of the

axial radius
〈
r2A
〉1/2

=
√
12/mA ≃ 0.582 fm [561].

C.2 Neutral Current Deep Inelastic Scattering Cross Section

If the centre-of-mass energy is sufficiently large, the interaction between a neutrino and a
nucleon N = p, n takes place with its constituents through DIS. In this section, we derive
the NC DIS cross section assuming a parton model with quarks carrying a fraction ξ of the
nucleon’s momentum, and then average the results over the quark PDFs. The process is
diagrammatically represented below using the TikZ-Feynamn package [445].

ν

Z

ν

q , q̄

q , q̄

X
N

We fix the momenta of the incoming neutrino and quark respectively as pν = (Eν , p⃗ν) and
pq = (Eq, p⃗q). Analogously, for the outgoing neutrino and quarks we define kν = (E′

ν , k⃗ν)

and kq = (E′
q, k⃗q), respectively. Furthermore, we neglect the quark masses. The DIS is

typically studied in the frame of reference in which the nucleon is at rest p⃗N = 0 (LAB), see,
e.g., the comprehensive derivation in [505] and references therein (see also [554]). However,
we are interested in the frame in which the relic neutrino is at rest instead. Our approach
will be that of recovering the DIS cross section in the LAB frame and write it in terms of
Lorentz invariants, so to render any change of reference frame immediate. It will prove useful
to define also the initial nucleon momentum pN = pq/ξ = (EN , p⃗N ) and the 4-momentum
transfer q = pν − kν . Keeping the same notation as in the main text, we denote the squared
centre-of-mass energy and momentum transfer respectively as s = (pN +pν)

2 and Q2 = −q2.
We also define the following Lorentz invariant quantities:

⋄ energy transfer

ϵ ≡ pN · q
mN

; (C.5)

⋄ inelasticity

y ≡ pN · q
pN · pν

=
2ϵmN

s−m2
N −m2

ν

; (C.6)

⋄ Bjorken scaling variable

x ≡ Q2

2pN · q =
Q2

(s−m2
N −m2

ν) y
. (C.7)
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Moreover, we have the following set of relations:

Q2 LAB
= −2m2

ν + 2EνE
′
ν − 2|p⃗ν ||⃗kν | cos θ, (C.8)

Eν
LAB
=

s−m2
N −m2

ν

2mN
, (C.9)

E′
ν

LAB
= Eν(1− y), (C.10)

vrel
LAB
= |p⃗ν |mN/(EνEN ), (C.11)

where θ is the scattering angle in the LAB frame and vrel is the relative velocity between
the neutrino and the nucleon. In particular, we have ∂ cos θ/∂x = −mNEνy/(|p⃗ν ||⃗kν |) and

∂E′
ν/∂y

LAB
= −Eν , so that:

4π

4EνENvrel

d3kν
(2π)32E′

ν

=
y

8π

[
1 +O

(
mνmN

pν · pN

)]
dxdy. (C.12)

The master formula for the DIS differential cross section can be written as [554]:

dσDIS
νN =

1

4EνENvrel

d3kν
(2π)32E′

ν

∑
a=q,q̄

∫ 1

0
dξfNa (ξ,Q2)

EN
Ea

∫
d3ka

(2π)32E′
a

(2π)4δ(4)(ξpN + q − ka)|M|2

≃ G2
F

2π

y

(1 +Q2/M2
Z)

2
[pαν k

β
ν + pβνk

α
ν − gαβ(kν · pν)± iεαβγδpν,γkν,δ]

∑
a=q,q̄

F aαβdxdy,

(C.13)

where + (−) applies to neutrinos (antineutrinos); GF ≃ 1.167 × 10−5 GeV −2 is the Fermi
weak coupling constant; |M|2 is the squared Feynman amplitude of the neutrino-quark
elastic scattering averaged over the initial quark spins; gαβ = diag(1,−1,−1,−1) is the
Minkowski metric tensor; εαβγδ is the totally anti-symmetric tensor; fNq(q̄) is the Lorentz

scalar PDF for the (anti)quark q (q̄) in the nucleon N and we have neglected neutrino
masses in comparison with the energies and other mass scales involved. The hadronic tensor
F aαβ related to (anti)quark a = q(q̄) is defined as

F aαβ =
fNa (x,Q2)

4Q2

∑
spins

⟨a(xpN )|Jaα|a(ka)⟩

× ⟨a(ka)|Ja†β |a(xpN )⟩,
(C.14)

and the neutral quark current (multiplied by the numerator of the Z boson propagator and
having factored out the electroweak coupling constant) as

Jqα =

(
gαβ −

qαqβ
M2
Z

)
q̄γβ(gqV − gqAγ5)q, (C.15)

where γα are the ordinary Dirac gamma matrices, γ5 = (i/4!)εαβγδγ
αγβγγγδ is the fifth

gamma matrix, and the couplings are given by gu, c, tV = 1/2− (4/3)s2W , gu, c, tA = 1/2, gd, s, bV =

−1/2+ (2/3)s2W and gd, s, bA = −1/2. We note that F aαβ can only depend on the momenta pN
and q and thus decomposes into
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F aαβ =− gαβF
a
1 +

pN αpN β

m2
N

mN

ϵ
F a2 − i

ϵαβγδp
γ
Nq

δ

2m2
N

mN

ϵ
F a3

+
qαqβ

m2
N

F a4 +
pαNq

β + pβNq
α

2m2
N

F a5

+ i
pαNq

β − pβNq
α

2m2
N

F a6 .

(C.16)

With the adopted decomposition of F aαβ, the quantities F a1 , F
a
2 , F

a
3 , F

a
4 , F

a
5 and F a6 are

dimensionless. As can be checked, the third line proportional to F a6 gives vanishing contri-
butions when contracted with the combination of leptonic momenta appearing in the second
line of Eq. (C.13). The same holds for the F a4 and F a5 contributions in the limit of vanishing
neutrino masses. Thus, only the terms proportional to F a1 , F

a
2 and F a3 are relevant in our

calculation. We then get the following expressions for the F a1 , F
a
2 and F a3 [505]:

F
q(q̄)
1 =

1

2
[(gqV )

2 + (gqA)
2]fNq(q̄)(x,Q

2), (C.17)

F
q(q̄)
2 = 2xF

q(q̄)
1 (C.18)

F
q(q̄)
3 = (−)2gqV g

q
Af

N
q(q̄)(x,Q

2). (C.19)

Plugging the above expressions in Eq. (C.13), after contraction of the Lorentz indices,
we arrive to [505, 506]:

d2σDIS
νN

dxdy
≃ G2

F

2π

Q2[
1 +Q2/M2

Z

]2
[
yFZN1 (x,Q2)+

1

xy

(
1− y − m2

Nx
2y2

Q2

)
FZN2 (x,Q2)±

(
1− y

2

)
FZN3 (x,Q2)

]
,

(C.20)
where +(−) for the scattering with (anti)neutrinos, while FZN1 =

∑
a=q,q̄ F

a
1 , F

ZN
2 =∑

a=q,q̄ F
a
2 and FZN3 =

∑
a=q,q̄ F

a
3 . Note that, in the above formula, Q2 should be given

in terms of x, y and s as Q2 = (s−m2
N −m2

ν)xy. It can be further simplified if we consider
the sum of neutrinos and antineutrinos contributions, σDIS

(ν+ν̄)N = σDIS
νN + σDIS

ν̄N :

d2σDIS
(ν+ν̄)N

dxdy
≃
∑
a=q,q̄

G2
F

2π

Q2[(gaV )
2 + (gaA)

2]fNa (x,Q2)

[1 +Q2/M2
Z ]

2

×
(
y − 2 +

2

y
− 2m2

Nx
2y

Q2

)
.

(C.21)

In the reference frame in which the neutrino is at rest, the variable x can be written as
x = (Eν −mν)/(ENy), from which we get dx/dEν = 1/(ENy). Then, the DIS differential
cross section that we need for the boosted neutrino flux calculation is given by:

dσDIS
(ν+ν̄)N

dEν
=

1

EN

∫ ymax

ymin

dy

y

dσDIS
(ν+ν̄)N

dxdy
, (C.22)

which leads to the expression given in Eq. (4.55) of the main text, where, to keep a shorter
notation, we have written dσDIS

νN in place of dσDIS
(ν+ν̄)N . As already specified, to evaluate numer-

ically the quark PDFs, we made use of the Python package parton and the “CT10” PDF
set [449]. The quark PDFs in the considered library are given for x ≥ xmin = 10−8 and in the
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range Q2
min = 1.69GeV2 ≤ Q2 ≤ Q2

max = 1010GeV2. This practically limits our ability to
properly estimate the DIS cross section outside the energy range Q2

min/(2mν) ≤ Eν −mν ≤
min{Q2

max/(2mν), T
max
ν (TN )}, where Tmax

ν (TN ) is the maximal kinetic energy the neutrino
can have after an elastic scattering,

Tmax
ν (TN ) =

(
T 2
N + 2mNTN

)
TN + (mN +mν)2/(2mν)

, (C.23)

and TN ≡ EN − mN the initial kinetic energy of the incoming nucleon. As an indicative
procedure to avoid unphysical discontinuities, we have extrapolated the DIS contribution for
Q2 ≤ Q2

min by assuming a linear scaling in Q2. In practice, this does not affect any of our
predictions for the range of Eν of interest for the UHE neutrino telescopes considered in our
study. Finally, we note that the inelasticity parameter lies between ymin = (Eν −mν)/EN
and ymax = min{1, (Eν −mν)/(ENxmin)} = 1.
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